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1. Introduction to adaptation and mitigation
The inter-relationship between adaptation and mitigation is an issue that has received
increasing attention, both from a research and policy perspective due to its importance for
decision-making and policy formulation. In the past, there was a dichotomy between
mitigation and adaptation; they were thought of as separate issues, and hence interactions
between the two were largely ignored (Biesbroek et al., 2009). However, the two are
inherently linked, for example, a high level of mitigation would require less adaptation and
conversely if we adapt sufficiently, there is a possible reduced need for mitigation (Wilbanks
et al., 2007; Biesbreok et al., 2009; van Vuuren et al., 2011).
The IPCC included a new chapter on this subject in its Fourth Assessment Report and
commented that there was a small but growing literature on this matter (Klein et al., 2007).
The chapter examined four types of relationship: (i) adaptation actions that have
consequences for mitigation; (ii) mitigation actions that have consequences for adaptation;
(iii) decisions that include trade-offs or synergies between adaptation and mitigation; and (iv)
processes which have consequences for both adaptation and mitigation. The significance of
adaptation and mitigation measures in different sectors for biodiversity was discussed by the
Convention on Biological Diversity in their review of the interactions between biodiversity
and adaptation and mitigation (Secretariat of the Convention on Biological Diversity, 2009).
The inter-relationship also was acknowledged in the EU White Paper on Adaptation to
Climate Change (COM (2009), 147 final) that stated the need to exploit synergies between
mitigation and adaptation efforts. Since then, many studies have examined the
interrelationship between adaptation and mitigation, and further highlighted the need for such
integration in climate policy decisions (e.g. Wilbanks & Sathaye, 2007; Grayling, 2009;
Pizarro, 2009; Fankhauser & Burton, 2011).
The interrelationship between adaptation and mitigation is however complex, with
differences for planning in terms of the spatial, temporal, and administrative scales (see
Beisbroek et al., 2009 for discussion). Also there was a tendency for adaptation and
mitigation to concern contrasting sectors, such that adaptation focused on sectors vulnerable
to climatic change whereas mitigation mostly was undertaken by the energy, transport and
industry sectors (Huq & Grubb, 2007). Increasingly, however, both in practice and policy
there is recognition that there is a need for them to be addressed by all sectors. The
interrelationships need to be well understood to maximise potential synergies, avoid conflicts,
and carefully consider trade-offs (Tol, 2005; Harmin & Gurran, 2009; Smith & Oleson, 2010;
VijayaVenkataRaman et al., 2012). This can only be achieved by examining the issue using a
holistic approach (Walsh et al., 2010; Harry & Morad, 2013), and in terms of urban
environments, research shows that spatial planning and integrated city models can be used to
provide a framework to examine both adaptation and mitigation (Biesbroek et al., 2009;
Viguié & Hallegatte, 2012). Further research to improve understanding of the links between
measures to reduce the risk of climate change would greatly improve policy, as win-win
solutions are much more efficient than those with adverse affects (Laukkonen et al., 2009;
Walsh et al., 2010; Smith, 2012; Viguié & Hallegatte, 2012). The importance of creating
combined frameworks to assess climate change strategies is therefore essential (van Vuuren
et al., 2011; Viguié & Hallegatte, 2012); there being no place for adaptation and mitigation
dichotomy in future climate policy (Bosello et al., 2013).
This review examines the adaptation and mitigation measures in each sector, as means to
identifying those that might be relevant to modelling and understanding potential adaptation
responses for the CLIMSAVE Integrated Assessment Platform (IAP), before considering
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their cross-sectoral interactions. It then explores the synergies and conflicts that may occur
between adaptation and mitigation measures, as well as possible trade-offs, before
considering the spatial and temporal scale of their implementation and the role of different
levels of governance and other environmental and socio-economic impacts.

2. Methodology
The aim of the systematic search was to identify 25 relevant papers for each of the adaptation
and mitigation options. The systematic search approach consisted of three main of stages: (i)
generation of keywords; (ii) systematic search; and (iii) data extraction.
2.1 Generation of keywords
The MACIS report (Berry et al., 2008a), which examined adaptation and mitigation
responses to climate change for different sectors, including the six CLIMSAVE sectors of
agriculture, forestry, biodiversity, the built environment, rivers, and coasts provided the
starting point for this process. It enabled the identification of key responses and words
associated with them for input into the systematic search. For agriculture, the English
literature was searched, with a focus on identifying papers relating to Europe, while our
Chinese partner searched the Chinese literature, the aim being to provide a comparison of
adaptation and mitigation responses in the two areas.
It is important to recognise that much of the literature concerning climate change adopts
different definitions for mitigation and adaptation, sometimes using them interchangeably.
For CLIMSAVE, as in the MACIS report, the term mitigation included any actions seeking a
net reduction of greenhouse gas (GHG) emissions, but also concerned the protection and
promotion of carbon sinks, through land use and habitat management. Adaptation was
defined as an action which avoids the unwanted impacts of climate change, and can also be a
means of maintaining or restoring ecosystem resilience to single or multiple stresses
(Convention on Biological Diversity, 2005). The MACIS Report contains a number of key
adaptation and mitigation terms for each sector and these were extracted into a table, as
shown below (Table 1), with additional terms being added where necessary. Alternative
spellings, for example, dike and dyke, salt marsh and saltmarsh, were included in order to
maximise the search success. The subject column of the table relates to what will be impacted
by climate change. This can be, for example, an environment or a group of people, and was
used to refine the search results when the adaptation term produced a large number of hits.
Table 1: Search keywords for the coastal sector.
Subject
Salt marsh
Estuaries
Coastal wetlands
Coastal grazing marshland
Intertidal wetlands

Adaptation intervention
Dikes Dyke
Beach nourishment
Embankment
Managed retreat
Managed realignment
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Mitigation intervention
Carbon storage
Wetland creation
Carbon sequestration
Carbon capture and storage

2.2 Systematic search
This was conducted using the online search database SciVerse Scopus, available at
www.scopus.com. The search was conducted using the options “Article Title, Abstract,
Keywords”, all dates and all Subject Areas. There were two main stages to this part of the
process, the first concerned adaptation (Figure 1) and the second, mitigation (Figure 2). The
first step in the systematic search approach was to enter each adaptation intervention
separately into the search database e.g. “managed retreat”. Some terms were quite specific,
producing only a small number of hits, e.g. “de-embankment” (9), while other terms resulted
in thousands of hits e.g. “coastal engineering” (9,409). If the adaptation term alone produced
<100 hits, it was used as a standalone search term. If the adaptation term produced a large
number of hits (≥100), then the search was refined by combining this adaptation term with
each relevant subject term e.g. dikes AND “salt marsh”; dikes AND estuaries. Where there
are two words in the search term e.g. “carbon storage”, they were put in quotation marks in
order to constrain the number of hits.
It is important to note that not all combinations of adaptation and subject terms were deemed
relevant. Beach nourishment, for example, is unlikely to have any effect on either estuaries or
coastal grazing marshland, and therefore it would be inappropriate to search for this
combination of terms.
Articles of high relevance were those that contained a case-study example of the adaptation
intervention, quantitative results, details on synergies, antagonisms, and trade-offs associated
with the intervention. If the search produced <25 relevant hits, intelligent search approaches
of snowballing and reverse snowballing were used. The former is where the reference lists of
relevant articles are searched for secondary references which may be relevant and the latter
uses citations of relevant articles as a means of searching for new articles.
As far as possible, articles relevant to Europe were used, but sometimes, where there was
good evidence of the effects of adaptation and mitigation actions from other parts of the
world then these were included.
The second step in the systematic search approach was to enter each mitigation term into the
search database e.g. “carbon storage” and to repeat the adaptation methodology.
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≥ 100
hits

Search adaptation
terms using Scopus
e.g. "de-embankment"

Use as a standalone
search term

Use all combinations of
adaptation and subjects e.g.
estuaries AND "coastal
realignment"
< 25 relevant
hits

≥ 25 relevant
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Take all relevant
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Take the first 25
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Obtain 25 relevant
examples

Obtain 25 relevant
examples

Figure 1: Search Process for adaptation.
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hits
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e.g. "carbon storage"

Use as a standalone
search term

Use all combinations of
adaptation and subjects e.g.
“salt marsh” AND "carbon
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< 25 relevant
hits

≥ 25 relevant
hits

Take all relevant
hits

Intelligent search
using secondary
references
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hits

< 25 relevant
hits

Take all relevant
hits

Take the first 25
relevant examples

Intelligent search
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Obtain 25 relevant
examples

Obtain 25 relevant
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Figure 2: Search process for mitigation.

2.3 Data extraction
The data from relevant articles were extracted into a table which included columns relating to
the scale of the project, governance, the actors involved, and any synergies and trade-offs.
This method of data extraction helped highlight cross-sectoral linkages within and between
mitigation and adaptation, as well as any synergistic or antagonistic interactions.
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3. Adaptation options by sector
3.1 Agriculture
Agricultural adaptation to, and for, climate change includes changes of crop species or
variety to cope with changing conditions, the wider use of technologies to harvest water,
water management (e.g. to prevent water logging), alterations to timing of crop activities,
diversification of income, improvement and effectiveness of integrated farm or crop
management (e.g. pest control) and the use of seasonal forecasting to reduce production risk.
Farmers may also adapt autonomously to changing conditions (Easterling et al., 2007).
Adaptation is an important response for agriculture to address the potential impacts of climate
change, but it also has a large contribution to make to mitigation. There are a range of
possible short tactical and longer-term strategic adaptation options, which may be inter-linked,
and it is important to ensure the former do not conflict with the latter (e.g. Howden et al.,
2007). This section focuses on adaptation and mitigation actions in Europe and China of
particular relevance to the agricultural model in CLIMSAVE and which interacts with other
sectors. These two regions will be discussed separately.
Based on the literature review, the main agricultural adaptation options in Europe were
related to changing the timing of crop operations, using different cultivars and water
management. The other adaptation options, such as minimum tillage, shade trees and
drainage measures, produced very few hits and even using snowballing it was difficult to find
additional papers and so attention was focused on the options for which there was good
evidence.
3.1.1 Agriculture in Europe
Spring and winter cropping
Little research was found on switching from spring to winter cropping or vice versa as a
means of adapting to unfavourable climatic conditions, but more research had been
undertaken on adapting to the constraints on growth of spring and winter crops through
changes in sowing dates or use of cultivars with different growing seasons (see below for a
greater discussion on breeding). These can be effective, low-cost adaptation options to take
advantage of changes in growing season or to avoid crop exposure to adverse climate (Wolfe
et al., 2008). An early study on optimising land use in Central Europe showed that the area of
winter wheat, maize and vegetables could increase, while that of spring wheat, barley and
potato could decrease (Parry et al., 1988). More recently, Peltonen-Sainio et al. (2009) have
suggested that in Finland climate change could result in autumn crops, such as winter wheat
and rye being able to be grown in all arable areas, while triticale which currently only has
limited overwintering success could become a major crop. They suggested that winter cereals
with adequate overwintering capacity could replace spring ones as they have a greater ability
to avoid summer drought and have future higher yield potential, such that by the 2050s
winter wheat between 60 oN and 63oN could yield 8.5 to 9.2 t ha-1 compared with 5.9 to 6.7 t
ha-1 for spring wheat. New crops or new winter cultivars in Finland could include barley, oat,
turnip and oilseed rape. A study of three crop rotations in Denmark, however, showed that
including more spring cereals and catch crops in the rotations helped to offset the effects of
climate change (Olesen et al., 2004). Easterling et al. (2001) examined how the resolution of
climate scenarios for the Great Plains, US, affected climate impacts on yields and adaptation
strategies. They found that the different resolutions resulted in varying adaptation options,
especially for maize and soybeans, which are more responsive than wheat to seasonal
11

variations in precipitation. While Southworth et al. (2002) found that in the same region
switching from maize (a C4 crop) to wheat (a C3 crop) could lead to increased growth and
tolerance of high temperatures, as the latter could take more advantage of the higher CO2
levels.
The adaptations undertaken are likely to be dependent on the projected climate change and
cultivars available. Modelling for central Europe suggests that, while the frequency of
suitable spring sowing days may increase, there could be greater variability in conditions
which limit sowing, leading to higher inter-annual variability in crop yields (Trnka et al.,
2010). Earlier sowing, therefore, may not be possible in wet late winters/early springs and the
recurrence of such weather might lead to winter crops being preferred, which are also better
able to withstand spring drought stress events (Trnka et al., 2010).
Spring crops
In Europe, for spring crops planting earlier with long season cultivars to take advantage of the
extended growing season is an important short-term adaptation, which should increase yields
providing there is adequate water available and the risk of heat stress is low, otherwise
planting earlier with a short-season cultivar is the best response (Tubiello et al., 2000; Olesen
and Bindi, 2002; Adams et al., 2003). Winter cereals need to have reached a specific growth
stage before the onset of winter to ensure winter survival, and they are often sown when
temperatures approach the time when vernalization is most effective. This may mean later
sowings in northern Europe under climatic warming (Harrison et al., 2000; Olesen et al.,
2000).
The need for adaptation and the forms of adaptation are also crop dependent (Tubiello et al.,
2002; Olesen 2004). For example, irrigated spring wheat on the Great Plains, US showed
increases in yields under all scenarios, so that adaptation was not necessary, while for maize
early planting could offset projected yield decreases and for potatoes it did little to counter
the negative temperature effects (Tubiello et al., 2002). Sowing trials in the north east of
Western Australia of wheat cultivars with different developmental pattern and maturity dates
showed that sowing between mid-May and early June produced the highest yields, but if
sowing early, medium-long season cultivars generally had the better yields, while yields were
best with short-season cultivars if late sowing (Kerr et al., 1992).
For spring crops, earlier sowing dates often bring benefits in terms of increased yields, as
they could allow crop growth during a period when adequate water is available (Alexandrov
et al., 2002). Moriondo et al. (2010) found that earlier sowing times could lead on average to
a 5% decrease in drought stress (8%, 9% and 3% for sunflower, soybean and spring wheat
respectively) and 8%, 9% and 3% for heat stress for sunflower, soybean and spring wheat
respectively. A delay in sowing time led to the opposite results, although durum wheat
seemed to be little affected by sowing date changes. Research into safflower sowing dates in
Lebanon also found that earlier spring sowing had several benefits, including on yields (Yau,
2007), while Cuculeanu et al. (1999) when modelling maize in Romania found that later
sowing dates could lead to an increase in yields.
Earlier sowing dates, combined with long season cultivars of spring crops, will increase the
growing season, increasing yields if adequate water is available and the risk of heat stress is
low. For example, modelling of spring barley in central and western Europe showed that
bringing the planting date forward by up to 60 days could lead to a 15-22% increase in yields
under a doubled CO2 climate, while using a long season cultivar could increase yield by 1.5%
for each extra day of the growing season (Trnka et al., 2004). Similar results were found by
12

Moriondo et al. (2010) for northern regions of Europe. If the planting date was delayed
beyond the current one, then yields decrease (by 9.5% for a one month delay) due to higher
temperatures and water stress. However, simulations of climate change and of planting maize
two weeks earlier led to a 13% decline in yields (Tubiello et al., 2000). Early planting of
short season cultivars helps avoid summer heat and/or water stress (Tubiello et al., 2000;
Olesen & Bindi, 2002). Moriondo et al. (2010) found that on average the use of shorter cycle
cultivars could decrease drought stress during the reproductive phase in southern regions of
Europe by 12% and heat stress by 14%, while in northern regions the shorter growing season
could reduce yields e.g. by 36% for sunflowers. However, in areas of high temperatures in
the Mediterranean Basin it could lead to greater demands for irrigation for both types of
cultivars (Giannakopoulos, 2009). The choice of cultivar is important if yield losses are to be
avoided and potential gains from climate change realised, as was shown for soybeans in north
east Austria (Alexandrov et al., 2002) and maize in Romania (Cuculeanu et al., 1999).
Winter crops
An investigation of rain fed crop production in Europe found that climate change could lead
to an increase in the suitable days for sowing in autumn, although there could be higher
variability in the conditions that limited sowing with consequential effects for yields (Trnka
et al., 2010; Peltoninen-Sainio et al, 2011). Studies have varied in their identification of best
timing for sowing with modelling of winter wheat on the Great Plains, US, showing that the
earliest date always did best (Southworth et al., 2002), but that the possible later planting of
spring crops of maize and soybean under climate change could lead to conflicts between
harvesting them and the earlier planting time needed for winter crops to obtain maximum
yields. While it has been suggested that in northern Europe, climate change may mean that
sowing will have to be later in order to ensure that it occurs close to the time when
vernalisation is most effective (Olesen et al., 2000; Olesen et al., 2004). Elsewhere cultivars
better adapted to a warmer climate and requiring less vernalisation and with longer grain
filling periods could be used (Tubiello et al., 2002). In a study in north east Austria,
Alexandrov et al. (2002) found that using winter wheat cultivars with a shorter vegetative
growth period could increase yields under climate change. A comparison of winter and spring
sowing of 19 to 23 ascochyta blight-resistant and cold-tolerant breeding lines of chickpea at
three locations in Syria and Lebanon showed that seed yields of winter-sown chickpea were
up to 70% higher and thus winter-sowing is increasingly being adopted for this crop (Singh et
al., 1997).
One of the adaptation strategies for wheat, maize and potatoes in the Great Plains involved
the simulation of cultivars better adapted to a warmer climate, requiring less vernalization,
and with longer grain filling periods (Tubiello et al., 2002). The adaptation of cultivar was
not seen as particularly necessary in order to maintain yields of wheat and maize given the
projected climate changes, while potato production is mostly limited by the need for cold
conditions for tuber initiation.
Breeding
Breeding can contribute to climate change adaptation through improving productivity,
increasing drought-resistance (Dennis et al., 2000; Parry et al., 2005; Smith et al., 2012) and
improving heat tolerance in livestock (Jordan, 2003; Nienaber and Hahn, 2007; Nardone et al.
2010). It can also contribute to mitigation through improved feed and reproductive efficiency,
as well as improved growth rate. There are three main traditional strategies which have been
used for the genetic improvement of crops and livestock: selection between breeds or strains,
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selection within breeds or strains, and cross-breeding. More recently, developments in genetic
techniques, including gene transfer have been applied (Habash et al., 2009).
Significant increases in crop yields have been recorded over the last 100 years as a
consequence of breeding. A six year trial (2002 to 2008) of a historical set of 47 varieties of
spring wheat (Triticum aestivum L.) developed and grown in Western Siberia between 1900
and 2000 (Morgounov et al., 2010), analysed the genetic gains for grain yield and associated
changes in agronomic traits for three maturity groups (early, medium and late) and four
breeding periods (before 1930, 1950–1975, 1976–1985 and after 1985). It showed that the
overall yield for modern varieties was 3.71 t ha-1 versus 2.18 t ha-1 for old varieties, which
represents a 0.7% per annum increase over 100 years, although these figures are below the
genetic gains reported in high-yielding environments for wheat. The grain yield difference
between the newest varieties bred after 1985 and old varieties bred before 1930 for the early
maturity group was 1612 kg (85%); for the medium maturity group, 1390 kg (58%); for the
late maturity group, 1460 kg (62%), but the late maturity group showed a sharp decline in
genetic gain with time, as has yield potential growth in favourable years. This suggests that
conventional breeding may need to be supplemented by genetic interventions. A study of
Canadian Western Red Spring Wheat class also showed that genetic gains in yield in
1984-2001 were much higher than in 1908-1986, due to more intensive breeding programs
and increase of population size (de Pauw et al. 2007). This is mirrored in the UK where it
was estimated that since 1982 around 90% of all yield increases in wheat and barley have
been due to the introduction of new varieties and that fertilisers, pesticides and machinery
have played a minor part, while remaining an important part of crop production (BSPB 2010).
In Finland too, spring wheat between 1970-2005 has demonstrated consistent genetic gains of
36 kg y-1 (Peltonen-Sainio et al., 2009). It has however been suggested that progress in yield
attributed to breeding is inversely proportional to the stress in the growing environment
(Richards, 1996), and in stressed environments the gains in wheat yield from modern
cultivars has been less than needed to maintain food supply and is similar for barley (Araus,
2002). It has been estimated that the global average wheat yield will have to increase over the
next 25 years from 2.6 to 3.5 tonnes per ha, and this will require a continuing supply of
improved germplasm and appropriate agronomy (Ortiz et al., 2008).
In organic agriculture (OA), however, there is a greater need for increased sustainability of
performance of cereal varieties and more varieties adapted to organic conditions (Wolfe et al.,
2008). They suggest that even in Europe where OA is well-established, little specific
breeding for OA has been undertaken. Also they suggest that breeding for conventional
agriculture or centralised breeding will not meet the needs of OA, as more regional and local
varieties are needed to cope with the greater environmental heterogeneity in OA.
Breeding is also being used to enhance crop efficiency of use of soil resources and coping
with water (Ceccarelli et al., 2007) and nutrient limitations (Lammerts van Bueren et al.,
2008; Sylvester-Bradley and Kindred, 2009). For example, Singh and Reddy (2011), using
chickpea, identified genotypes and physiological parameters that could be used by breeding
programs and/or genetic engineering for drought adaptation of legumes through increasing
water use efficiency. It has been suggested that breeding for tolerance to low nitrogen may be
related to tolerance to other stress factors and vice versa. Also, that drought and salinity are
two of the most complex stress tolerances to breed for as the type and timing in relation to
plant growth stage and intensity of stress can all vary considerably (Witcombe et al., 2008).
In addition, the traits associated with avoidance and tolerance can be constitutive (differing
between genotypes) or adaptive (vary with the stage of the life cycle) and they involve
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different mechanisms and processes, with phenology as the single most important factor
influencing whether a plant avoids drought (Witcombe et al. 2008).
Manderscheid and Weigel (1995) suggest that increases in CO2, which can enhance longterm net assimilation and water-use efficiency, are responsible for nearly half the increase in
yield of current cultivars under present day conditions, independent of a doubling of the
harvest index 1 . They also concluded that, under good management, barley yield could
increase by 0.35% per ppm increase in CO2, whilst that for wheat would be about 25 % lower
and both would be less in stressed environments.
Crop breeding and genetic modification in breeding to increase the productivity of bioenergy
crops is another major research area (Ragauskas et al., 2006; Groover, 2007). For example,
the identification of the genes responsible for traits relating to increasing carbon partitioning
to above-ground woody matter and increasing cellulose availability for enzymatic digestion
(Groover, 2007). For animals, breeding is also important - not just directly for productivity,
but also indirectly, for reducing heat stress which can adversely affect production. It is
necessary to highlight here that measures such as this often involve trade-offs (see Section
10).
Water and irrigation
A number of papers identified a range of possible adaptation measures related to agricultural
water use (e.g. Moriondo et al., 2010) and many use modelling to explore possible future
options, including what could happen if a particular measure was implemented under
different climate scenarios (e.g. Rosenzweig et al., 2004). Many of the papers examined,
however, did not provide evidence of the use and effectiveness of current adaptation
measures. This may be because farmers are constantly adapting to changing conditions and
thus many potential impacts are theoretical (Reidsma et al., 2009). Also, as adaptation is a
continuous process of intervention in various ways at different times, or in combination, the
consequences of a particular measure cannot be easily assessed.
Tompkins et al. (2010), for example, commented that even in the UK there are relatively few
agricultural examples of climate change adaptation, although many actions that could be
considered adaptation (e.g. on-farm reservoirs) have occurred in response to legislation or
other pressures, rather than directly for climate change. Some potentially relevant papers
were in conference proceedings or specialised journals and were not available. Also, given
that water is a bigger issue outside Europe, many papers were on developing countries and
the tropics and were excluded from this review.
In most countries of Europe, agriculture is the major user of water, with irrigation taking
about 70% of total available water (OECD, 2010), although in the Mediterranean, irrigation
can account for about 90% of water consumption (Gómez-Limón and Riesgo, 2004). The
need to manage water resources in the light of climate change, either through changing
demand or providing/increasing supply through irrigation, especially in arid and semi-arid
areas, is acknowledged by many (Falloon & Betts, 2010).
In an analysis of the implications of changing crop water demand and availability under
different projections of climate change, agricultural production, population, technology, and
GDP growth for selected countries (Argentina, Brazil, China, Hungary, Romania, and the
Harvest Index – the weight of a harvested product as a percentage of the total plant weight of a crop.
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US), Rosenzweig et al. (2004) show that only in the Brazilian case were there opportunities
for increasing the irrigated area. In contrast, although Romania has potential for considerable
expansion of its irrigated agriculture, both European countries in the study could suffer
decreases in system reliability of upto 18%, as water stress is expected in some regions
(southwestern and eastern) and in some model scenarios by 2020. In China, improved
technology could lead to a decrease of about 20% in both water demand and demand-torunoff ratio under a high efficiency irrigation scenario and even greater gains were shown for
the Lower Missouri, US, which was sensitive to these technological improvements.
Modelling of the effect of global increases in agriculture and forestry on potential land and
water use to 2030 led to projections of a need to expand irrigated areas by 14%, and
consumptive irrigation water use by 7% when considering efficiency shifts (adaptation) based
on irrigation method alone without technical innovation in agriculture (Sauer et al., 2010).
The highest absolute increase in irrigated area was projected for South Asia, while the highest
relative increases of irrigation area expansion were found in the former Soviet Union, central
and eastern Europe, North America and Latin America and the Caribbean. Globally, a
general trend of combined expansion and extensification of irrigated agriculture was
identified, with improved water use efficiency being driven by increasing rates of population
growth. Any expansion of irrigated area, would, however, have implications for the wider
water sector.
Modelling the impact of a 2°C increase in temperature on European agriculture showed that
irrigation as an adaptation option was more beneficial in southern Europe (Moriondo et al.,
2010). In the Mediterranean, yields of sunflower, soybean, and spring wheat increased, on
average, by 100%, 35% and 41%, respectively, in response to an irrigation of 142, 70, and
120 mm ha-1 season-1, respectively, while in northern Europe, yields of sunflower, soybean
and spring wheat increased by 60%, 27%, and 15% with the application of 76, 40 and 35 mm
ha-1 season-1 of water, respectively. In Spain, agriculture accounts for about 80% of water
consumption and the importance of irrigation for maintaining yield is exemplified by
modelling in the Ebro Basin of a reduction of irrigated area by 10, 20 and 30% (GómezLimón and Riesgo, 2004). It showed that this could lead to a decrease in yield ranging from
2% for wheat to up to 15.5% for alfalfa depending on the scenario.
A widely practised alternative approach is deficit irrigation, where crops are deliberately
under-irrigated and crops stressed with the intention of affecting yield, economic returns or
water usage (Mushtaq and Moghaddasi, 2011). A number of studies have shown that water
application can be reduced without a significant decrease in yields (e.g. Kirda et al., 1999;
Gorantiwar and Smout, 2003). Mushtaq and Moghaddasi (2011) used scenarios to explore the
effect of different irrigation strategies (optimization with full irrigation, optimization with
deficit irrigation and deficit irrigation without optimization) on crop production and profits.
They found that deficit irrigation (equally reducing water use for each crop to calculate the
impact of gross margins on total gross margins) led to decreases in yield of 57% for pasture
and 39% for wheat, but crops showed different sensitivities to the reductions and thus a more
targeted approach towards sensitive crops was suggested. The best scenario was optimization
with deficit irrigation.
Adaptation through irrigation water management efficiency and cropping patterns may not be
sufficient to prevent an increase in water requirements (Purkey et al., 2008). Modelling a
combination of the two adaptation measures for the Sacromento Valley, US, showed that they
could reduce future demand to close to current levels, but the effectiveness of each depended
partly on the type and strength of water rights in the different districts in the basin. Also,
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while the reduced demand freed up water for other users, it led to little overall change in
demand and they advocated an integrated approach to water management (Purkey et al.,
2008). An alternative approach to water scarcity would be for producers to reduce activities
which require irriation. Forexample, in the Murray-Darling Basin, Quiggin et al. (2010) using
a state-contingent model showed a possible shifting of horticultural production from citrus
and grapes to vegetables or rock melons which do not require irrigation even under drought
conditions. A reduction in irrigated area, and altered cropping patterns have already been
observed here since the start of the drought in 2001/2 (Sanders et al., 2010).
The adoption of specific crop management options (e.g. changes in sowing dates or cultivars)
also may help in reducing the negative responses of agricultural crops to climate change.
However, such options could require up to 40% more water for irrigation, which may or may
not be available in the future (Giannakopoulos et al., 2004).
It may not just be a matter of adapting to reduced water supply, but also, particularly in arid
and semi-arid regions, to increases in its variability and salinity. A good example is from the
Murray-Darling Basin, where research showed that if these two additional factors are not
taken into account then the impacts of climate change will be underestimated (Connor et al.,
2012). Possible adaptations identified to cope with variability included decreased planting of
perennial crops, while salinity could be addressed by increased application of water to leach
the salt, but this needed to be balanced by greater fallow elsewhere.
Climate change is only one of a number of variables that will affect European agriculture. In
an analysis of the impacts of changes in climate, subsidies and farm inputs and outputs,
showed that irrigation only produces a small increase in output, although it is shown to be a
good adaptation option to climate change in Greece (Reidsma et al., 2009).
There is less evidence of adaptation in pastoral farming, but, in northern Victoria, Australia,
the drought which began in 2001/2002 has forced farmers who used to flood irrigate their
perennial pastures in the summer months to switch to using forage species, such as maize,
annual ryegrass and lucerne, which are more water-efficient during these drier months (Henry
et al., 2012). This has increased water use efficiency, as well as increasing total annual
production, although other factors such as nutritive characteristics, cost of production, and
cost of transferring feed need to be considered when choosing what to grow (Lawson et al.
2009). For livestock, adequate irrigation water availability may be critical in enabling
projected increases in growth in annual pasture systems to be realised (Cullen and Eckhard,
2011), although they still use less water than perennial irrigated pastures.
High(er) temperatures, such as will be experienced under climate change, can negatively
affect the physiology and productivity of cattle (West, 2003) and one adaptation is the
provision of shade to reduce heat stress. Cattle have been shown to seek shade as
temperatures rise to 28°C (Fraser & Broom, 1997) or 30°C (Titto et al., 2011). The shade can
be artificial (e.g. roofs, shelters) or natural (trees). Studies have shown the latter to be
preferentially chosen by beef cattle (Shearer et al., 1991), but Gaughan et al., (1998) found
that Holstein-Friesian cows preferred iron roofs to trees. Trees have been found to be more
effective in reducing temperatures (by up to 2°C; Bray et al., 1994) and in increasing
productivity through longer times spent grazing (Titto et al., 2011). Overuse of shade trees,
however, can lead to their mortality as roots become exposed and soil oxygen levels decrease
due to compaction. This can partly be overcome through providing more trees and moving
stock between shaded areas.
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Soil management practices
There were a relatively small number of articles discussing soil management practices
specifically as a form of climate change adaptation, with many failing to identify a direct link,
noting instead benefits to farm productivity, or improvements in water quality. A number of
articles for locations outside of Europe did, however, explore the potential of no-, or reducedtillage practices as a form of adaptation to climate change, whereas few examples existed for
Europe, these being located in areas with semi-arid climates, such as the Mediterranean Basin
(Kassam et al., 2012).
The increased water holding capacity of the soils (Klik & Eitzinger, 2010) was a key factor in
the potential for conservation agriculture practices to be employed as a form of climate
change adaptation, with practices such as direct seeding shown to conserve soil moisture
content in dry regions such as parts of the Mediterranean as a result of cover from residues
etc. (Munoz et al., 2007). As a result, these agricultural systems are less vulnerable to drought
conditions, which are expected to increase in severity as a result of climate change (Kassam
et al., 2012). In addition, Carlton et al. (2012) suggest that reduced tillage practices may be
important in the future in southern and eastern areas of England, again for the same reason as
above. A study by Desjardins et al. (2005) found conservation soils to have a higher soil
moisture content as a result of the organic residue cover in these agricultural systems, and
therefore suggests that this may allow for year-round cropping in semi-arid agricultural zones,
resulting in reduced summer ploughing, in addition to increases in long-term crop production
and carbon inputs to the soil surface in some locations. In addition, Oorts et al. (2007)
identified no-tillage plots to have a lower soil temperature during the summer than those
under conventional tillage methods.
As with much of the mitigation studies for conservation agriculture, the results from this
search have highlighted that the apparent ability of this practice to increase resilience to
drought is, however, not consistent throughout the literature. For example, studies have found
that crop water use efficiency does not always increase under conservation tillage
management practices (e.g. Cantero-Martinez et al., 2007; de Vita et al., 2007). In addition, a
study by van den Putte et al. (2010) found no-till practices to perform worse under a drier
climate, as a result of secondary effects such as an increased abundance of pests and a lower
quality of seed placement.
3.1.2 Agriculture in China
In China, major climate-related stresses on agriculture include regional temperature
distribution, change of rainfall frequency and severity, CO2 concentration enrichment and sea
level rise. These could lead to a series of impacts, such as warmer and drier environments,
increased frequency and severity of droughts in the north, increased frequency and severity of
floods in the south, and extreme temperatures, etc. (Table 2). Corresponding to those impacts,
there are a lot of observed and projected adaptation options, which could be categorized into
four groups (Table 3), i.e. structural measures, agricultural practices, technological change
and management and policies. Many of these are similar to adaptation practices in Europe.
However, present adaptation research in China is supplementary to impact research and there
is no systematic review of China’s adaptation for agriculture. Generally speaking, China’s
adaptation for agriculture is leaping from traditional agricultural practices, such as watersaving irrigation, terracing of sloping land, water storage, etc., to being more dynamic in
terms of infrastructure, new technology, macro-management and on-field management
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practices to maximum cost-benefits (Deng et al., 2010; Zhou et al., 2010). On the basis of the
existing literature review, these were the eight measures with the most hits.
Table 2: Impacts of climate change on agriculture and adaptation measures in China.
Climate-related
change/ stress

Impacts

Adaptation practices

Temperature

Warmer and drying
environment

Irrigation
Improved water management
Use of different species better
adapted to the warmer and drier
environment

Increased frequency and
severity of droughts in the
north

Breeding for flood tolerance
Fitting the pattern of crop growth
and development to the availability
of soil water
Breeding and selection for yield in
water-scarce environments

Rainfall frequency
and severity

Northward movement of
crop suitability zones

Adjustment of crop patterns, e.g. the
expansion of rice area in northeast
China

Earlier planting of crops

Longer-season cultivars

SOC decomposition
acceleration

Fertilizer management

Increased frequency and
severity of floods in the
south

Structural measures (reservoirs)

Drying environment and
water scarcity

Structural measures (reservoirs)
Water saving agriculture
Irrigation

CO2 concentration

Pest diffusion

Integrated pest management

Sea level

Threats from sea level
increase in the coastal area

Structural measures (dykes, dams,
etc.)
Flood prevention standards

Sources: Du et al. (2009); Wang & Ma (2009); Zhou et al. (2010); Pan et al. (2011); Jin &
Gao (2012).
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Table 3: Classification of existing adaptation practices in agriculture in China.
Types

Adaptation practices

Structural measures

Water and irrigation infrastructure, such as reservoirs, drilling wells,
drainage systems, water storage facility, water supply system etc.
Tidal or river flood prevention infrastructure, such as dams.
Intra-basin water transfer projects

Agricultural
practices

Water-saving irrigation
Varieties of crop planted, better variety adjusted to the warmer and
drier environment
Planting time adjustment
Multiple cropping
Conservation/no tillage
Weed and pest control
Terracing of sloping land
Water storage
Mulching (plastic sheet)

Technological
change

Breeding selection (long-season cultivar, breeding for heat tolerance,
etc.)
Genetic modified organisms (GMOs)

Management and
policies

Land planning and management
Disaster early-warning system
Fertilizer management
Flood prevention standards
Integrated coastal management
Agricultural insurance

Breeding
Global temperature increase is expected to accelerate the growth of all crops. As observed by
Cooper et al. (2009) and Vadez et al. (2011), higher temperatures speed up flowering and
maturity and then shorten the time from sowing to maturity. Contrary to the current practice,
warmer temperatures can lead to water remaining in the soil profile in medium rainfall areas
(290 mm growing-season rainfall) after harvest, as plants have a lower leaf area and biomass.
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This suggests that, as climate warms in semi-arid environments, breeders should select for
longer-season cultivars so that crops can take advantage of this water (Turner et al., 2011).
However, when the growing-season rainfall was 180 mm, longer-season cultivars had no
yield benefit (Turner et al., 2011). In most parts of the Loess Plateau where soils are deep,
rainfall is above 200 mm and predicted to increase, and crops grow on a mixture of current
rainfall and stored soil moisture, Turner et al. (2011) suggested that longer-season cultivars
would be particularly beneficial. In the Songnen Plain, longer-season cultivars of maize and
wheat have been selected to adapt to earlier planting (Zhou et al., 2010; Xie et al., 2011). In
Shandong and Gansu province, on the basis of results from CERES modelling and scenario
evaluation, longer-season cultivars led to increased crop yields of wheat and cotton (Yuan
and Xu, 2008; Chen et al., 2011). In the middle and downstream area of the Yangtze River,
new species better adapted to climate change are regarded as a very effective way to stabilize
crop yields. Model results also showed that new soybean species with better heat tolerance
could increase crop yields by 13-22% and 4-15% respectively in 2030 and 2050 (Shi et al.,
2001; Ge et al., 2002).
Breeding for heat tolerance is needed among the major crops grown in the Loess Plateau,
South China, Middle China and East China (Zhou et al., 2010; Turner et al., 2011). Breeding
for flood tolerance is also needed in South China, Middle China and East China, since
extreme rainfall there is projected to increase (Zhou et al., 2010). However, Tao and Zhang
(2010) suggest that for some high-temperature sensitive varieties early planting should be a
generally effective adaptation option to reduce yield loss from climate change, while for
some high-temperature tolerant varieties late planting could be a generally effective
adaptation option.
Yields have been increased in drought-prone environments by decreasing the time to
flowering and maturity so that crops avoid terminal drought induced by a lack of rainfall or
by premature use of stored soil moisture, and by fitting the pattern of crop growth and
development to the availability of soil water (Siddique et al., 1990, 2001; Turner et al., 2001;
Turner, 2004a). Breeding and selection for yield in water-scarce environments has
traditionally been employed, but more recently physiological attributes for improved drought
resistance have been sought and evaluated (Turner and Asseng, 2005; Richards, 2006). To
adapt to a drier climate, Liaoning Academy of Agricultural Sciences also selected some
genotypes of upland rice with higher water use efficiency in northeast China and now the
cultivated area of upland rice has increased to more than 20, 000 ha in the past decade (Xie et
al. 2011).
Irrigation
Irrigation is one important strategy to defend against and mitigate drought and it is also
important for improving crop yields, protecting water supplies, ensuring food security,
increasing income and improving the ecological environment (Wu et al., 2011).
Strengthening irrigation capacity is regarded as one of the most beneficial means to maintain
agricultural production in the face of unfavourable climate change (Lin, 1996). However,
most irrigation infrastructure in rural areas in China was constructed in the 1950s and could
not meet the demands of a changing climate (Zhou et al., 2010). China has proposed an
adaptation strategy of increasing food production through irrigated agriculture (You, 2001).
In the coming decades, China will have to face insufficient water for agriculture due to a
warmer and drying climate. However, as projected by Xiong et al. (2010), the shortfall in
irrigation area is estimated at 27 Mha and 15 Mha respectively for the A2 and B2 socioeconomic development pathways. Water-saving irrigation can help reduce the negative
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impact of climate change on water resources available to agriculture and overcome the
constraint of water scarcity by reducing water consumption and increasing water productivity
(Belder et al., 2005; Tuong et al., 2005). The extent to which reductions could be achieved is
shown in Table 4. In this case, Chinese basic national policy has highlighted water-saving
irrigation as an important component for boosting sustainable agriculture, as well as the
coping capacity of agriculture for climate change. A host of field-level experiments has
reported that water saving irrigation could contribute to climate change adaptation by
reducing water consumption, increasing water use efficiency and increasing crop yields in
northern China (Liu et al., 2003; Deng et al., 2006; Du et al., 2010; Yang et al., 2010). In the
North China Plain, Liu et al. (2007) found that irrigation water demand could be reduced by
5-25% by reducing irrigation depth and Zhang et al. (2006) found that improved soil water
condition could offset the negative impacts on crop yields by 5.2%. In southern China,
irrigated rice will increase the yields by 1-2 times compared with rainfed rice, which will
offset the negative impacts of climate change over the next 50 years (Ge et al., 2002).
Table 4: Water saving potential for major irrigation technologies in China.
Irrigation technology

Water saving potential*

Drip irrigation

30-40%

Sprinkler irrigation

40-50%

Small furrow, pipe

20-25%

Subsurface irrigation

20-25%

Surge, intermittent

15-20%

Low pressure hose

30%

Source: Liu and Li (2002).
*Water saving potential is calculated on the basis of water consumption of surface flooding
irrigation.
Tillage
Minimum tillage is not widely used on the Loess Plateau of northwest China, but in rural
areas where two- or three-wheeled farm tractors and power tillers are widespread conversion
of power tillers for minimum tillage is now being adopted (Siddique et al., 2001). However,
the technique is beginning to be evaluated in China (Liu et al., 2009; Yang et al. 2010). Since
2000, conservation tillage characterized by crop returning and less tillage has been
experimented with and extended in northeast China (Xie et al. 2011). Field experiments
showed that conservation tillage could increase the water storage ability and water content of
soil up to a depth of 200 cm. Compared to traditional tillage, no-tillage and cover crops could
increase the soil water content by 1.93-7.25% and 0.06-3.58% respectively, and cover crops
can increase the water use efficiency by 30-40% (Guo et al., 2005). Similar results were
found by Li et al. (2002). For this reason, some researchers believe that conservation tillage
could help to tackle water scarcity due to drying climate (Liu et al., 2006). However, other
researchers argue that although results show that conservation tillage has an ability to reduce
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soil erosion, increase soil organic content, reduce the water demand of crops and enhance
crop productivity, they have not provided marked evidence for benefiting climate change
adaptation, particularly in cold provinces in China where the mineralisation of crop residues
is slow (Xie et al., 2011).
Rotation and fallowing
Terracing of sloping land has been widely adopted to reduce soil erosion and runoff and to
conserve water for crop production (Cao et al., 2007; Gao and Deng, 2007), particularly for
high value crops such as apples and other fruits. Plastic mulching is not only used to warm
the soil for earlier planting, but also to reduce soil evaporation, focus precipitation in the root
zone and conserve soil water in the fallow season (Tian et al., 2003; Liu et al., 2009; Zhou et
al., 2009). Water catchment and storage is utilised on the Loess Plateau to provide
supplementary irrigation, which has been shown to increase yield and water use efficiency of
crops in semi-arid regions (Li et al., 2001; 2004).
The purpose of fallowing is to conserve water from one season to another. Numerous authors
have studied the efficacy of fallowing (duration, management of crop residue, tillage, etc.) for
storing water for the subsequent crop. The efficacy of fallowing as regards to the
transpiration of the succeeding crop may be extremely variable depending on soil depth,
texture and structure and whether weeds are controlled (McAneney and Arrue, 1993).
Weed and pest control
Weed and pest control are considered important in conserving water and maximising yields
as water becomes scarce and increased temperatures favour weed and pest development
(Turner, 2004a, 2004b, 2011; Turner and Asseng, 2005). Development of integrated pest
management, use of genetically-modified crops with insect- and herbicide- resistant genes,
and the use of rotation to control weeds and pests have become important requirements as
climate changes in northwest China.
Planting time adjustment
Earlier planting of photo-insensitive crops, particularly using longer-season cultivars
developed through breeding, helps adaptation to minimum temperature and a decrease in
frost risk with the warming climate; earlier planting and earlier flowering provide a better fit
between the growth pattern and soil water availability (Siddique et al., 1990; Turner 2004a).
On the Loess Plateau, where crops usually grow over summer and frost risk at flowering is
not an issue, plastic film mulch has been introduced to warm the soil in spring and allow
earlier planting of spring wheat and maize after winter (Li et al., 1999, 2004, 2009; Zhou et
al., 2009). In the middle and downstream areas of the Yangtze River catchment, postponing
the planting time for 20 days can increase the yields of early rice by 4.8% and 9.1%
respectively in 2020 and 2050 (Shi et al., 2001).
However, it is very difficult to judge the benefit of earlier or later planting time, since
simulation in Shandong and Gansu province showed that the time of planting led to different
impacts on productivity under different climate scenarios (Jin et al., 1998; Yuan and Xu,
2008; Chen et al., 2011). In this context, Deng et al. (2010) suggested adjusting the time of
planting according to climate pattern.
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Adjustment of crop varieties
On the Loess Plateau, the use of the perennial fodder crop lucerne is being adopted to
supplement maize and wheat straw for penned animals (Wen et al., 2003) and identification
of fodder species better adapted to warmer temperature, such as fodder sorghum is warranted.
Similar results were found by Yuan and Xu (2008) for wheat in Shandong province. However,
although screening suitable crop variety is regarded as a very effective way to reduce climate
change, only medium-sized farms would take such measures (Chen et al., 2010).
Early-warning and risk management system
At seasonal or yearly timescales, early warning and risk management systems are obviously
an efficient way to reduce disaster and can facilitate adaptation to climate variability and
change (Meza and Wilks, 2003; Hansen et al., 2006). Those adaptation options can
particularly be applicable in the North China Plain, where climate variability associated with
the East Asia summer monsoon and ENSO resulted in considerable yield variability (Tao et
al., 2004). In the south, professional officers in the County Bureau of Plant Protection in
Jianghan Plain will deliver some guidelines in the form of newspapers on climate risk, which
would tell the farmers how to prevent the risks (Chen et al., 2010).
3.2 Biodiversity
Adaptation for biodiversity has been strongly promoted as a result of various international
targets, such as the Convention on Biological Diversity’s 2010 target, which was followed by
the Aichi targets. The latter include Target 11 which states that “By 2020, at least 17 per cent
of terrestrial and inland water, and 10 per cent of coastal and marine areas, especially areas of
particular importance for biodiversity and ecosystem services, are conserved through
effectively and equitably managed, ecologically representative and well-connected systems of
protected areas and other effective area-based conservation measures, and integrated into the
wider landscapes and seascapes.”2. The EU, as signatories to the CBD undertook to halt the
decline of biodiversity in the EU by 2010 and to restore habitats and natural systems, as with
the CBD 2010 target it was not fully met and so they have adopted a 2020 strategy “to halt
the loss of biodiversity and ecosystem services in the EU by 2020”. 3 Many of the actions
required to meet these targets, such as corridors to improve ecological connectivity and
species movements and improvement of condition of habitats and protected areas, are also
consistent with the adaptation of biodiversity to climate change and it is difficult to separate
which have been undertaken specifically for climate change and which are part of a drive to
reduce biodiversity loss and habitat degradation (Target 14 “By 2020, ecosystems that
provide essential services, including services related to water, and contribute to health,
livelihoods and well-being, are restored and safeguarded…”). Nevertheless, the EU sees the
two issues of biodiversity loss and climate change as inextricably linked 4. The five measures
that are most widely promoted in the literature are discussed below.
3.2.1 Assisted colonization
Assisted colonization (also termed assisted migration, managed relocation, or translocation)
is a possible method of adaptation, and a way to reduce the risk of extinction for species with
low dispersal rates, or patchy habitat distributions (Kreyling et al., 2011; Thomas, 2011).
2
3

http://www.cbd.int/sp/targets/
http://ec.europa.eu/environment/nature/biodiversity/comm2006/pdf/2020/1_EN_ACT_part1_v7%5B1%5D.pdf

4
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This measure is therefore often seen as being particularly appropriate for the conservation
and restoration of systems such as forests in response to climate change (e.g. Chapin et al.,
2007; McKenney et al., 2009).
Research has highlighted the need for such a management option to be employed in Europe,
with a number of species in southern Europe along the Iberian Peninsula classified as high
risk due to a strong dispersal limitation (Araujo et al., 2004; Svenning et al., 2009; Thomas,
2011). One study which assesses the potential for assisted colonization as a management
option in Europe is that of Morueta-Holme et al. (2010). The authors assessed changes in
species distributions of a number of small mammal species for the period 2070-2099, finding
significant reductions in species ranges, which could lead to the near total extinction of the
Pyrenean Desman (G.pyrenaicus) in Spain. Assisted migration may be therefore be able to
help certain species such as this with low dispersal capacity adapt to climate change, by
moving them to suitable future climatic space (Morueta-Holme et al., 2010).
As far as flora are concerned, it has been calculated that there exists considerable space for
additional plant species, with half of northern Europe thought to be capable of hosting over a
third as many new additional species as they currently have native species (Svenning et al.,
2009). Hence, in theory it is possible to conduct assisted migration as a conservation strategy
in response to climate change, without this adversely affecting native flora in selected target
areas (Svenning et al., 2009).
Numerous recipient regions, usually in northern Europe, for translocated species have been
considered, with Britain often identified as an ideal recipient location (e.g. Carroll et al., 2009;
Thomas, 2011). Thomas (2011) for example identified the UK as a suitable site for the
translocation of a number of highly endangered species, including the Iberian lynx (Lynx
pardinus) and Spanish imperial eagle (Aquila heliacea adalberti). Suitable prey already exists
for these species in the UK, and it is predicted the area will become suitable in terms of
climate space for these species as a result of climate change. These translocations could be
key, as it is thought the establishment of the Iberian lynx in the UK would contribute more to
biodiversity conservation efforts than the re-introduction of the Eurasian lynx (Thomas,
2011).
The literature review found only one example of the assisted migration in practice, with the
two butterfly species; Melanargia galathea and Thymelicus sylvestris introduced to the UK
(Willis et al., 2009). Areas were identified by climate models as being suitable for the species;
containing both suitable habitat area, and future climatic space. These species were then
introduced to areas of northern England, with Melanargia galathea relocated 65 km beyond
the range of its current distribution, and Thymelicus sylvestris 35 km beyond its current range.
Despite an initial colonization lag, these relocations were successful, with both species
populations having expanded their range after translocation, and continuing to bloom many
generations later (Willis et al., 2009). The success of this study demonstrates how assisted
colonization can be a viable adaptation option for species of conservation priority with patchy
habitat distributions and poor dispersal capability.
Despite the apparent limited uptake of assisted colonisation programmes in Europe, the
literature search found evidence of this adaptation policy being undertaken in other countries
such as North America. One example here is that of a volunteer organisation managing the
assisted colonization of Torreya taxifolia, a conifer from the south-eastern US, whose native
range is declining substantially, most likely as a result of climate change (Barlow & Martin,
2007).
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Perhaps the restricted number of studies discussing cases of managed relocation for the
purpose of climate change adaptation is a result of the many unknowns, concerns over
technical feasibility, and potential for secondary effects (Hunter, 2007; Mueller and
Hellmann, 2008; Pelini et al., 2009). For example, although unlikely, if a translocated species
were to become invasive, this could have substantial adverse impacts on native species
(Mueller and Hellmann, 2008). In addition, the introduction of a non-native species can lead
to the spread of disease and pests (Ricciardi and Simberloff, 2009), and severely impact both
the functioning and composition of an ecosystem, with numerous instances of extinctions
documented following past species introductions (Etterson, 2008; Hoegh-Guldberg et al.,
2008). These potential adverse secondary-effects are numerous and result in the chosen
recipient location being at high risk (Davidson and Simkanin, 2008; Mueller and Hellmann,
2008; Ricciardi and Simberloff, 2009). As a result of this, some authors find assisted
colonization to be either an infeasible conservation strategy, or one with limited potential
(Sandler, 2010).
In contrast, and despite these uncertainties, a review by Ricciardi and Simberloff (2009)
found the risks associated with assisted migration to be fairly low, especially for regional or
intra-continental translocations (Ricciardi and Simberloff, 2009; see also Morueta-Holme et
al., 2010). What is more, the risks resulting from a failure to act are thought to be much
higher than those associated with the adoption of this management strategy (Schwartz et al.,
2009). Finally, further minimisation of the risks surrounding translocations can be achieved
by examining the effects of numerous historical species introductions, as well as other factors
(Hoegh-Guldberg et al., 2008; Loss et al., 2011; Mueller and Hellmann, 2008; Willis et al.,
2009).
3.2.2 Corridors
Corridors provide a pathway for species between protected areas (PAs), and hence improve
the connectivity of ecosystems, and the ability of species to migrate (e.g. Pearson and
Dawson, 2005). Temporal corridors, representing an overlap between existing and projected
future corridors have also been discussed in the literature (Rose and Burton, 2009). This
literature search found no specific examples of such corridors being used in Europe, although
it is noted that these would give priority to the siting of new protected areas in such locations
(Rose and Burton, 2009).
The creation of corridors across Europe is seen as key for conserving target populations such
as those of the yellow-legged dragonfly (Gomphus flavipes), a highly vulnerable species
included in the European and IUCN Red-Lists (van der Sluis et al., 2004). In the past, water
pollution and loss of habitat restricted these species to locations along the Loire, and rivers
such as the Elbe and Spree in eastern Germany. However, in recent decades they have
undergone a sudden recent expansion, appearing in both the Netherlands and areas of western
Europe; most likely in response to the warming climate (van der Sluis et al., 2004). The
creation of corridors intended for Gomphus flavipes would create new habitat space, allowing
the larvae, which favour warmer climates to migrate to suitable climatic space, whilst serving
as stepping stones for flying adults (van der Sluis et al., 2004).
Evidence was found of corridors being created in the Netherlands as part of the de Doorbraak
project (WRD, 2011). This consists of a 13 km long new stream to increase species resilience
to climate change by providing a corridor to other regions, such as northeast Tente and the
Crest of Salland, protecting both fish and amphibian species (WRD, 2011). This scheme also
has a number of synergies with the water sector (Section 7.2.2).
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It is important, as far as support for this option is concerned, that it is generally favoured over
assisted migration, seen to have lower risk, with no known instances of this having caused the
spread of invasive species (Krosby et al., 2010). Despite this, there remains the problem of
timing, as natural dispersal may not occur at a sufficient rate for many species, hence some
authors suggest that large-scale corridors may not be effective in all cases for helping all
species (especially those with low dispersal rates) adapt to climate change (Pearson and
Dawson, 2005).
3.2.3 Refugia
This study was unable to find evidence of refugia being either identified or protected in
Europe as a form of climate change adaptation (see Keppel et al., 2012).
3.2.4 Networks
The need for networks, linking corridors and PAs in the adaptation of biodiversity to climate
change has been identified by a number of European countries. For example, in Germany it is
predicted that as much as 30% of the country’s current plant and animal species could
become extinct in a time frame of decades as a result of climate change, with those in the
Wadden Sea tidal flats being particularly vulnerable (BMU, 2008). Therefore, as part of the
German Adaptation to Climate Change Strategy, and the National Strategy on Biological
Diversity, the German Federal Government recognises that Länder should improve networks
to allow species and populations to migrate northwards in response to climate change, and are
therefore taking precautionary measures to aid adaptation (BMU, 2008). These networks,
which could be included in schemes such as CAP, and the German National Water Meadows
Programme, will need to cross borders and therefore their success is reliant on the
collaborative efforts of actors across Länder and European country borders (BMU, 2008).
Despite this potential, there exists a possible conflict between actors, with the land use
requirements for networks being in competition with those from the agriculture and forestry
sectors for example (BMU, 2008).
On a regional scale, the Natura 2000 Network 5 is one programme seeking to improve
connectivity across Europe. Little was found in the literature search specifically linking the
creation of this network for climate change adaptation, focussing mainly on restoration aims,
although this existing network will aid migration by ensuring connectivity between present
and future suitable climatic space (Natura 2000, 2007). Climate-change-proof assessments
can be used to assess the resilience of such networks to climate change. These consist of a
three-step process in which firstly existing habitat is mapped; secondly, current habitat
networks are identified; and finally it is estimated how these networks may change as a result
of warming (Vos et al., 2008). A study by Araujo et al. (2011) found that compared to areas
not covered by the network, Natura 2000 sites do not function significantly better for plant
species under climate change. For example, loss of plant and animal species due to climate
change was modelled to result in a 63 ± 2.1% loss of suitable area for species covered in the
Bird and Habitat Directives in Natura 2000 sites, being in some cases less effective at
conserving species than unprotected areas (Araujo et al., 2011). This is partly due to much of
the network being located on flat areas, where the effects of climate change will be greatest
(Araujo et al., 2011).
The European Green Belt (EGB) is another biodiversity network acting on a European scale
found in the literature. This network operates across 24 countries, aiming to increase cross5
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border connectivity, thus aiding the dispersal of species across areas of Europe (Zmelik et al.,
2011). The EGB consists of a number of conservation areas including Ramsar sites, National
Parks and parts of the Natura 2000 network, all with varying levels of protection. It is home
to 243 species of the EU Habitats Directive, with rare and endangered species such as the
Balkan Lynx and Dalmatian Pelican (Zmelik et al., 2011). The green belt is rich in
biodiversity, extending along the former Soviet border with habitats ranging from the boreal
and tundra landscapes of Fennoscandia, to the high mountain areas in the Balkans, and the
agricultural landscapes in central Europe. What is most significant about this corridor, or
network, is its north-south gradient, which if managed appropriately should be capable of
facilitating species migration whilst averting significant losses, hence it has been termed a
‘climate change mitigating corridor’ (Zmelik et al., 2011).
Examining the extent to which broad networks across Europe are resilient to future change,
Vos et al. (2008) conducted a climate-change-proof assessment of nine species in northwestern Europe, examining three forest species (black woodpecker, middle spotted
woodpecker, agile frog); three wetland species (bittern, marsh warbler, large heath butterfly);
and three natural grassland species (brown hare, meadow pipit, and pool frog). The
assessment reveals a future reduction in suitable area for all species surveyed, including a
decline in suitable habitat provided by the Natura 2000 network (Vos et al., 2008). It is
important to note that the magnitude of this reduction is highly variable, for example with
suitable area for the agile frog declining by only 6%, whereas the black woodpecker, marsh
warbler and meadow pipit all could see declines in suitable area of 70% (Vos et al., 2008).
Taking the middle spotted woodpecker as an example, results show that although this species
will lose suitable habitat space in regions such as France, it is projected to expand northwards
into Ireland, the Netherlands, and Denmark, as well as the north of England and Scotland.
Despite the climatic space in these locations being suitable for migration, these areas are too
isolated to be successfully colonized by the species on either a 2020 or 2050 timescale, with
bottlenecks predicted to occur (Vos et al., 2008). As far as the proportion of the middle
spotted woodpecker population in England is concerned, overlapping current and future
distributions in 2020 in what are termed ‘climate proof networks’ reveals only a small
overlap (less than 20%). Hence, the middle spotted woodpecker will have limited capacity to
colonize new climate space in the UK unless adaptive measures, such as those to increase
connectivity, and the integration of countryside management are taken (Vos et al., 2008).
3.2.5 Habitat restoration
Restoration programmes for the purpose of climate change adaptation, or to increase
resilience to climate change are scarce in the literature, being conducted mainly to restore the
damage from human-induced stressors, rather than for a long-term future purpose such as
climate change.
The Restoring Peatlands Project is, however, one example of restoration discussed as an
adaptation option; aiming to restore substantial areas of degraded peatland in both Belarus
and the Ukraine (see restoringpeatlands.org). This project will result in the provision of
suitable habitat for a number of species, helping to conserve diversity. As far as synergies are
concerned, this adaptation measure reduces GHG emissions, hence mitigating climate change,
with the branch of the project in Belarus estimated to sequester a total of 2.9 tons CO2
equivalent ha-1 y-1. In addition, the restored peatlands regulate the local micro-climate,
improve soil quality, can reduce the likelihood of peat fires, and impact positively on the
water sector; improving water regulation and retention, as well as stabilizing the water level
via a series of dams and reservoirs. The scale of the scheme varies between the two countries,
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with 14,000 ha peatland being rewetted in Belarus and 20,000 ha in the Ukraine at a total cost
of €7.4 million (see Section 15.1.2 for more details on the economics of biodiversity projects).
Both projects are being undertaken with support from a number of actors, for example the
rewetting project in Belarus being coordinated by the RSPB, APB-Birdlife Belarus and the
German Michael Succow Foundation.
3.2.6 Protected Areas
Species distribution models and gap analysis have been used to identify the most appropriate
areas for environmental protection. This can lead to the siting of new PAs, either protecting
future habitat space, or current habitat to increase resilience.
This literature search found a large number of studies discussing the ability of PA networks
to aid species adaptation to climate change, and hence limit the number of species lost (see
Hannah et al., 2002; 2007, and references therein). More recently, transboundary
conservation areas (TBCAs), where new PAs are constructed to enhance current PAs, as well
as extending current management across borders, have also been considered as a way to
facilitate species adaptation to changes in climatic range (Hannah, 2010).
The limited ability of existing PAs to aid species adaptation to climate change is stressed in
the current literature, as they are expected to undergo changes in their functioning, and
species composition as a result of climate change (Klausmeyer and Shaw, 2009; Carvalho et
al., 2011). Climatic zones such as the Mediterranean are expected to expand into northern
areas for the period 2070-2099 (Klausmeyer and Shaw, 2009; Hannah, 2010), and therefore it
has been calculated that the existing PA network in the Iberian Peninsula will need to be
1.15-1.89 times larger if it is to represent the same proportion of herptile species under a
future climate (Carvalho et al., 2011). Despite this apparent growth, species located in areas
such as Iberia are expected to experience a substantial contraction in number, as there are no
bordering areas in the Mediterranean basin for species to expand into (Hannah, 2010). For
similar reasons, the climatic range of 1,200 European plant species is expected to contract by
6-11% over the next 50 years (Araujo et al., 2004). PAs located in dry parts of the
Mediterranean basin have been identified as those most susceptible to the effects of climate
change, with Spain projected to experience a reduction of 43-29% in mammalian species
richness depending on the climate scenario employed (Maiorano et al., 2011). In contrast,
PAs in regions of high altitudinal gradients such as the Apennine mountain range in Italy, as
well as areas in France and northern Finland are expected to see increases in species richness
as a result of climate change (Pöyry and Toivonen, 2005; Maiorano et al., 2011).
New PAs would represent a larger number of species and could act as stepping stones,
increasing connectivity between networks (Araujo et al., 2004; Vos et al., 2008; Hodgson et
al., 2011). As far as the location of suitable sites is considered, the framework of
‘conservation planning’ can be employed, in which new PAs are planned depending on the
robustness of uncertainty in future species distributions (Carvalho et al., 2011; see also
Araujo et al., 2004). For example, areas projected to be adversely affected with mild levels of
uncertainty should be considered as sites for new conservation areas if funds permit, and
subsequently those associated with very high levels of uncertainty should be given less
priority. Interestingly, areas with the lowest levels of uncertainty are often already managed
as PAs (Lawler, 2009; Carvalho et al., 2011). This uncertainty may be one reason for the lack
of specific examples of new PAs, and indeed other measures being undertaken to facilitate
species migration in response to climate change.
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In highly sensitive areas such as the Iberian Peninsula, a gap analysis of the Natura 2000
network for endemic Iberian and Balearic water beetles has been conducted to identify
vulnerable areas (Sanchez-Fernandez et al., 2008). Results show a good overlap of species
distributions in mountainous areas, whereas the least overlap is found in river areas and
stream environments, followed by lagoons, and ponds (Sanchez-Fernandez et al., 2008). The
study identifies a number of hotspots containing high-priority species, almost half of which
are located outside the Natura 2000 network (Sanchez-Fernandez et al., 2008). Furthermore,
the existing network fails to capture the entire distributions of four species (Iberoporus
cermenius, Hydraena quetiae, L. monfortei and O. irenae), with less than 40% of the
distributions of nine further species being represented (Sanchez-Fernandez et al., 2008).
One project found in this review which specifically assesses biodiversity adaptations for the
future climate is the BRANCH (Biodiversity Requires Adaptation in Northwest Europe under
a CHanging climate) Project (BRANCH, 2007). This project has planned a wildlife corridor
in the area of Limburg, Netherlands, which will increase the connectivity between a variety
of habitats including forest, heathland, marsh and arable land in the Dutch National
Ecological Network and Natura 2000, in over 2,200 ha of planned habitat creation
(BRANCH, 2007). The BRANCH Project models changes in habitat of the sand lizard,
finding its distribution to become increasingly patchy as a result of climate change. Hence the
creation of a wildlife corridor should reduce this impact (BRANCH, 2007). Another analysis
carried out by the project, this time in the UK, identifies a need to increase the variety of
habitats around the Hampshire heaths and grassland (BRANCH, 2007). Results suggest that
only four of the existing lowland heath species are likely to maintain favourable climatic
space in the future, and hence the ecological composition of this environment could undergo
substantial changes by 2080 (BRANCH, 2007). It is therefore suggested that increasing the
variety of habitats to support a changing assemblage of species is a favourable long-term
option to help biodiversity here adapt to a changing climate (BRANCH, 2007).
In addition to the specific individual adaptation measures discussed above, a number of
broader, collective measures are also being taken to aid species adaptation to climate change
adaptation. DEFRA for example have developed a number of climate change adaptation
principles as part of the England Biodiversity Strategy to act across the following sectors:
agriculture; water and wetlands; woodland and forestry; towns, cities and development;
coasts and seas (Smithers et al., 2008). The five main principles of the strategy cover
improving resilience; the integration of action across all sectors; the accommodation of
change; and the development of knowledge, and strategic planning. The overriding principle,
applying to all of the above is that action should be taken now, as a precautionary measure
(Smithers et al., 2008). Despite this emphasis, these appear from the literature search to be
primarily theoretical principles, with few examples of action taken, although they can, and as
seen below, are being used to inform adaptation practice (Smithers et al., 2008).
Actors such as UKCIP are involved in numerous active projects to aid biodiversity
adaptations to climate change (e.g. UKCIP 2010b, 2010c). In the UK Midlands for example,
the West Midlands Biodiversity Partnership, the Environment Agency, and West Midlands
Wildlife Trusts, in partnership with UKCIP, have developed a series of five adaptation
principles (similar to those in Smithers et al., 2008), as follows: (i) the development of
ecologically resilient landscapes, (ii) the conservation of existing wildlife habitats and species,
(iii) the reduction of human-induced stressors, (iv) sound decision-making based on analysis,
and (v) the communication of the issues to policy-makers and the public (UKCIP, 2010b). In
addition to this general policy, at a county level in Kent, UKCIP is working to develop a plan
for future ecological networks in coordination with the BRANCH project, Natural England,
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and Kent County Council, to form part of Kent County Council’s Climate Change
Programme (UKCIP, 2010c).
Natural England was found to be another key player as far as the UK is concerned, creating a
number of local climate change frameworks and highlighting biodiversity adaptation in their
report, ‘Making space for wildlife in a changing climate’ (Natural England, 2010). This
report emphasises the importance of biodiversity, and its adaptation to climate change
through reducing fragmentation, creating ecological networks and corridors, in addition to
habitat restoration and creation. Natural England have assisted Tonbridge and Malling
Borough Council to create a broad local climate change adaptation policy, including green
infrastructure, increasing connectivity between ecosystems, and the creation of networks
(Natural England, 2010). This framework will provide a multifunctional role, increasing
aesthetics, and recreational opportunities in the area, whilst contributing to the achievement
of both UK and Kent Biodiversity Action Plan targets (Natural England, 2010).
Finally, as far as future adaptation in Europe is concerned, integrated conservation strategies,
like those above, with aspects of habitat connectivity management, assisted colonization, and
restoration, are thought to be the best way to aid species adaptation to climate change, able to
facilitate a wider range of species than one of the above alone (Loss et al., 2011; Vitt et al.,
2010).
3.3 Coasts
The literature uncovered examples of a wide range of adaptation interventions; from
traditional hard-engineering methods such as levees and embankments (van Dyke and
Wasson, 2005), to breakwaters (Airoldi et al., 2005; Guidetti et al., 2005; Lamberti et al.,
2005), low crested structures (LCS) (Lamberti et al., 2005; Martin et al., 2005; Moschella et
al., 2005), seawalls (Blockley and Chapman, 2005; Bozek and Burdick, 2005; Glasby et al.,
2007) and soft-engineering approaches of beach nourishment (Lamberti et al., 2005; Bishop
et al., 2006; Peterson et al., 2006; Speybroeck et al., 2006; Grippo et al., 2007; Jackson et al.,
2010). The studies highlighted a number of high-impact schemes to protect low-lying land
from tidal inundation, with a series of storm-surge barriers in the Netherlands (NoordwijkPuijk et al., 1979; Elgershuizen, 1981; Wolff, 1992; Schekkerman et al., 1994; Smits et al.,
2006). The overall trend was a movement away from traditional hard engineering structures
such as seawalls and embankments, towards a more dynamic coastal system which will
provide the accommodation space needed for species to adapt to future sea-level rise. The
majority of adaptation interventions can be covered under the terms managed realignment
(Chang et al., 2001; Townend and Pethick, 2002; Mazik et al., 2007; Pontee, 2007; Andrews
et al., 2008; Reading et al., 2008; Rotman et al., 2008; Spencer et al., 2008) and managed
retreat (Maddrell, 1996; Emmerson et al., 1997; French, 1999; MacLeod et al., 1999; Marcus,
2000; Hazelden and Boorman, 2001; Lee, 2001). These were the two most popular adaptation
interventions found in this review, and both include the removal or setback of previous hard
defences, with methods such as de-poldering (de Ruig, 1998; Götting, 2001), de-embankment
(Barkowski et al., 2009; Kolditz et al., 2009), and the breaching of dykes (Campbell and
Bradfield, 1988; Bernhardt and Koch, 2003) being adopted. The net effect is one of coastal
restoration, with the creation of saltmarsh and mudflats providing a sustainable, natural
defence (Wells and Turpin, 1999; Warren et al., 2002; Teal and Weishar, 2005; Darnell and
Heilman, 2007; Verbessem et al., 2007).
This review identified reference to two types of adaptation: planned, for example the
construction of a sea wall, or the intentional breaching of defences in managed retreat; and
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autonomous. Autonomous adaptations included the unintentional breaching of defences due
either to bad maintenance, or extreme weather events. An example of this unplanned
adaptation was seen in the Netherlands, with a dyke breached after an extreme storm event in
the Scheldt Estuary restoring tidal flow and transforming the area into brackish marsh
(Eertman et al., 2002). Another example from the Netherlands is presented by Bakker et al.
(2002), where damages from winter storms were too costly to repair, and resulted in the
breaching of summer dikes which were naturally restored to marshland.
Adaptation interventions are generally intended to impact on a particular sector, some
examples being the construction of seawalls and breakwaters at Ria de Aviero, Portugal, to
reduce beach erosion (da Silva and Duck, 2001); coastal wetland restoration schemes in the
UK to offset habitat loss from coastal squeeze (Dixon et al., 1998; MacLeod et al., 1999;
Pethick, 2002; WWF, 2002; Winn et al., 2003;) and the construction of dams, sluices and
storm-surge barriers in the Netherlands to reduce vulnerability to future sea-level rise and
storm-surge events (Elgershuizen, 1981; Saeijs & Stortelder, 1982; Wolff, 1992;
Schekkerman et al., 1994; Smits et al., 2006).
For the CLIMSAVE project, it is important to stress that the cross-sectoral nature of coastal
adaptation measures means they will almost certainly impact on multiple sectors.
3.3.1 Wetland creation, managed retreat and managed realignment
Wetland creation, implemented for a variety of reasons, impacts mainly on coasts, by
functioning as a natural defence (Tshirintzis et al., 1996; Pethick, 2002; Darnell and Heilman,
2007; Rotman et al., 2008) and on biodiversity by providing valuable habitat space (Mangin
& Valdes, 2005; Desrochers et al., 2008; Rotman et al., 2008; van Proosdij et al., 2010). This
was the most common cross-sectoral linkage identified in the literature, with wetland
restoration often part of managed realignment and retreat schemes.
Coastal wetlands provide the services of wave dampening, and the protection of existing
seawall defences by the prevention of scour (Hazelden & Boorman, 2001; Hofstede, 2003;
Andrews et al., 2008). One study reported an increasing decline in average wave-height after
tidal restoration, but found that this reaches an upper limit after three seasons (Roman et al.,
2002). Möller et al. (2001) consider the effectiveness of saltmarsh as a coastal defence to be
particularly high in shallow water conditions, calculating that the removal of marsh in water
less than 0.7 m deep would result in a three-fold increase in average wave-height. The
establishment of saltmarsh vegetation also reduces erosion rates by creating an effective
sediment sink (Hinkle and Mitsch, 2005; Mazik et al., 2007; Rotman et al., 2008). To
quantify this effect, one study calculated that the intertidal area created by managed
realignment on the Humber would result in the annual accretion of 1.2 x 105 tonnes of
sediment and reduce local erosion rates (Andrews et al., 2008). The realignment of hard
defences is also known to enhance the storage capacity of an estuary, hence reducing
vulnerability to storm-surge events (Klein and Bateman, 1998; Eertman et al., 2002; Jickells
et al., 2003; Pontee et al., 2006; Dixon et al., 2008).
On the other hand, restoration schemes and the realignment of current defences can also
impact negatively on the coastal sector, with an enlarged tidal prism leading to high rates of
erosion as the site re-equilibrates with its surroundings (Emmerson et al., 1997; Marcus, 2000;
Bakker et al., 2002; Hofstede, 2003; Symonds and Collins, 2007b; Verbessem et al., 2007).
Two specific examples of this in the literature were provided by US studies, and are used to
highlight this negative effect. The first was seen after habitat restoration in California, where
the restoration of tidal influence to 120 ha of land resulted in a 30% increase in tidal prism,
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with increased tidal velocities causing creeks and channels to erode, and inducing a positive
feedback effect (van Dyke and Wasson, 2005). The second was reported by van Proosdij et al.
(2010) with localised erosion after saltmarsh restoration in the Bay of Fundy causing the head
of a tidal channel to retreat by 35 m.
3.3.2 Storm-surge barriers and the Delta Project
Large-scale engineering projects, such as the storm-surge barriers in the Netherlands were
shown to impact over a range of sectors.
The Delta Project led to the closure of numerous estuaries along the Dutch coast, and has had
the desired effect with respect to reinforcement of the coastline and protection against
flooding (Wolff, 1992). In contrast, the closure of estuaries has led to a subsequent reduction
of be 120 km2 in tidal area on Eastern Scheldt, causing many intertidal zones to dry out
(Elgershuizen, 1981; Saeijs and Stortelder, 1982; Smits et al., 2006). The new hydrodynamic
regime has resulted in widespread erosion, with a reported loss of 120 million m 3 of sediment
from the Oosterschelde tidal basin, and a doubling in the rate of cliff retreat since the
completion of the project (Louters et al., 1998). Research shows that the Delta Project will
cause the future loss of all tidal flats in the area (Smits et al., 2006), and therefore could be
seen as an example of maladaptation, with hard-engineering damaging natural coastal
defences and increasing rates of erosion as a result of a progressively more unnatural regime.
3.3.3 Low Crested Structures (LCS)
LCS are generally seen as an effective coastal defence, with structures such as breakwaters
and seawalls reducing the amount of wave energy reaching the shore (Marcus, 2000; Airoldi
et al., 2005; van Dyke and Wasson, 2005; Lamberti et al., 2005) and local erosion rates, as
well as accreting sediment on their leeward side (Airoldi et al., 2005; Bozek and Burdick,
2005; Lamberti et al., 2005; Martin et al., 2005). An example of this is the installation of a
breakwater system at Lønstrup, Denmark, which decreased the amount of wave energy
reaching the shoreline, and as a result prevented further erosion of the cliffs behind the beach
(Lamberti et al., 2005).
In contrast to these local benefits, many reports identify increases in erosion downstream,
after the sediment supply to these sites has been reduced. Lamberti et al. (2005) report
submerged groynes and a breakwater in Italy to have reduced the supply of sediment to an
area downdrift, causing an entire beach to erode. As a result, enhanced local defences have
led to a decreased amount of protection elsewhere. LCS have also been reported to alter local
bathymetry and hydrodynamics (da Silva and Duck, 2001; Lamberti et al., 2005; Martin et al.,
2005). One example of these changes is the observed increase in current strength and
subsequent increases in water depth (by as much as 10 m) after the installation of breakwaters
in Portugal (da Silva and Duck, 2001).
Embankments have been reported to have similar adverse impacts on the coastal system, with
increases in coastal hydrodynamics, storm-surge height and downstream erosion (Reise,
1998; 2005). Von Storch et al. (2008) have found that in contrast to reducing vulnerability to
storm-surges; the frequency and intensity of surges, along with mean tidal high water in the
Wadden Sea area has actually increased since the 1970s. The study concludes that 75% of
this increase is due to the installation of hard-coastal defences along estuaries, which decrease
bed roughness and the efficiency of which the estuary dissipates incoming wave energy.
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3.4 Forests
Climate change could damage forest ecosystems in a number of ways including direct
impacts on changing environmental conditions and indirectly through fire, infestation, disease
and windthrow (Sedjo, 1991). Forests could adapt naturally as they have done in the past
leading to changes in the ranges of important tree species, but a critical issue is the rate at
which tree species would migrate under global warming (Sedjo, 2010). It is customary to
classify adaptation measures into: anticipatory, reactive, autonomous and planned.
Anticipatory, also referred to as proactive adaptation takes place before impacts of climate
change are observed. Early warning systems to prepare for forest fires are a classical example
of anticipatory adaptation. Reactive adaptation is that which takes place after the impacts of
climate change have been observed (Robledo et al., 2005). For example, salvage logging
after a storm (Garforth, 2012) or after a fire (Sedjo, 2010). Behavioural changes taken by
private actors as a reaction to actual or expected climate change are known as “autonomous”
adaptation. For example, the change of date of planting /seeding and harvesting by the farmer,
due to a change in rainfall patterns (Holmgren et al., 2007). Planned adaptation is the result
of a deliberate policy decision based on an awareness that conditions have changed and that
action is required to return to, maintain, or achieve a desired state (Robledo et al., 2005). For
example, tree planting and the monitoring of forests (Bernier and Schoene, 2009). Literature
on the forestry sector has a high focus on regions such as the tropics, which fall outside the
study area. However, where these are valuable examples, they have been included in this
review.
Adaptation measures emphasized in the literature are: afforestation, reforestation and
agroforestry.
3.4.1 Afforestation
According to Sedjo (2010), in 2009 there were 45,083 ha planted forests in China; 32,578 ha
in Japan; 17,340 ha in Russia; 16,238 ha in United States; 10,682 in India; 9,871 ha in
Indonesia; 4,892 ha in Brazil; 4,425 ha in Ukraine; and 2,284 ha in Iran. In southern Africa,
the afforestation rate is around 11,000 hectares per year. Examples of adaptation measures
include: the afforestation of areas to protect against drought and aridity and provide firewood,
fodder, tannin, pulpwood, shelterbelts and soil improvement (UNFCCC 2008a), the planting
of trees in Tajikistan to protect from erratic rainfall and stabilise eroding soils and slopes
(UNFCCC 2008b) and the Five-year Action Plan for Mangrove Management in the Gulf of
Thailand, which preserves mangrove forests and promotes sustainable use of mangrove
resources (UNFCCC 2008c).
3.4.2 Reforestation
In Brazil, Rio de Janeiro, Parana and Santa Catarina states were once completely covered
with Atlantic rainforests. Most of this indigenous ecosystem has been destroyed. About
30,000 seedlings of Araucaria angustifolia and Ilex paraguayensis (Yerba matι) were planted
by graduate students from Rottenburg. The 5,000 ha area was named Pro-Mata. The concept,
then new, was to plant young trees right into existing secondary vegetation which consisted
mainly of baccharis bushes and mimosa trees. During the last 12 years the young Araucaria
trees reached heights of five metres and more. This will diminish the impact of frost and
drought on agriculture, especially reducing harm to coffee and citrus crops (Bodegom et al.,
2009). Other examples are the reforestation of Mount Malindang, in Philippines which started
in 2008 (Bodegom et al., 2009), the reforestation of mangroves forests in the Philippines that
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began in 1930-1950 (Primavera and Esteban, 2008), the reforestation of mangroves in
Malaysia, Florida, Panama, Kenya, Hawaii, Fiji and Burma, and afforestation and
reforestation in areas of mangroves in Bangladesh, India, and Vietnam (Kairo et al., 2001).
3.4.3 Agroforestry
The following are global examples of adaptation in agroforestry:
1) The growing of appropriate tree species on cultivated land to reduce vulnerability to
hurricanes and to provide various other benefits, including a reversal of the deforestation
trend in Grenada (World Agroforestry Centre, 2007).
2) Deep-rooted trees are used in agro-forestry operations in order to tap more moisture from a
lower depth during the dry season, so as to increase the overall productivity of land in
Zimbabwe (and elsewhere). Different crop canopies use light efficiently, and the agroforestry systems return large amounts of nutrients to the soil, as well as provide shelter
against wind erosion (Agobia, 1999).
3) The cultivation of drought-tolerant fruit trees to diversify household income sources,
ensure food security and provide shade and fuelwood in Bangladesh (Selvaraju et al., 2006).
4) The alley cropping (the practice of planting trees in rows with food or cash crops between
them) which is used to reduce the vulnerability of the population and their environment to
hurricanes and hurricane-related devastations, in Jamaica (Thomas-Hope and Spence, 2002).
5) The cultivation of moringa trees that are very drought-resistant and tolerate a wide variety
of soil types in Senegal. They can be used to combat malnutrition by providing enriched food
and by treating drinking water (Boven and Morohashi, 2002).
6) Finally, in the Himalayas, in India, where communities are faced with erratic rainfall
during spring and summer, farmers have developed agro-forestry practices to ensure food
security and additional income, particularly growing cardamom, bamboo groves and fruit
trees (Verma 1998; Seppala et al., 2009).
3.4.4 Tending and thinning
In Europe, the key adaptation measures are afforestation and reforestation, through enhancing
natural regeneration, planting seedlings, or seeding, thinning and harvesting practices
(Kolström et al., 2011). The pan-European assessment ‘SilviStrat’ (Kellomäki and Leinonen,
2005) explored the impacts of climate change on forest productivity, carbon storage and
biodiversity. In general they found that forest productivity and carbon storage increased in
northern and central Europe but declined in southern Europe due to drought impacts. They
recommended planting new species that are drought-tolerant and frost-tolerant as an
adaptation strategy. They also recommended increased intensity of thinning in areas where
productivity was likely to increase (Johnston et al., 2010), as the more diverse and larger the
seedling population is, the greater the potential for populations to adapt to environmental
changes. Tending and thinning can also help to manage increasingly mal-adapted stands in a
changing environment (Kolström et al., 2011; Lindner et al., 2008).
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3.5 Urban
Over two thirds of Europeans live in urban areas (European Commission, 2011), although
they only cover 1.5% of Europe (PELCOM, 2000), they can play an important role in both
adaptation and mitigation. Action 6 of the Biodiversity Strategy states that the European
Commission will “develop a Green Infrastructure Strategy by 2012 to promote the
deployment of green infrastructure in the EU in urban and rural areas” and green
infrastructure, as is shown below, can provide an important means of adaptation in urban
areas. The same is true for mitigation, as, although CO2 emissions per person are much lower
in urban areas, their density can make for more energy-efficient forms of housing, transport
and service provision, meaning that mitigation actions may be more efficient and costeffective (European Commission, 2011).
3.5.1 Urban greenspace
The provision of urban greenspace, which contributes to green infrastructure, is associated
with a number of ecosystem services, including reductions in surface runoff, climate
regulation, and carbon storage. Greenspace therefore has the potential to be used both as a
form of climate change adaptation and mitigation. This will be briefly discussed, before the
effectiveness of two specific measures to increase urban greenspace; green roofs and urban
trees, is reviewed in detail.
As previously mentioned, urban greenspace is able to influence the local climate; reducing
local surface temperatures by shading, and reducing air temperatures through evaporative
cooling and albedo effects (e.g. Gill et al., 2007). Increasing the provision of greenspace
therefore has the potential to ameliorate the temperature of urban areas under climate change
(e.g. Bowler et al., 2010). A meta-analysis of the cooling potential of urban parks found they
were able to reduce ambient daytime temperature by an average of 0.94°C; with an average
night-time reduction of 1.15°C (Bowler et al., 2010). A quantitative modelling study found
that increasing the green area by 10% in dense urban areas of Greater Manchester could
retain maximum surface temperatures at, or below the 1961-1990 baseline until the 2080s for
all emissions scenarios, mitigating the effects of climate change (Gill et al., 2007). Urban
greening can also provide regional cooling benefits in the city of Manchester, with grass
being the most effective at reducing peak temperatures, achieving reductions of up to 24°C,
compared to the maximum 19°C reduction provided by tree shade in the city (Armson et al.,
2012). Grass surfaces are also associated with substantially lower surface temperatures than
concrete, which has surface temperatures 17°C and 4°C above peak air temperature in direct
sunlight and shade respectively (Armson et al., 2012). This, compared to grass which saw
maximum temperatures 1°C and 4°C below peak air temperatures in sun and shade
respectively, highlights the ability of greening measures to considerably improve the urban
climate and mitigate the urban heat island (Armson et al., 2012). As a result of this potential,
substantial greening is taking place in the city of Transvaal, Denmark, where developers aim
for all dwellings to be located within 200 m of greenspace (Kleerekoper et al., 2012).
In an attempt to increase the provisioning of greenspace in Manchester, a programme called
the Corridor Partnership has been created to green the Oxford Road corridor, an area of 2.73
km2 close to the city centre (Kazmierczak et al., 2010). This is a major transport corridor in
the city which currently has a green space provision of only 15% (Kazmierczak et al., 2010).
Increasing the amount of green space in this area has the potential to decrease surface
temperatures under high emissions scenarios by 3.0-4.9°C, and by 3.8-5.2°C under low
emissions scenarios (both ranges quoted as degrees below the 1961-1990 baseline)
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(Kazmierczak et al., 2010). This would significantly reduce the need for artificial cooling in
buildings during the summer months and hence contribute indirectly to mitigation through
avoided or reduced emissions (Kazmierczak et al., 2010).
Increasing the amount of urban greenspace has additional benefits, including improved
human comfort by reducing the effects of heat-stress; air quality improvements (Clark et al.,
2008; Fioretti et al., 2010; Ottelé et al., 2011); aesthetics (Rotherham, 2010; Berkooz, 2011);
and a reduction in surface runoff volumes (McPherson & Rowntree, 1993; Asadian & Weiler,
2009; Bowler et al., 2010). In the Greater Manchester area however, modelling results show
that the predicted future increases in winter precipitation will increase runoff regardless of
greening (Gill et al., 2007). As a result, increased storage for stormwater will be required in
addition to the provisioning of new greenspace (Gill et al., 2007).
It is important to note that urban greenspace does not increase ecosystem services in all cases,
for example, plantings which increase allergens, promote, or host invasive species can
provide a disservice (Pataki et al., 2011). Furthermore, projected increases in the number of
consecutive dry days and heat waves during summer months may counteract this the cooling
effect provided by greenspace, as for example, when grass becomes dry it loses the ability for
evaporative cooling (Gill et al., 2007; Armson et al., 2012). As future water pressures may
result in conflict for use of water for irrigation, it is important to develop sustainable
irrigation measures for greenspace, for example by rainwater harvesting, the re-use of
greywater, and floodwater storage to ensure that they continue to regulate urban climate (Gill
et al., 2007).
Green roofs and urban trees have both adaptation and mitigation potential, but the latter is
discussed under urban mitigation in Sections 4.5.2 and 4.5.1 respectively.
3.5.2 Green roofs
Air temperature reductions
It is the evaporative cooling effect associated with the vegetation on green roofs which
reduces ambient air temperature (Lundholm et al., 2010), an effect measured in Japan to
provide around 5°C cooling (Onmura et al., 2001). This ability of green roofs enables them to
ameliorate the urban climate, improve the internal comfort of buildings and also to mitigate
the effects of the urban heat island (e.g. Alexandri and Jones, 2008; Fioretti et al., 2010;
Scherba et al., 2011).
A quantitative modelling study concerning the potential of green roofs and walls to reduce
the urban heat island effect in a selection of European cities found this to be significant
(Alexandri and Jones, 2008). The magnitude of temperature reduction varied with location,
being the most effective solutions for mitigating the urban heat island in central and southern
areas of the Mediterranean basin (Zinzi and Agnoli, 2011), with the substantial daytime
temperature reductions experienced in Athens comparable to the greatest maximum
temperature decrease of 26.1°C simulated for Mumbai (Alexandri and Jones, 2008). In
contrast, green roofs have less potential to decrease temperatures in areas with cooler
climates such as London and Moscow, which saw the smallest decreases in average day-time
temperature of only 9.11°C (Alexandri and Jones, 2008). In addition to lowering roof surface
temperatures, the heat accumulated by green roof systems through the course of a day is
slowly released during the night, found to result in large reductions in peak temperature
fluctuations (Scherba et al., 2011).
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The capacity of green roof systems to ameliorate urban temperature is dependent on a number
of environmental factors. In order to explore these using the current literature, it was
necessary to widen the study area, using examples from the US and Canada. Firstly, results
from Halifax, Canada, reveal that, if medium-only roof modules are grown, temperatures can
be reduced by over 10°C, which is considerably higher than the average 2°C reduction
achieved with monocultures and one life-form groups in the study (Lundholm et al., 2010).
Roofs planted with species of higher albedo and richness as well as a low biomass variability
have been found to achieve the largest temperature reductions, and therefore if the highest
temperature mitigation is to be achieved, species such as S.bicolor should be planted
(Lundholm et al., 2010). As far as the rate of cooling is concerned, results from green roof in
Oregon show that mosses are associated with faster rates of cooling of the roof surface than
can be achieved by a medium-only module, with rates of 6°C h-1 and 1.1°C h-1 respectively
(Anderson et al., 2010). Moisture also has a large role in determining the performance of
green roofs, with a well wet roof having a high cooling performance (Zinzi and Agnoli, 2011).
Therefore, under climates with hot and dry summers such as the Mediterranean, water for
roofs may need to be managed; calibrated to the prevailing climatic conditions and energy
usage (Zinzi and Agnoli, 2011).
Roof surface cooling
The passive cooling associated with green roofs has a substantial affect on roof surface
temperature, able to reduce the amplitude of roof-slab temperature fluctuations in France by
as much as 30°C (Jaffal et al., 2012). This reduction in temperature results from the process
of evapotranspiration, and the higher albedo of green roofs compared to conventional roofing
systems. The increase in albedo associated with the installation of green roofs in a
neighbourhood in the Ukraine has been measured by LANDSAT satellite data at around 0.07
(Mackey et al., 2012). The result of these roof systems having a higher albedo is that they
absorb less solar radiation, reducing surface temperature and heat-flux into the building
(Lundholm et al., 2010). It is important to note that the extent to which green roofs increase
albedo is dependent on the species used and hence their albedo can be highly variable
(Lundholm et al., 2010). For example a study of green roofs in Chicago found those with
medium-only modules had an albedo of 0.158, while those with vegetated modules a higher
albedo of 0.180-0.195 (Lundholm et al., 2010). Both these values are considerably higher
than the 0.0666 ± 0.006 associated with conventional roofing systems (Lundholm et al., 2010)
and albedo values should not particularly differ from those in Europe.
Increased energy efficiency
The soil and vegetation layers of green roofing systems provide extra insulation for the
building; preventing solar radiation from reaching the building skin during the summer, and
conversely the escape of internal heat during winter (Ottelé et al., 2011; Zinzi and Agnoli,
2011). Furthermore, green roof systems have a high energy efficiency; the vegetative layer
acting as a buffer against the wind, which for a conventional roofing system can reduce
energy efficiency by as much as 50% (Ottelé et al., 2011; Perini et al., 2011). Energy savings
arising from green roofs are estimated at around 10-15% (Bigham, 2011), with a 12%
reduction in energy demand reported for a green roof in the Mediterranean region (Zinzi and
Agnoli, 2011), and a 6% reduction in annual average energy demand for a single family
house in France (Jaffal et al., 2012). Green roofs can be very effective in cities such as
Athens, able to reduce high cooling loads in buildings by 66%, with 4-hour reductions in
cooling energy demand being reported (Alexandri and Jones, 2008). Reductions here, and in
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other parts of the Mediterranean are highest during the summer, and could potentially remove
the need for cooling systems in these regions (Zinzi and Agnoli, 2011).
In contrast, in colder climates, such Moscow, the use of evergreen species on the roof can
provide an extra layer of insulation, contributing to wintertime energy savings as a result of
reduced heat loss from buildings (Perini et al., 2011). However, it should be noted that on
non-insulated simple buildings, these species become frozen in winter, no-longer providing
an insulative benefit (Teemusk and Mander, 2010). The opposite was found to be true during
winter in the Mediterannean, with modelling results showing a 16% increase in heating load
on the top floor of a building in Athens during December (Spala et al., 2008). The costs
benefits associated with these energy savings is discussed in Section 15.1.5
Stormwater management
The vegetation in green roof systems is able to retain between 25 and 100% of rainfall,
reducing peak and total runoff, as well as returning a considerable amount of the precipitated
water to the atmosphere via evapotranspiration (Oberndorfer et al., 2007). Many studies
found in this review acknowledge these benefits of green roof systems, but fail to consider
them as a form of climate change adaptation (e.g. Stovin et al., 2012).
To demonstrate the effectiveness of green roofs in reducing runoff, reductions in peak flow of
74 ± 20% were measured for roofs in central and north-western Italy during the autumn and
winter seasons (Fioretti et al., 2010). In addition, green roofs were measured to delay peak
flow by over 2 hours, with the vegetation able to retain an average of 23 ± 31% of
precipitation (Fioretti et al., 2010). This potential for stormwater management appears to be
comparatively lower in Manchester, where green roof systems were found to reduce runoff
from an 18 mm rainfall event by only 17-19.9% (Gill et al., 2007). In Brussels, a modelling
study examining the effectiveness of green roof systems as a form of climate change
adaptation found that the extensive use of these systems on 10% of the current building stock
would reduce runoff in the region by 2.7%, and by 54% on an individual building basis
(Mentens et al., 2006)
Factors influencing the stormwater alleviation potential of green roofs include the amount
that plants transpire, those with a greater canopy biomass providing a larger total area for gas
exchange (Lundholm et al., 2010). In addition, roofs covered in mosses such as Racomitrium
canescens were found to have a 12-24% higher stormwater retention than vascular or
medium-only roofs, for example being able to hold 47 L m-2 without any medium, compared
to water storage of 33 L m-2 by a roof with a 2.5 cm deep layer of medium (Anderson et al.,
2010).
Implementation in Europe
Green roofs have been used extensively in Augustenborg, a neighbourhood in the city of
Malmö, where they have been constructed on all new-builds since 1998 (Kazmierczak and
Carter, 2010). The neighbourhood now has a total of over 30 green roofs constructed by the
MKB social housing association, covering an area of 2,100 m2 (Kazmierczak and Carter,
2010). In addition, a Botanical Roof Garden has also been built on an old industrial roof in
the city covering an area of 9,500 m2, making it the largest green roof in Scandinavia
(Kazmierczak and Carter, 2010). The project was funded by the Swedish Department of the
Environment, and the EU programme, LIFE at a total of SEK 10 million (Kazmierczak and
Carter, 2010).
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In the city of Basel, Switzerland, regulation makes the installation of green roofs mandatory
on all new buildings with flat roofs as part of the city’s strategy for biodiversity (Brenneisen,
2006). In addition, the city of Transvaal, Denmark, also has large potential for the use of
green roofs, as over 95% of its buildings have a flat roof (Kleerekoper et al., 2012). The
construction of green roofs in the city would have many benefits, including the provision of
additional space, and the use of roofs as garden areas, as well as improving the appearance of
the city (Kleerekoper et al., 2012).
3.5.3 Urban trees
Temperature reductions
Urban trees function in two ways to reduce temperature. Locally, they provide shade
reducing the amount of short wave solar radiation reaching the surface. Secondly, on a more
global scale they provide direct cooling as a result of evapotranspiration (Armson et al.,
2012). They also sequester carbon, thus contributing to climate change mitigation and this is
discussed in Section 7.2.3.
Numerous studies in the US have examined urban tree planting as a way to reduce the risk of
warming, identifying the potential for large local temperature decreases (e.g. McPherson and
Simpson, 2003; Armson et al., 2012). In Europe, a program called INTEgrative Research on
Forest Areas, Citizens and urban Environment has investigated the use of green space and
street trees for heat stress mitigation (Lafortezza et al., 2009). The program examined the
cities of Gateshead (UK), Milan (northern Italy) and Bari (northern Italy), finding that trees in
the urban area were able to ameliorate the urban microclimate, provide shading and reduce
the frequency of heat stress events (Lafortezza et al., 2009). A similar capacity has also been
found in Manchester, where tree planting in residential gardens has the potential to reduce
peak surface temperatures by between 0.5 and 2.3°C (Hall et al., 2012). However, the ability
to increase tree cover here appears fairly limited, in the range of 2.8-5.3% only, making it
impossible for urban trees to maintain temperatures at current levels beyond the 2020s, with
at most a reduction of 2.3°C (Hall et al., 2012). In London to reduce surface temperatures and
ameliorate the future climate, the Greater London Authority aim to increase tree-cover across
the city from 20% in 2009, to 25% in 2025; an increase which will require the planting of an
extra 2 million trees (GLA, 2010).
As far as management is concerned, there is a need to plant species resilient to drought to
ensure that they continue to regulate local conditions under a warming climate (Gill et al.,
2007). Small-leaved tree species have been identified as suitable for locations where high air
temperatures are predicted to occur more frequently as a result of climate change; with
species such as Gleditsia triacanthos able to maintain a relatively constant temperature in
foliage even at high ambient temperatures, therefore having an advantage when not irrigated
(Leuzinger et al., 2010).
3.5.4 White-topping and cool paving
White-topping increases the albedo of urban areas, and can be applied to surfaces such as
roofs and pavements (often termed ‘cool paving’). These methods mitigate climate change in
the long-term by reducing temperatures over decades to centuries (Akbari et al., 2012). A
global simulation study of the area between 20° and 45° latitude has explored the potential of
white rooftops and light-coloured pavements to increase the albedo in cities (Akbari et al.,
2012). The simulations suggest that ‘whiting’ could increase the albedo of urban areas by
around 0.1, and in terms of climate change mitigation, if the albedo of 1 m2 surface is
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increased by 0.01, the resultant long-term cooling effect is estimated at 3 x 10-15 K, consistent
with a 7 kg reduction in CO2 emissions (Akbari et al., 2012). It is estimated that if whiting is
employed in all urban areas, with the range of global cooling estimates in the study, this
could amount to temperature reduction equivalent to 25-150 billion tonnes CO2 (Akbari et al.,
2012).
An example of white-topping in Europe is the installation of white reflective roofs in the city
of Ondiep, Denmark as a form of “climate proofing” (Kleerekoper et al., 2012). These
surfaces reflect sunlight and are able to maintain a high albedo, being designed to repel dirt
(Kleerekoper et al., 2012). Reflective roof surfaces have also been used in the city of Chicago,
US, and have increased the city’s albedo by 0.016, being the preferred option to reduce the
urban heat island effect (Mackey et al., 2012). Reflective roofs here have are associated with
a stronger LANDSAT cooling than green roofs (Mackey et al., 2012).
White-topping has also been considered for the city of Athens, with test studies used to
determine the albedo of various coloured surfaces (Synnefa et al., 2011). Results show that
off-white asphalt has the best potential to cool the surface temperature, having the highest
solar reflectance of all materials tested at 0.55, and being over 6°C cooler than the black
conventional asphalt surface (Synnefa et al., 2011). As well as reducing average surface
temperature, off-white asphalt substantially reduced the mean maximum diurnal surface
temperature range (this being 48°C instead of the 60°C of the black conventional asphalt)
(Synnefa et al., 2011). Cool paving using concrete light yellow blocks, which have a high
solar reflectance of around 60%, has been installed in one of the city’s urban parks with the
aim of improving the urban microclimate (Santamouris et al., 2012). This cool pavement has
a high cooling performance, reducing surface temperature in the park by 12 K, although the
cooling effect is substantially reduced under cloud cover, comparable to that of traditional
materials (Santamouris et al., 2012). In total, an area of 4,500 m2 in Athens has been paved
with reflective materials, making it the most large scale application of cool pavements in any
urban area, reducing temperatures and mitigating climate change (Santamouris et al., 2012).
3.5.5 Rainwater harvesting and greywater re-use
Rainwater harvesting and greywater re-use are two methods which can be used to reduce the
impacts of drought under climate change. Rainwater harvesting systems (RWHS) collect
water from the runoff of impervious surfaces such as roofs and urban catchments (Graddon et
al., 2011), whereas greywater is that collected and recycled from washing operations, for
example kitchen sinks, showers and bathtubs (Memon et al., 2005; Li et al., 2010; Domènech
and Sauri, 2011). Once the water is collected, it can be used for a variety of purposes, with
rainwater commonly used for high quality applications such as landscape irrigation.
Greywater in contrast is of a much lower quality, containing dissolved contaminants from
detergent and soap products, and is therefore used for low-quality water applications only,
including toilet flushing, laundry, and car washing, although harvested rainwater can also be
used for these purposes (Li et al., 2010; Domènech and Sauri, 2011). These methods are most
effective at the neighbourhood rather than regional scale (Farreny et al., 2011), both
decentralising the water supply, reducing potable water use (Wise et al., 2010) and increasing
regional resilience to drought by improving water security (Graddon et al., 2011).
These systems have large potential. For example in Ireland, it is estimated that a combination
of RWHS and greywater re-use have the capacity to meet almost 94% of household domestic
water demands (Li et al., 2010). Densely populated areas of the Mediterranean with a high
number of roofs concentrated in a small area could also benefit (Farreny et al., 2011). For
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example, in the Spanish municipality of Sant Cugat del Vallès, a rooftop RWHS has the
potential to supply 16% of the towns total domestic water demand, and by diversifying water
supply, the municipality is able to become more self-sufficient (Domènech et al., 2011;
Domènech and Sauri, 2011). The municipality was the first in Spain to change the building
code, mandating all buildings with over 300 m2 garden to install a RWHS through local
regulations (Domènech et al., 2011). In addition, since 2002 all newly built dwellings with
over eight apartments, or an annual shower water consumption of over 400 m3, are required
to install a rooftop RWHS to re-use the greywater from the shower for toilet flushing
(Domènech and Sauri, 2011). Research has shown that a water tank of 70 m3 volume would
be sufficient to irrigate a communal garden of 300 m2 (Domènech and Sauri, 2011). In
addition, a tank of 6 m3 in a single family house would be able to supply 100% of the laundry
water requirements, with water savings of 16 litres per capita per day (Domènech and Sauri,
2011). After the success of Sant Cugat del Vallès RWHS, the uptake of water recycling
systems in Spain has increased, with over 40 municipalities in the region of Catalonia
enforcing local regulations to encourage the installation of these systems in new buildings
(Domènech and Sauri, 2011). The economics of RWHS is discussed in Section 15.1.5.
Decentralising the water supply has other benefits; both giving control to individuals,
increasing awareness of their water consumption (Domènech et al., 2011), and allowing
homes to become self-sufficient if the public water supply is interrupted (Li et al., 2010). As
well as increasing water security, RWHS have the potential to lower flood risk by reducing
the volume of runoff in urban areas, and are hence sometimes termed ‘preventative systems’
(Li et al., 2010). These systems can, however, be costly with a long pay back period (see
Section 15.1.5).
3.5.6 Flood protection
With respect to water resources, the built environment is more likely to adapt to climate
change, rather than offer climate mitigation measures. These areas are often protected by hard
structures against rising water levels, but other methods of adapting, such as allowing greater
water infiltration, water flow and storage (including reduced water abstraction) are becoming
more common. Flood defences can also be seen as innovative if they are integrated into the
existing landscape. For instance, where necessary, hard defences in urban areas and
emergency drainage channels can reduce flood risk. Near Maidenhead, UK, the Jubilee Flood
Alleviation Channel was constructed in the late 1990s/early 2000s. The 11 km long channel
acts as a relief channel to the River Thames. When river levels are predicted to be high, water
is diverted from the Thames, thereby increasing the river storage area. The scheme cost £110
million to build and protects against the 1-in-67 year flood (Hansford, 2004). Protecting the
built environment does not just mean adapting in the urban area. Howgate and Kenyon (2009)
describe a study where Scottish farmers upstream of a town set aside their tenure to be
flooded, rather than the town further downstream. This brings dual benefits of less hard
defences and engineering, which comes at a lower cost to the tax payer.
3.5.7 Sustainable Urban Drainage Systems
Many of the greening measures discussed earlier in Sections 3.5.1-3.5.3 of this report can be
implemented as a part of a Sustainable Urban Drainage System (SUDS). Additional measures
implemented under SUDS include the construction of swales, stormwater detention ponds,
and permeable pavements. These aim to reduce the effects of runoff by increasing stormwater
retention and delaying peak runoff to reduce both the current and future risk of urban
flooding (Wise et al., 2010). Little was found in the literature review concerning the use of
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permeable paving in Europe as a climate change adaptation strategy. Permeable pavements
have however been modelled in a car park in the UK Midlands, with results showing that this
measure has the potential to store around 55% from a 15 mm h-1 storm event (Andersen et al.,
1999). The potential benefits of pervious pavements are also being examined in Santander,
northern Spain, as part of SUDS (Gomez-Ullate et al., 2011). These surfaces provide multiple
services; both filtering and storing runoff to reduce urban flooding events, whilst increasing
water quality (Gomez-Ullate et al., 2011). Over time, the amount of water stored in pervious
pavement systems was modelled to be sufficient to irrigate a 10 m2 garden for almost a
month-long period of drought (Gomez-Ullate et al., 2011).
SUDS are needed for a variety of reasons. Firstly, existing drainage systems in many old
urban areas with combined sewer systems, such as the city of Odense, Denmark, are already
vulnerable to flooding and prone to overflowing during heavy rainfall events (SemadeniDavies et al., 2008a; Fryd et al., 2010). SUDS disconnects stormwater flows from combined
sewer systems to minimize the number of overflow events, and with projected increases in
precipitation and urbanisation, sustainable drainage systems are needed to reduce stormwater
flows and runoff rates (Semadeni-Davies et al., 2008a). Stalenberg (2012) and results from
the EU GRaBs 6 project illustrate examples of multifunctional SUDS measures to reduce
urban flooding with e.g. underground parking facilities, set back banks, buildings raised and
overhanging the river, green roofs, community gardens and water banking.
Research based on climate and urbanisation scenarios highlights the need of SUDS in areas
such as Sweden where future urbanisation could increase stormwater volumes by 75%, which
in combination with the effects from climate change is predicted to increase stormwater
volume flows by up to 450% (Semadeni-Davies et al., 2008a). Even neglecting the impact of
future urbanisation, increases in precipitation are likely to worsen current drainage problems
in towns such as Helsningborg, Sweden (Semadeni-Davies et al., 2008b). As a result, SUDS
are seen as the best option to reduce runoff response in urban areas such as the city of Malmö,
and although in many cases such systems are not installed for the prime purpose of climate
change adaptation, they do reduce urban flooding; a phenomenon expected to increase under
climate change (Villarreal et al., 2004; Kazmierczak and Carter, 2010). In Malmö impervious
areas have been disconnected from the combined sewer, connected instead to a new open
stormwater system which channels stormwater runoff through a series of swales, green roofs,
ponds, channels and small wetlands (Villarreal et al., 2004). This scheme was designed to
reduce urban flooding by 70%, and the ponds are designed to delay peak storm flows for a
10-year rainfall event; storing water and helping to regulate local discharge (Villarreal et al.,
2004; Kazmierczak and Carter, 2010). Part of the scheme includes a SUDS-based retrofitting
project in the Augustenborg neighbourhood, funded by a SEK 2.2 million government grant
(Villarreal et al., 2004). Green roofs in this neighbourhood intercept around half of the total
annual runoff (Kazmierczak and Carter, 2010), and are planted with drought tolerant varieties
such as sedum moss to retain functioning under future climatic conditions (Villarreal et al.,
2004).
Sustainable drainage systems are also seen as an appropriate adaptation to climate change in
the Valencia region of Spain, where two towns, Xativa and Benaguasil, are at risk from
seasonal flooding from heavy rainfall events (Casal-Campos et al., 2012). This development
6
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is part of the EU LIFE+ Project, AQUAVAL, and will consist of filter trenches, infiltration
basins, dry swales, subsurface storage, green roofs and RWHS, significantly increasing the
drainage capacity of the area under future precipitation scenarios (Casal-Campos et al., 2012).
SUDS appear to be widely implemented in the city of Glasgow, in areas such as the
Belvidere Hospital, Celtic FC Stadium and the Pollok Centre as part of the City Council’s
Glasgow Surface Water Management Project (Scholz et al., 2006a; Scholz, 2006b). This
development is also part of the Transformation of Rural and Urban Spatial Structure (TRUST)
project, and involves the installation of a number of swales, underground storage tanks and
retention ponds to reduce stress on the combined sewer system (Scholz et al., 2006a). New
regulations have been enforced, including limits on the granting of planning permission to
developments which ensure that no additional runoff will impact the existing sewer system
during a storm event (Scholz et al., 2006a). For the Belvedere Hospital area, an
interconnected network of swales has been identified as the most appropriate SUDS option,
with a detention pond also being created; reducing flood risk whilst providing recreational
opportunities and improving the areas aesthetics (Scholz et al., 2006a). The SUDS scheme
also involves the use of permeable and porous pavements in car parks and feeder roads to
increase flood water retention capacity (Scholz et al., 2006a). For the Celtic FC and Pollok
Centre areas, integrated underground storage systems have been proposed in addition to
infiltration networks which will deliver runoff from surfaces such as roofs and pavements to
the underground unit and storage tank (Scholz et al., 2006a; Scholz et al., 2006b). As far as
the economics of these SUDS options in Glasgow are concerned, a cost-benefit analysis
reveals the initial investment costs for these SUDS solutions is comparable to those for a
traditional drainage system (Scholz et al., 2006a), although maintenance costs for SUDS are
on average 30% lower (Butler and Davis, 2000; Broad and Barbarito, 2004).
A number of ‘Green Streets’ programs in the US employ SUDS techniques to adapt cities to
climate change. For example, Philadelphia’s Green Streets Program comprises of multiple
sustainable drainage measures including infiltration trenches, vegetated swales, pervious
pavement projects, and constructed wetlands for stormwater (Berkooz, 2011). Green streets
in the city are very effective, being able to drain an area of 7.5 million square feet;
intercepting and storing water from streets and pavements before it infiltrates into the soil and
recharges groundwater, thus reducing the likelihood of urban flooding (Berkooz, 2011).
3.5.8 Building measures
A wide variety of building measures are being implemented across Europe for climate change.
These include adaptation measures aiming to reduce the effects of climate change in
buildings by utilising measures such as insulation, air conditioning and passive ventilation
systems; and also those to mitigate future climate change, such as improvements in energy
efficiency, low energy buildings and public transport. These two purposes of building
measure will now be discussed in detail, although there is some overlap.
A number of alterations can be made in the building design process to adapt urban areas to
climate change. These include the use of passive ventilation measures, building orientation,
and shading to reduce the risk of overheating.
Natural ventilation
Natural or passive ventilation are measures to reduce indoor temperatures and increase
thermal comfort of buildings have been employed in a number of European projects. Passive
night cooling has large potential in parts of Europe, reducing temperatures inside buildings
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overnight, which allows them to provide a heat sink, and absorb heat gains during the
daytime, thus removing or reducing the need for mechanical cooling (Artmann et al., 2008).
Passive night cooling was found to reduce inside building summer temperatures by 20-50%
in Helsinki, Copenhagen, Potsdam, Oxford, Paris, and Zurich (Artmann et al., 2008).
However, in cities with warmer climates such as Madrid and Athens, the effects of passive
night cooling are simulated to become negligible during summer under future climate
conditions, effective instead during the spring and autumn seasons where this technique could
reduce temperatures by 20-55% (Artmann et al., 2008). These findings suggest that in
southern Europe, alternative passive cooling techniques, such as evaporative cooling, may be
required in the future to adapt buildings to climate change (Artmann et al., 2008). In contrast,
passive cooling alone is likely to continue to have significant potential over a minimum
period of the next few decades in northern and central Europe in cities such as Copenhagen
and Helsinki (Artmann et al., 2008).
A number of existing developments have included passive ventilation as part of their design.
For example the low energy residential settlement in Borgo Solare, Italy (Aste et al., 2010)
and the Open University design studio in Milton Keynes, UK (Zimmerman and Anderson,
1998). The Beddington Zero Energy Development also utilises a passive ventilation system
which includes the installation of cowls on the roofs to draw wind into the building; making
use of pressure and temperature differences to increase thermal comfort (Chance, 2009).
Windcatchers operating a wind and buoyancy driven split-duct roof in a new secondary
school building in London are another passive ventilation measure (Mavrogianni and
Mumovic, 2010). Research found these to be an effective measure in the short term, able to
alleviate the problem of overheating until the 2020s (Mavrogianni and Mumovic, 2010).
However, as daytime temperatures increase under climate change to reach 30-35°C in the
2050s, higher airflow rates will be required to keep daytime indoor temperatures below 28°C,
and the windcatchers will be inadequate by the 2080s (Mavrogianni and Mumovic, 2010).
Other forms of passive ventilation include the use wind towers and cross-ventilation to aid air
circulation and heat exchange in buildings (e.g. Zimmerman and Anderson, 1998). Nighttime cooling, utilising natural ventilation to remove heat which has accumulated inside
buildings throughout the day, is a measure used both at the IONICA headquarters building in
Cambridge, and in a single-family residence in Vila Nova de Gaia, Portugal (Zimmerman and
Anderson, 1998). In these examples, night cooling, in combination with other building design
measures eliminate previous requirements for mechanical cooling (Zimmerman and
Anderson, 1998).
Mechanical and passive cooling
In a UK mixed-mode building, a mechanical ventilation system has been installed which
supplies air through a floor void and extracts it through light fittings (Holmes and Hacker,
2007). The system includes an adiabatic spray to cool the return air stream and is able to
control window ventilation, so that if the building’s internal temperature exceeds 25°C, the
windows close to automatically trigger the mechanical ventilation system (Holmes and
Hacker, 2007).
Phase change materials (PCM) are yet another technology that can be used in building design
to reduce the impact of climate change on urban buildings, although the suitability of this as
an adaptation measure is highly dependent on climate. The installation of PCMs and a ceiling
ventilation system shows much potential in the Italian cities of Milan, Rome and Crotone,
being able to reduce peak cooling loads and maintain thermal comfort in the rooms even on
hot days (Corgnati et al., 2007). Research has shown that in locations such as Paris, Madrid
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and Athens, a 26°C wallboard can provide a considerable amount of passive cooling, for
example offsetting room temperature in Athens by a maximum of 3°C and reducing
overheating hours by 18% (Colclough et al., 2009). It appears that the ability of a wallboard
to provide cooling is dependent on climate, and hence a 26°C wallboard is ineffective in the
temperate location of Belfast, where it has potential for adverse effects; absorbing heat from
the heating system, and releasing it when not required (Colclough et al., 2009). This
highlights the need for care to be taken when selecting the most appropriate phase change
temperature for a given location to ensure that the installation of PCM wallboards does not
result in maladaptation (Colclough et al., 2009).
Concrete slab cooling is another measure used in a number of buildings such as the DOW
building headquarters, and Sarinaport office building in Fribourg, Switzerland (Zimmerman
and Anderson, 1998). This provides both heating and cooling functions, with the concrete
slabs being able to store excess heat, releasing it once the room cools; or to absorb energy
from the surroundings when temperatures are too high (Zimmerman and Anderson, 1998).
This system utilises heating ventilation and air-conditioning technology, allowing the thermal
load accumulated during the day to be released at night via air coolers, with low energy
consumption, maintenance costs, and operational savings (Zimmerman and Anderson, 1998).
Heating and cooling can also be provided by alternative sinks such as the ground and aquifers.
A ground heating and cooling system has been installed at the Schwerzenbacherhof Office
and Industrial Building, Switzerland (Zimmerman and Anderson, 1998). This passive heating
ventilation and air-conditioning system works by pre-heating ventilation air underneath the
building during winter, and cooling incoming air during the summer; able to reduce peakdemand for cooling, with a high-peak load performance in both seasons (Zimmerman and
Anderson, 1998).
The Groene Hart Hopsital in Gouda, the Netherlands, and the SAS Frösundavik office
building in Stockholm utilise aquifers as a thermal store (Zimmerman and Anderson, 1998).
Over the summer, the aquifers accumulate heat, which is used in the winter for heating
purposes; and over the winter, they store cool, which can be used to cool buildings during
summer via a series of cold and warm wells (Zimmerman and Anderson, 1998). In addition
to improving thermal comfort, this system leads to reduced GHG emissions, with an energy
use reduction of 65% in the SAS office building compared to that of a conventional system
(Zimmerman and Anderson, 1998).
Hybrid Adaptable Thermal Storage (HATS) systems and materials were also found in this
review to adapt buildings to climate change. These are being simulated in the Netherlands for
residential dwellings of the Zonne-Entree project in Apeldoorn (Hoes et al., 2011). Model
results show that HATS systems here have the maximum capacity to reduce summer overand under- heating hours by 1,295% compared to a conventional permanent low thermal
mass concept (Hoes et al., 2011).
Shading and daylighting
This review found a number of buildings in the UK which utilise a mixture of shading and
daylighting to reduce building energy requirements (e.g. Holmes and Hacker, 2007). These
include a new secondary school in London which has maximised on daylight hours with the
aspect of many rooms being south-facing (Mavrogianni and Mumovic, 2010). The
Lanchester Library of Coventry University also uses daylighting via four lightwells, reducing
electricity requirements for artificial lighting by maximising solar gains (Krausse et al., 2007).
A combination of natural ventilation, daylighting and passive cooling in this building are able
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to maintain the interior temperature at a maximum of 5°C below the ambient temperature
during the summer season and have also reduced building energy use for electricity and gas
by 51% compared to a standard air-conditioned building (Krausse et al., 2007).
A numerical case study of a building in Slovenia examines the effect of a green building
design (see Leskovar and Premov, 2012a). This hypothetical building design uses large
glazing areas to maximise sunlight penetration into the building, with the south-oriented
façade having a glazing-to-wall ratio of 27.6% (Leskovar and Premov, 2012a; b). Large
glazing areas in the south-oriented exterior walls of these buildings reduce demand for
heating and improve energy efficiency; however, in contrast, increasing the glazing surface in
the north-oriented external wall had adverse effects being found to increase energy demand
for heating (Leskovar and Premov, 2012a). The effects of shading are also modelled, with the
top floor at the south side of the building designed to have an overhang to block direct solar
radiation during the summer, reducing demand for cooling; and conversely allowing this
radiation to enter during winter months when the sun is lower in the sky (Leskovar and
Premov, 2012a).
Window shading and inclined roofs were found to have potential for climate change
adaptation in Cyprus (Florides et al., 2000). Of these, an inclined roof was identified as
having the most potential, able to reduce summer air-conditioning cooling loads by 41-55%,
whereas window shading was much less effective, only able to achieve a reduction of 8-20%
(Florides et al., 2000).
3.6 Water
To help the water sector and to relate synergies and integration to environmental, economic,
urban and social sectors, the EU policies of the Water Framework Directive and the Water
Scarcity and Drought Communication have been developed. These evaluate the supplies and
demands for water, as well as the overall state of the water environment. Quevauviller (2011)
states that climate change is not seen as an anthropogenic pressure to the Water Framework
Directive, yet over many decades, scientists recognise that climate change does cause
changes to water resources to many sectors and their impacts. Climate change and mitigation
can influence many steps of the Water Framework Directive, and can exacerbate existing
problems. A European White Paper in adapting to climate change helps identify these, and
then considers what adaptation strategies can increase resilience over a wide range of sectors
influenced by water management, working within the remit of other frameworks and
directives (e.g. the EU Floods Directive).
Adaptation of water resources relates to the supply and demand, and the efficiency of the
delivery of water between them. There are many adaptation interventions that can be carried
out to reduce the impacts of climate change on water resources, including flood risk (Dawson
et al., 2011). These can be separated into five key areas:
3.6.1 Increased infiltration
Methods of increasing infiltration include changing tillage practices (e.g. Gordon et al., 2011;
Tomer and Schilling, 2009), extensification of farming practices and storm water source
control. Further details are given in Section 3.1 of this report.
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3.6.2 Increased storage
Reduced runoff can be achieved by reducing field drainage to improve localised water
storage (Wilson et al., 2011), afforestation to increase evapotranspiration (see Section 3.4.1,
and Ortigosa and García-Ruiz, 1995; Robinson et al., 2003; Trabucco et al., 2008), retaining
water through detention ponds, rainwater harvesting (Section 3.5.5) and restoration of
wetlands (Section 3.2.5) (Mwenge Kahinda et al., 2010; Glendenning and Vervoort, 2011;
Wilson et al., 2011). The restoration of river channels and the surrounding floodplain can
also increase temporary storage area (Rohde et al., 2006; Buijs, 2009).
3.6.3 Reduced flow rate
Reducing peak flow rate can reduce the effects of river flooding; this can be done by altering
the main drainage channels of a river or, in urban areas, re-opening culverted watercourses
(see Section 3.5.7).
3.6.4 Reduced flood impact
Reducing impact of floods include defences (Section 3.5.6), land use planning - making space
for the river and flood water - such as flood plain restoration (Section 3.2.5, and see also
Klijn et al., 2004; Howgate and Kenyon, 2009). In some areas (e.g. England, Charlton and
Arnell, 2011), climate change is expected to produce restrictions in water availability, and
thus the demand for water also needs to be managed.
3.6.5 Demand management
Changes to demand include upgrading infrastructure, fitting water efficient equipment,
promoting efficient use through education, water resource and recycling, including rainwater
and more efficient tariffs (see Section 3.5.5 and Arnell and Delaney, 2006). This may be
governed to include local (e.g. hosepipe bans), national (e.g. campaigns to use less water) and
EU policies (directives in the appropriate use of water, balancing ecosystem needs).
The first four of these have important implications for other sectors and so they are covered
in cross-sectoral interactions (Section 7.2.2), but demand management has little direct impact
on the sectors under consideration and thus it is not discussed further here, although some
sectors do mention that an adaptation may reduce demand, e.g. in agriculture.

4. Mitigation options by sector
4.1 Agriculture
4.1.1 Agriculture in Europe
Nitrogen budgets and biological nitrogen fixation
The literature search found a number of articles estimating nitrogen budgets for farmland. For
example, de Vries et al. (2011) modelled land nitrogen (N) budgets for the EU, finding total
N inputs to European agriculture in the range of 23.3-25.7 M t N y-1. In contrast, N uptake
was much more variable, at 11.3-15.4 M t N y-1, and hence total N surpluses of 10.4-13.2 M t
N y-1 were calculated. In a similar modelling study, Leip et al. (2011) found N surpluses in
Europe of 55 kg N ha-1 y-1 (soil budget); 65 kg N2O-N ha-1 y-1 (land budget); and 67 kg N ha-1
y-1 (farm budget). Model results revealed farms in Romania and Bulgaria to have the highest
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farm nitrogen use efficiency (estimated at around 50%), due to the dominance of extensive
agriculture and crop production; whereas farms in Ireland and Slovenia had the lowest farm
nitrogen use efficiency values of around 15%, as these systems are highly specialised around
livestock products (Leip et al., 2011).
As far as actions to reduce N losses, and increase nitrogen use efficiency are concerned, crops
such as legumes have the potential to fix nitrogen by themselves and hence have the potential
to mitigate climate change (Brehmer et al, 2008; James and Baldani et al., 2012; Jensen et al.,
2012). The amount of nitrogen fixed by the worlds grass and legume pastures is estimated to
be between 13-682 kg N ha-1y-1, with around 26% of this stored below ground by the
decomposition of legume roots and nodules (Ledgard and Steele, 1992). On a global scale,
soybean crops fix a particularly large amount of nitrogen, contributing 77% of the N fixed
globally by legumes (Herridge et al., 2008). On a smaller scale, the biological nitrogen
fixation (BNF) by white clover in upland and marginal areas of the UK is estimated at 100150 kg N ha-1 y-1 (Newbould et al., 1982). Fixing higher amounts of N into the soils in these
areas provides a sustainable means to improve pastures, whilst being an economically
attractive option for making agriculture less marginal in these areas (Bohlool et al., 1992;
Newbould et al., 1982). To illustrate this point, it has been estimated that establishing
existing varieties of white clover and strains of rhizobium in the UK would improve an
additional 10% of the better upland soils and fix approximately 50 k t N y-1; worth £20
million at 1982 fertiliser prices (£0.40 kg-1) (Newbould et al., 1982). Additional benefits of
BNF are well documented in the literature; supplying nitrogen to current and succeeding
crops resulting in less demand for mineral fertilisers and sizeable reductions in NO3 leaching
(Bohlool et al., 1992; Danso et al., 1992; Giller & Cadisch, 1995; Bøckman, 1997; Brehmer
et al., 2008). Secondary consequences of this reduced demand for fertiliser include a
reduction in farm inputs and fossil fuel use; both impacting on GHG emissions (Bohlool et
al., 1992; Jensen et al., 2012). The net effect of farming legumes for climate change
mitigation is somewhat complex (Jensen et al., 2012). On one hand, this results in large
emissions savings from fertilisers, these being carbon intensive with approximately 300 Tg
CO2 released each year from the production of 100 Tg nitrogen fertiliser (Jensen et al., 2012).
However, in contrast to these savings, large amounts of CO2 are respired annually by the root
nodules of agricultural legumes, estimated to be around 350-500 Tg CO2 as a result of the
biological fixation of 33-46 Tg per year (Jensen et al., 2012). Despite this, it is important to
note that the CO2 resulting from respiration, although substantial, does not represent a net
contribution to atmospheric CO2 concentrations, whereas that released from fossil fuels in the
manufacturing of N fertiliser does (Jensen et al., 2012).
Tree legumes are also able to fix N biologically, and hence it is possible to store N in
agroforestry, as well as traditional cropping systems (Danso et al., 1992; Peoples et al.,
1995). Legume trees planted for the purpose of BNF are associated with a number of
synergies. Firstly, they benefit the soil by restoring fertility, reducing degradation and
erosion, whilst also providing high quality forage, in addition to providing a resource through
food and timber (Danso et al., 1992; Peoples et al., 1995). In terms of mitigation potential,
the most effective tree species in fixing nitrogen are those such as Leucaena leucocephala
and Sesbania rostrata; able to store upwards of 500 kg N ha-1 y-1, whereas in contrast, trees
such as Sesbania sesban store substantially less N (often by more than an order of magnitude)
(Danso et al., 1992). As a result, it can be difficult in some cases to detect the net effect of the
trees on total soil N (Peoples et al., 1995). Finally, it is important to note that the
effectiveness of agroforestry systems to fix N is highly site-specific, influenced by a number
of factors including for example tree age, soil moisture, temperature, soil nitrogen levels and
plant nutrient deficiencies (Peoples et al., 1995).
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A recent study examined the potential of legume trees grown on marginal land in terms of
nitrogen fixation and as a bioenergy crop (Biswas et al., 2011). The authors highlighted a
number of benefits; the trees being able to grow in N and P poor soils, whilst producing
resources, such as seeds which are often used as feed and fodder. Pongamia was found to be
the species with the most BNF potential, however, research to develop superior varieties and
cultivars is still in its infancy, and other types need to be considered for use in regions such as
Europe (Biswas et al., 2011). In contrast to this, a study conducted by Brehmer et al. (2008)
concluded that legumes were not sustainable when utilised as a bioenergy crop alone, instead,
the additional benefits discussed above should be taken into account.
Despite the potential described above for legumes to act as a form of climate change
mitigation, this has rarely been considered in the literature (Smith et al., 2008), although a
number of studies do examine methods which can be used to improve N fixation. Firstly,
research has shown that altering the management of legumes has the potential to increase
their potential for BNF (Cowling, 1982; van Kessel and Hartley, 2000). For example, the
BNF by agricultural grasslands in the UK could be improved if white clover in swards was
cultured more carefully, and by an increase of leguminous forage crops to provide a
sustainable feed (Cowling, 1982). Furthermore, improvements in the general growing
conditions for grain legume crops (e.g. by improving pest management practice, improving
soil structure, and reduced tillage) have been shown to result in crops having a heightened
demand for N, and therefore able to fix more N2 (van Kessel and Hartley, 2000).
Alternatively, selecting rhizobium-host plants which are less sensitive to mineral nitrogen can
also improve N2 fixation. This method does, however, carry with it number of antagonisms,
with the nitrogenase enzyme becoming less sensitive to available N, resulting in
accumulations of N at the end of the growing season, and hence an increased potential for N
losses from the system through leaching and denitrification (van Kessel and Hartley, 2000).
There appear to be inconsistencies between studies with regards to soil N accumulation as a
result of biological fixation. For example, Ledgard and Steele (1992) found that in the shortterm, soil inorganic N content increased during dry periods, and where nitrogen fertiliser was
utilised, however in the long-term, BNF did cause nitrogen to accumulate in the soil. In
addition, it appears there is a disparity between the results from field and modelling studies,
with experiments indicating a potential for N2 fixation in the range of 200–400 kg N ha-1 y-1
for a wide range of legumes, whereas field studies find N2 fixation to be substantially lower
at 0-200 kg N ha-1 y-1, suggesting a much lower potential due to nutrition limitations, drought,
pests or disease (Herridge et al., 2008). The ability of different crops to fix nitrogen appears
to be highly variable. For example, a study by Walley et al. (2007) examined the nitrogen
fixing potential of pulse crops in the US Great Plains, reporting some varieties to fix
relatively high levels of N2, resulting in net soil N accretion (e.g. faba bean, field pea, lentil);
whereas others resulted in no net, or even a negative change in soil N content (e.g. desi,
kabuli chickpea, common bean).
Finally, it is important to note that a number of papers discuss the possibility of engineering
crops, such as cereals to enable them to fix nitrogen themselves, hence sustaining their own
growth and yields whilst reducing atmospheric nitrogen concentrations (Kennedy et al.,
1997; Thomson et al., 2012). However, this remains in the research stages, and the review
found no evidence of this being currently implemented in Europe.
Fertilisers
The mitigation potential of fertilisers was discussed in numerous studies found in the
literature search. These include altering the timing of fertiliser treatments, as well as their
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amount and application method. This will be discussed in more detail, although it is
important to note that the GHG abatement potential from fertilisers is highly variable,
influenced by fertiliser-type, and application rate, in addition to soil type and climatic
conditions (Hillier et al., 2012).
The impact of fertiliser type
Changing fertiliser practices is discussed by a number of authors as a potential mitigation
action. Hillier et al. (2012), for example, identify switching from old to new fertilisers as a
form of mitigation: able to reduce fertiliser-induced soil N2O emissions by around 20%. In
another study, the replacement of synthetic fertilisers with mineral and organic fertilisers
(such as manure) in south-east Italy was found to increase soil fertility and long-term soil
carbon storage (Triberti et al., 2008). Alternatively, liming applications to farmland have
been identified as another effective mitigation strategy (e.g. Fornara et al., 2011), as they are
associated with a reduction in the use of nitrogen fertiliser applications in the UK. The
application of solid manure is already a mandatory practice in Denmark, with solid pig and
cattle manure estimated to reduce emissions by 226 and 101 kg CO2-eq ha-1, respectively
(Hansen et al., 2006).
Timing of fertiliser applications
Altering the timing of fertiliser treatments is shown to take two forms: (a) the splitting of
applications; and (b) limiting application to favourable climatic conditions. Firstly, as far as
splitting is concerned, a study conducted in France which split the application of nitrogen
fertiliser (one application in early March, and the second in mid-April) found that this
resulted in a higher fertiliser nitrogen use efficiency, in addition to a higher growth potential
for wheat in early spring (Durandeau et al., 2010). This apparent benefit for yields associated
with split fertiliser applications was quantified in another study as an increase of 6% (del
Grosso et al., 2009). Secondly, concerning point (b), a review by Luo et al. (2007) found N2O
emissions following fertiliser applications to be highest in wet soils and, hence, limiting
applications during wet months with saturated soils and slow growth can be effective in
reducing N2O emissions from grazed pastures (Luo et al., 2010). In addition, postponing
manure applications until after grazing has also been shown to reduce N2O emissions as a
result of less surplus mineral nitrogen being present in the soils and, hence, reducing nitrate
leaching (Luo et al., 2010).
Fertiliser application methods
Weiske et al. (2006) compared the effectiveness of various manure application techniques for
reducing GHG emissions in Europe. The results showed that manure application by trail
horse and injection reduced farm GHG emissions on average by 0.7% and 3.2% respectively
compared to broadcasting (Weiske et al., 2006). Research has shown manure injection and
the incorporation of manure into the soils after spreading to be some of the most effective
measures in reducing ammonia emissions in Europe, with additional reductions in N2O
emissions (Malgeryd, 1999; Brink et al., 2001). In addition, the irrigation of soils after
spreading has been shown to delay and reduce ammonia emissions by preventing the manure
from drying out, as well as transporting NH4+ and NH3 into the soil (Malgeryd, 1999).
Fertiliser application methods which take into account individual site requirements were also
identified in the literature search as effective means to reduce emissions and lateral losses of
fertilisers from the field. This can be done using a handheld NDVI sensor, with a study by
Oritz et al. (2008) describing how this would reduce unnecessary nitrogen fertiliser inputs,
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hence, increasing resource use efficiency and providing economic savings. Overall, the study
found site-specific application assessments reduced trace gas emissions, although this was not
discussed explicitly as a mitigation action (Ortiz et al., 2008). Practices such as this, which
adjust the amount of nitrogen fertiliser and manure applied to the field to meet crop N
demands, have been shown to be most effective in farming systems with large nitrogen
surpluses (Kros et al., 2010). Results showed this to have the largest mitigation potential for
the European Union, predicted to be able to reduce N2O emissions by 12% (Kros et al.,
2010).
In the US, a study by Genskow (2012) assessed the impact of nutrient management plans
(NMPs) for farmers in Wisconsin. These appear to be relatively successful, with over 80% of
farmers following plans on the majority of their farmland. As a result of the scheme, 47% of
participants in the study decreased nitrogen fertiliser applications on average by 84 kg N ha -1;
however 51% increased fertiliser N applications by an average of 89 kg N ha-1. As far as
phosphorus pentoxide (P2O5) emissions are concerned, NMPs saw 46% of farmers decrease
their application rates, whereas 47% increased their application rates. Overall, the plans saw
65% of participants reduce their use of commercial nitrogen, and 51% decrease their use of
commercial phosphorous on the farm. Secondary impacts of the NMPs discussed in the study
were either a moderate (53%) or major (38%) improvement in surface and groundwater
quality, without any negative effect on yield (Genskow, 2012). It may be possible to
introduce such plans in Europe, although no studies found in the review discussed this
potential.
Extensification
As far as the amount of fertiliser applied to farmland is concerned, Gregorich et al. (2005)
studied the GHG impact of varying the amount of mineral nitrogen fertiliser applied to the
soils. The authors identified a linear relationship between soil N2O emission and the amount
of mineral nitrogen fertiliser applied (Gregorich et al., 2005). Similarly, in Western Europe, it
was found that halving the rate of nitrogen inputs resulted in a 27% reduction in the net GHG
balance (Lehuger et al., 2011). Decreasing the amount of fertiliser applied can have a large
mitigation potential, with a long-term example of the effectiveness of this option given by
Leifeld and Fuhrer (2005). The authors studied agricultural trends in Switzerland since 1990,
finding that mineral nitrogen fertiliser applications in Switzerland have decreased by 16.5%
since this time, with a subsequent reduction in N2O emissions from this sector.
Reductions in the amount of fertiliser applied in farm systems also reduces emissions
indirectly through reduced fuel consumption, as fewer hectares of pasture are cut and bailed
for hay, and also less synthetic fertiliser is applied (Stewart et al., 2009). A study conducted
in Denmark found that a 41% reduction in nitrogen fertiliser application resulted in a 39%
decrease in the amount of energy incorporated in fertilisers, pesticides and lime; in addition
to a 12% reduction in total energy based emissions (Bennetzen et al., 2012).
Despite the effectiveness of reductions in fertiliser application in reducing emissions, it is
important to recognize also the link between fertiliser treatments and the productivity of a
farm system. In the afore mentioned studies, although a reduction in the quantity of fertiliser
applied was shown to reduce emissions, whether that be directly or indirectly, it can also
suppress yields (Stewart et al., 2009). In a cattle farming system where fertiliser application
was reduced, the decline in productivity effectively increased the amount of land needed to
meet the same requirements, i.e. the area on which the cattle grazed needed to be expanded,
resulting in fewer hectares free for other crops with a saleable value (Stewart et al., 2009).
Hence, a reduction in fertiliser use was linked to a large increase in emissions per tonne of
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protein (Stewart et al., 2009). It is therefore inherently important to examine the effect of a
given mitigation practice not only on net GHG emissions, but also on yield, as a practice
which reduces emissions but decreases productivity will mean that in the long-term, more
land will need to be converted to agriculture to deliver the same yield and, hence, overall
GHG emissions increase. This point was illustrated by Del Grosso et al. (2009) who used the
DAYCENT biogeochemical model to simulate the effect of reduced fertiliser application.
The study accounted for a number of variables including soil class, finding that although sites
with reduced quantities of fertiliser applied experienced lower nitrogen losses, crop yields
were also reduced by a similar proportion (Del Grosso et al., 2009).
Intensification
In contrast to reducing fertiliser applications, a number of studies from this review considered
increasing nitrogen input to the farm-system as a form of mitigation. For example, MeyerAurich et al. (2012) discussed how this approach in Germany and Denmark would increase
yields and reduce the land area needed for crop production. As less land area would be
required to produce the same amount of crop, it would then be possible to use the surplus
land for energy crops (Meyer-Aurich et al., 2012). However, the authors highlight that this
would only be justified if GHG mitigation with the additional land is greater than 9-15 t CO2
eq ha-1, and as the mitigation potential of bioenergy production from energy crops is not often
in this range, it would only be justified in exceptional cases to mitigate GHG emissions using
bioenergy (Meyer-Aurich et al., 2012). In addition to increased productivity, a modelling
study for Spain found that as the rate of N fertiliser application was increased, SOC stocks
also increased, with applications of 0; 60; and 129 kg N ha-1 resulting in sequestration rates of
30.6 ; 33.5; 35.8 Ma C ha-1, respectively (Alvaro-Fuentes et al., 2012).
Despite these apparent benefits, Lehuger et al. (2011) found the effect of increased fertiliser
application on productivity to be limited, with a 50% increase in mineral N fertiliser input
increasing net primary productivity by only 1%. In addition, this practice was associated with
a number of antagonisms, for example a GHG balance 22% higher than the control, 17%
higher N2O emissions, and 27% higher indirect emissions.
Manure
This search identified a few studies discussing changes to manure practices as a form of
climate change mitigation, discussing the potential of manure to sequester carbon and also the
effect of various manure handling, storage and application methods on GHG emissions.
Carbon sequestration
Animal manure contains a high percentage of carbon (40-60% on a dry weight basis) and,
hence, applications of manure to the soils has the potential to increase their carbon content
(CAST, 1992). The carbon sequestration potential of manure from land applications has been
reviewed and it has been found in numerous studies that SOC sequestration in terms of land
area displays a positive relationship with the rate of manure application (e.g. Sommerfeldt et
al., 1988; Gupta et al., 1992). However, it is important to note that few of the studies
reviewed examine the effect of increased manure application rates using data from the wholefarm system (Franzluebbers, 2005).
Much work has been conducted by Smith et al. on the impact of different rates of manure
application on farms (e.g. Smith et al., 1997; 2000b; 2001). One such study examined the
carbon mitigation potential of two contrasting rates of application of animal manure, those
being 6.1 t ha-1 y-1 and 20 t ha-1 y-1 (Smith et al., 2000a). It was found that the lower
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application rate had a maximum carbon mitigation potential of 11.10 Tg y-1, and could be
applied to a maximum possible 86.6% of Europe’s arable land area (Smith et al., 2000a). The
higher application rate of 20 t ha-1 y-1 offered a higher carbon mitigation potential of 13.42 Tg
y-1, but was fairly limited in terms of the maximum arable land area it could be applied to in
Europe (only 26.5%) (Smith et al., 2000a). In a contrasting study, Vleeshouwers and
Verhagen (2002) estimated that if applied to the total 231 M ha of arable land in Europe, an
application of 10 t ha-1 manure would mitigate 350 Tg C y-1 for the first four years after
implementation, however, this potential was found to be highly spatially variable. For
example, carbon sequestration rates associated with manure applications were highest in
south-western and south-eastern areas of the continent, (i.e. Spain and Turkey) where dry
conditions during the summer season and a low soil C content reduce the rate of
decomposition of SOM (Vleeshouwers and Verhagen, 2002). It was found that in eastern
Europe, more carbon mitigation potential was provided by annual applications of 10 t of
farmyard manure per hectare; whereas in western Europe, more carbon would be sequestered
from the conversion of arable land into grassland (Vleeshouwers and Verhagen, 2002).
On a smaller, UK, scale, Smith et al.(2000c) found the maximum carbon potential for a
20 t ha-1 application of manure to be 1.75 Tg C y-1 when applied to a possible 45.3% of the
arable land area. Although this appears to be relatively low, the authors do note that if
implemented as part of a combined management strategy, the scheme would have a higher
mitigation potential than that quoted above (Smith et al., 2000b).
As far as the timeframe associated with this mitigation action is concerned, modelling results
from a study in northeast Italy show that this potential is greatest in only the short-term, with
up to 62 g C m-2 sequestered in the first 5 years, becoming less efficient in the long-term
compared to practices such as reduced tillage (Lugato and Berti, 2008). Similarly, research by
Smith et al. (1997) found that an amendment rate of 10 t ha-1 animal manure applied to all
European agricultural soils would increase the total SOC by only 5.5% over the next century,
amounting annually to carbon storage of only 12.58 Tg y-1, or 1.37% of annual anthropogenic
emissions in western Europe (Smith et al., 1997). This mitigation option therefore has limited
potential to increase soil carbon stocks over the mid-term (Smith et al., 1997).
There remain some discrepancies between studies concerning the carbon sequestration
potential from manure amendments to soils. For example, a review paper by Powlson et al.
(2011) found that for the majority of cases the observed increase in SOC associated with
amendments of animal manure to agricultural land did not create an additional transfer of
carbon from the atmosphere to the soils (Powlson et al., 2011). Furthermore, if farms adopt
this practice, increased amounts of manure will need to be transported, having a secondary
impact on the environment. It has been estimated that as a result of increased demand for
fuel, the release of particulates from fuel combustion, and increased trace gas emissions from
the transport sector negates around 30% of the benefit from carbon sequestered if the average
transport distance is taken to be 100 km (Smith and Smith, 2000; ECCP, 2001). Despite these
emissions associated with manure applications, Lehuger et al. (2011) found that the cessation
of manure amendment to soils in western European farming systems, although leading to
reductions in N2O emissions, was the worst option for mitigation. The cessation of manure
applications were shown to result in a loss of carbon input for the entire crop rotation, not
compensated for by the former reduction in N2O emissions (Lehuger et al., 2011). As a
result, the study found that stopping manure applications would result in a 45% higher GHG
balance overall, but a 20% reduction in N2O emissions (Lehuger et al., 2011).
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Manure management
Manure management prior to field applications has the potential to alter GHG emissions
associated with manure amendments to soils. For example, Sommer et al. (2009) used a
livestock model for farms in Sweden, Denmark, France and Italy to examine the impact of
separating slurry into a solid and liquid fraction in farms which utilise slurry-based manure
management. Model results showed that changes in manure management were able to
significantly affect emissions of CH4 and N2O, as well as carbon storage in the soils (Sommer
et al., 2009). It was also found that effect of this practice could vary significantly depending
on livestock farming technique and climatic conditions, both of which must be taken into
consideration when examining changing management practices for the purposes of mitigation
at a given location (Sommer et al., 2009).
Altering the composition of manure before field applications also has the potential to reduce
phosphorous (P) losses (O’Rourke et al., 2012). This can be achieved if either the P
concentration of the manure is decreased, or alternatively if the soluble P fraction is reduced
by amending the manure with a material which sorbs phosphorous before it is applied to the
soils (e.g. co-blending with manure with a water treatment residual, WTR) (O’Rourke et al.,
2012). The results for the study from Ireland showed P concentrations in run-off were
reduced by half in only two months (3.7 mg P L-1 with WTR compared to 7.6 mg P L-1 for
the control) (O’Rourke et al., 2010). Despite this reduction in P losses from the farm system,
this is not yet a viable management practice in the study area, as the spreading of WTRs in
Ireland is not legalized and therefore the authors advise that it may be appropriate to examine
how P losses from existing manure management practices can be reduced.
In contrast to studies which examine only the impacts of field applications of manure, a range
of handling and storage strategies can alter the GHG emissions associated with manure, e.g.
increasing the frequency at which manure is removed from animal housing (Massé et al.,
2008). In a similar study conducted for Europe, it was found that the frequent removal of
manure from housing to outside storage reduced farm GHG emissions by up to 7.1% (Weiske
et al., 2006). Results showed that although the daily removal of manure from animal housing
had substantial mitigation potential when considered alone, being able to decrease emissions
from animal houses by 97%; when examining a whole farm system, this potential was
substantially reduced as a result of large increases in emissions from manure stores (Weiske
et al., 2006). A modelling study by Sommer et al. (2009) found similar results, with a
reduction in the time duration of in-house manure storage able to reduce trace gas emissions
by 0-40% (Sommer et al., 2009). This is a sizeable reduction, and in addition to manure
removal, leaving cows outside during summer nights and reducing the depth of residual
manure left in the tank after land application are able to reduce emissions by an average of
12%; and CH4 emissions by 24%, respectively (Massé et al., 2008).
The temperature at which manure is stored is another factor known to impact GHG emissions
from stores. Dalgaard et al. (2011) estimate that CH4 emissions from livestock houses and
manure stores in Denmark could be reduced by almost a third if the temperature of slurry
channels was reduced to 10°C. Although this potential exists, it is not cost effective to
maintain slurry channels at a temperature below 15°C, and hence CH4 emissions would be
reduced by only 18%.
When examining the potential of these options to mitigate emissions, it is essential to take
into account the importance of site-specific factors. As far as increasing the frequency of
manure removal, for example, Masse et al. (2008) found that using a single emission factor
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for all farms in a region, as opposed to estimating CH4 emissions on a site-by-site basis
resulted in large errors.
Despite the benefits of reduced manure in terms of a climate change mitigation option, a
number of studies discuss this primarily as a tool to improve water quality by reducing
nitrogen losses from the farm system. One such example which does explore reductions in
GHG emissions is Cherry et al. (2012), a study comprising of management plans in 34 farms
in southwest England, where 65% of farmers followed a manure management plan, with
measures such as avoiding autumn applications of slurry or poultry manure (Cherry et al.,
2012). Results showed a reduction in surplus nitrogen on the farms, leading to reduced
leaching, and hence the authors suggest that improved management of manure should be a
practice focused on for reducing N surpluses and GHG emissions from farms (Cherry et al.,
2012).
Livestock diet
A number of studies from this review discuss altering the diet of livestock as a way to reduce
GHG emissions from farms (e.g. Bell et al., 2011). Nahm (2007), for example, reviewed the
mitigation potential of a number of modifications to livestock feeding programs, such as
phase feeding, phytase and enzyme supplementation. These significantly affected both N and
P emissions, with phase feeding reducing the amount of N and P excretion from chickens and
pigs each from 10 to 33% and 10 to 13%, respectively. Authors such as Osada et al. (2011)
have reported the impacts of a low protein diet supplemented with amino acids on nitrogen
retention in swine manure. Experiments here showed that a low amino acid supplemented
diet was able to reduce nitrogen excretion in the manure with no visible impact on animal
growth, and a 39.1% reduction in global warming potential. In addition to dietary changes,
improving the nutrient efficiency of feed is known to reduce pollutants in poultry and swine
manure, with, for example, significant decreases in both nitrogen and phosphorous, as well as
odour and a lower dry matter weight of the manure (Nahm, 2007). Feed amendment minerals,
such as dietary zinc, can also be used to reduce ammonia emissions from livestock (Hunde et
al., 2012). As well as reducing emissions, this is associated with a number of synergies.
Firstly, the volatilization of ammonia from poultry manure adversely affects animal welfare,
hence, this improved; and secondly, the reduction of ammonia volatilization helped to protect
human health and the environment (Hunde et al., 2012).
One example of a specific mitigation action employed in Europe for livestock is that of
anaerobic digestion technology in dairy, sow and pig farms in Finland (Kaparaju and Rintala,
2011). This was able to reduce GHG emissions due to the reduced production and use of
fertiliser in combination with reductions from manure management. In addition, the manure
was able to provide a renewable energy source, with up to 62.8 MWh of electricity per year
from a farm producing 2000 m-3 of cow manure in a combined heat and power unit (Kaparaju
and Rintala, 2011). As a result, it was concluded that the total GHG emissions that could be
offset on the studied dairy cow farms were 177 Mg CO2 eq y-1 (Kaparaju and Rintala, 2011).
Tillage
Conservation agriculture practices are another possible mitigation measure for the
agricultural sector. These aim to minimise soil disturbance though methods such as reduced
tillage and the cessation of ploughing (no-till). In addition, conservation agriculture focuses
on introducing a permanent organic cover over the soil surface, whether that be from live
cover crops, or organic residue, and also seeks to diversify cropping systems (Hobbs, 2007).
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Although a substantial amount of the literature discusses the adoption of conservation
agriculture practices, such as direct seeding (e.g. Munoz et al., 2007; Khaledian et al., 2010),
minimum- (e.g. Giacomini et al., 2010), reduced- (e.g. Akbolat et al., 2008; Carlton et al.,
2012; Powlson et al., 2012) and no- tillage (e.g. Smith et al., 1998; Tebrügge and During,
1999; de Vita et al., 2007; Stevens and Quinton, 2009; Blanco-Canqui et al., 2012), this
literature search found relatively few instances of work being conducted specifically for the
purpose of climate change mitigation. Often the studies conducted for mitigation purposes
were located outside of Europe, in regions such as the tropics, or took the form of review
papers (providing no specific examples), and modelling studies analysing the potential of
such practises in Europe under a number of future climate and economic scenarios. This may
be because the tropics is the region with the greatest mitigation potential of conservation
tillage and, hence, a greater number of studies have been conducted here (Paustian et al.,
1997).
For Europe, the adoption of conservation management practices appears to be related
primarily to attempts to improve current agricultural conditions, for example, reductions in
erosion rates or increases in soil fertility in semi-arid areas of the Mediterranean (Freibauer et
al., 2004; Alvaro-Fuentes et al., 2008a). However, this search has found a number of articles
discussing the use of conservation agriculture in Europe as a mitigation technique (e.g. Borin
et al., 1997; Six et al., 2004).
Energy savings
In terms of indirect reductions in emissions, a number of studies note that conservation
agriculture practices require less energy (e.g. Borin et al., 1997; who calculated this to result
in a 32% saving in energy per hectare) and, hence, a reduced need for the use of fossil fuels,
such as diesel (Borin et al., 1997; Khaledian et al., 2010); both of which carry with them
economic savings (Filipovic et al., 2006). For example, Khaledian et al. (2010) calculated
that direct seeding into mulch for corn and sorghum crops in France reduced energy inputs
significantly (by as much as 18%), whilst conserving farm output (Khaledian et al., 2010).
Similarly, a no-tillage experiment in Croatia resulted in 87.8-88.1% reduced emissions from
fuel consumption compared to conventional tilling (Filipovic et al., 2006). It has been
calculated that with complete adoption of no-tillage in Europe as much as 3.2 Tg C y-1 could
be abated through reduced fossil fuel emissions from the agricultural sector (Smith et al.,
1998). Furthermore, a 100% conversion to no-till practices has the potential to cancel
European fossil fuel agricultural carbon emissions, which, put into a global context, equates
to around 0.8% of annual global anthropogenic CO2-C emissions (Smith et al., 1998). Other
studies show that the scale of this carbon mitigation is relatively small, with few GHG
savings (e.g. Powlson et al., 2012). For example, Carlton et al. (2012) found the conversion
from traditional to no-till practices in areas of the UK led to only a modest decrease in
emissions at each site (<20%), with the extensive adoption of this management practice
having the potential for a 15% reduction in future emissions. In contrast, compared to the
effect on N2O emissions of this practice, the mitigation potential from reduction in fuel use is
often a magnitude lower (Antle et al., 2012).
Carbon storage
As far as carbon is concerned, no-till systems allow organic carbon to accumulate,
particularly in the upper soil as a result of the organic residues (Dersch and Böhm, 2001;
Bescansa et al., 2006; Alvaro-Fuentes et al. 2008a; Melero et al., 2009; Kassam et al., 2012).
This is because no-tillage practices allow the CO2 produced by the decomposition of soil
organic matter (SOM) to diffuse more easily into the atmosphere, as it is produced closer to
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the soil surface. Studies vary on the magnitude of carbon sequestered in the upper soils as a
result of no-tillage, with one study calculating a 310 ± 180 kg C ha-1 y-1 average annual
increase in carbon of the top 0-30 cm soil layer when a traditional farm system was converted
to no-till (Powlson et al., 2012), and another finding that almost 60% of carbon
mineralisation potential in no-tillage systems is located in the upper 5 cm of the soil profile
(Oorts et al., 2007). To put the carbon storage potential of contrasting management practices
into perspective, a modelling study found the mean SOC stock in a Spanish no-till system to
be 36.8 Mg C ha-1; greater than that from a conventional tillage system at 29.8 Mg C ha-1
(Alvaro-Fuentes et al., 2012).
Research has shown the SOC content in deeper layers of the soil is greater under
conventional management practices (de Vita et al., 2007). As a result of this shallow soil
carbon storage in reduced- and no- tillage systems, if conventional tillage practices are reemployed in the short-term, e.g. during crop cultivation, the sequestration benefits are largely
lost, resulting in little or no benefit over a complete rotation cycle (Smith et al., 1998;
Blanco-Canqui et al., 2012). Furthermore, the mixing of cover crop residues into the soil
causes organic matter to mineralize, with CO2 emissions peaking just after tillage (AlvaroFuentes et al., 2008a) and, hence, these soils may in the short-term become a source of CO2
(Dersch and Böhm, 2001). In contrast, the annual incorporation of cereal residues into the
soil was identified by Triberti et al. (2008) as the most effective method to sequester a
significant amount of CO2 in soils in Europe. Finally, soils under conservation agriculture
only sequester carbon for a finite period, i.e. until soil carbon content reaches a new
equilibrium (Smith et al., 1998). The timeframe for this has been estimated to be 20 years
after conversion from traditional practices (West and Post, 2002).
Research has shown that the carbon sequestration benefit for no-till practices using cover
crops is greater than that for those without, able to store between an additional 0.101.0 Mg ha-1 y-1 SOC compared to a system without cover crops (Blanco-Canqui et al., 2012).
Similarly, Lehuger et al. (2011) studied the impact of leaving crop residues on the soil in
monitored cropping systems in France and Germany, finding that although this increased soil
respiration, the return of organic residues to the soil increased its organic carbon content by
265 kg C ha-1 y-1. The carbon storage benefits from conservation agriculture can be increased
by using legumes or perennial grasses in a no-till row crop rotation (Blanco-Canqui et al.,
2012). The deep-root systems of these crops cause carbon to be stored deeper in the soil
profile, hence, reducing the stratification of soil organic carbon (discussed above), and
improving long-term soil carbon sequestration (Blanco-Canqui et al., 2012). It is, however,
important to note that the carbon sequestration potential of cover crops is influenced by the
species of cover crop, soil type, and weather conditions among other factors (Desjardins et
al., 2005; Blanco-Canqui et al., 2012).
In the short-term, no-tillage soils have a low soil CO2 efflux, and this practice is a better way
of managing soil C than conventional agriculture techniques (Alvaro-Fuentes et al., 2008a).
In addition, significant increases in SOC after the adoption of conservation management are
found to be relatively rapid, with Munoz et al. (2007) reporting a period of only two years for
this, and the differences between conventional and no-till practices increasing in the longterm (Munoz et al., 2007). It may also be interesting to note that the amount of fertiliser
applied to a no-tillage plot can affect its carbon flux. For example, it was found that for a notillage plot 335 kg N ha-1 y-1 fertiliser was the optimum amount to achieve the greatest CO2
mitigation (West and Marland, 2003). In contrast, when a substantially lower amount of
fertiliser was applied to the field, the system became a net contributor to the atmospheric CO2
pool, but was still associated with reduced emissions compared to conventional management
58

practices (West and Marland, 2003). Similarly, a modelling study of the Spanish
Mediterranean has concluded that the adoption of no-tillage practices in conjunction with
high levels of N fertilisation (60-120 kg N ha-1) has the potential for significant carbon
sequestration in agricultural soils and, hence, offsets a proportion of the CO2 emissions
(Alvaro-Fuentes et al., 2012). It is possible that adopting a practice such as no-till may reduce
the amount of carbon released via soil erosion under conventional management practices and,
therefore, Desjardins et al. (2005) note that no-till management will sequester soil carbon if
this either reduces the rate of decomposition of soil carbon (Blanco-Canqui & Lal, 2008) or
increases crop yield (which may arise from increased soil moisture) and, hence, carbon inputs
into the soil.
One study from the review suggests that, depending on a number of factors, carbon
sequestration in some no-till systems has the potential to be overestimated or may even be
negligible (Constantin et al., 2010). It is therefore important to examine each site specifically
before employing no-till as a mitigation option. This complication is highlighted by King et
al. (2004), who examined the effect of no-tillage practices in the UK, finding that when
taking only carbon into consideration, no-till resulted in three times less sequestration
compared to reduced tillage. However, when other GHGs were included in the analysis, the
authors calculated a three-fold increase in carbon saving potential from reduced- as opposed
to no- tillage. This change is due to a potential increase in N2O emissions in no-tillage
systems, which is not expected to occur in minimal tillage. It is then important to note that in
contrast to the conclusions of a number of studies, the adoption of no-tillage as a mitigation
strategy may in some cases increase GHG emissions (King et al., 2004).
The highest emissions of CO2 from the soil have been related to high soil moisture content,
hence, it has been shown that climatic conditions impact on soil CO2 emissions, with
moisture and temperature being particularly important variables, altering CO2 through its
effects on vegetation growth and the activity of micro-organisms (Carbonell-Bojollo et al.,
2011). Although minimal soil disturbance associated with conservation agriculture practices
has been shown to increase carbon storage, studies show that this may also result in higher
N2O losses (Ball et al., 1999), the accumulation of mineral N in the soil profile, and
associated environmental problems (Alvaro-Fuentes et al., 2012). Research has shown that
the majority of the net global warming potential of no-tillage systems stems from the N2O
emissions and, hence, it is important to improve N management in farm systems in order to
benefit from the increased C storage that this management practice provides (Six et al.,
2004).
On a European scale, it has been estimated that the widespread conversion to no-till
agriculture practices would sequester approximately 23 Tg C y-1 in the European Union, or
43 Tg C y-1 across wider Europe (Smith et al., 1998). A number of studies have also been
conducted on a country-wide scale, for example, Dersch and Böhm (2001) calculated that in
Austria the conversion to no-tillage practises on steppe soils (i.e. phaeozems, chernozems,
and kastanozems) could store the equivalent of 0.6% of the country’s present annual CO2
emissions. For Spain, a study of a number of long-term experiments estimated that the
adoption of no-tillage practices would sequester around 0.14 Tg Cy-1 comparable to 1.1% of
all agricultural CO2 generated in the country during 2006 (Alvaro-Fuentes and CanteroMartinez, 2010). Similarly, the adoption of reduced tillage practices would also sequester
carbon, but to a lesser extent, with 0.08 Tg C sequestered per year, or 0.6% of Spanish
agricultural emissions in 2006 (Alvaro-Fuentes and Cantero-Martinez, 2010). It therefore
appears that in terms of carbon sequestration, no tillage practices offer the best mitigation
potential. The scale of practice change, i.e. the extent of reduction in soil management, for
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example, from conventional tillage to no-till or to reduced tillage also has an impact on soil
carbon. A study of agricultural plots in Denmark found that compared to conventional tillage,
reduced tillage lowered net GHG emissions by an average of 0.56 Mg CO2 eq ha-1 y-1,
whereas direct drilling resulted in a substantially greater emissions saving of 1.84 Mg CO2
eq ha-1 y-1 (Chatskikh et al., 2008).
It appears that the mitigation potential for conservation agriculture practises such as no-till is
rather complex, being strongly influenced by climate and soil type in addition to a number of
other factors (Desjardins et al., 2005).
Carbon sequestration in soils can also be undertaken by promoting the input of organic
materials on arable land rather than grassland, the introduction of perennials on arable setaside land, by promoting organic farming, raising water tables (as there is less carbon loss
from peats), and with restriction cropland management such as zero tillage (Freibauer et al.,
2004). Areas need to be selected where there is high carbon sequestration potential as due to
regional soil variations, intensification of farming and high uncertainties, it is very difficult to
determine whether farming would still make a profit (Freibauer et al., 2004, Gaiser et al.,
2009). Policy measures (e.g. CAP measures, set-aside land, subsidies) and land management
policies that take into account climate change may aid more effective carbon sequestration
measures within the agricultural sector (Freibauer et al., 2004).
Crop type
Mitigation can occur through crop and resource management, as crop genetic enhancement
and the type of crop cultivated will affect CO2 and N uptake as well as leaching. In a
Norwegian farming study, Bonesmo et al. (2012) calculated the following GHG intensities
for crops: barley (2442 kg CO2 eq ha-1), oats (2483 kg CO2 eq ha-1), spring wheat
(2960 kg CO2 eq ha-1), winter wheat (3505 kg CO2 eq ha-1) and oilseed (2551 kg CO2 eq ha1
), although the values varied according to the soil, farming practices, etc. Nitrogen uptake
and leaching may also be affected by the timing of sowing, with a delay in sowing reducing
N uptake during autumn and winter, increasing leaching (Olesen et al., 2004). This will not
only affect mitigation, but also lead to higher costs through increased fertiliser usage.
Crop management practices
Reducing nitrous oxide (N2O) emissions is a key mitigation action and Ortiz et al. (2008)
suggest that these can be halved in intensive irrigated systems without affecting wheat yields,
provided the correct amount and timing of nitrogen applications are given. Similarly, Górny
et al. (2011) highlight an increasing importance of breeding winter wheat (Triticum aestivum
L.) cultivars with better adaptation to lower, more optimised nitrogen fertilization regimes.
They found that while it was possible to identify cultivars which were both efficient under
low and enhanced nitrogen regimes, not all could cope with both situations.
Water management
It has been suggested that changing water management practices has the potential to alter the
effectiveness of agricultural mitigation and adaptation options (Falloon and Betts, 2010). It is
thought that on balance under climate change, irrigation leads to an increase in soil organic
carbon, with potential increases in productivity thus contributing to mitigation, although the
interactions are poorly understood (Falloon et al., 2009). Water intensification, if poorly
designed, located and managed could lead to increased soil erosion, with concomitant organic
carbon and nutrient losses (Falloon et al., 2009).
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4.1.2 Agriculture in China
So far, research on agricultural methods of mitigation of climate change overwhelms
agriculture adaptation in China. On the basis of the reviews (Zou et al., 2011; Li et al., 2012;
Zhang et al., 2012), existing mitigation practices in agriculture in China can be classified into
three categories (Table 5); mitigation practices aiming to reduce GHG emission directly; soil
carbon storage practices aiming to boost soil carbon sequestration; and storage and integrated
practices aiming to attain the objectives of GHG mitigation and carbon storage
simultaneously.
Table 5: Classification of existing mitigation practices in agriculture in China.
Type

Practices

Is also employed as an
adaptation measure?

Mitigation practices

Nitrification inhibitor

Not yet

Methane inhibitor

Not yet

Slow-release fertilizer

Possible

Manure storage

No

Conservation/no tillage

Possible

Crop residue management

Yes

Manure management

No

Water management

Yes

Nitrogen fertilizer management

No

Land management

Yes

Cover crop

No

Varieties of crop planting/animal

Yes

Feed management

No

Soil carbon storage practices

Integrated practices

Sources: Zou et al. (2011); Li et al. (2012); Shi et al. (2012); Zhang et al. (2012).
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4.2 Biodiversity
No specific mitigation measures were found for biodiversity, but mitigation in many of the
other sectors involves various aspects of managing biodiversity and soils, to enhance storage
or prevent losses. This may be direct as in the case of afforestation or indirect as with the recreation of wetlands to manage flooding, which have the additional benefit of enhancing
carbon storage (see Section 4.3 below).
4.3 Coasts
As far as mitigation is concerned, the majority of studies were theoretical with regards to
considering the amount of carbon sequestered in coastal wetlands or saltmarsh systems.
Numerous studies in this review emphasized the importance of coastal wetlands as a global
carbon sink, reducing levels of atmospheric GHGs (Burkett and Kusler, 2000; Choi et al.,
2001; Connor and Chmura, 2001; Jickells et al., 2003; Irving et al., 2011; Kirwan and Blum,
2011). For example, it was found that the restoration of coastal marsh could be a more
efficient method per unit area at removing carbon from the atmosphere than afforestation
(Choi et al., 2001; Trulio et al., 2007). With this knowledge, wetland restoration and
conservation for climate mitigation appears to be highly recommendable, reducing global
levels of anthropogenic GHG emissions (Moseman-Valiterra et al., 2011). This approach is
particularly viable, as globally coastal vegetation removes and stores carbon from the
atmosphere at a rate of 60-210 t C km2 y-1 which is far greater than that of any similar
terrestrial system, with evidence to suggest that created marsh sequesters higher amounts of
carbon than natural wetland (Hansen, 2009; Irving et al., 2011; Kirwan amd Blum, 2011). In
the face of climate change, coastal marsh continues to be a favourable option, with sea level
rise leading to increases in areal marsh coverage and elevation; warmer temperatures
increasing plant growth rates; and increases in the carbon storage capacity of marsh soils
(Connor et al., 2001; Choi and Wang, 2004; Irving et al., 2011). Andrews et al. (2008)
calculated that land reclamation for pasture along the Humber Estuary since the 1700s has
prevented the storage of 320,000 tonnes of organic carbon, whereas the restoration of tidal
flow as part of managed realignment schemes in the Humber and Blackwater estuaries could
sequester a total of 38.4-3597.1 t C y-1 and 21.7-639.49 t C y-1 respectively, depending on
future policy scenario (Luisetti et al., 2011). Coastal wetland creation and restoration provide
long-term mitigation benefits impacting on a global scale, with carbon in saltmarsh being
stored in below-ground biomass for decades (Hansen, 2009; Irving et al., 2011).
4.4 Forests
The main characteristic mitigation option for forests is carbon sequestration and storage in
trees, vegetation and soils (Garforth, 2012). According to Patosaari (2007), forests contain
about 1.2 trillion tonnes of carbon, which is much higher in comparison with the
corresponding stored quantities in all terrestrial vegetation and soils. Moreover, forests and
wetlands exhibit the highest capacity for the provision of long-term sequestration of carbon
(MEA, 2005). A typical carbon density ranges from 40 to 60 Mg C ha-1 for boreal forests, 60
to 130 Mg C ha-1 for temperate forests, 120 to 194 Mg C ha-1 for tropical forests, and about
250 Mg C ha-1 for rainforests. Dixon et al. (1994) estimated that approximately two-thirds of
the terrestrial carbon in forest ecosystems is contained in soils. Moreover according to Lal
(2005), the soil carbon stock may comprise as much as 85% of the terrestrial carbon stock in
the boreal forest, 60% in temperate forests and 50% in rainforests. Mangroves also have
significant storage of carbon (Alongi, 2002) and the capability to absorb approximately 25.5
millions tonnes of carbon per year (Ong, 1993). Furthermore, there is a distinction between
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growing and well-managed forests which are considered an effective way of carbon storage
in comparison with old-growth forests, which may emit carbon due to the onset of
decomposition (Patosaari, 2007). Indicatively, Georgia’s forests absorb a volume of CO2
equal to 25% of the country’s gross CO2 equivalent GHG emissions in 2000, while for
Azerbaijan the corresponding percentage was about 7%-8% (MNP-AM, 2010; MENR-AZ,
2010; MEPNR-GE, 2009).
The contribution of carbon sequestration to climate change mitigation can be confirmed
within the country data reported in Second National Communications reports submitted to the
UNFCCC and Table 6 provides an overview of the implemented projects within the
framework of the CDM mechanism, which are related to the forest sector and contribute to
the mitigation of the climate change through significant CO2 reductions on an annual basis.
This shows that many European countries are participating in the CDM mechanism as a
means of mitigation, although in Europe only Albania is a host party.
Table 6: A selection of implemented mitigation projects within the framework of the CDM
mechanism of the forest sector (Source: UNFCCC).
Registered

Title

Host
Parties

Other Parties

Tonnes
CO2 eq
reduction
per year

02-Jan-10

Assisted Natural
Regeneration of Degraded
Lands in Albania
The International Small
Group and Tree Planting
Program (TIST), Tamil
Nadu, India

Albania

Canada, Italy,
Luxembourg, France,
Japan, Spain
UK

22,964

Netherlands, Italy,
Luxembourg, France,
Ireland, Switzerland,
Japan, Spain
Switzerland, Ireland,
Spain

75,783

15-Jan-10

21-Jul-10

Reforestation as Renewable
Source of Wood Supplies for
Industrial Use in Brazil

India

Brazil

3,594

15-Sep-10

Reforestation on Degraded
Lands in Northwest Guangxi

China

07-Jan-11

AES Tietê
Afforestation/Reforestation
Project in the State of São
Paulo, Brazil
Reforestation of grazing
Lands in Santo Domingo,
Argentina
Kachung Forest Project:
Afforestation on Degraded
Lands

Brazil

Canada, Italy,
Luxembourg, France,
Japan, Spain

157,635

Argentina

Switzerland

66,038

Uganda

Sweden

24,702

Nicaragua

Canada, Italy,
Luxembourg, France,
Japan, Spain
Spain

7,915

11-Feb-11

04-Apr-11

07-May-11

26-May-11

Southern Nicaragua CDM
Reforestation Project
Forestry Project in Strategic
Ecological Areas of the
Colombian Caribbean
Savannas

Colombia
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87,308

66,652

Nevertheless according to Seppala et al. (2009), it is vital to support scientific research
regarding management and policy measures, because they contribute to the enhancement of
adaptation and mitigation practices. Such research can include the identification of specific
timber species that are both more resilient to climate change and can store significant
quantities of carbon. Moreover, the local influences of trees and forests on the hydrological
cycle must be examined thoroughly to flag all these cross-sectoral issues (FAO, 2012), while
special efforts must be given for the planning of effective carbon sequestration measures
taking into consideration the negative effects on biodiversity, genetic resources and water.
Moreover, further scientific research is needed in order to:
1.
2.
3.
4.
5.
6.
7.
8.

Evaluate the cost-effectiveness of adaptation and mitigation measures;
Adopt more intensive sylviculture treatments on biomass production;
Assess their potential for mitigation;
Examine the potential effects of more intensive techniques which can lead to
increased levels of carbon sequestration;
Evaluate the substitution effect of wood products;
Promote efficient measures for stimulation of policies to support sustainable use of
wood;
Provide incentives for multiple uses of wood and wood products; and
Introduce the proper socio-economic frameworks in order to lead to innovative forest
management practices focusing on the role of policy-making and the contribution of
forest owners (Standing Forestry Committee Ad Hoc Working Group III on Climate
Change and Forestry, 2010).

4.5 Urban
Section 3.5 highlighted that many of the urban measures can be considered as having both
adaptation and mitigation benefits. The most notable being urban street trees and those
primarily implemented for mitigation purposes will now be discussed.
4.5.1 Urban trees
Urban trees sequester carbon directly, both in the trees themselves and in the soils and, hence,
can be seen as mitigating climate change by reducing atmospheric CO2 concentrations.
Despite this, urban trees sequester carbon at less than half the density of natural forest
(Nowak and Crane, 2002) and, hence, in mitigation terms, the amount of carbon sequestered
by urban trees is therefore seen as negligible; not of great enough magnitude to achieve local
GHG reduction targets (Pataki et al., 2011).
Research into the amount of carbon storage provided by urban trees in Leicester found that
the amount of carbon stored in aboveground biomass in the city totals an estimated 231,521 t,
equal to a density of 3.16 kg C m-2 over the urban area (Davis et al., 2011). Gardens in
residential areas were found to store relatively little carbon, with the highest carbon density
measured in areas of tree cover on public sites (Davis et al., 2011). There remains potential to
increase tree cover in the city, with it estimated that if 10% of the present grassland owned by
the City Council were planted with trees, an extra 28,402 t C would be sequestered into the
current pool (Davis et al., 2011).
In a study of urban forests, it was found that those consisting of natural pine-oak forests,
mangroves, and stands of highly invasive trees achieved the greatest levels of CO2 storage
(Escobedo et al., 2010). The direct carbon sequestration by urban trees in these cities is able
to offset 2.6% and 1.6% of city-wide CO2 emissions respectively (Escobedo et al., 2010).
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These results suggest the effectiveness of urban trees to offset emissions in these cities is
moderate, with the relative reductions in emissions comparable to those achieved by existing
policies to reduce CO2 emissions (Escobedo et al., 2010). Despite this performance, it was
found that further increasing the tree area would not make a substantial contribution to
emissions reductions (Escobedo et al., 2010).
Street trees can be associated with a number of adverse effects, planting and maintenance
costs (McPherson and Rowntree, 1993; Tallis et al., 2011). Planted species vary in their
suitability to function in the urban area, for example, tree species producing fruit, flowers or
seeds, such as the maple function poorly, littering surfaces, being potentially hazardous to
both pedestrians and vehicles (Merse et al., 2009; Hegedüs et al., 2011). Furthermore, there
often exists concern over potential damage to building foundations when street trees
neighbour properties (Rotherham, 2010).
Conditions in the urban environment for tree survival are harsh, with space and moisture
restrictions for roots being problematic, and many street trees being in poor condition
(Schröder, 2008). To increase tree survival in the German city of Osnabrück, measures are
being taken to improve site conditions for growth (Schröder, 2008). These include the
construction of root ducts and chambers underneath traffic lanes to increase the rooting zone
for trees to around 15 m3 per specimen (Schröder, 2008).
4.5.2 Green roofs
In terms of mitigation, green roofs can make a small contribution to carbon sequestration,
with CO2 stored both in plant tissues and the soil substrate (Rowe, 2011). The magnitude of
carbon storage achieved by twelve 2.84 m x 4.6 m green roofs in Michigan was calculated at
375 g C m-2, with the average roof storing approximately 162 g C m-2 in the aboveground
biomass alone (Getter et al., 2009). The effectiveness of green roofs to act as a sink can be
improved by altering the species selection, depth of substrate and its composition, and by
improvements in management (Rowe, 2011). It is also important to note that the potential for
carbon sequestration is somewhat limited, as over time a green roof system will reach a
carbon equilibrium, and no longer function as a sink for carbon (Rowe, 2011).
4.5.3 Urban intensification
Urban intensification, or densification, is seen as one possible way to mitigate climate change
(Melia, 2011). Increasing density and confining expansion of the urban area both increases
accessibility reducing the need to travel, and concentrates the demand for public transport
(Bunce, 2004; Ancell and Thompson, 2008; Dodson, 2010; Melia, 2011). Reduced emissions
from travel have global benefits, mitigating atmospheric GHG concentrations (Williams,
1999; Melia, 2011).
A modelling study for the city of Copenhagen found that the geometric design of cities can
have a large impact on energy use (Strømann-Andersen and Sattrup, 2011). The geometry of
urban canyons was able to alter energy consumption in offices by as much as 30%; and by
19% in residential dwellings (Strømann-Andersen and Sattrup, 2011). The study found that a
higher urban density decreases demand for cooling over the summer as a result of shading,
and correspondingly increases demand for heating during the winter season as solar gains are
reduced (Strømann-Andersen and Sattrup, 2011). With a very effective low-energy design,
the study found it is possible for an office building in a dense urban area to consume a
minimal 70 kWh m2 y-1 energy (Strømann-Andersen and Sattrup, 2011). Future urban designs
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may be able to utilise the reflective properties of façades to redistribute light in canyons in
dense urban areas (Strømann-Andersen and Sattrup, 2011).
The city of Dublin was also found in this review to be adopting a policy of urban
densification (Howley, 2009), and at a country-wide scale, the UK Government seeks to
increase the number of new dwellings built on brownfield sites from 50 to 60%. Such redevelopments are often more costly (see Section 15.1.5), but can be encouraged by tax
incentive programmes for projects undertaken on brownfield sites. These aim to reduce the
cost of such developments whilst improving the urban environment, forcing developers to
clean up contaminated sites and can renew areas of the city centre in the process by
preventing urban decay and inducing new economic activity (Bunce, 2004; Hayek et al.,
2010; Williams, 1999).
The increasing density of dwellings could also put existing amenities and services under a lot
of pressure, overstretching the existing infrastructure which in older cities is already
overcrowded (Dixon and Depuis, 2003; Williams, 1999) and, hence, new infrastructure may
be required (Searle, 2010). The intensification of cities also runs the risk that the capacity of
these areas could be broken (Williams, 1999).
4.5.4 Building materials
The use of building materials with minimal embodied energy can be considered as a form of
mitigation, and is able to reduce both heating and cooling loads. The UK’s Beddington Zero
Energy Project provides a good example of this, with many of the construction materials
being either recycled (e.g. reclaimed structural steel, recycled sand and aggregate) or sourced
locally within 30 miles of the site (Chance, 2009). In addition, the dense concrete blocks used
in construction have a high thermal mass, designed to maintain building warmth during
winter months and cool during the summer (Chance, 2009).
Similarly, the design of the Earthship Brighton project also used a range of low-impact
building materials, including eco-cement (one-third conventional cement, two-thirds reactive
magnesia), reclaimed vehicle tyres which construct the earth-rammed tyre walls and act as a
storage heater; accumulating heat over the day and releasing it at night (Ip and Miller, 2009).
4.5.5 Insulation
Improvements in insulation for walls, floor and roofs for the purpose of draught-proofing,
and to reduce the loss or gain of excess heat, is one of the most effective measures for
increasing energy efficiency (Xing et al., 2011; Mavrogianni et al., 2012). Examples include
the installation of triple glazing to significantly reduce heat loss through windows and doors
(Zimmerman and Anderson, 1998; Holmes and Hacker, 2007; Chance, 2009). A low energy
residential estate in Warsaw is, in addition to the above, further insulated by aluminium
blinds on windows and balcony doors which significantly reduce heat loss (Wojdyga, 2009).
Preliminary modelling results show that roof insulation has the potential to reduce heating
load in Cyprus by over 45% and 75% in summer and winter, respectively (Florides et al.,
2000). In the building simulation with roof insulation, room temperature did not exceed 40°C
in the summer, whereas in the case without, indoor temperature rose to 46°C (Florides et al.,
2000). Similarly for winter, simulated temperature in the room with an insulated roof was
4°C warmer than without, being closer to the required ambient room temperature (Florides et
al., 2000). A modelling study for a building in the city of London found that roof insulation
and fenestration improvements were able to reduce daytime temperature in the living room
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area over the warmest 5-day period of modelling by an average of 0.76°C, with a 1.30°C
maximum (Mavrogianni et al., 2012). However, insulation does not lead in all cases to
reductions in summer ambient room temperature. For example, the insulation of walls and
floors were modelled to increase indoor daytime temperatures over the hottest 5-day
consecutive period, with a combined increase in temperature of 0.46°C and a maximum of
0.71°C. Hence, in this case, if passive measures such as night-time ventilation are not
employed, insulation improvements could in fact increase the risk of overheating
(Mavrogianni et al., 2012).
Future directions to improve building energy efficiency with insulation concern the
development of new insulation materials such as aerogel, multi-layer insulation and
transparent insulation materials, which have a solar energy transmittance of over 50% and a
low thermal conductivity (Xing et al., 2011).
4.5.6 Example of a low-energy retrofit
In Sandwell, UK, a recent retrofit of a new museum building has been completed to convert it
into a low energy building titled THEpUBLIC (Battle et al., 2006). This is a flagship building
which is part of the European MUSEUMS project; optimising energy efficiency and
sustainability in nine museum buildings across Europe and aiming to increase acceptance of
renewable technologies and sustainable architecture in public spaces (Battle et al., 2006).
Targets for the building were a 40% reduction in energy consumption and maintenance along
with a significant reduction in embodied energy from construction materials (Battle et al.,
2006). This development incorporates building measures such as daylighting, a mixed-mode
ventilation system, and an intelligent façade system with external shading and natural
ventilation (Battle et al., 2006). THEpUBLIC development emphasises increased water
efficiency, with devices to limit flow and reduce potable water demands, rainwater harvesting,
greywater re-use, efficient taps and special flushing systems. Furthermore, there exists the
potential to expand the development through the use of renewable energy collection systems,
such as solar thermal collectors for hot-water heating (Battle et al., 2006). These measures
enable the building to achieve total energy savings greater than 35%.
4.5.7 Sustainable transport systems
Sustainable transport is an aspect highlighted in many low-energy developments. For
example, at the Beddington Zero Energy Development (BedZED), and the Nydalen
development in Norway, living streets make the areas more suitable for pedestrians and
cyclists (Chance, 2009; Høyer, 2009). BedZED also has strong public transport links, with a
bus-stop and two train stations nearby, and the low number of car parking spaces encourages
the use of sustainable forms of transport (Chance, 2009).
Car-sharing services are also included in a number of low-energy community developments,
including that at Nydalen (Høyer, 2009), and again BedZED (BioRegional, 2002). The
community car-club at BedZED allows residents to pay per mile for use of cars owned by a
company; hence, they do not require their own car for transport (Chance, 2009). As a result
of the above measures, BedZED communities have seen a significant reduction in car use at
54% below the local average, and a high bike ownership of over 50% (Chance, 2009).
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4.5.8 Green energy
In this review numerous examples were found of solar energy being used in housing
developments of various scales and design throughout Europe. This energy can be used for
various applications, for example solar electricity, also termed solar photovoltaic (PV) power;
and solar thermal systems which collect heat energy from the sun for household use such as
hot water heating.
Both applications have been used extensively at a housing development at Nieuwland in the
Netherlands. Here, PV panels were installed on the roofs of 900 houses and solar collectors
enable the use of solar radiation as energy to power the hot water and central heating systems
(Anon, 1996). The use of solar energy in this development enables home-owners to save an
average of 275 m3 gas per year; and the homes in Nieuwland are able to generate around
1,800 kWh of renewable energy annually (Anon, 1996). In terms of the economics of solar
PV systems, the rents for homes with solar energy do not exceed those of standard homes;
however they do offer a financial incentive, with savings in heating requirements equivalent
to 200-275 m3 gas per year (Anon, 1996).
Another development maximising the use of solar energy is Borgo Solare, a residential
settlement in Italy (Aste et al., 2010). The installation of solar thermal and PV systems is now
mandatory in this urban district, with PV systems in single-family apartments with a power
rating of 2 kWp, and 4 kWp for multi-family apartments (Aste et al., 2010). Solar thermal
systems have been very effective here, able to supply over 50% of annual household hot
water requirements in the district (Aste et al., 2010). Solar collectors have also been used in a
polish low-energy residential development (Wojdyga, 2009), and in the flagship zero energy
project at Beddington, UK (BedZED, Chance, 2009). In addition to this, at BedZED solar PV
cells cover 777 m2 of the roof area to supply approximately 20% of the total electricity
demand of the complex (Chance, 2009). The solar panels and low-energy building here have
reduced CO2 emissions by over half with respect to the average UK home (Chance, 2009).
Other examples of solar PV cells on building façades and roofs include the Stadtweke Halle
in Westfalen; the Wernberg plant of Flachglas AG., Germany where PV cells covers an area
of 140 m2 of the façade; and a 500 m2 PV façade area of the ELSE building in Ispra, Italy
(Benemann and Chebab, 1996). Solar energy systems also have the potential to be installed
on a hostel roof in Milan, with a combination of solar PV and solar thermal systems
simulated to meet a substantial proportion of electricity demand for lighting and appliances
(Adhikari et al., 2011). The replacement of a traditional gas condensing boiler with two solar
thermal collectors for hot water heating on the roof garden could save over 0.5 t CO2 per year
(Adhikari et al., 2011). In addition, a solar PV system of 22 modules could be installed on the
rest of the available roof space to produce around 5.3 MWh electricity per year resulting in
annual CO2 savings of 2.3 tonnes (Adhikari et al., 2011).
A number of studies have assessed the feasibility of renewable energy in the UK. These
include an assessment for the Eastside area of Birmingham commissioned by the UK Carbon
Trust under the direction of Birmingham City Council (Jefferson et al., 2006), and an
investigation into the potential of various micro-generators for UK households (Allen and
Hammond, 2010). Both studies found wind turbines (micro-wind turbines for households) to
be unsuitable, either as a result of low wind-speeds, sensitivity to site location, or problems
with planning regulations (Jefferson et al., 2006; Allen and Hammond, 2010). Solar PV cells
were identified as being the most suitable, able to reduce CO2 emissions by over 35% at
Eastside, producing an estimated 135 kWh m2 y-1 (Jefferson et al., 2006) and 27-57% of
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electricity demand in UK households (Allen and Hammond, 2010). PV systems in these
studies were found to result in the greatest emissions reductions, with savings of
830-1,300 kg CO2 eq y-1, compared to the micro-wind turbine which offset an average of
79-122 kg CO2 eq y-1 only (Allen and Hammond, 2010). A number of small-scale low energy
developments in the UK, including the Leigh Park site in Hampshire (Bahaj and James, 2007)
and a small development of 14 homes at Lingwood, Norfolk (Monahan and Powell, 2011)
utilise solar energy. Solar PV has made a significant contribution to annual electricity
demand at both sites (Bahaj and James, 2007), supplying between 17 and 27% of total annual
energy demand for homes at Lingwood; meeting 65-89% of hot water energy demand, and
14-41% of electricity consumption (Monahan and Powell, 2011). These buildings have been
certified as Level 3 according to the Code for Sustainable Homes and have energy
consumption substantially less than the average UK Household, with for example 4% less
electricity and 66% less gas consumption (Monahan and Powell, 2011). Solar technology in
this development reduces the running costs of homes to around 35% below the regional
average (Manahan and Powell, 2011). Homes at Lingwood also have on average 47% lower
CO2 emissions, and an offset for grid generated electricity of 60% (by solar PV), and 40% of
gas (by solar thermal) (Monahan and Powell, 2011).
4.5.9 Low energy residential settlement case studies
One of the flagship zero-energy projects in the UK, already discussed above, is the
Beddington Zero Energy Development (BedZED) in south London. This is a high density
residential development which forms the UKs largest mixed-use sustainable community,
consisting of 220 residents and 100 office workers (BioRegional, 2002; Chance, 2009). The
project is located on a brownfield site on the edge of the city, and takes a holistic approach;
reducing embodied emissions during construction, greener transport links, reducing waste,
creation of allotments for local food production, increasing quality of life of residents, and
improving the local economy (Chance, 2009). Building use in the project is mixed, with
residential dwellings, office-space and a mix of income groups (Chance, 2009). The average
resident of the BedZED has an ecological footprint of 4.67 global hectares, compared to the
6.3 ha average for the UK (BioRegional, 2002; Chance, 2009). BedZED has a number of low
energy building design features and materials, with passive ventilation, daylighting, energy
efficient appliances, and smart-meters (Chance, 2009). As a result of these installations,
residents see over an 80% reduction in energy use for hot water, and 45% for electricity
(Chance, 2009). The target was to reduce heating, cooling and ventilation energy demands by
90% compared to the average UK residential dwelling (Chance, 2009). The BedZED
community is increasingly self-sufficient, with allotments producing food sold at the local
produce market, and a vegetable box scheme (Chance, 2009). Actors in this development
include the Peabody trust, the BioRegional Development Group and the ZEDfactory, and the
scheme has support from the local government helping to achieve the UK’s obligations for a
reduction in GHG (Chance, 2009). If implemented on a European-wide scale, it is estimated
that reductions of 90% of CO2 emissions could be achieved without adverse impacts on
quality of life of residents (Chance, 2009).
A sustainable district has also been built in the Norwegian municipality of Nydalen, Oslo, on
a 500 acre brownfield site (Høyer, 2009). The derelict industrial buildings at the site were
regenerated with retrofits, and a number of new dwellings were also constructed on-site, as
well as the newly constructed office building, “Pynten” (Høyer, 2009). This building has a
low-energy design resulting in energy use (80 kWh m-2) and heating requirements as low as
25 kWh m-2 (Høyer, 2009). The project as a whole comprises mixed use, with 200 small
industrial firms on site as well as housing, designed to meet the requirements of residents
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with local amenities and services reducing the need for travel (Høyer, 2009). All buildings in
the development have a high energy efficiency rating, with average heat energy requirements
of around 160 kWh m-2 (Høyer, 2009). All new constructions on the site receive energy via a
central heat pump, which is the largest of its type in Europe; with heat transferred away from
the surface into rock formations during the summer to cool the buildings (with a 7.5 MW
potential cooling capacity), and transferred upwards during the winter to provide heat (9.5
MW heating capacity) (Høyer, 2009).
In Italy, a new low-energy residential settlement has been built in the urban district of Borgo
Solare by the private company Gambala Immoviliare, with research and development support
from the Politecnico di Milano (Aste et al., 2010). All dwellings on site are designed to be
energy saving; with high energy efficiency, with the use of renewables (Aste et al., 2010).
The environmentally conscious design of this development extends to the choice of building
materials, which have a low environmental impact; taking embodied energy into account,
without incurring substantial additional final cost (Aste et al., 2010). This scheme complies
with the European Directive on Energy Performance of Buildings (EPBD), using a
combination of natural ventilation, daylighting, heating ventilation and cooling systems, solar
thermal collectors, solar PV, and ground source heat pumps (Aste et al., 2010). All buildings
in the Borgo Solare development comply with European Standard for the production of
domestic hot water, and in theory over 50% of a dwellings annual hot water requirements are
met by the solar panels (Aste et al., 2010).
These studies highlight the success of existing low-energy developments, and the potential
for similar schemes to be implemented across Europe for the purposes of climate change
adaptation and mitigation.
4.6 Water
Mitigation to help alleviate climate change relates to the supply of water resources, including
(1) the creation of wetlands, allowing for (2) carbon sequestration and subsequent carbon
storage, as well as (3) mitigating the climate. The store of carbon is dependent on the rate of
decomposition, leaching and erosion (Ostle et al., 2009). Since the carbon sequestration
ability of soils is moisture dependent (Lamparter et al., 2009), there can be a high absorption
rate achieved by coastal and riverine wetlands. The sequestration of carbon depends on
whether existing stocks and the ecosystems that sustain them can be maintained, and whether
additional soil carbon can be added. Changing land use can result in a rapid loss of carbon
from peatlands, grasslands, plantation forest and native woodland. The need for land for
farming and renewable forms of energy could have significant impacts on the carbon store in
the UK (Ostle et al., 2009) and elsewhere. Mitigation could also mean the protection of land,
such as peatland and other organic soil carbon stocks. Hence, how we use the land is very
important and can influence the balance between new and existing carbon storage (Ostle et
al., 2009). Future land use management is important, particularly due to the uncertainty
associated with carbon storage.
Many of the mitigation measures associated with water resources depend on the land, so are
highly influential in the agricultural and forestry sectors, and to an extent the coastal sector
(due to wetlands). Interlinkages between the sectors are complex, and whilst there are some
excellent examples of present ideas and mitigation practices (e.g. Falloon and Betts, 2010),
many of the studies relate to future projections. As time progresses and more carbon
mitigation schemes occur, further evaluation of the efficiency of these schemes is required.
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5. Cross-sectoral interactions within and between mitigation and adaptation
This review has revealed a lack of clarity in how adaptation and mitigation synergies and
conflicts (antagonisms) have been viewed in papers, grey literature and in policy documents.
The main confusion concerns whether the relationship of interest is between adaptation and
mitigation measures and climate change impacts, or between the measures themselves. Here
we propose a set of definitions to overcome this confusion.
Cross-sectoral interactions are the impacts that adaptation and mitigation measures in a given
sector have on another sector. These interactions can have a number of different outcomes
and may be neutral, (primarily) positive, (primarily) negative or mixed (Berry et al., 2008b;
Berry and Paterson, 2010). It should be highlighted here that positive interactions contain (1)
simple positive interactions (i.e. those which do not directly affect adaptation or mitigation
efforts in the given or another sector) and (2) synergistic interactions (e.g. those which
enhance the ability of the given or another sector to adapt to, or mitigate, climate change).
The same is true for negative interactions, which consist of (1) simple negative interactions,
and (2) antagonistic interactions. The neutral category is the smallest, as it is rare that a
measure has no effect on other sectors although there are, of course, within sector impacts.
Adaptation interventions are commonly designed to impact on a particular sector. Some
examples for coasts being the construction of seawalls and breakwaters at Ria de Aviero,
Portugal, to reduce beach erosion (da Silva and Duck, 2001); coastal wetland restoration
schemes in the UK to offset habitat loss from coastal squeeze (Dixon, et al., 1998; MacLeod
et al., 1999; Pethick, 2002; WWF, 2002; Winn et al., 2003); and the construction of dams,
sluices and storm-surge barriers in the Netherlands to reduce vulnerability to future sea-level
rise and storm-surge events (Elgershuizen, 1981; Saeijs and Stortelder, 1982; Wolff, 1992;
Schekkerman et al., 1994; Smits et al., 2006).
As with the CLIMSAVE IAP, it is important to stress that the cross-sectoral nature of many
adaptation measures means they will almost certainly impact on multiple sectors (Box 1).
Despite this, few studies in this review went as far as to examine the wider implications of the
adaptation measures, tending to focus on one sector, and failing to acknowledge many of the
secondary effects. One example of this is the managed realignment policy in Essex. This
review found numerous studies covering all aspects of the scheme, with Dixon et al. (1998)
focusing on opportunities for habitat creation at the various sites; Garbutt et al. (2006)
researching habitat development on the agricultural land to which tidal-influence was
restored; French (2008) modelling the effectiveness of this approach as a flood defence; and
MacLeod et al. (1999) quantifying geochemical changes at one site after implementation of
the scheme. Not one of these studies covers all aspects of the realignment, however, by
compiling the research it is possible to obtain a more detailed cross-sectoral overview.
Coastal changes also will have implications for water resources, as sea-level rise is expected
to result in increased water tables and salinisation of groundwater and land (Kundzewicz et
al., 2007). Changes to tides and extreme water levels mean that saline waters could propagate
further up rivers via the back water effect. In addition, climate change could affect the course
of rivers and change local biodiversity (Delta Commissie, 2008; Box 1). This could have
knock-on effects for drinking supplies, biodiversity and irrigation and therefore farming.
Changes to inputs into the hydrological cycle can affect river discharge, and in turn this can
affect sediment supply and availability downstream to the coast. Changes to the river –
whether caused by climate change or adaptation measures (e.g. dam building, river
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management and the building of levees) – will affect the amount of sediment available and
frequency of flooding (Hoque and Alam, 1997).
Similarly in the review of agriculture in China, although the listed adaptation interventions
are generally intended to impact the agricultural sector, some practices will exert an influence
on other sectors. Most obviously, irrigation practices will exert a marked influence on water
consumption and quality, but other practices will also impact on multiple sectors. However,
few of the studies reviewed examined the cross-sectoral implications of the adaptation
measures outside of biodiversity and agriculture (Table 7), although there are some important
interventions which will be discussed.
Table 7: Cross-sectoral interactions in agriculture in China.
Adaptation Intervention
Water and irrigation
infrastructure
Flood prevention
infrastructure
Intra-basin water transfer
projects
Water-saving irrigation
Varieties of crop planted
Planting time adjustment
Use of different species more
suitable for climate changes
Conservation/no tillage
Weed and pest control
Terracing of sloping land
Water storage
Breeding selection
Genetically modified organics
Disaster early-warning system
Fertilizer management
Flood prevention standards

Coasts

Biodiversity

Water

Urban

Forest

×
×

×

×
×

Agriculture

×
×

×

×

×

×

×
×

×
×
×

×

×

×
×

×

×
×
×
×

×

×

×

×

×
×
×
×
×
×
×
×
×

6. Neutral interactions
Most of the neutral interactions concerned adaptation in the urban sector to reduce
temperatures, where strategies, such as white topping or building measures (e.g. Zimmerman
and Anderson, 1998; Kleerekoper et al., 2012; Synnefa et al., 2011), have no recorded direct
effect on other sectors, although by reducing temperatures they may reduce the need for other
adaptation and/or mitigation measures. It is estimated that if whiting is employed in all urban
areas, considering the range of global cooling estimates, this could amount to a temperature
reduction equivalent to 25-150 billion tonnes CO2 (Akbari et al., 2012).
There are very few other measures which come into the neutral category, although some
biodiversity adaptation measures, many of which are site-based, such as assisted colonisation
of species and management of protected areas (see Sections 3.2.1 and 3.2.6), have minimal
impact outside the sector. This would not apply where extension to existing protected areas or
new sites are proposed, as it would take land from other uses.
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7. Positive interactions
This was the largest category of recorded cross-sectoral interactions; in terms of the number
of sectors involved, as well as the impacts of adaptation and mitigation measures. Many of
the interactions involved biodiversity or water. This section is divided into simple crosssectoral interactions, i.e. where the impacts in the affected sector did not lead to any
consequences for its adaptation and mitigation actions; and synergies, i.e. mitigation or
adaptation strategies which themselves benefit mitigation and adaptation.
7.1 Simple positive cross-sectoral interactions
Simple positive cross-sectoral interactions identified in this review were found to concern
water quality only. In the agricultural sector, for example, a study from Lebanon showed that
early sowing of safflower increased yields and led to the capture of more residual soil N,
reducing nitrate leaching into groundwater (Yau, 2007). For the coastal sector, evidence was
found of examples where saltmarsh restoration led to improvements in local water quality
(Chang et al., 2001; Woodward and Wui, 2001; Darnell and Heilman, 2007), providing
treatment of stormwater runoff, as well as being a sink for contaminants and nutrients (WWF,
2002; van Dyke and Wasson, 2005; Andrews et al., 2008; Garbutt and Wolters, 2008).
Shepherd et al. (2007) quantified the benefits of managed realignment as a nutrient sink, with
realignment on the Blackwater Estuary resulting in the additional annual storage of 200-795
tonnes of nitrogen; and 146-584 tonnes of phosphorus. Another study found that wetland
creation and the associated sediment accretion on the Humber would enhance the capacity of
the estuary as a sink for contaminant metals, and subsequently help to improve the regional
water quality of the North Sea (Jickells et al., 2003).
Coastal adaptation options such as wetland restoration can also improve water clarity
(Andrews et al., 2006; Darnell and Heilman, 2007). Stormsurge barriers in the Netherlands,
as well as decreasing tidal velocity in estuaries have been found to improve water clarity,
which in turn could lead to an increase in primary productivity by phytoplankton
(Elgershuizen, 1981). This would be an indirect benefit to biodiversity, and as such is not
regarded here as a synergy.
Biodiversity strategies, such as the corridors being created in the Netherlands as part of the de
Doorbraak project (Box 1; Section 8.2.1) have also led to improvements in water quality
(WRD, 2011). Similarly for the forestry sector it was found that where planting occurs on
former agricultural land, water quality (especially nitrate levels) and recharge may be
restored to pre-agricultural levels (Plantinga and Wu, 2003).
7.2 Synergistic interactions
This review defines synergies as the benefits that adaptation and mitigation measures (for
climate impacts) in a given sector have on adaptation and mitigation within the same or in
another sector. It was difficult from the limited review of only 25 papers for each adaptation
and mitigation measure to identify specific interactions between these measures as they were
often not the focus of the paper or the potential benefit for adaptation or mitigation in another
sector was not made explicit. It was generally easier to identify synergies within a given
sector, as many of the papers were sector focused. It is very important to highlight here that
the majority of synergies listed in this section are potential synergies only; often not
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identified explicitly in the literature, although some explicit examples were found in studies
adopting a more multi-disciplinary approach.
In theory, synergies may occur within the same or with different sectors and between sectors,
and between:
 adaptation measures (Sections 7.2.1 and 7.2.2), e.g. urban trees used to reduce runoff
also reduce the effects of the urban heat island;
 adaptation and mitigation measures (Sections 7.2.3 and 7.2.4), e.g. the practice of
returning crop residues in agriculture to improve water use efficiency also improves
carbon storage;
 mitigation measures (Section 7.2.5).
An overview of synergies found in this review is given in Table 8. Note that these are both
explicit and implicit.
7.2.1 Synergies between adaptation in the same sector
No explicit within sector synergies were identified, but some potential synergies can be
proposed. Adaptation measures in the same sector are often aimed at addressing different, but
related issues. For example, crop breeding may seek to reduce climate stresses while
maintaining/increasing yields or addressing climate-related increases in pests or diseases. The
benefits of conservation agriculture techniques include improved crop growth and
productivity of the farm system (Munoz et al., 2007) and increased soil bulk density
(Tebrügge and During, 1999; Alvaro-Furentes et al., 2008a), making this a viable option for
European agriculture in terms of productivity (van den Putte et al., 2010) and could reduce
the pressure for increased production.
Synergies within a sector, however, may be complementary or alternative measures for
dealing with the same issue. For example, there are a number of ways in which stormwater
management can be addressed in urban areas through the use of different types of greenspace
such as green roofs (Oberndorfer et al., 2007; Fioretti et al., 2010) and urban trees (Gill et al.,
2007) (see Sections 3.5.2, 3.5.7). Also there are a variety of hard and soft engineering options
for adapting to rising sea levels and storm surges, which may be able to be combined.
Other possible examples include some of the biodiversity adaptation measures, such as those
which are aimed primarily at enhancing the status and condition of habitats and species, thus
increasing their size/population numbers and potentially enhancing connectivity. They are
mutually compatible and synergistic, except where the requirements of one species of
conservation concern are in opposition to those of another.
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Table 8: Synergistic interactions between sectors.
Urban

Urban

Greening
(shade, water,
CO2 storage,
avoided
emissions)

Coasts

X

Water

Agriculture

SUDS/greening:
improves infiltration,
evaporation, reduces
runoff
RWHS decentralises
management, reduces
demand

Intensification helps
preserve famland

Saltmarsh creation
(defence, GHG storage)
Coasts

Water

Agriculture

Biodiversity

Forestry

X

SUDS
measures

X

Tidal Barrages
(defence, green energy)

X

X

X

X

Flood protection can have
positive impact on
agriculture

X

Intermittent irrigation
reduces water demand

Returning crop residues

No-tillage reduces runoff,
increases soil moisture,
reduces demand

Water saving irrigation
(water/energy savings,
reduced CH4 emissions
from rice paddy)

X

X

Restoring peatlands
improves water regulation
and retention, stabilizes
water levels

Urban forests
reduce
mitigation
required,
provide shading

X

Increased forest cover
can reduce peak flows
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Biodiversity

Forestry

Intensification helps
preserve open spaces –
helping biodiversity to
adapt

X

Saltmarsh creation
provides habitat space

X

X

X

X

X

Assisted
colonization e.g.
in forests
Artificial
regeneration can
accelerate
adaptation

X

Restoring peatlands
(habitat provision, climate
regulation, GHG storage)

X

Afforestation increases
habitat area

X

7.2.2 Synergies between adaptation in different sectors
Most of the potential synergies between adaptation measures in different sectors, while being
implicitly synergistic were not promoted as such, thus the opportunity for enhancing the
adaptation co-benefits was not realised. The various green infrastructure measures employed
in urban areas are a good example here, having a range of synergies which may benefit more
than one sector. SUDS for example, whilst aiding adaptation for the water sector, have been
shown to restore some ecosystem functions in urban areas, such as habitat restoration (e.g.
from green roofs), and the replenishment of soil moisture (Spatari et al., 2011). SUDS
greening measures and wetland creation have synergies with biodiversity, providing both
feeding and habitat areas for birds and insects (e.g. Chance, 2009). Further examples are
discussed below for each sector.
Sectors with synergies for biodiversity
A number of sectoral adaptation strategies were found to have potential for synergies with
biodiversity. These occur within agriculture, coasts, urban and water sectors; with no
adaptation measures in forestry identified as having benefits for biodiversity adaptation. This
is interesting in itself, as restoration and afforestation schemes provide habitat space, and can
prove to be important corridors for the migration of species. Measures considered in this
review to have synergies for biodiversity are those which increase resilience in this sector, by
for example the creation and restoration of habitat.
Agriculture
A benefit of conservation agriculture for biodiversity was identified in a Hungarian study, in
which a higher abundance of seed-eating birds were observed on conservation, rather than
conventional-tillage, plots (Field et al., 2007). Many of these birds (yellowhammer: Emberiza
citrinella, chaffinch: Fringilla coelebs, goldfinch: Carduelis carduelis, greenfinch: C. chloris,
lesser redpoll: C. cabaret, brambling: F. montifringilla, linnet: C. cannabina, and reed
bunting: E. schoeniclus) have been in decline elsewhere in Europe, probably due a lack of
food availability resulting from factors such as a switch from spring to autumn sown crops
and the use of agro-chemicals (Newton, 2004). In addition, the planting of shade trees to
reduce the impact of heat stress in livestock can increase biodiversity (Iglesias et al., 2007)
and this may contribute to adaptation.
In China, long-term tillage practices impact on the population density and spatial distribution
of biodiversity in agro-ecosystems. Zhu et al. (2010) found that conservation tillage will
increase the abundance of soil fauna, and Xiong et al. (2008) observed that the amount of
microorganisms and microbial biomass in the 0-5 cm layer of no-tillage soils were
significantly higher than that of the 5-10 cm layer, whereas the differences were not
significant in conventional tillage soils.
Coasts
Coastal adaptation interventions, such as managed realignment, managed retreat and
restoration projects, tend to impact positively on biodiversity via the creation of valuable
intertidal habitat (Woodward and Wui, 2001; van Dyke and Wasson, 2005) and possibly
increased net biodiversity as a result (Bernhardt and Koch, 2003). The case study of
restoration of the Ballona Wetlands, South Carolina, although outside of the study area, is
used here to highlight the value of this coastal habitat (Tsihrintzis et al., 1996). The restored
wetlands had large benefits to biodiversity, one study documenting its use by a number of
sensitive and endangered species, including a range of plants, insects, birds and mammals
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including the Western Harvest Mouse, California Brown Pelican and the California Legless
Lizard (Tsihrintzis et al., 1996). In a UK study, Mander et al. (2007) reported the created
mudflats on the Humber estuary after managed realignment to be highly productive habitats.
As far as individual species are concerned, wetland creation on the Dee Estuary, UK, resulted
in the site having an increased carrying capacity for waterfowl, as well as providing a
breeding site for rare bird species (Wells and Turpin, 1999). These positive impacts on the
biodiversity sector were highlighted in a number of studies; with wetlands being valuable for
avian communities, including migratory birds, such as the endangered whooping crane
(Hofstede, 2003; Hinkle and Mitsch, 2005; Darnell and Heilman, 2007), waterfowl (Marcus,
2000; Pontee, 2007) and wildfowl (WWF, 2002). A paper discussing the effects of managed
realignment at Nigg Bay in Scotland, reported the site to provide an area for foraging and
resting at low tide, and roosting at high tide, as well as hosting large numbers of non-breeding
waterbirds such as the Common Redshank, and Eurasian Oyster Catcher (Crowther, 2007).
The restoration of wetlands for flood storage in the Petite Camargue, southern France acted to
increase the biodiversity in the area, including a shift to hydrophyte dominant communities,
and increased numbers of fish-eating birds and tree-nesting herons (Mauchamp et al., 2002).
Further species are expected to recolonise the area, although these could reduce water quality,
and are therefore monitored. Impacts on aquatic species are also numerous, with tidal
restoration and improved hydrological connectivity increasing the area of available habitat
space (Marcus, 2000; Teal and Weishar, 2005; Pontee et al., 2006; van Proosdij et al., 2010).
Restored tidal flow has further been recorded to result in significantly increased nekton
density and species richness (Tsihrintzis et al., 1996; Roman et al., 2002).
It is important to note that the aforementioned benefits to the biodiversity sector can be
maximised during the design phase of these coastal adaptation schemes. One example of this
is the managed realignment scheme at Wallasea, UK, which was designed by DEFRA
(Department for the Environment, Food, and Rural Affairs) to provide habitat for a specific
assemblage of bird species, and also to provide benefits for fisheries (Dixon et al., 2008).
However, perhaps the best example of a project managed with a focus on biodiversity, is a
US saltmarsh restoration program at Delaware Bay (Balletto et al., 2005). The Delaware Bay
restoration, as part of a biodiversity offsetting project had specific targets to meet and
therefore a number of actions were taken to ensure these targets were met, including the
installation of fish ladders, so that herring would be able to return to the site. It is important to
note that evidence of schemes with benefits to this extent was not found in Europe, although
it does highlight their potential. It is also worthy to further mention that as in the example of
Wallasea, where the key focus of a scheme is biodiversity, there may be difficulties in
gaining the approval of landowners, likely to be adversely affected through the removal or
realignment of current defences.
Biodiversity offsetting (Section 16.6) involves conservation activities designed to result in
benefits for biodiversity and to compensate for losses resulting from development (Defra,
2011). It is often a requirement of coastal developments and is another example of a crosssectoral benefit which could possibly be considered to have a synergy with biodiversity
adaptation if more than a direct area replacement occurs and is maintained.
The majority of hard-engineering adaptation options have been shown to impact adversely on
biodiversity through the promotion of coastal squeeze (Beeftink, 1975; Bozek and Burdick,
2005) (see Section 8.2.1). On the other hand, a small proportion of the literature reveals that
seawalls, breakwaters and other low crested structures (LCS) can provide novel habitat for a
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range of species as a result of the sheltered, shaded conditions (Martin et al., 2005; Glasby et
al., 2007; Bulleri and Chapman, 2010). To highlight the potential impact of sea walls, in
Australia studies have found these structures to provide artificial habitat similar to that of
rocky shores (Chapman and Bulleri, 2003). Some species were identified as being unique to
seawalls, and it was found that the structures hosted a different intertidal assemblage to that
of natural habitats (Chapman, 2003; Glasby et al., 2007). European studies show that
breakwaters can have a positive effect on fish populations by replacing the role played by
artificial reefs as a habitat for adult fish, and a nursery ground for juveniles, therefore having
the potential to benefit local fisheries (Guidetti et al., 2005; Lamberti et al., 2005; Martin et
al., 2005). From this review, it was unclear whether LCS had a net positive effect on
biodiversity, with one study finding the structures to host less diverse epibiotic assemblages,
providing a habitat which was easier to colonise (Moschella et al., 2005), whereas another
reported an increase in diversity, species numbers and species richness of the surrounding
area (Martin et al., 2005).
Urban
The majority of urban adaptation-mitigation studies relied on some form of green
infrastructure – for example, street trees (Lafortezza et al., 2009; Hall, 2012), green roofs
(Bates et al., 2009; Fernandez-Canero and Gonzalez-Redondo, 2010), and urban greenspace
(Bowler et al., 2010), with a large amount of literature found during the review associated
with this term (e.g. Benedict and McMahon, 2002; Gill et al., 2007). Such measures increase
the network of green spaces in urban areas, and provide valuable habitat space, hence,
benefiting biodiversity adaptation in what may otherwise be a more hostile environment to
many native species. Green roof systems, for example, can host a variety of insects (Coffman
and Davis, 2005), and are potentially valuable sites for bee conservation (Tonietto et al.,
2011). For birds, green roofs can provide a source of water and food, as well as offering
space; protecting both them and their nests from predation (Baumann, 2006).
Urban street trees are another example of an adaptation measure which can help to form part
of a city’s green infrastructure. This is the case in Budapest, where urban trees have been
used extensively, with a high biodiversity of 220 species planted which includes both
evergreen and deciduous trees (Hegedüs et al., 2011). The urban tree canopy in London also
benefits biodiversity, currently covering an area of 157,000 ha (Tallis et al., 2011).
Sustainable urban drainage systems (e.g. vegetated swales and ponds) have also been shown
to restore some ecosystem functions in urban areas, through habitat restoration, wetland
creation and the replenishment of soil moisture (Spatari et al., 2011).
One further, but rather more implicit example of a synergy here concerns infill and redevelopment schemes as part of urban intensification (Dixon and Depuis, 2003). Containing
urban sprawl is known to preserve open spaces such as farmland and natural landscapes
(Ancell and Thompson, 2008; Hayek et al., 2010; Searle, 2010), being viewed in the UK as a
means to protect greenbelt areas (Williams, 1999), which could aid biodiversity adaptation.
Water
An important adaptation measure that can aid water management and conservation is
floodplain restoration, as it provides ‘room for the river’. Floodplain habitats such as
freshwater wetlands are carbon stores, yet their number and biodiversity are in decline due to
competing interests, such as urbanisation and drainage (van Roon, 2012). Protection and
restoration of freshwater wetlands, such as peat bogs, to manage water flows could form part
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of biodiversity adaptation. They can also help mitigate climate change (when undertaken
efficiently and in appropriate environments), and contribute to landscape adaptation as they
allow for increased water infiltration and storage compared with other land use types (Mitch
and Gosselink, 2000).
This review has found that some adaptation schemes, such as floodplain restoration, allow
for biodiversity offsetting, e.g. where hard adaptation measures, such as for flood protection,
change or destroy habitat, new habitat land is set aside to compensate for losses (see Section
16.6). Offsetting schemes have explicit synergies with biodiversity, and can happen in
existing green spaces, between green spaces (e.g. in urban areas, allowing sustainable paving
or letting water soak naturally into the ground), or in new green spaces (e.g. climate change
could shift ecosystems northwards). Habitat replacement could happen many years after a
form of adaptation (e.g. dam or dike building) has occurred, as it is now recognised that
reintroducing a habitat into an area can have multiple benefits to biodiversity and water
resources in that immediate area and beyond. In water resource management, there continues
to be a careful balance between water security and threats to biodiversity. Offsetting and
ecological engineering is chosen on a site-by-site basis, driven by a cause or ‘need(s)’, the
nature of the physical environment, the goodwill and attitude of people at the time and after
offsetting occurs, and on the financing system of offsetting schemes (Rohde et al. 2006;
Vörösmarty et al., 2010). Pre-screening sites to deduce their suitability for restoration
justifies the project in terms of costs, inefficiencies, ecological benefits and the chances of
the scheme being successful. This also considers the flexibility of adapting restoration to a
local area and where appropriate data is available to model the system to anticipate potential
impacts. Due to the complex interactions, these can have both synergies and antagonisms for
water resource management, thus creating dual challenges.
One adaptation measure to address climate change impacts on water temperature is the
planting of vegetation to provide additional shade (Dawson and Haslam, 1983). This
provides the dual benefits of additional habitat for wildlife and a carbon sink. Studies of
shade have been found to be affected by vegetation height, and also the depth and width of
the river. For small streams (< 2 m width), marginal grasses and herbaceous plants can be
maintained at optimum levels by livestock grazing, with periodic cutting every 3-5 years to
avoid excessive shade (Dawson and Haslam, 1983). For larger streams, similar shade levels
(known as ‘half-shade’) can be gained from larger plants and trees placed at regular intervals.
With larger vegetation, the aspect and direction of the sun also becomes important to ensure
that too much shade does not occur (Dawson and Haslam, 1983). The presence of a tree
canopy layers can be a key instigator in improving soil conditions, and hence in the
establishment of other plants that colonise the river. Thus, the effectiveness of vegetation to
reduce temperature in rivers evolves over time and, in places, needs to be managed to ensure
good water quality and can aid the restoration of riparian habitats (Stockan et al., 2012).
Sectors with synergies for water
Measures taken in various sectors which have synergies for adaptation in the water sector are
mainly those which reduce water demand or increase storage capacity. Sectors found in this
review to have synergies for the water sector include agriculture, biodiversity, urban and
forests.
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Agriculture
Relatively few positive interactions were found between adaptation in agriculture and the
water sector, those that did being mostly small scale and regionally specific. As far as water
quantity is concerned, although it falls outside of the study area, one of the best examples
comes from the Great Plains, US. Here, simulated rainfed production of irrigated spring
wheat increased significantly under all climate scenarios due to increased precipitation, thus
decreasing water demand for irrigation (Tubiello et al. 2002). Similarly rain fed production of
potatoes could become more competitive than irrigated, although there are studies that
indicate the opposite effect, and hence an antagonistic interaction with the water sector
(Giannakopoulos, 2009).
In China, agriculture is the biggest water consumer, accounting for 61.3% of total water
consumption in 2010 (Ministry of Water Resource, 2012). The average water productivity of
China is only 0.61 kg ha-1, much lower than that of developed countries (Wang et al., 2012),
and water-saving irrigation here will inevitably exert a marked influence on the water sector.
According to recent research, drip irrigation can save 2,250 m3 of water per ha in Beijing (for
vegetable fields; Yang, 2011), and 5,454 m3 ha-1 in Northwest Hebei (Qu et al., 2011).
Conservation tillage practice also has a positive impact on the water sector, leading to a
reduction of soil water evaporation, improvement of the soil water storage capacity for
rainfall and lesser irrigation demands. Zhang et al. (2002) summarized that compared with
traditional tillage, conservation tillage can reduce water consumption by 15% and increase
water use efficiency by 10%. Furthermore, along the Huaihe River, conservation tillage was
shown to reduce water consumption for winter wheat by 15-25% (Wang et al., 2010b).
Biodiversity
The de Doorbraak project in the Netherlands was undertaken with dual goals for the water
sector and biodiversity (Box 1; Section 8.2.1). As far as the latter is concerned, the corridors
created connect Northeast Twente with the Crest of Salland. This scheme has a number of
synergies with the water sector, by creating extra drainage and facilitating a larger water
holding capacity, hence, decreasing the risk of both flooding and drought through the creation
of various retention areas (WRD, 2011).
Urban
Many urban adaptation strategies adapt areas such as cities to changes in precipitation and
water availability. Increases in greenspace and vegetation can improve hydrological
performance in the urban area (Armson, 2012). Sustainable urban drainage systems (e.g.
greenspace, urban trees, vegetated swales), which often form part of green infrastructure, can
reduce runoff volumes and delay peak discharge by improving infiltration and evaporation
(e.g. Oberndorfer et al., 2007). They also reduce the likelihood of overflow in combined
sewer systems (Semadeni-Davies et al., 2008a), and reduce diffuse pollution in urban
watercourses (Scholz et al., 2006; Casal-Campos et al., 2012), whilst being simultaneously
able to reduce urban heat island effects as a result of evaporative cooling, shading and albedo
effects (Berkooz, 2011; Spatari et al., 2011). Such green infrastructure components therefore
diminish the need for adaptation by other sectors.
Urban trees reduce runoff volumes in urban areas by intercepting rainfall (Gill et al., 2007)
and return a substantial part of the precipitated moisture back to the atmosphere by
evaporation (Rotherham, 2010). A study of the Greater Manchester area found that increasing
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urban tree cover by 10% would help the city adapt to the increases in precipitation predicted
under climate change by intercepting rainfall (Gill et al., 2007). Street trees are also being
planted in Sheffield for the purpose of stormwater management, with 120 mature trees
planted on a major road corridor by Sheffield County Council and South Yorkshire Forest
(Stovin et al., 2008).
To further demonstrate the effectiveness of SUDS measures in reducing runoff, the review
found green roofs were associated with reductions in peak flow of 74 ± 20% measured in
central and north-western Italy during the autumn and winter seasons (Fioretti et al., 2010).
In addition green roofs were measured to delay peak flow by over 2-hours, with the
vegetation able to retain an average of 23 ± 31% of precipitation (Fioretti et al., 2010). This
potential for stormwater management appears to be comparatively lower in Manchester,
where green roof systems were found to reduce runoff from an 18 mm rainfall event by only
17-19.9% (Gill et al., 2007). In Brussels, a modelling study examining the effectiveness of
green roof systems as a form of climate change adaptation found that the extensive use of
these systems on 10% of the current building stock would reduce runoff in the region by
2.7%, and by 54% on an individual building basis (Mentens et al., 2006).
Factors influencing the stormwater adaptation potential of green roofs include the amount
that plants transpire, those with a greater canopy biomass providing a larger total area for gas
exchange (Lundholm et al., 2010). In addition, roofs covered in mosses such as Racomitrium
canescens were found to have a 12-24% higher stormwater retention than vascular or
medium-only roofs, for example, being able to hold 47 L m-2 without any medium, compared
to water storage of 33 L m-2 by a roof with a 2.5 cm deep layer of medium (Anderson et al.,
2010).
In addition to SUDS and green infrastructure, rainwater harvesting systems installed at the
Beddington Zero Energy Development have substantially reduced mains water consumption;
that of homes in the BedZED community being almost 60% below the London average
(Chance, 2009). Although not explicitly mentioned, this reduces the amount of adaptation
required by the water sector, and hence is a synergistic interaction between the urban and
water sectors.
Forests
Afforestation can have numerous beneficial impacts on the water sector, including reductions
to peak flows and runoff, whereas tree removal has the opposite effect (Trabucco et al., 2008).
Typically, once a closer forest canopy has been established, regions in Europe can experience
a reduction in peak flow of around 10%-15% (Robinson et al., 2003). In areas of low flow,
forestry drainage channels can augment baseflows via deeper soil drainage, although these
decrease over time due to forest cover and detritus filling the drainage channels (Robinson et
al., 2003). In the Spanish mountains, afforestation reduced peak flow in rivers and the
sediment size, causing a re-establishment of plants in the river channels and banks (Ortigosa
and García-Ruiz, 1995). Through four global case studies, Trabucco et al. (2008) found that
almost 20% of modelled reforested or afforested land showed little or no change to runoff,
whereas another 28% of land demonstrated a moderate impact to reforestation or
afforestation. Around 27% of the land modelled had a high impact as runoff decreased by
80%-100%, and this was particularly acute in drier areas, semi-arid tropics and in conversion
of dry lands to subsistence agriculture. Although there were significant impacts on local
hydrological cycles due to the size of catchment involved, it did not have a significant effect
on a regional scale. These reductions in runoff can reduce the impact of intense precipitation
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events and, hence, reduce the likelihood of flooding. This link was not made explicitly in the
above examples, although the studies did examine impacts of forestry adaptation measures on
water.
Sectors with synergies for forests
An important related issue in reforestation projects is the balance between natural and
artificial regeneration, i.e. to what extent should natural regeneration be used and when to
encourage planting of seeds or seedlings, possibly originating from different climatic
conditions. The occurrence of frequent natural regeneration is fundamental for continuous
natural selection in forest ecosystems, thus maintaining the evolutionary process of forest tree
populations. Assisted colonisation is often seen as being particularly appropriate for the
conservation and restoration of systems, such as forests, in response to climate change (e.g.
Chapin et al. 2007; McKenney et al. 2009), and attempts at the diversification of tree species
can lead to a variety of available habitat types suitable for native species (Lamb 1998; Norton
1998; Hartley 2002). The design of reforestation projects can have a large impact on
biodiversity, and could be carried out in such a way as to enhance climate change adaptation
opportunities for these species. Artificial regeneration may be needed to complement natural
regeneration and, in some cases, to accelerate the adaptation of forest trees to climate change
(e.g. by using more southerly provenances). In this way it could reduce the need for
adaptation by those concerned with habitat maintenance for its own sake, or for associated
forest species.
7.2.3 Synergies between adaptation and mitigation in the same sector
The greatest numbers of explicit synergies recorded were between adaptation and mitigation,
whether within or between sectors. For a number of measures there were both within and
between sector synergies and in order to avoid the unnecessary division of the synergies
associated with a measure, they are discussed together under the category of “synergies in the
same sector”.
Agriculture
Explicit synergies within the agriculture sector have been discussed in the wider literature.
Howden et al. (2007), for example, in the context of discussing adapting agriculture to
climate change, suggested that the possibility and costs of implementing both climate
mitigation and adaptation is a useful area of study. Rosenzweig and Tubiello (2007) suggest
that in many instances mitigation and adaptation strategies in agriculture are synergistic, such
as increased irrigation enhancing carbon sequestration. The major synergies in agriculture
between adaptation and mitigation are discussed by Smith (2012). They identify that
adaptation measures such as (1) reducing soil erosion and the leaching of nitrogen and
phosphorus, (2) soil moisture conservation measures, (3) increasing crop rotation diversity by
choices of species or varieties, (4) microclimate modifications to reduce temperature
extremes and provide shelter, (5) land use change involving abandonment or extensification
of existing agricultural land, or (6) the avoidance of the cultivation of new land, will also
contribute to mitigation. In general, if properly applied, these measures will reduce GHG
emissions by improving nitrogen use efficiencies and soil carbon storage.
This review identified a number of possible synergies. For example, spring sown crops have
the potential to reduce N2O emissions, as they require lower nitrogen inputs than winter sown
crops (Olesen et al., 2004). In the case of delayed planting of winter cereals in Denmark, the
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most efficient way of reducing GHG emissions whilst maintaining yields was seen in a spring
cereal based crop rotation with catch crops (Olesen et al., 2004).
The conversion to no-tillage management for climate change adaptation carries with it a
number of both within and between sector synergies. These include reduced erosion rates,
reduced surface runoff, and increased soil moisture availability (Bescansa et al., 2006; Sip et
al., 2009; Soane et al., 2012); all of which reduce the amount of additional adaptation
required by the agricultural sector to cope with climate change. No-till practices also reduce
the lateral loss of agro-chemicals, such as herbicides (Tebrügge and During, 1999), and
reduce N leaching from the farm system (Constantin et al., 2010) and could contribute to
sustaining carbon storage or sequestration.
A large number of adaptation measures reviewed for China were found to impact positively
on mitigation, and some could also contribute to adaptation in the water sector by reducing
demand. Water saving irrigation, for example, was found by various researchers to lead to
substantial energy savings in agriculture (Guan 2004; Dang et al., 2006; Ma and Feng 2006;
Li et al., 2007). Zou et al. (2012) found that the 3-year total CO2 emission reduction for water
saving irrigation stands at 34.67 Mt and about 11.56 Mt per year in China. In terms of
methane, intermittent irrigation for rice paddy could decrease emissions by 33-93% (Zou et
al., 2012).
Returning crop residues, which is regarded as a component of conservation/no-tillage, is
proven to increase the water use efficiency and soil carbon storage simultaneously (Wang et
al., 2006). Jin et al. (2008) observed that the recent increase of soil carbon content in arable
land in China resulted from the promotion of returning crop residues and conservation/notillage. A national estimation concluded that returning crop residues (50-100%) and no-tillage
(50-100%) have a soil carbon storage potential of 23-57 Tg C a-1 and 22-43 Tg C a-1
respectively (Yan et al., 2007; Wang et al., 2011). Wang et al. (2011a) reviewed the carbon
sequestration potential of major agricultural practices, the results of which are shown in
Table 9, further highlighting the potential for synergies between adaptation and mitigation in
the agricultural sector.
Table 9: Estimation of carbon sequestration potentials for major agricultural practices in
China.
Agricultural practices
Mineral fertilizer
Organic fertilizer
Returning crop residue
Conservation tillage
Conservation tillage
(50-100% of arable land)

Carbon sequestration
potential (Tg C y-1)
94.9
5.5 - 42.2
18.3 - 57.1
2.4 - 4.6
21.5 - 43.0

Literature source(s)
Han et al.(2008)
Han et al. (2008); Yu and Li (2009)
Yan et al. (2007); Han et al. (2008);
Wang et al. (2009); Yu and Li (2009)
Han et al. (2008); Yu and Li (2009)
Yan et al.(2007)

*summarized by Wang et al. (2011a)
Biodiversity
Given the carbon content of biomass, any measure that results in its increase will lead to
greater carbon sequestration, while adaptation measures which conserve or enhance carbondense ecosystems like peatland and forest will similarly contribute to mitigation through
carbon storage.
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The Restoring Peatlands Project is an example of habitat restoration for substantial areas of
degraded peatland in both Belarus and the Ukraine (see www.restoringpeatlands.org). A
main aim of the project is the provision of suitable habitat for a number of species, thus
helping to conserve diversity under climate change. As far as synergies are concerned, this
adaptation measure reduces GHG emissions, hence mitigating climate change, with the
Belarus part of the project estimated to sequester a total of 2.9 tons CO2 equivalent ha-1 y-1.
In addition, the restored peatlands have other benefits, through regulation of the local microclimate, improving soil quality and reducing the likelihood of peat fires.
Coasts
A large number of the coastal adaptation measures reviewed impact positively on mitigation,
although it is important to note that again these synergies are rarely identified in the literature,
with carbon sequestration being considered more of a co-benefit, rather than the reason for
implementing a scheme. There is a general consensus that saltmarsh creation, whilst
providing a natural coastal defence, is also an effective carbon sink and therefore can
contribute towards a reduction in global GHG emissions (Connor 2001; Trulio et al., 2007;
Yu and Chmura, 2011). Research has shown that increases in atmospheric CO2 levels and
global warming may accelerate the rate at which marsh systems sequester carbon (Connor et
al., 2001; Choi and Wang, 2004), and a review by Trulio et al. (2007) demonstrates the
ability of saltmarsh restoration to act as a natural defence which will increase in area and
height with sea-level rise, therefore creating a highly effective carbon sink.
Studies adopting a cost-benefit approach are among the few which explicitly identify the
synergy of saltmarsh as a coastal defence and a reservoir for carbon. Luisetti et al. (2011), for
example, consider various managed realignment scenarios with the most extreme scenario for
the Humber Estuary resulting in 102 km of realigned defences, 34 ha new intertidal habitat
and an estimated 3,597.1 t C stored per year as a result of the intertidal habitat created. The
study also assessed the most extreme scenario for the Blackwater Estuary with 40 km of
realigned defences and a subsequent 639.49 t C stored per year by 2,000 ha of new intertidal
habitat. The disparity in the rate of carbon storage and areal extent of intertidal habitat
highlights that other factors, such as the amount of agricultural area that will be lost and the
overall length of defences removed, also impact on carbon sequestration. Similarly, Shepherd
et al. (2007) discuss realignment as a coastal adaptation which impacts positively on climate
mitigation, with created saltmarsh along the Blackwater Estuary capable of storing 23509417 t C per year depending on sedimentation rate.
This review has found that hard-engineering schemes can also impact positively on
mitigation. Clark (2006), for example, considered the adaptation intervention of tidal power
barrages in the UK and their potential impacts. The study concluded that if enough
generators are installed, the barrages would have the cumulative ability to limit local tidal
range. Furthermore, they would also impact positively on mitigation by replacing carbonintensive forms of energy with tidal power, and it is estimated that a barrage on the River
Severn would be able to supply 6% of the UK’s energy requirements (Clark, 2006).
Forests
Forests and wetlands exhibit the highest capacity for the provision of long-term sequestration
of carbon (MEA, 2005) and thus any afforestation or reforestation as part of climate change
adaptation will implicitly contribute to mitigation, both through storage in the vegetation and
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soils. Lal (2004) found that afforestation can enhance soil organic carbon, thus decreasing
atmospheric concentrations, although the rate of uptake is variable, related to interactions
between climate, soils, tree species and management, and the chemical composition of
detritus. Climate change potentially could also enhance forest growth as more nitrogen may
be available (i.e. increasing biomass and hence carbon sequestration), and this could
compensate for the release of soil carbon in response to warming (Lal, 2005).
Urban
There are several examples of urban adaptation measures contributing to mitigation, without
being associated with a particular mitigation measure. Urban adaptation can contribute to
mitigation in two ways: (1) through avoided emissions, and (2) through carbon storage. As
far as the former is concerned, the climatic regulation and shading effects of urban trees, in
addition to reducing runoff, can be associated with decreased emissions stemming from a
reduced use of active cooling systems in buildings (Nowak, 1994; McPherson et al., 2005).
These avoided emissions will be especially large in regions with high cooling loads, and
contribute indirectly to climate change mitigation.
To illustrate the possible extent of this synergy with mitigation, it is necessary to draw on
findings from a number of US studies, as the review did not find such links in European
studies. The city of Berkeley, for example, has a high number of streets with trees (65%),
resulting in substantial energy savings from shading during the summer months, equivalent to
around 95 kWh per tree (McPherson et al., 2005). Bigham (2011) also identified the potential
for energy savings from urban trees, calculating that increasing the number of urban trees in
ten US cities by 10% would result in 5-10% energy savings due to shading and wind blocking
effects. As a result it has been suggested that a 25-feet tall tree has the capacity to reduce
annual heating and cooling costs of a typical residential dwelling in the US by 8-12%
(McPherson and Rowntree, 1993). In accordance with this, an interesting scheme in FresnoCalifornia, US, called the PG&E shade tree program sponsors the buyers of new energy
efficient homes to plant trees which shade residential dwellings (McPherson and Rowntree,
1993).
Despite the above moderate energy savings, it is important to note, that as far as the avoided
CO2 emissions are concerned, the offsets associated with the shading and cooling by urban
trees in Gainesville and Miami-Dade (above), are much lower than those achieved directly by
carbon sequestration; at 0.8% and 0.2% of city-wide CO2 emissions respectively (Escobedo
et al., 2010).
As explained in Section 4.5.1, urban trees also mitigate climate change by sequestering
carbon (see Nowak and Crane, 2002; Escobedo et al., 2010; Davis et al., 2011). Hence, in
addition to the avoided emissions discussed above, carbon sequestration is yet another
synergy associated with urban trees. The amount of storage is variable, it being estimated that
trees in Leicester, UK, store around 231,521 t C, equal to a density of 3.16 kg C m-2 over the
urban area (Davis et al., 2011). Research suggests that if 10% of the present grassland owned
by the city council were planted with trees, an extra 28,402 t C would be sequestered into the
current pool (Davis et al., 2011). As to achieving the highest levels of mitigation, a US study
found that urban forests consisting of natural pine-oak forests, and stands of highly invasive
trees achieved the greatest levels of CO2 storage (Escobedo et al., 2010). It also found that
the direct carbon sequestration by urban trees in Gainesville and Miami-Dade is able to offset
2.6% and 1.6% of city-wide CO2 emissions respectively, suggesting they are a moderately
effective mitigation measure (Escobedo et al., 2010).
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Despite the above potential, it is important to highlight that urban trees sequester carbon at
less than half the density of natural forest (Nowak and Crane, 2002), and hence in mitigation
terms, and in contrast to the above finding, the amount of carbon sequestered by urban trees
is often seen as negligible; not of great enough magnitude to achieve local greenhouse gas
reduction targets (Pataki et al., 2011). Therefore, although this synergy does exist, the use of
urban trees primarily as a form of climate change adaptation provides greater benefit, whilst
being able to aid mitigation to some extent through emissions avoidance, and (moderate)
carbon storage.
Green roofs, while helping urban areas to adapt to climate change through stormwater
management and reducing urban heat island effects (discussed in Sections 3.5.3 and 3.5.7),
can also make a small contribution to mitigation in terms of carbon sequestration (Rowe,
2011). The magnitude of carbon storage achieved by green roofs in Michigan was calculated
at an average of 162 g C m-2 (Getter et al., 2009). The potential of this synergy can be
improved by altering the species selection, depth of substrate and its composition, and by
improvements in management (Rowe, 2011). It is, however, important to note that the
potential for co-benefits to be achieved here is rather time-limited, as over time a green roof
system will reach a carbon equilibrium, and no longer function as a sink for carbon (Rowe,
2011).
Water
The effect mitigation has on hydrological regimes and vice versa is complex due to the
interactions of biological productivity (and carbon in soils), rates of decomposition and GHG
emissions (Falloon and Betts, 2010), but there is a potential for adaptation measures that lead
to increased soil water and carbon to increase carbon sequestration. The planting of trees and
other vegetation, for example, to provide additional shade is an adaptation to potential
increases in temperature, which can also act as a carbon sink (as well as providing an
additional habitat for wildlife).
7.2.4 Synergies between mitigation and adaptation in different sectors
Synergies between mitigation and adaptation in contrasting sectors were less numerous than
those within the same sector, and perhaps reflects the stand-alone nature of strategies. The
results from this review suggest that the potential for synergies from other sectors with
biodiversity or agriculture (at least in Europe) have not been acknowledged in the literature.
No explicit synergies were identified, although for the biodiversity sector, given the role of
biodiversity and the increasing interest in ecosystem services, which include climate
regulation (e.g. Balvanera et al., 2006), it is likely that many synergies will be made more
explicit.
Urban and biodiversity
Urban greenspace is multifunctional and therefore has the potential to both directly and
indirectly affect climate change adaptation and mitigation. For example, green infrastructure
components, such as urban trees and green roofs, can be employed under adaptation for
instances such as shading to reduce heat stress and reduce the urban heat island effect (Doick
and Hutchings, 2013), and also to improve hydrological performance (e.g. Bowler et al.,
2010; Armson, 2012); but also under mitigation by providing carbon sequestration (e.g.
Davis et al., 2011; Rowe, 2011) and emissions avoidance (McPherson et al., 2005). The
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potential for these measures to impact on adaptation in other sectors has already been
discussed in Section 7.2.2, and will be the same for urban mitigation measures.
Water
There are many drivers of change to water resources and to model these requires full
integration, including understanding the uncertainties in the drivers, and their impacts.
Synergies between adaptation and mitigation are expected, but at times these can also be
unexpected and occur at different spatial scales. Given the long time period required to see
significant benefits in mitigation, the full impact of synergies may take decades to be
recognised. As mitigation studies mainly rely on modelling and prediction, whereas
adaptation studies largely report the present situation, there are limited overlaps between the
two in the current literature.
To help the water sector and to relate synergies and integration to environmental, economic,
urban and social sectors, the EU policies of the Water Framework Directive and the Water
Scarcity and Drought Communication have been developed. These evaluate the supplies and
demands for water. Quevauviller (2011) states that climate change is not seen as an
anthropogenic pressure in the Water Framework Directive, yet over many decades, scientists
recognise that climate change does cause changes to water resources and their impacts in
many sectors. Climate change and mitigation can influence many steps of the Water
Framework Directive and can exacerbate existing problems. The European White Paper on
adapting to climate change helps identify these and considers what adaptation strategies can
increase resilience over a wide range of sectors influenced by water management, working
within the remit of other frameworks and directives (e.g. the EU Floods Directive).
7.2.5 Synergies between mitigation in the same or different sectors
None were identified and this may be because the types of measures considered, e.g. carbon
sequestration, enhanced carbon storage and avoided losses usually are treated as
complementary, but exclusive measures.

8. Negative interactions
In contrast to the positive and neutral interactions the above mitigation and adaptation
measures were found to have, it is also possible that sectors can be negatively affected. These
types of interactions are unwanted, and it is important to assess strategies thoroughly to avoid
antagonisms (or conflicts) and trade-offs. Negative interactions can take the form of (1)
simple negative cross-sectoral interactions (i.e. any direct negative impacts adaptation and
mitigation measures have which do not impact mitigation or adaptation), or (2) antagonisms
(i.e. where strategies negate other adaptation or mitigation efforts).
8.1 Simple negative cross-sectoral interactions
As with the simple positive cross-sectoral interactions, simple negative cross-sectoral
interactions were found to affect the water sector only. In agriculture, for example, the review
found evidence that the lack of soil mixing in no-tillage systems causes greater herbicide
concentrations to be present in the run-off water, as pesticides accumulate in the upper soil
and are therefore not mixed when soil disturbance is minimal (Stevens and Quinton, 2009).
The delayed sowing of winter cereals in Denmark was found to result in reduced N uptake by
crops during autumn and winter seasons, leading to higher N leaching (Olesen et al., 2004).
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In terms of coastal adaptation and mitigation, one of the adverse impacts of wetland creation
is a short-term decline in water quality. There are two reasons for this; the first being an
increase in concentrations of heavy metals, and the second an increase in nutrient levels, as
saltmarsh acts as a sink (Andrews et al., 2006; Loomis and Craft, 2010). MacLeod et al.
(1999) reported an increase in contaminant metals at Orplands Farm after managed retreat,
which led to a short-term reduction in water quality. However, once the system achieved
equilibrium with its surroundings, it began to behave as a sink, storing Pb, Cr, and Cu. Many
studies recorded increases in nutrient concentrations post-realignment, which has in turn
increased the likelihood of eutrophication (Blackwell et al., 2004; Loomis and Craft, 2010).
One study concerning the effects of de-embankment on the island of Langeoog, Germany,
reported substantial nutrient fluxes of phosphorus and ammonia over the timescale of a few
days (Kolditz et al., 2009). There is also evidence that wetland creation alters the redox
potential of the soil (Blackwell et al., 2004; Kolditz et al., 2009; Mazik et al., 2010; Thiere et
al., 2011). Managed realignment in Devon led to the creation of a new hydrological regime,
rapidly lowering the soil-water table, and causing sediments to become anoxic (Blackwell et
al., 2004).
8.2 Antagonisms
These are situations where adaptation and mitigation measures in a given sector impact
adversely on adaptation and mitigation measures within the same, or in another sector. These
may lead to the need for the consideration of trade-offs (Section 10). As with synergies,
almost none of the conflicts explicitly mention the impact of an adaptation/mitigation
measure on adaptation or mitigation in the impacted sector. These measures could thus be
only inferred to as leading to adaptation or mitigation conflicts.
As with synergies, conflicts (in theory) may be within or between sectors and involve:
 Adaptation and adaptation measures (Section 8.2.1), e.g. large-scale coastal defences
preventing ecosystems migrating inland;
 Adaptation and mitigation measures (Section 8.2.2), e.g. intermittent irrigation of rice
paddies leading to higher N2O emissions;
 Mitigation and mitigation measures (Section 8.2.3).
An overview of the antagonistic interactions found is given below in Table 10.
8.2.1 Antagonisms between adaptation measures
There are a number of implicit examples of antagonisms, especially in relation to the negative
impacts of an adaptation measure on biodiversity, since two of the UK climate change
adaptation principles for biodiversity are to conserve and restore existing biodiversity and
reduce sources of harm not linked to climate (Smithers et al., 2008). For example, green roofs
may have negative effects on native species, as may no-tillage systems, forestry plantings and
operations, while some coastal hard-engineering could prevent coastal ecosystems migrating
inland in response to sea-level rise .
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Table 10: Antagonisms between mitigation and adaptation.
Urban
Urban

Urban
Intensification
paradox

Coasts

Water

Agriculture

Biodiversity

Forestry

X

X

X

X

X

Storm-surge
barriers
Coasts

X

Restoration – loss of
agricultural land could
increase need for
intensification of
agriculture

X
Wetland
creation

Water

X

X

Agriculture

X

X

Biodiversity

X

X

X

X

Earlier sowing dates
increase demand for water
irrigation
X

X

X

Lead to lower base
flow/promote less
groundwater recharge
Deplete flows during drought
periods
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Storm-surge barriers –
removal/degradation of habitat
Restored tidal flow – loss of
protected areas, e.g. national
park/reserves
Building dams can prevent
movement of organisms/cause
habitat loss

X

X

Intermittent irrigation
Conservation
agriculture
Soil-C management

X

X

X

X

X

X

Tillage, ploughing and scarification
for afforest/reforestation may
negatively affect some organisms
Plantations have less habitat
diversity and complexity, reducing
ability of some species to colonise
Clear-cutting increases long-term
forest health, but can lead to habitat
loss and fragmentation

Thinning –
reduced
carbon storage

Afforestation can increase
water demand
Forestry

Hard engineering – prevents some
coastal systems migrating inland

There are also possible antagonisms between some of the sectors and water. For example,
afforestation on new land can increase water demand, as can crop irrigation. Increasing water
supply is necessary to meet demands of urbanisation or improve economic activity
(Vörösmarty et al., 2010) and all these changes can impact biodiversity, especially river and
wetland species, habitats, and their adaptation to climate change. In urban areas future water
pressures also may result in conflict over use of water for irrigation, so it would be important
to develop sustainable irrigation measures for greenspace, for example, by rainwater
harvesting, the re-use of greywater and floodwater storage, to ensure that they continue to
regulate urban climate (Gill et al., 2007). While there are various benefits associated with
conservation agriculture practice, there also exist a number of conflicts (Soane et al., 2012),
particularly associated with its environmental impacts, including the impact of increased
herbicide use on water quality.
Other conflicts may arise with the different land use requirements of adaptation measures.
Biodiversity, for example, would require additional land for networks and thus could be in
competition with demands from the agriculture and forestry sectors (BMU, 2008). Such
conflicts between competing land uses is not new, although climate change adds new
dimensions to it and possible solutions are discussed in Section 16.6.
Sectors with antagonisms on biodiversity
Antagonisms for the biodiversity sector were the most numerous found in this review.
Evidence of this was found in adaptation strategies for coastal, agricultural, forest and water
sectors.
Coasts
The majority of hard-engineering adaptation options have been shown to impact adversely on
biodiversity through the promotion of coastal squeeze (Beeftink, 1975; Bozek and Burdick,
2005). Storm surge barriers, such as those created as part of the Netherland’s Delta Plan, are
a prime example of how coastal adaptation to climate change can have antagonisms for
biodiversity. These impacts are shown and discussed in Box 1. Additionally, the construction
of embankments in the Wadden Sea area during the last 500 years have resulted in the loss of
oyster beds and a significant decline in habitat diversity, with saltmarsh having previously
provided an important habitat for migratory species (Reise, 1998). In a number of studies, the
construction of LCS was shown to result in an increase in the abundance of algae, which
hindered the ability of species to settle and reproduce on the structures (Blockley and
Chapman, 2005; Lamberti et al., 2005; Martin et al., 2005).
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The Delta project, Netherlands
The Delta Project led to the closure of numerous estuaries along the Dutch coast, and
has had the desired effect with respect to reinforcement of the coastline, and
protection against flooding (Wolff, 1992). In contrast, the closure of estuaries has led
to a subsequent reduction of 120 km2 in tidal area on Eastern Scheldt, causing many
intertidal zones to dry out (Elgershuizen, 1981; Saeijs and Stortelder, 1982; Smits et
al., 2006). The new hydrodynamic regime has resulted in widespread erosion, with a
reported loss of 120 million m3 of sediment from the Oosterschelde tidal basin, and a
doubling in the rate of cliff retreat has occurred since the completion of the project
(Louters et al., 1998). Research shows that the Delta Project will cause the future loss
of all tidal flats in the area (Smits et al., 2006), and therefore could be seen as an
example of maladaptation, with hard-engineering damaging natural coastal defences,
and increasing rates of erosion as a result of a progressively more unnatural regime.
Biodiversity
Perhaps due to the adverse nature of impacts on biodiversity, the majority of studies
concerning the Delta Project focused on the link between the coast and biodiversity.
In the Eastern Scheldt, high erosion rates resulted in the loss of 170 km2 of intertidal
habitat (Schekkerman et al., 1994), and in addition, Wolff (1992) reported that 70% of
marshes along the estuary had lost their character since completion of the project.
The combined effects of these impacts are reductions in, and the disappearance of
many native estuarine species dependent on the intertidal zone (Schekkerman et al.,
1994; Smits et al., 2006). Saeijs and Stortelder (1982) quantified the environmental
impact after the closure of the Grevelingen Estuary, reporting the reduced tidal
influence to have altered plant and animal communities, resulting in the
disappearance of 80% of crab and lobster species, and loss of fish species which were
no-longer able to migrate between fresh and seawater habitats. This has impacted
adversely, causing considerable damage to local fisheries industries, the area having
previously hosted a rich aquatic system (Wolff, 1992). In addition, the decline in native
species has allowed a number of invasive and exotic species to establish since
construction was completed (Jong and Kogel, 1985).
Water
The barrages removed the tidal influence from a number of estuaries, with the area
behind the dams being turned into stagnant lakes, and seawater experiencing
desalination (Noordwijk-Puijk et al., 1979; Elgershuizen, 1981; Saeijs and Stortelder,
1982; Jong and Kogel, 1985; Wolff, 1992; Smits et al., 2006). Stagnant water in the
lake behind the dam at Grevelingen was found to contain high nutrient loadings,
which in conjunction with a long residence time could cause eutrophication of the
system (Elgershuizen, 1981; Saeijs and Stortelder, 1982).
One positive impact on the water sector was that the decreased tidal velocity in the
estuaries improved water clarity, which in turn could lead to increase in primary
productivity by phytoplankton (Elgershuizen, 1981).
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Urban and socio-economic
A study by Smits et al. (2006) highlights the fact that although the Delta Project has
decreased the likelihood of coastal flooding, the perceived increase in safety has led to
further growth both in terms of population and the economic value of the area,
resulting in a much higher potential damage. In contrast, a study by Elgershuizen
(1981) identified the barriers to have the potential for numerous socio-economic
benefits, depending on how actively the barrier was managed. These included
benefits to shipping; fisheries, with higher water levels over the winter months
protecting shellfish from the negative effects of frost; protection against oil-spill
events; and the provision of area suitable for water tourism related activities such as
sailing.
Box 1: Case study of the Delta Plan which illustrates the interactions between coastal
adaptation and other sectors.
This review has also found several studies to suggest that soft-engineering schemes, which
are generally considered to have a low environmental impact, can have adverse consequences
on biodiversity (Nelson, 1993; de Ruig, 1998; Bishop et al., 2006; Peterson et al., 2006;
Jackson et al., 2010). A review by Speybroeck et al. (2006) discusses a range of these
impacts, which include the compaction of the sand, damage to habitats and plant
communities, and the destruction of dune vegetation. Studies from the US, although outside
the study area, provided the best examples of the potential antagonisms on biodiversity from
coastal adaptation. Bishop et al. (2006) assessed that changes to sediment size and density as
a result of nourishment altered the assemblages of benthic invertebrates (Bishop et al., 2006).
In addition, two studies report the deposition of sand to cause the burial and suffocation of
some species, resulting in short-term mortality (Bishop et al., 2006; Peterson et al., 2006). It
is important to note the scale of these impacts, which in North Carolina were not only local,
but found to affect an area over one kilometre away from the site. Other impacts associated
with the compaction of sand after nourishment include a decrease in the area of suitable
foraging habitat, with a 14-29% reduction at one site in Carolina (Peterson et al., 2006).
Another study from the US showed that beach replenishment had caused the mole crab,
which was the dominant swash-zone species, to abandon the site in the short-term (Nelson,
1993). Both of the above studies record a decrease in use of the site by shorebirds after a
reduction in the amount of prey available post beach nourishment (Nelson, 1993; Peterson
and Bishop, 2005; Peterson et al., 2006). It is therefore clear from this review, that even soft
engineering approaches have the potential to antagonise adaptation in the biodiversity sector
by removing suitable habitat space and, hence, decreasing the resilience of a number of
species under climate change.
Agriculture
There is a strong and clear interaction between crop and livestock breeding and biodiversity,
as while it is estimated that there are about 50,000 edible plants, less than 250 are used and 15
crops supply 90% of the calories in human diets, with three (wheat, maize and rice) providing
60% (Ceccarelli et al., 2010). Breeding has been important in increasing yields in all three
crops, but it has been at the expense of genetic diversity and, hence, antagonises the ability of
biodiversity to adapt to climate change. Natural variations are critical in providing traits not
just for increased yield, but also for resistance to disease and pest, drought tolerance,
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nutritional quality, etc. and are fundamental to conventional and newer genome-assisted
breeding approaches (Weckwerth, 2011). It has been suggested that conventional agriculture
and plant breeding could lead to the extinction of diverse cultivars and non-domesticated
plants (Mendum and Glenna 2010), with Gepts (2006) claiming that modern industrial
agriculture is the single biggest threat to biodiversity. Organic agriculture, however, is even
more dependent on locally adapted traditional genotypes or landraces to cope with large
genotype-environment interactions (Wolfe et al. 2008). Climate change may exacerbate the
crisis as the lack of genetic diversity hinders adaptation (Ceccarelli et al. 2010). Increases in
monoculture biofuel production may also lead to greater biodiversity loss, including genetic
losses, and the displacement of locally adapted varieties important for climate change
adaptation (Sarker and Erskine 2006; Rodriguez et al. 2008). Increasing agricultural
production through extensification can also conflict with biodiversity, as it increases
competition with other land uses, however, the use of algae for biofuels could diminish such
competition for arable land, and lead to other environmental benefits, such as the avoidance
of soil erosion (Weckwerth, 2011).
The use of water for irrigation can also compromise biodiversity, including endangered
species and nature reserves (Adams and Cho, 1998; Hellegers et al., 2001; Iglesias et al.,
2011). Wetland habitats are likely to be particularly affected by agricultural water abstraction
from ground or surface waters and an investigation of 13 RAMSAR sites in Greece found
that irrigation was the most negative action affecting wetland functions and values, followed
by cropland expansion and overgrazing (Gerakis and Kalburtji, 1998). Conversely, Voldseth
et al. (2009) showed that water levels in wetlands could be increased by changing
surrounding land use from unmanaged to managed grasslands or cultivated crops. These
changes could lead to water levels under a 2°C rise in temperature, both with and without a
10% increase in precipitation, being higher than unmanaged grassland under historical
climate conditions (Voldseth et al., 2009). This was sustained by managed grasslands under a
4°C rise in temperature with a 10% increase in precipitation and it also reduced the
proportion of years in which the wetland dried out by nearly 40% under the three climate
change scenarios. Converting the unmanaged grassland to row crops could, however, have
the undesirable effect of increased sedimentation and pollution in the wetland (Voldseth et al.,
2009).
Forests
The use of chemical control methods for pests and diseases as a form of adaptation to future
conditions can have negative impacts on biodiversity, provoking side effects on non-target
organisms. For example, according to Raulund-Rasmussen et al. (2011) intensive pesticide
use negatively affects species that are abundant in forests soils and therefore essential for
good soil structure. Insecticides may affect non-target organism, e.g. deltamethrin, which is
toxic to fish (Pimpao et al. 2007; Berry et al., 2008b). Finally, fertilisation affects the soil
quality negatively (Raulund-Rasmussen et al., 2011).
The logging technique of clear cutting can contribute to long-term forest health, although it
has the potential for both positive and negative effects on biodiversity. Specifically, for the
case of species adapted to old forest environments with small scale disturbances and a long
continuity of tree cover, clear-cutting can lead to habitat loss and fragmentation. Nevertheless,
clear-cutting can be combined with bio-fuel harvest, decreasing the structural diversity at the
site and reducing the ability for some ground living species to survive the open biotope
succession phase (Åström et al., 2005; Raulund-Rasmussen et al., 2011).
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Water
Vörösmarty et al. (2010) found that methods to increase water security (e.g. building dams to
store and control water) although having little immediate adverse impact on humans, can
have significant adverse impacts on biodiversity in that immediate area or beyond. This
includes changes in flow regimes, the movement of organisms, fisheries and habitat loss.
Sectors with antagonisms on water
Agriculture was the only sector identified in this review where measures were found to
antagonise adaptation in the water sector through increased demand. It was recognized in the
literature that the use of water for irrigation will lead to reduced water availability. This is
known to affect river flows and lake levels, as globally only about 25% of the irrigation water
withdrawn is taken up by crops, 19% is lost and about 56% is available for subsequent use
(Sauer et al., 2010). As far as crop type is concerned, the only cross-sectoral interaction
identified for growing spring versus winter crops was with water. The adaptation measure of
earlier sowing dates and the use of longer growing cycle cultivars would both require
additional water for irrigation, although they have the potential to reduce the negative impacts
of climate change by allowing crops to escape higher temperature and water stress
(Giannakopoulos, 2009).
Sectors with antagonisms on agriculture
The loss of agricultural land is commonly a direct result of many dynamic coastal adaptation
interventions discussed in this review (Gardiner et al., 2007; Pontee, 2007; Marquiegui and
Aguirrezabalaga, 2009; Blackwell et al., 2010; Mazik et al., 2010). Managed realignment, for
example, included the restoration of tidal flow to 21 ha of arable land at Tollesbury (Wolters
et al., 2005b; Garbutt et al., 2006; Reading et al., 2008), and the inundation of agricultural
fields and grazing meadow at Orplands (Emmerson et al., 1997). In the UK, depending on the
future policy scenario, it was found that in the most extreme case, future managed
realignment on the Humber Estuary would result in a loss of 7,000 ha of agricultural land
(Luisetti et al., 2011). Although not implied as such in the literature, this loss of land will
reduce the ability of agriculture to meet future demand, and hence has antagonisms with
adaptation in this sector
8.2.2 Antagonisms between mitigation and adaptation
Adaptation antagonising mitigation efforts
Agriculture
The review of agriculture in China found many instances of agricultural adaptation strategies
impacting negatively on mitigation and although some field and micro data have been found,
there is no systematic national evaluation, neither qualitative nor quantitative, of these in
China. A recent study indicated that reservoirs, which are an important part of agricultural
adaptation infrastructure in China, were net emitters of GHGs due to the decomposition of
flooded vegetation and soil organic matter. There are three fates for the GHGs produced:
direct flux at the air–water interface, turbulent exchange (e.g. in hydroelectric turbines), and
spillway downstream of the reservoir (Lima et al. 2008).
Intermittent irrigation for rice paddies, which is widely used in China to save water and
increase yields under climate change, will create an environment benefiting the production of
N2O and thus result in higher GHG emissions (Akiyama et al., 2005; Zou et al., 2007).
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Experiments in Hunan, for example, indicated that non-flooding irrigation could lead to
higher denitrification in the 0-10 cm topsoil layer and thus higher N2O emissions (0.75-2.5
times greater) compared with traditional flooding irrigation methods (Xu et al., 2012).
In Europe, conservation agriculture practices also could lead to increases in N2O emissions
(Ball et al., 1999; Smith et al. 2000a; 2001; King et al., 2004; Carlton et al., 2012), with
evidence of increases in the nitrogen content of the surface soils in no-till systems from
residue and fertiliser applications (Stevens and Quinton, 2009). In terms of adaptation
measures for heat stress in ruminants, it is generally faster to improve welfare, production and
reproduction performances by altering the environment (West and Marland, 2003; Mader et
al., 2006), but intense environmental modification, such as air conditioning, could not only be
too expensive, but also the increased energy use would contribute to further climate change.
Coasts
Similarly, some coastal forms of adaptation, such as the construction of tidal and storm-sure
barriers in the Netherlands, can impact negatively on mitigation. Here, storm-surge barriers
have removed the tidal factor, degraded intertidal habitat and caused the subsequent loss of a
carbon sink (Saeijs and Stortelder, 1982; Schekkerman et al., 1994). However, these
antagonisms are not explicitly mentioned within the literature, with studies only going as far
as to mention the loss of saltmarsh and relating secondary impacts to biodiversity, rather than
carbon storage.
Tidal barriers are also capable of impacting on local climates, where for example a number of
stagnant lakes have formed barriers constructed as part of the Delta Project (Noordwijk-Puijk
et al., 1979; Saeijs and Stortelder, 1982; Wolff, 1992; Smits et al., 2006). These have a high
heat capacity and as a result, the lakes could cause summer water temperatures to increase by
1-3°C, and during long periods of stagnation could increase temperatures at a local level
(Elgershuizen, 1981). This could be seen as maladaptation as it would then require other
(local) adaptation measures and could cause existing adaptation efforts to become ineffective.
Despite the carbon storage benefits from saltmarsh creation, wetlands are also known to be
sources of the two potent GHGs; methane (CH4), and nitrous oxide (N2O) (Ding et al., 2004;
Hansen, 2009; Liikanen et al., 2009; Loomis and Craft, 2010; Moseman-Valiterra et al., 2011;
Thiere et al., 2011). Studies differ on the magnitude of flux of these gases, with a study by
Bartlett et al. (1985) calculating the global annual CH4 emissions from saltmarsh to be
0.34 x 1012 g CH4, and other studies reporting CH4 emissions to be negligible and
significantly lower than that of other wetlands (Ding et al., 2004; Trulio et al., 2007; Thiere
et al., 2011). As far as the release of nitrous oxide is concerned, Blackwell et al. (2010) state
that if managed realignment is implemented on a global scale, the production of N2O would
be so great in the mid-term that it would result in a positive feedback effect until sites are
fully developed into natural saltmarsh. Similarly, a study by Andrews et al. (2006) reports
that in the short-term, microbial reactions associated with initial high denitrification in
created marsh result in at least a 50% decrease in the benefits from future carbon storage.
This concept was also highlighted by Hansen (2009), with CH4 and N2O release from created
saltmarsh having the potential to counteract the carbon storage benefits. Furthermore, as the
majority of schemes in this review involved some form of wetland creation, it is important to
note that climate change and marsh degradation could drive these systems to become net
GHG sources (Burkett and Kusler 2000; Moseman-Valiterra et al., 2011).
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Finally, Luisetti et al. (2011) identify an interesting antagonism in that the loss of agricultural
land as a result of managed realignment may impact adversely on food security, reducing the
ability to cater for future increasing food demands and potentially increasing the need for
greater adaptation in this sector. Similarly, they note that although purchasing agricultural
land for such schemes comes at relatively low cost, this could rise substantially in the future
with population increases leading to increased requirement for food production.
Forest
The literature search found evidence of only one antagonism on mitigation resulting from
adaptation in forests, which was associated with the adaptation strategy of thinning. Law and
Harmon (2011) stated that this practice is in direct conflict with carbon sequestration goals,
because it results in a net emission of CO2 to the atmosphere.
Mitigation antagonising adaptation efforts
Very few explicit adverse impacts were identified for mitigation measures on adaptation,
these were found to occur in agriculture, urban areas and forestry only. Rosenzweig and
Tubiello (2007), while recognising the importance of both adaptation and mitigation in
dealing with climate change impacts in agriculture, suggest that mitigation measures, such as
less intensive production systems and some soil carbon management practices, may compete
with adaptations in local agricultural practices aimed at maintaining production and income.
In urban areas, intensification employed as a mitigation measure to reduce emissions could
exacerbate existing urban heat island effects (Williams, 1999), and it is known that dense
urban areas have higher runoff speeds than low-density suburban areas (Dodson, 2010),
which would increase the need for adaptation by the water sector.
As far as forestry is concerned, plantations can lead to significant reduction of agricultural
land area, the promotion of farming practices with significant environmental burdens, the
conversion of land for cropland expansion elsewhere, and to consequential increased imports
of agricultural products (McCarl and Schneider, 2001). Furthermore, the price of farm and
agricultural lands is expected to increase due to the lower availability affecting the economic
viability of agro-enterprises (MEA, 2005).
Forest plantations can also affect the biodiversity sector in a negative way, especially where
they replace biologically rich native grassland or wetland habitats (Nabuurs et al., 2007;
Wagner, et al., 2006). According to Brockerhoff et al. (2007) plantation forests usually host
less habitat diversity and complexity, the possible consequence being that plants and animals
which are old forest specialists may not be able to colonise or reproduce in plantations with
comparatively short rotations. These rotations not only affect biodiversity (Berry et al.,
2008b), but have severe impacts on soil quality (Raulund-Rasmussen et al., 2011). This
review therefore found that plantations antagonise the ability of biodiversity to adapt to
climate change via reducing the quality of habitat.
Similar antagonisms on biodiversity were found to result from afforestation and reforestation
due to the main site preparation methods, including tillage, ploughing and scarification,
which can negatively affect some organisms. Bellocq et al. (2001) claimed that arthropod
diversity declined with increasing post-harvest site disturbance, especially collembolans and
mites – which is important for soil fertilility by making adventitious pore structure. Drainage
of wet habitats, such as peatland, fens and swamps, for forests has, in the past, led to loss of
wetland biodiversity. Raulund-Rasmussen et al. (2011) stated that for some species with
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limited dispersal abilities, the construction of roads, tracks, and other infrastructure within
forests may act as barriers eliminating or limiting migration. Soil compaction can occur as the
result of off-road driving in the forest, associated with harvesting, and on forest roads and
skid trails. Adverse impacts on the root environment are also possible, as compaction means
that roots have difficulties of extending during dry summers and during wet winters because
of lack of oxygen, leading to lower production rates (Raulund-Rasmussen et al., 2011).
Trees and forests can have a significant impact on the hydrological cycle at various scales
and this must be examined thoroughly when undertaking forestry (e.g. Farley et al., 2005;
FAO, 2012) and planning effective carbon sequestration measures. Concerns about large
scale afforestation firstly include enhanced evaporation loss (compared with crops, so it could
result in drier conditions), and increased water use, particularly for coniferous forests and
eucalyptus (Robinson et al., 2003). Secondly, there are concerns that forestry can change
flows, or can deplete or enhance low flows during drought periods (McCulloch and Robinson,
1993). For instance, if agriculture or crop land was converted to forest, the forested area
could exhibit increased actual evapotranspiration and/or decreased runoff. Drainage of peaty
soils by open ditches or furrows can increase peak flows and shorten the time for a maximum
river height to occur. For example, a site which was drained and afforested with conifers in
Coalburn, England resulted in increased peak flows of around 15% for several decades after
the event (Robinson et al., 2003). Jackson et al. (2005) studied the effect of large scale
afforestation of grasslands, finding this could reduce water flow into other ecosystems and
rivers, as well as affecting the aquifer layer and recharge, and leading to substantial losses in
stream flow. Particularly in dryland areas, plantation species may utilize more water than the
natural vegetation, resulting in less recharge of groundwater and reducing stream flow
available to other users (Jackson et al., 2008).
8.2.3 Antagonisms between mitigation and mitigation
Almost no examples were found of antagonisms between mitigation measures, although there
were several examples of trade-offs resulting from measures increasing emissions of other
GHGs (Section 10). One example from the literature examined the mixed effects on GHG
emissions from an agricultural created wetland for nitrogen farming (mitigation measure) in
Sweden. The authors report that the wetland creation can lead to anoxic conditions and
reduced redox potential, making such created systems more likely to emit methane and,
hence, requiring further need for mitigation (Thiere et al., 2011). Research also shows that
higher summertime temperatures will increase the environmental risk for CH4 emissions from
wetlands (Thiere et al., 2011), implying the need for careful assessment of the full range of
impacts from this mitigation action.
Taking urban intensification as another example, this measure can have several benefits,
however, increased density is also related to greater concentrations of traffic, which can
adversely impact local environmental quality (Williams, 1999), and congestion in the locality
of the intensified area can increase fuel consumption leading to increased emissions (Melia,
2011). This conflict is known as the ‘paradox of intensification’ (Melia, 2011).
In the water sector, challenges will arise from different mitigation policies. For example, in
the UK there is a commitment to produce 15% of all energy supplies from renewable source,s
such as bio-fuels and onshore wind turbines, by 2020. Also, the effects of any changing land
use and subsequent soil disturbance should be considered and planned for to ensure that soil
carbon is suitably stored (Ostle et al., 2009).
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9. Conditional impacts
The majority of impacts discussed above, while being primarily positive or negative for
another sector, will have some dependence on factors such as location, the manner of
implementation and associated management strategies. This was shown quite clearly in the
analysis of adaptation and mitigation measures on biodiversity (Berry, 2009a). Nevertheless,
a few authors from this review did explicitly add caveats to their findings, or show how the
impact could vary depending on circumstances.
One explicit example is the impact of tillage practice on biodiversity. A Hungarian study
identified a benefit to biodiversity, in which a higher abundance of seed-eating birds was
observed on conservation rather than conventional-tillage plots (Field et al., 2007). However,
this benefit existed only during mild winter seasons; as otherwise snow covered the fields,
and the birds could not access the seeds (Field et al., 2007).
Also in urban areas, despite the potential for green roofs to provide suitable habitat space, the
challenging climatic conditions and location can restrict the use of these sites by a number of
species, especially native ones (Brenneisen, 2006). It has been suggested that the suitability
of green roofs for birds is highly dependent on the type of green roof, its design, vegetation
type and maintenance (Fernandez-Canero and Gonzalez-Redondo, 2010).
In agriculture available moisture affects soil organic carbon (SOC), and while the
interrelationship is poorly understood it is thought that increasing cropland irrigation could
decrease SOC water storage if NPP was unchanged (Falloon and Betts, 2010). If the potential
increase in NPP is taken into account it is more likely that SOC will increase, leading to
greater soil water holding capacity, thus possibly reducing the need for irrigation, it could
also decrease soil nutrient losses and help to regulate runoff. In northern Europe, increased
water abstraction for irrigation and agriculture may decrease the overall supply, but result in
increased net primary production, carbon input to soils, above ground carbon storage and soil
carbon decomposition as the soils are wetter. Where water supply decreases (e.g. in southern
Europe), the opposite may happen. Thus, more effective mitigation measures are required for
southern as opposed to northern Europe. The effect mitigation has on hydrological regimes
and vice versa is more complex and interactive due to production (and carbon in soils), rates
of decomposition and greenhouse gas emissions (Falloon and Betts, 2010).

10. Trade-offs
Trade-offs may have to be made within different adaptation and mitigation objectives and
between adaptation and mitigation. Trade-offs also may occur where adaptation and
mitigation measures have negative impacts and there were more examples of this (Section 8).
In both cases these may be within the sector of interest, in which case they were often more
explicit, or intersect with others.
10.1 Agriculture
Given the competition for water and existing conflicts (e.g. between irrigation and public
water supply and environmental protection; Daccache et al., 2012), trade-offs are inevitable.
Some of these have already been identified as part of cross-sectoral interactions and choices
will have to be made, for example, between maintaining water levels for biodiversity and
agriculture; switching to irrigation for future potato production in England and Wales and
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public supply (Daccache et al., 2012); using deficit irrigation while accepting a reduction in
yields (Mushtaq and Moghaddasi, 2011).
It is estimated that 30% of the UK wheat acreage is planted on drought-prone land, such that
10% of potential production is lost annually because the moisture available to the crop is
insufficient at some point during growth (Foulkes et al., 2007). Irrigation is often an
adaptation response to drought or water stress and experiments have shown that irrigation can
increase the yield of winter wheat by 17–55% (see Table 1 in Whalley et al., 2006). A
comparison of 66 UK winter wheat lines showed a strong correlation between yield under
irrigated and rainfed conditions (Dodd et al., 2011). This suggests that, under UK conditions,
selection for high-yielding varieties quite often produces varieties which also do well under
water-limited conditions. However, varieties that have high yields under optimum conditions,
but poor performance under stressed conditions should be identified and culled to ensure
effective adaptation. Dodd et al. (2011) suggest that the use of varieties that maintain growth
and yield as the soil dries could help to avoid half of the yield losses attributed to water
deficit. This would boost yields by 5% and thus avoid trade-offs between yield and water
usage, as well as avoiding possible demands being made on water resources.
Adaptation through the introduction of a new gene into a cereal genome can significantly
alter end-use quality or change tolerance to stresses, although so far there is no convincing
evidence that such an introduction leads to increased yields or tolerance to a wide or variable
range of stresses (Araus et al. 2002). Research suggests that there is a need to better
understand the genotype x environment interactions and to identify and locate gene sequences
controlling agronomically important traits, thus avoiding trade-offs. It has been noted that
cattle bred for improved productivity are more susceptible to heat stress (Nienaber and Hahn,
2007). For example, increasing daily milk yield from 35 to 45 L is thought to increase
sensitivity to thermal stress and reduces the ‘threshold temperature’ by 5.8 oC (Berman, 2005).
Two further trade-offs between mitigation options in agriculture were found, in which
potential GHG reductions are obstructed by increases in others. Firstly, as mentioned in
Section 4.1.1, CH4 emissions from manure stores could be reduced substantially if their
temperature were reduced. However, in order to gain the maximum CH4 emissions reduction,
further energy is required to cool the stores, with associated increased emissions from cooling
purposes as a result (Dalgaard et al., 2011). This presents a trade-off between achieving
maximum CH4 emissions reductions, and the extra energy and emissions which would be
needed to facilitate them. Another emissions trade-off is identified for the adoption of notillage practices. In this case and under certain conditions, such as wet poorly drained soils, a
trade-off could be created whereby high N2O emissions counteract the carbon storage
benefits in terms of global warming potential (Smith et al., 2000a; Smith et al., 2001; Carlton
et al., 2012). Such a trade-off is not expected to occur under minimal tillage, and hence, in
some cases the adoption of no-tillage as a mitigation strategy may in fact increase GHG
emissions (King et al., 2004).
10.2 Coasts
Trade-offs mentioned in the literature for coasts tend to be related to managed realignment
and retreat, where the trade-off is between the preservation of current primary habitat or land,
and the creation of a potentially more valuable area (e.g. through biodiversity offsetting) and
a sustainable coastal defence. These problems arise when the area designated for restored
tidal flow is protected, for example, a coastal nature reserve, SSSI site, National Park or
RAMSAR site. This is a recurrent issue, with one example of managed realignment on the
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Humber Estuary leading to the direct loss of 26 ha of intertidal mudflat habitat in an SSSI
(Pontee et al., 2006).
Similarly, managed retreat at the Orplands Farm site in Essex led to the loss of grazing marsh
in an SSSI, although the overall result of the scheme was an improvement in estuary habitat,
with the re-establishment of rare saltmarsh (Dixon et al., 1998). The managed retreat policy
being adopted in the Cley Marshes Nature Reserve, Norfolk is another example (Klein and
Bateman, 1998). The policy was decided by MAFF to achieve nature restoration, improve
economic efficiency of the site, and resilience to extreme coastal events. In this case, the
implementation of the adaptation measure caused high amounts of damage, degrading the
unique freshwater habitat of the Marshes. Coastal measures can also affect the urban sector,
commonly due to the impact of reduced defences on existing coastal settlements. For
example, Dixon et al. (1998) identified that reduced defences at the Abbotts Hall site led to
increased tidal flushing, increasing the likelihood of damage to constructed assets. Similarly,
Bakker et al. (2002) report the strong tidal currents after de-embankment to have led to the
erosion of a small road. One further example of a trade-off found in the literature is at Corton
Village, UK, where proposed managed realignment would, on one hand, make the cliff-top
village community extremely vulnerable by removing current coastal defences employed as
part of the ‘hold the line’ policy, but on the other, the erosion of cliffs in part of the SSSI
would improve its geological value, and is a more appropriate financial solution than the
unsustainable maintenance of existing defences (McFadden, 2008). Such trade-offs require
careful consideration, and the cooperation of a number of actors.
10.3 Forest
Tabucco et al. (2008) state that much attention is given to the international opportunities
associated with carbon management, but less to the resulting trade-offs associated with
sequestration schemes. For instance, where land use is changed (e.g. from crops to forestry),
this can result in changes to the water cycle through increases in evaporation and decreases in
runoff that have potentially significant local hydrological effects on water availability downstream. Case studies demonstrate that there are large variations in response to afforestation
and reforestation (as a means to sequester carbon), with many positive feedbacks, thus
providing potential trade-offs and synergies between environmental management and climate
change mitigation. On the positive side, afforestation can result in changes to run-off and
erosion (reducing flood risk), increased control of nutrient fluxes and increased water quality,
but these could be offset by lower baseflows. Greater scientific awareness of the
interconnectivities between forestry, hydrological and carbon systems and processes would
be beneficial.
Further trade-offs between (re)afforestation and other sectors include the risk of forest fire
(releasing stored carbon, removing a carbon store and changing the water regime), timing of
harvesting and the cost of water, and the change and prioritisation of land use (such as the
production of bio-fuel, agriculture, hydrology, GHG management and waste management;
Ostle et al., 2009).
10.4 Water
As was seen with the cross-sectoral interactions, water is fundamental to all the sectors. One
way to adapt and increase freshwater resources is desalinisation, but this could lead to a
number of trade-offs. For example, there is an increase in greenhouse gases, pollutants and
changes to water prices and geopolitics (McEvoy and Wilder, 2012). It also has the potential
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to increase urbanisation, as water can be distributed to a larger population. McEvoy and
Wilder (2012) also note that there is an increased reliance on technical expertise and reduced
opportunity for decision-making, thus leading to reduced flexibility. Such management is
contrary to the ‘Dublin Principles’ of a more participatory, decentralised water management
strategy. A fair pricing scheme, education and water conservation measures, and alternative
energy sources should be undertaken to not limit a region’s adaptive capacity so that the
poorest and most vulnerable members of the community can benefit. Finally, as far as
flooding is concerned, setting aside land to store floodwaters (which could be designated
under EU directives) can potentially change the biodiversity.

11. Evidence on the effects of timings of actions
The timing of implementation and the effectiveness of adaptation and mitigation measures is
very much sector-specific, with some, such as changes in crop management, able to be
implemented relatively quickly, i.e. within a year, and others, such as hard engineering
options, requiring more planning and a longer lead time. All sectors, however, display a range
of timings, depending on the measure under consideration and, thus, this section is analysed
by sector.
11.1 Evidence by Sector
11.1.1 Agriculture
In agriculture, it has been suggested that adaptation can occur on various time scales
(Table 11), with tactical actions being short-term, whereas strategic approaches that require
the development of policies, institutions and infrastructure to allow regional adaptation of
agriculture will occur over longer timescales (Howden et al., 2007), as will changes in land
use where the adaptation of existing uses is no longer viable (Gifford et al., 1996).
Table 11: Speed of adoption of major adaptation measures (from Reilly, 1995).
Adaptation

Adjustment time (years)

Transportation system

3-5

Opening new lands

3-10

Variety adoption

3-14

Variety development

8-15

Fertilizer adoption

10

Tillage systems

10-12

New crop adoptions: soybeans

15-30

Irrigation equipment

20-25

Dams and irrigation

50-100

Changing sowing times is a very short-term strategy that can be initiated by individual
farmers in response to changing climate trends (Trnka et al., 2004), while switching between
winter and spring sown crops may require different investments, e.g. in machinery and
management practices; this might be considered as a medium-term option (Howden et al.
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2007; Wolfe et al. 2008). Many of the breeding actions involve medium to long-term
research and testing (Reilly, 1995), although once suitable cultivars or breeds have been
developed they can be used in the short-term. A comparison of heat tolerance in adapted local
and high-yielding breeds suggested that the latter are better prospects for climate change, as
their heat tolerance can be improved in a few generations, whereas local breeds need more
than 30 generations to reach a comparable milk production (Nardone and Valentini, 2000).
For agricultural water use many of the actions are taken in response to changing weather
conditions, but the change to using more water-efficient forage species in response to drought
in Australia took place over three to five years (Henry et al., 2012). The implementation of
structural alterations (e.g. construction of retention reservoirs and dams) for water supply will
take longer.
Howden et al. (2007) emphasise the need to align the spatial, temporal, and sectoral scales
and the reliability of the information with the scale and nature of the decision. For example,
for short-term adaptation actions by farmers, longer term climate projections may be of less
use than short-term local weather forecasting. It is, however, important that short-term
actions do not preclude longer term options.
11.1.2 Biodiversity
Modelled projections of the potential impacts of climate change on species have shown that
the climatic range of 1,200 European plant species could contract by 6-11% over the next 50
years (Araujo et al., 2004). While in Germany, it is predicted that as much as 30% of the
country’s current plant and animal species could become extinct in a timeframe of decades as
a result of climate change, with those in the Wadden Sea tidal flats being particularly
vulnerable (BMU, 2008). This means that adaptation measures are needed in order to try and
avoid some of these impacts and, as has been discussed in Section 3.2, current measures may
not be sufficient to enable species to adapt autonomously through dispersal (Vos et al., 2008).
While no particular evidence was found in this review of the timings of the adaptation
measures, most of them, such as corridors and networks, are likely to take a number of years
to fully implement and to become effective. More information, however, was found for
coastal ecosystems, as discussed in the next section.
11.1.3 Coasts
The majority of schemes in this review focused on the transformation towards a more natural
and dynamic coastline, with examples of numerous habitat creation and restoration schemes.
Details on the specific timings for the design and implementation of schemes are rarely
discussed in the literature, the only example being two years for the completion of a
saltmarsh restoration project in the US (Hinkle and Mitsch, 2005). It also seems important to
consider the timescales associated with recovery; both ecologically and in terms of reaching a
dynamic equilibrium. This timescale will be largely dependent on the definition of recovery,
with Barkowski et al. (2009) reporting the re-establishment of saltmarsh after a few years,
whereas the recovery measures, such as species richness and resemblance to a natural marsh
system, require a much longer timeframe. Management is another factor to consider with
planned restoration schemes, especially those as part of compensatory habitat schemes being
highly managed, having certain goals and targets, employing actions such as seed planting
(Hardaway et al., 2010; Nordstrom et al., 2007), and the installation of fish ladders (Balletto
et al., 2005) to achieve these within a set timeframe (Hinkle and Mitsch, 2005; Wolters et al.,
2005a; Wolters et al., 2008). Autonomous adaptations in contrast are likely to receive little or
no management and therefore recovery will occur at slower, natural rates. One further factor
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to consider is the extent to which a scheme alters the environment, with managed retreat
leading to a more natural regime and high impact schemes, such as the Delta Project,
dramatically altering the coastal environment by enforcing a highly unnatural regime
(Louters et al., 1998; Smits et al., 2006).
11.2 Ecological recovery
This review found different recovery rates for individual species, for example, the
colonization by annual species (e.g. Suaeda maritima) is more rapid than that of perennial
species (e.g. Aster tripolium), which require three years to establish (Wolters et al., 2008). A
study detailing a wetland restoration scheme in the US also showed a difference between
species, with Spartina marsh recovering within 0.2-1.2 years, whereas mudflat vegetation
required a longer period of 1.6-2.2 years (Janousek et al., 2007).
Ecosystem recovery time was found to vary greatly between studies, ranging from only a few
months (Darnell and Heilman, 2007) to a century (Garbutt and Wolters, 2008). Authors
reporting rapid recovery times after managed realignment include Reading et al. (2008), with
the establishment of fourteen intertidal invertebrates, after just two months; and Mazik et al.
(2010), who report the total number of species to equal that of a reference marsh after one
year. Pethick (2002) quotes a period of two years for saltmarsh vegetation to be fully
established, whereas a study in the US found full establishment to require three years (van
Proosdij et al., 2010). A three year recovery period was also cited for the return of a
functional waterbird assemblage on the Humber Estuary, UK, after realignment, although
many habitats were still developing after this period (Mander et al., 2007). One study
suggests that recovery in terms of plant colonisation is usually achieved within five years
(Reading et al., 2008), with the same time reported for species diversity to be equivalent to a
reference marsh after realignment (Wolters et al., 2008). In contrast to these short recovery
periods after realignment, the length of time required for vegetation recovery after the
construction of the Oosterschelde Barrier, The Netherlands, was double that reported by
Reading et al. (2008), and implies that ecosystems take longer to recover from high impact
schemes (Noordwijk-Puijk et al., 1979).
Studies quoting more extensive recovery periods include Hampel et al. (2003), with ten years
for a new marsh system to develop after a natural dyke breach; and Warren et al. (2002)
reporting fifteen years for avian breeding populations to be comparable with that of existing
marsh. A number of studies agreed recovery was a long-term process, more suitably
considered over timescales of decades (Hansen, 2009; Roman et al. 2002). Walker and
Campbell (2010) found data to suggest that created marsh did not host the same fungal
communities as natural marsh after 26 years, and Lee (2001) suggests a period of up to 50
years for habitat of an international standard to develop.
These examples highlight the broad range and variability of the recovery times of ecological
systems, with some evidence of some species recovering in only a few months and others
requiring significantly longer. There is, however, evidence to suggest that recovery is a longterm process, which should be assessed on a timescale of decades, and perhaps as a result, it
is advisable that management of schemes impacting biodiversity give careful consideration to
this.
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11.3 Equilibrium development
11.3.1 Coasts
A study from the US, in which tidal channels were created as part of a saltmarsh restoration
project reported all channels to have developed as intended within a period of 1-2 years (Teal
and Weishar, 2005), whereas four years after managed realignment at Freiston Shore,
Lincolnshire, UK, there was no evidence that a hydro-geomorphological equilibrium had
been reached (Rotman et al., 2008). At the Orplands Farm site in Essex, UK, managed
realignment restored the tidal flow to an area used for agriculture, however, after an eight
year period soils below 4-6 cm depth still retained many properties of agricultural soil
(Spencer et al., 2008). In contrast to these rather short time frames, van Dyke and Wasson
(2005) predict it will take decades for the coastal system at one site in the US to reach
equilibrium after levees were breached. The recovery timescale proposed after the
construction of a storm-surge barrier in the Netherlands was the longest identified in this
review, Louters et al. (1998) predicting that the establishment of a new hydraulic and
geomorphologic equilibrium will span a period of centuries or longer.
Sediment accretion rates on restored sites are reported to be controlled by numerous factors
including tidal elevation, water table height, natural accretion rates of the area, and slope
(Warren et al., 2002). Mazik et al. (2010) suggest that for a dynamic estuary such as the
Humber, UK, with both high tidal elevation and accretion rates, managed realignment is only
a temporary solution. In addition, the study reported that due to low sediment accretion less
than half of the planned 45 ha of intertidal mudflats had developed six years after realignment.
At the Freiston Shore managed realignment site, Symonds and Collins (2007a) observed a
period of fourteen months before the tidal curve resembled that of natural saltmarsh, with
channels beginning to achieve hydrodynamic equilibrium after twenty-seven months.
11.3.2 Forests
Adaptation options can be either short- or long-term. According to the FAO (2007), shortterm measures can be considered as the various autonomous interventions, where no other
sectors are involved, while long-term measures are characterised by structural changes such
as forest fire management measures, the promotion of agro-forestry, and adaptive
management with suitable species and plantations. Forest restoration is considered mainly as
a long-term process because it can last for a period of a century or more. Therefore, it is
essential to plan on long-term returns on restoration investments if the forests intend to
support a wide range of species, species interactions and ecosystem services which are
present in current forests.
The recovery rate of forests depends on the resources devoted to restoration, although not all
restoration projects are undertaken for climate change mitigation/adaptation. Studies suggest
that forests with a high number of species experience a faster recovery rate due to additional
colonisation by species from the surrounding environment (Dale et al., 2001). Forests with
few species may face higher risks from fire and grazing (Dale et al., 2001). Recovery can be
highly influenced by location and, according to Lamb and Don Gilmour (2003), restoration
can be difficult on sites with strongly seasonal climates or low soil fertility.
Some typical case studies are presented regarding the rate of rehabilitation of forests. In the
Czech Republic, the restoration of forest species richness on mine spoils took 20-30 years to
completion. Slower regeneration of seasonal deciduous forests was observed in Brazil
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utilizing techniques involving plowing and mechanical planting (Prach et al., 2007). Chazdon
(2009) concluded that an aggressive global program of reforestation and natural regeneration
could potentially restore forests on 700 million ha over the next 50 years. Fast growing, shortlived species with low-density wood are preferred by many reforestation projects designed to
provide carbon offsets, but long-term carbon sequestration is promoted by growth of longlived, slow-growing tree species, with dense wood and slow turnover of woody tissues.
11.3.3 Urban
There was very little evidence found for the urban sector on the timing of measures and this
related only to green roofs. For example, the average lifetime of a green roof exceeds that of
conventional roofing systems as the vegetation layer reduces the amount of UV reaching
building materials, preventing their deterioration (Oberndorfer et al., 2007; Ottelé et al.,
2011). As a result of these and other factors, over a period of 40 years a green roof is thought
to be 25-40% cheaper than a conventional roofing system (Clark et al., 2008). Also, the
potential for carbon sequestration of green roofs is somewhat limited, as over time a green
roof system will reach a carbon equilibrium, and no longer function as a carbon sink (Rowe,
2011).
11.3.4 Water
Timing of adaptation and mitigation measures is variable. The majority of studies regarding
adaptation discuss schemes which have happened and their effects (e.g. Hansford, 2004;
European Environment Agency, 2007; Howgate and Kenyon, 2009; Lehner et al., 2011).
Fewer studies investigated future long-term adaptation (e.g. Kirshen, 2007 who looked at a
water resource adaptation for the 2030s, but with a planning scenario in the 2050s. See
Section 15.1.6). For mitigation, the emphasis is on schemes – whether in action or in the
planning stages and their possible effects. Frequently this is over long time scales – up to a
century - as this is where the greatest benefits are seen (e.g. Fischer et al., 2007), rather than
the near-term benefits which are assessed for adaptation (e.g. Dessai and Hulme, 2007).
Charlton and Arnell (2011) state that climate change is the largest single driver of future
water supply in England, and thus over a planning period of supply water, climate must be
taken into account. Not all countries are the same, and water abstraction and storage could be
the largest changes to a system. For instance, groundwater withdrawal has led to subsidence
threatening infrastructure (particularly in Asian cities). In Bangkok, Thailand, water
abstraction was 8630 m3 day-1 in 1954 and over the following decades increased to over 1
million 8630 m3 day-1. This resulted in subsidence, with local rates up to 35 mm y-1 (das
Gupta and Babel, 2005). City planners realised this was not sustainable, so reduced water
abstraction and the building of new wells. Lehner et al. (2011) report that 6,800 reservoirs
have been built world-wide which can help regulate water supply, but these also affect local
or regional hydrological regimes. Ideally, adaptation (and mitigation) schemes need to be
assessed over the lifetime of operation, remembering to consider the wider implications of a
scheme, potentially including the whole floodplain or river basin. For ecosystems this could
take many decades, or for some forms of adaptation (e.g. building a large dam that
fundamentally changes the drainage system) ecosystems never fully recover from human
influence.
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12. Evidence on scale at which action is taken
According to Adger et al. (2005) adaptation to climate change can be implemented by
various agents, from individuals, firms and civil society, to public bodies and governments at
local, regional and national scales, and international agencies. This section, therefore,
examines the scale of measures and their implementation sector by sector in order to draw out
some of these differences.
12.1 Agriculture
For agriculture, the scale at which adaptation is undertaken varies from the field (Gaydon et
al., 2012), through farm (Bryan et al, 2009; Fleisher et al., 2011), to basin level (Quiggin et
al., 2010), often depending on the actors involved (see below). Implementation of many of
the various adaptation measures is at the farm-scale, but the development of new cultivars is
likely to be at the (inter)national level. The development and exploitation of genetic diversity
for adaptation to climate change also occurs at several scales. As noted earlier, this
development is fundamentally dependent on an individual species genetic diversity. There are
a number of global initiatives, such as gene banks, aimed at conserving this diversity. For
example, ICARDA (International Center for Agricultural Research in the Dry Areas) has
more than 120,000 accessions of species, including important food and feed crops, such as
barley, wheat, lentil, chickpea and vetch. Often in parallel are efforts to maintain diversity in
situ, as it has been found that landraces and, when available, crop wild relatives harbour a
large amount of genetic variation, some of which can be used immediately in breeding for
drought and high temperature resistance (Ceccarelli et al., 1991). There are several
international projects aiming to identify the genes associated with superior adaptation to
higher temperatures and drought to aid adaptation (Ortiz, 2008; Ceccarelli et al. 2010).
These two methods of conserving genetic variation differ in that the gene banks contain the
genetic information present at time of collection, while maintaining diversity in situ is
dynamic, as species continue to interact with their environment and can generate
continuously novel genetic variation (Ceccarelli et al., 2010).
Alongside international efforts is more regional and national research aimed at identifying
sources of genetic diversity for application at a more local level, with testing being done at
the field scale. In Romania, for example, the National Agricultural Research and
Development Institute (NARDI), Fundulea (Verzea, 2007), maintains large working
collections of local populations and cultivars of crops, such as wheat maize, sunflower and
forage crops, seeking to improve them. Genetic progress for wheat yield is estimated at about
50 kg ha-1 y-1 or 1% y-1 and average maize yield increased from 1,270 kg ha-1 (1951-1955) to
1,770 kg ha-1 (1961-1965) and was maintained at a high level between 1978-1996, with
increases of 83 kg ha-1 y-1. It also exchanges germplasm with international breeding centres
(e.g. CIMMYT, ICARDA).
12.2 Biodiversity
In response to international commitments, such as the Convention on Biological Diversity
and the EU Birds and Habitats Directives, there are a number of measures aimed at
conserving biodiversity, which, as has been discussed, also are relevant to helping it adapt to
climate change (Section 3.2). At the European scale, the Natura 2000 network 7 is one
programme seeking to improve connectivity across Europe. The European Green Belt (EGB)
is another biodiversity network acting on a European scale. This network operates across 24
7

http://www.natura.org/about.html Accessed 06/08/2012
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countries, aiming to increase cross-border connectivity, thus aiding the dispersal of species
across areas of Europe (Zmelik et al., 2011). Networks and corridors can also be
implemented at the national scale, e.g. in the Netherlands (WRD, 2011). Also, as part of the
German Adaptation to Climate Change Strategy and the National Strategy on Biological
Diversity, the German Federal Government recognises that Länder should improve networks
to allow species and populations to migrate northwards in response to climate change, and
are therefore taking precautionary measures to aid adaptation (BMU, 2008). Other adaptation
actions, such as assisted migration may occur primarily at a more regional level, and habitat
restoration at a more local level.
12.3 Coasts
The majority of adaptation interventions covered in the literature, particularly those in Europe
were implemented at a local scale (Bulleri and Chapman, 2004; da Silva and Duck, 2001;
Klein et al., 1998; Lamberti et al., 2005). Restoration projects generally covered an area of up
to a few hundred hectares and include 21 ha saltmarsh creation at Bidasoa, Spain
(Marquiegui and Aguirrezabalaga, 2009), the restoration of 30 ha of intertidal marsh on the
Scheldt Estuary, Belgium (Verbessem et al., 2007), and 400 ha of tidal marsh reclamation at
Blackwater, UK (Townend and Pethick, 2002). Breakwater schemes were also relatively
small in scale, with examples of structures protecting 1.1 km, 4.5 km, and 5.9 km of coastline
(Lamberti et al., 2005; Saiz-Salinas and Urkiaga-Alberdi, 1999; Vandenbroeck, 2006).
The managed realignment of coastal defences is conducted on an estuary-wide scale, with
individual plans for specific locations along the estuary (Reading et al., 2008; Spencer et al.,
2008; Wolters et al., 2008). The largest scheme discussed in the UK was the realignment of
over 100 km of defences along the Humber Estuary, with the subsequent creation of 7,494 ha
of (i.e. a 69% increase in) intertidal habitat (Andrews et al., 2008). The literature shows that
the scale of projects undertaken in the Wadden Sea area are much larger than this, with a
number of regional plans including de-embankment strategies (Barkowski et al., 2009;
Wolters et al., 2005a), and saltmarsh creation covering 450 km of coastline in Germany
(Hofstede, 2003). The largest coastal adaptation measure identified is the Wadden Sea Plan the only example found in this review of trilateral coastal management, with Germany,
Denmark and the Netherlands legislating common policy and creating joint targets for the
protection and conservation of the Wadden Sea area (Enemark, 2005; Falk et al., 1994).
At a national level, a promotional intertidal agri-environmental scheme led by the UK
government was created to meet national targets and reduce the loss of valuable saltmarsh
habitat (Parrott and Burningham, 2008). This scheme recognized the value of coastal
saltmarsh, giving landowners the opportunity of receiving payment from DEFRA by giving
their land for habitat creation as part of a managed realignment scheme.
From a global perspective, schemes in the US appear to be taking place on a national scale,
with Hansen (2009) describing a scheme with two million acres of land earmarked for
wetland restoration through the USDA’s (United States Department of Agriculture) Wetland
Reserve Program. Further examples include the Coastal Program and National Coastal
Wetlands Conservation Grant Programs, both governed by the US Fish and Wildlife Service,
and having restored over 190,000 acres of coastal wetland habitat since 1990 (Mangin and
Valdes, 2005). In contrast to these examples of national scale adaptation, the review did
identify one instance of actions taken at the individual level, with some land owners in New
Hampshire, US, constructing walls to protect their properties from the sea (Bozek and
Burdick, 2005).
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12.4 Forests
In the case of the forest sector, the majority of adaptation measures are implemented at
regional and local levels and a selection of the case studies identified in this review are given
in Table 12. The classification of projects in forestry, according to their scale, depends on the
geographic coverage of project implementation, i.e. regional, national or local, and the scale
can refer to specific ecosystems or to political-administrative divisions. Finally, Chazdon
(2009) stated that forest restoration efforts, whether at national, regional, or local scales, will
take many decades, long-term financing, political will, labour, and personal commitment.
Robledo and Forner (2005) specified three types of projects regarding adaptation stages
consisting of vulnerability assessments of ecosystems and the forest sector, improvement in
the capacity and design of measures, and implementation of adaptation measures for
improving the adaptive capacity of ecosystems and the forest sector.
Table 12: Forest adaptation projects classified according to scale.
Scale

Project

National

National training plan on adaptation for the forest sector

National

Large scale reforestation with poplars in small holder woodlots, agroforestry
productions systems and watersheds in China

Regional

Assessment of vulnerability to climate change in the European Union

Regional

UNDP-GEF project for the improvement of training on adaptation (Central
America, Mexico and Cuba)

Local

Vulnerability assessment of a micro watershed

Local

Study of the impact of climate change on the marketing of agricultural
products in two departments

Local

Project to pay for soil conservation in a micro watershed

12.5 Urban
In the urban sector it was found that many schemes are financially supported or policy driven
by local (e.g. Beddington Zero Energy Development, UK (Section 4.5.9), regional or national
(e.g. SUDS-based retrofitting project in the Augustenborg neighbourhood, Sweden (Section
3.5.7); new build on brownfield sites, UK, (Section 4.5.3)) governments. Most of the urban
adaptation and mitigation measures, such as rainwater harvesting and greywater usage, were
more applicable and effective at the household to neighbourhood, rather than regional scale
(Farreny et al., 2011), but they both help in decentralising the water supply, reducing potable
water use (Wise et al., 2010) and increasing regional resilience to drought by improving
water security (Graddon et al., 2011). There are numerous examples of solar energy being
used in housing developments of various scales and design throughout Europe, e.g. PV panels
can be installed by individual householders or they may be part of a wider community-based
development. If, however, low energy residential settlements, such as the Beddington Zero
Energy Development, UK, were implemented on a European-wide scale, it is estimated that
reductions of 90% of CO2 emissions could be achieved without adverse impacts on the
quality of life of residents (Chance, 2009).
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12.6 Water
When considering water resources, climate change (and associated adaptation and mitigation)
needs to be considered alongside changes to land cover and water demand. Estimates that
have been made range from global scale (e.g. Fischer et al., 2007), regional scale (e.g.
Kirshen, 2007), country level (e.g. Charlton and Arnell, 2011), basin level (e.g. Howgate and
Kenyon, 2009), and settlement or local level (e.g. Cooper and Knight, 1990; Stalenberg,
2012). Thus Todd et al. (2011) concluded that water resource adaptation studies should
happen at many different scales. A similar situation occurs with respect to mitigation.
However, whilst adaptation can often be viewed as a local issue, it is best viewed in the
context of other drivers, as adaptation decisions can have secondary impacts affecting a wider
area. Subsequently, a ‘source-pathway-receptor-consequence’ model is used to view climate
and socio-economic risk in the context of other drivers (Evans et al., 2004).
Charlton and Arnell (2011) report that there are very few studies that look at how waterorientated organisations are adapting to climate change and how they are achieving this.
Many developed countries have good investment in their water resources and monitor them,
so consider their long-term utilisation. This can include local, national or international
policies (e.g. the EU Habitats Directive and the Water Framework Directive). Over the longterm, water security infrastructure in developed countries may need re-engineering to protect
biodiversity (Vörösmarty et al., 2010). Conversely, reduced investment in developing
countries, the remoteness of some localities and relative cost of water, make them vulnerable
to changes in water resources as they are less resilient to environmental change (Vörösmarty
et al., 2010; Joint Research Centre, 2012). Investment in water infrastructure must also
protect biodiversity, creating a dual challenge for engineers and scientists (Vörösmarty et al.,
2010). International aid and increasing scientific awareness is providing improved support for
assessing future water availability, the likelihood of floods and drought, and water scarcity
(Joint Research Centre, 2012).
This review found that the scale at which adaptation is undertaken varies from the local to
international according to the sector and the measure being considered. The scale also
interacts with the actors involved who can range from individuals through communities, to
national and international bodies. They can drive adaptation or mitigation or can respond to
legislation, policy or financial incentives for such actions.

13. Actors involved
Little explicit discussion was found on the actors involved in adaptation and mitigation. In
agriculture, it has been suggested that adaptation involves several different actors and many
organisational levels from international institutions, governments, agri-business to individual
farmers and that each level of actor has a different role to play (Gifford et al., 1996; Smit and
Skinner, 2002). The prime actors identified through the review were farmers, as many
measures are implemented at the field and farm scales (e.g. Southworth et al., 2002; Howden
et al., 2007; Wolfe et al., 2008; Fleisher et al., 2011; Gaydon et al., 2012), while those at a
larger scale can involve water boards or governments encouraging or subsidising particular
actions (Mushtaq and Moghaddasi, 2011). Some of the longer-term adaptations, including
the development of new cultivars, forecasting and advice on management, will involve
researchers, meteorological services and government advice (Trnka et al., 2004). Smit and
Skinner (2002) in a review of the Canadian situation suggest that most cultivar development
has been done by the private sector.
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Some information on the actors involved in adaptation and mitigation could be gathered from
examining who was involved in implementing particular measures. In the coastal sector,
several adaptation schemes involved partnership working across a number of organisations.
For example, the Hesketh Out Marsh West, UK, managed realignment scheme involved the
Environment Agency (a UK Government Agency), RSPB (a NGO) and Morecambe County
Council (Tovey et al., 2009), while a similar scheme on the River Humber at Welwick
involved the Environment Agency, Natural England (an Executive Non-departmental Public
Body) and RSPB (Pontee, 2007). Some of the measures in urban areas, such as rainwater
harvesting and solar panels may be undertaken by individual householders, developers or
local councils.

14. Governance
According to Adger et al. (2005), adaptation to climate change can be implemented by
various agents from individuals, firms and civil society, to public bodies and governments at
local, regional and national scales, and international agencies. In the papers reviewed, little
mention was made of the governance level and, thus, only a snapshot can be presented based
on the articles reviewed.
14.1 Agriculture
Smit and Skinner (2002) suggest that adaptation in agriculture is often seen as a government
policy response, but that decision-making also involves agri-business and producers at the
farm-level. Gifford et al. (1996) suggest that Governments should consider long-term
scenarios and their implications, and policies that influence bank lending arrangements. To
this could be added land use planning and policies that affect a number of sectors, and there
has been a call for mainstreaming adaptation within and across sectors (e.g. Howden, 2007).
While individual farmers cannot plan long-term for highly uncertain specific scenarios, they
can respond to short-term external events; influencing them and build flexibility into their
management. At the level of agricultural research, potential proactive and reactive adaptation
options need to be investigated and developed.
Agriculturalists have to work within EU and national legislative frameworks, and the same of
course would be true for actors in the other sectors. For example, breeders in organic
agriculture have to work within the framework of organic farming (Council Regulation (EC),
2007, No 834/2007), which can be difficult to adapt to the local situation (Wolfe et al., 2008).
Also, while most organic farmers depend on modern varieties bred for conventional
agricultural systems, the European Organic Seed Regulation (EC 1452/2003) is making the
use of organic seeds compulsory.
14.2 Coasts
In the coastal sector, the governance was focused heavily at the national level, due to coastal
planning occurring at this level even though many of the schemes were local and involved
other actors. In the Netherlands, schemes such as the Wadden Sea (Enemark, 2005) and the
construction of dams, sluices and storm-surge barriers (Elgershuizen, 1981; Wolff, 1992) are
undertaken by the national government. The same is true in the UK, with schemes such as
managed realignment at Orplands (Emmerson et al., 1997) and Wallasea Island (Dixon et al.,
2008), and this is also seen in the US schemes (Hansen, 2009). While near Rome, Italy,
beach nourishment and an offshore underwater rock barrier were undertaken by the Office
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for Civil Engineers of Maritime works, Rome and the Italian Ministry of Public Works
(Lamberti et al., 2005).
14.3 Urban
In urban areas, local regulations have been used in the case of rainwater harvesting schemes
(RWHS), with the Sant Cugat del Vallès municipality being the first in Spain to change the
building code through local regulations, mandating all buildings with over 300 m2 garden to
install a RWHS (Domènech et al., 2011). In addition, since 2002, all newly built dwellings
with over eight apartments, or an annual shower water consumption of over 400 m3 are
required to install a rooftop RWHS to re-use the greywater from the shower for toilet flushing
(Domènech and Sauri, 2011). Research has shown that a water tank of 70 m3 volume would
be sufficient to irrigate a communal garden of 300 m2 (Domènech and Sauri, 2011). In
addition, a tank of 6 m3 in a single family house would be able to supply 100% of the laundry
water requirements, with water savings of 16 litres per capita per day (Domènech and Sauri,
2011), but this is expensive (Section 15.1.5). After the success of Sant Cugat del Vallès
RWHS, the uptake of water recycling systems in Spain has increased, with over 40
municipalities in the region of Catalonia enforcing local regulations to encourage the
installation of these systems in new buildings (Domènech and Sauri, 2011). Much urban
planning, however, has an important national dimension too.

15. Other impacts of adaptation and mitigation actions
Adaptation and mitigation actions, in addition to their impacts on climate change, also carry
with them a range of economic (see Section 15.1), environmental (Section 15.2) and social
(Section 15.3) effects.
15.1 The economics of mitigation and adaptation
This review found some evidence of the costs of adaptation (and mitigation), which varied
according to the measure concerned. For this reason, costings will be examined by sector,
before seeking some commonalities.
15.1.1 Agriculture
Wolfe et al. (2008) have identified a number of economic consequences of adaptation
including:
 changing the time of planting could be economically disadvantageous to the farmer if
it results in taking the harvest to market when prices are lower due to the
supply/demand balance;
 changing to perennial crops is a more expensive option, as new plants will take
several years to reach their maximum productivity;
 new stress-tolerant seeds may be expensive to purchase and may require investment in
new equipment or changes in farm practices.
Changing the sowing date had also been seen as a no-cost option, although if the change is
too large then it could impact on the management of other crops (Alexandrov et al., 2002). In
the case of water management it has been suggested that while irrigation is a viable
adaptation measure, it may not always be economically viable. This was found to be the case
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by Finger et al. (2011) exploring the future of Swiss maize farming, and the adoption of
irrigation technology was dependent on the level of Government support, while the economic
benefits of irrigation were very sensitive to crop and water prices. Others suggest that while
there are many structural adaptations for increasing water storage, it is difficult to quantify
the associated costs and they call for cost-benefit analyses (Moriondo et al., 2010). Also, long
cycle cultivars can demand 25-40% more water, which may not be available or be cost
effective in the future (Giannakopoulos, 2009). In contrast to these negative consequences,
the planting of shade trees for livestock can increase farm income through sale of wood
products and potential tourism due to landscape improvement (Iglesias et al., 2007).
As far as farm economics are concerned, no-till provides an opportunity to reduce costs from
fuel and machinery, as a result of minimal soil disturbance and lower production costs (Antle
et al., 2012; Bescansa et al., 2006; Desjardins et al., 2005; Soane et al., 2012). Furthermore, a
study examining the potential for reduced tillage in north-east Germany has concluded that
the extended use of this management technique would improve the profitability of crop
production (Verch et al., 2009). However, it is interesting to note, that from the perspective of
climate change mitigation, it is thought that neither a market-based emissions trading scheme,
nor government subsidies would be able to accurately reflect the abatement of GHG
emissions, with mitigation being underestimated in most wheat cropping systems and
overstated in many corn-soy-hay systems (Antle et al., 2012).
In China, a study in the Yangtze River basin observed that to cope with increasing water
stress, farmers chose the most cost-effective options from a range of possible responses based
on their intuitive calculation of relative cost and expected returns (Liu et al., 2008). Liu et al.
(2008) even made a cost-benefit analysis of the major coping responses, from which it can be
seen that most adaptation measures have positive economic benefits (Table 13). Similar
results come from an economic evaluation of a GEF (Global Environmental Facility) project
in North Jiangsu, which concluded that the adaptive activities, including rainfall collection
projects, soil water saving technology, breeding selection, climate change training, etc., will
contribute increases of 89.5 kg ha-1 and 636.2 kg ha-1 in local wheat and rice yields
respectively (Zhang et al., 2011).
Table 13: Cost-benefit analysis of major adaptive response in Lower Yellow River (Liu et al.,
2008).
Response

Cost (RMB/Mu*)

Benefit (RMB/Mu*)

Mulching (plastic sheet)

20-40

50-80

Improved drought-resistant variety

50

70-100

Increased fertilizer investment

50-100

50-100

Increased cotton sown area

200

200-300

Growing winter dates

1,500-2,000

2,500-3,500

Raising pigs

400-500

1,500-2,000

Growing vegetables in greenhouses

5,000-6,000

10,000-12,000

* 1MU=1/15 ha
Conservation tillage can reduce the labour input and, thus, reduce the cost of crop production.
Some field experiments show that it can reduce the average cost of crop production by 6001200 RMB ha-1 for rice (Gao, 2011), 375-450 RMB ha-1 for maize and soybean (Wang et al.,
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2010b), and 300-450 RMB ha-1 for wheat (Wang et al., 2010b). The net income from crops as
a result of conservation tillage could increase by 0.95-12.42% in southwest China (Zou et al.,
2010) and 49% in northern China (He et al., 2006).
As far as an instrument to encourage the uptake of mitigation practices, Neufeldt and Schäfer
(2008) used a regional economic-ecosystem model to assess the impact of various mitigation
strategies, such an emissions tax, for the agricultural sector in south-west Germany. The
authors found that for Baden-Württemberg, the introduction of a nitrogen-tax would have the
largest impact on fertiliser production based emissions, but relatively little effect on farm
systems associated with animal husbandry. It was also found that in farms growing forage,
this strategy was less effective as these utilised manure and had fewer animal feed crops. The
study found in contrast, that both CO2 and CH4 emissions from livestock declined when a
general emissions tax was introduced, as the animals were given less additional feed. This,
therefore, saw a larger amount of abatement from animal husbandry than associated with a
specific tax on nitrogen (Neufeldt and Schäfer, 2008). Finally, the model showed that an
overall emissions cap would result in a 12% GHG mitigation for the region by reducing the
use of synthetic nitrogen fertilisers as well as livestock numbers (Neufeldt and Schäfer,
2008). In a similar study, Durandeau et al. (2010) found that introducing a tax on livestock,
or nitrogen fertiliser consumption was the second best policy for reducing GHG emissions,
with a higher abatement potential when the tax was greater than €200 per livestock unit, or
per ton of nitrogen fertiliser.
15.1.2 Biodiversity
Few costings were found for the adaptation measures considered for biodiversity, but as
many of the measures are part of good conservation practice it is difficult to assess what is
explicitly undertaken for climate (Berry, 2009b). The de Doorbraak project (Box 1, Section
8.2.1) was commissioned by the Regge en Dubjek district water boards, the province of
Overijssel, and the Ministry of Agriculture, Nature Management and Fisheries, at a cost of
€40 million (WRD, 2011). While the scale of habitat restoration in the Restoring Peatlands
Project (www.restoringpeatlands.org) varies between the two countries, the 14,000 ha
peatland being rewetted in Belarus was financed at a total of €2.5 million by the Federal
Republic of Germany as part of the International Climate Protection Initiative of the German
Federal Ministry for the Environment, Nature Conservation and Nuclear Safety (BMU); and
20,000 ha in the Ukraine at a cost of €4.9 million.
15.1.3 Coasts
The economic feasibility of adaptation and mitigation interventions is an important factor to
consider in any management scheme. Projects leading towards a more natural coastline are
seen in many cases as the most appropriate financial solution. This is because traditional
adaptation measures such as sea-walls and beach nourishment are expensive, requiring both
regular maintenance and management; seawalls for example costing approximately
£400 per metre (Möller et al., 2001); and construction costs for one LCS and beach
nourishment scheme totalling €1 million (Lamberti et al., 2005). Other adaptation options,
such as storm-surge barriers carry with them considerable cost, with Smits et al. (2006)
quoting the annual maintenance costs of the Oosterschelde storm-surge barrier to total
€15 million, making it one of the most expensive engineering works to be completed in the
Netherlands.
As a result of these high costs, hard-engineering schemes, unless protecting an area of
extremely high economic value, are often seen as economically infeasible. This is reflected in
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the literature, with numerous examples of managed realignment being undertaken as the
maintenance of existing defences was uneconomical (Emmerson et al., 2000; Hazelden and
Boorman, 2001; Klein and Bateman, 1998; Shepherd et al., 2007).
The creation of saltmarsh and other wetland habitat through realignment schemes also has
other financial incentives, through providing a coastal defence, and in some cases protecting
existing structures (Hazelden and Boorman, 2001; Hofstede, 2003). King and Lester (1995)
assessed this economic value of saltmarsh, calculating that if all saltmarsh in Essex were to
disappear, a total of £600 million would be required for repairs to seawalls along the coastline
(King and Lester, 1995). A linear negative relationship has been identified between saltmarsh
width and seawall height, with a study by Colclough et al. (2003) calculating that for a marsh
width of 80 m, a seawall height of 3 m, costing £400 per metre was necessary, whereas for a
marsh width of only 6 m, a seawall height of 6 m at £1,500 per metre would be required.
Ledoux (2003) compiled data to highlight the range of estimations for the defence value of
coastal wetlands in monetary terms, with the majority of studies valuing this service at less
than £400 ha-1 y-1, which is significantly lower than the £7334 ha-1 y-1 reported by King and
Lester (1995). Another aspect covered in the literature is the economic impact of current
degradation and destruction of wetlands. For example, Lee (2001) estimated the cost of
replacing the freshwater and brackish habitats in England and Wales lost as a result of coastal
squeeze to be substantial, in the range of £50-60 million. In another study, a promotional
intertidal agri-environmental scheme led by the UK government was created to meet national
targets and reduce the loss of valuable saltmarsh habitat (Parrott and Burningham, 2008).
This scheme recognized the value of coastal saltmarsh, giving landowners the opportunity of
receiving payment from DEFRA by giving their land for habitat creation as part of a
managed realignment scheme. The study showed that for saltmarsh creation over a ten year
period, land owners could expect to earn £525 ha-1 y-1 for cultivated land, and £250 ha-1 y-1
for grassland (Parrot and Burningham, 2008).
Despite the global potential for wetlands to mitigate the effects of climate change, this area
remains relatively poorly researched, with few studies identifying the actual economic value
of these systems either in terms of carbon credits or cost of emissions avoidance. Luisetti et
al. (2010) is one example of a study which gives a tangible value to the service of carbon
storage in terms of the damage cost avoided per ton CO2. Hansen (2009) also recognise the
potential economic value of wetlands in carbon offsetting schemes, with an estimated value
of US$182-1,900 per acre for carbon offsets on a coastal flat in the US. Similarly, DeLaune
and White (2011) calculated that the carbon storage benefits of 988,888 ha coastal wetland in
Los Angeles, could amount annually to US$29.7-44.5 million, whereas current national
losses resulting from wetland deterioration and coastal squeeze could be costing the US
US$18.6-27.9 million per year. As far as the UK is concerned, Jickells et al. (2003) highlight
the importance of wetlands on the Humber estuary, with land reclamation over the past 300
years resulting in considerable losses of sequestered carbon and associated loss of revenue
from the sale of carbon credits.
Shepherd et al. (2007) used cost-benefit analysis to evaluate managed realignment on the
Blackwater Estuary, UK. The authors totalled the costs of realignment at £811,893 per km,
with additional economic benefits from a range of ecosystem services including habitat
creation, carbon sequestration, the burial of contaminants, and a reduction in maintenance
costs associated with hard-defences. Similarly, Dixon et al. (1998) reported the planning and
construction costs of a seawall breach at Abbotts Hall as part of coastal realignment to total
£75,000, part of which would be compensated for by large defence savings at other locations.
From this aspect, saltmarsh has a high value, reported by King and Lester (1995) to be close
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to £6000 ha-1, and exceeding the value of some grade I agricultural land. Klein and Bateman
(1998) highlight the fact that although managed retreat schemes are viewed as being the most
economically viable adaptation, it is inappropriate to assume that all schemes are
economically efficient, with Shepherd et al. (2007) supporting this view by noting that this
particular adaptation is only cost-effective if considered over the long-term.
As far as coastal mitigation is concerned, US studies highlight that the economic feasibility of
wetland creation for carbon storage is dependent on market offset prices, competition for land
and the costs of restoration, which can be substantial in a heavily managed restoration project
(Hansen, 2009; Irving et al., 2011; Yu and Chmura, 2009). It was calculated that 20-35% of
forested wetlands in the Mississippi and coastal flats on the Gulf-Atlantic coast have carbon
offset values greater than the cost of restoration (Hansen, 2009).
The use of wetlands for grazing can be combined with mitigation schemes to make them a
more attractive financial option. This is possible as the effects of grazing are mostly limited
to the above-ground biomass, whereas the majority of carbon is stored in the marsh soils
(Connor et al., 2001; Irving et al., 2011; Olsen and Dausse, 2011). Yu and Chmura (2009)
found that the introduction of grazing on a high-latitude marsh on the St Lawrence Estuary
resulted in higher soil carbon density and below-ground productivity than in non-grazed
marsh, making it a more effective carbon sink. This is due to grazing reducing the volume of
above-ground biomass, subsequently resulting in increased soil temperatures, amount of
evapotranspiration and better light conditions, all of which increase the below-ground carbon
storage capacity of the soil (Olsen and Dausse, 2011; Yu and Chmura 2009). In contrast, a
study concerning the impacts of wetland grazing in Denmark found that although the amount
of net ecosystem production did not differ greatly between grazed and non-grazed sites,
grazing significantly reduced the amount of organic matter stored in below-ground biomass,
and as a result concluded that grazed marsh soils have a lower carbon storage capacity
(Morris and Jensen, 1998).
Wetland creation or restoration, whether for the purpose of adaptation or mitigation, can be
costly; however, the range of ecosystem services these coastal systems provide is also
extensive. As far as wetland creation for mitigation is concerned, several studies suggest that
funding the large-scale conservation of existing wetlands, with substantial existing stocks of
underground carbon, may be a more appropriate action than costly small-scale restoration
projects which take years to accumulate the same levels of carbon (Dyke and Wasson, 2005;
Lee, 2001). Irving et al. (2011) support this view and identify the need for a substantial
increase in the size of restoration projects if the global benefits of carbon storage from
wetland restoration are to be seen.
From an economic perspective, a study from the US shows that restoration can benefit the
fishery industry (Luisetti et al., 2010), with one example after restoration at Galveston Bay in
the US resulting in high densities of important fisheries species such as brown shrimp, white
shrimp and blue crab (Rozas et al., 2005).
15.1.4 Forests
Little information on the economics of the measures was found in the papers reviewed,
although there was one case of the planting and protection of mangrove forests in Vietnam.
Robledo et al. (2005) found that by 2005 nearly 12,000 hectares of mangroves had been
planted, at a cost of $1.1 million, saving $7.3 million annually in dyke maintenance costs.
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15.1.5 Urban
There are many examples in the urban sector of the cost-effectiveness (or otherwise) of
adaptation and mitigation measures. Improvements in energy efficiency (Sections 4.5.4 4.5.6) can generate economic savings, as can energy savings associated with street trees
(Section 15.1.5). Furthermore, the average lifetime of a green roof exceeds that of
conventional roofing systems as the vegetation layer reduces the amount of UV reaching
building materials, preventing their deterioration (Oberndorfer et al., 2007; Ottelé et al.,
2011). As a result of these and other factors, over a period of 40 years a green roof is thought
to be 25-40% cheaper than a conventional roofing system (Clark et al., 2008). Other
improvements to roofing, such as insulation can result in large savings associated with
cooling and heating, and make this attractive from an economic perspective. For example, the
potential savings from a study in Cyprus over a life-cycle, total up to €22,374 (Florides et al.,
2000).
Street trees in European cities have an average density of around 50-80 street trees per 1,000
inhabitants (Pauleit et al., 2002). Although helping with urban adaptation to climate change,
street trees can be associated with a number of adverse effects, including planting and
maintenance costs (McPherson and Rowntree, 1993; Hegedüs et al. 2010; Tallis et al., 2011).
In Europe, research shows that the average costs to establish a tree (cost of tree and planting)
vary considerably, with costs below €200 (e.g. Spain and UK) ranging to over €1,000 per tree
(e.g. Norway, and Denmark) (Pauleit et al., 2002). Planted species also vary in their
suitability to function in the urban area (Hegedüs et al., 2011; Merse, 2009). Hence much
better guidance needs to be given to tree planers in terms of tree selection and establishment;
lowering cost and increasing suitability (Pauleit et al., 2002). A number of US studies
consider street trees in economic terms, and despite the above management concerns, these
remain on the whole an attractive option in economic terms. One example from Bismark (US)
reporting a benefit-to-cost ratio of over 3:1, suggesting US$3.09 in benefits for every US$1
invested in management (McPherson et al., 2005), while the the PG&E shade tree program
had a high benefit-to-cost ratio, estimated over a 30-year period to be 19:3 (McPherson and
Rowntree, 1993). To further make tree planting a more attractive economic option for city
planners, Rowe (2011) suggests that green roofs could be incorporated as carbon trading
credits under a cap and trade system.
Concrete slab cooling utilises heating ventilation and air-conditioning technology, allowing
the thermal load accumulated during the day to be released at night via air coolers, with low
energy consumption, maintenance costs and operational savings (Zimmerman and Anderson,
1998).
Low energy residential estates, such as BedZED (UK) and that discussed by Wojdyga (2009)
for Warsaw (Poland), are associated with higher construction costs than standard buildings –
estimated in the range of 7-10% for the latter development (Chance, 2009; Wojdyga, 2009).
Despite this, such buildings are of high quality, using materials which have long life-times
(Chance, 2009). Additionally, the low energy demand stemming from the design of such
projects will prove economically beneficial for residents, with energy demand in the Polish
project for consecutive heating seasons 2003-2007 being very low, totalling 31.9 kWh m-2
(Wojdyga, 2009).
Solar energy systems also have the potential to be cost-effective. The installation of solar PV
and solar thermal systems on a hostel roof in Milan was simulated to meet a substantial
proportion of the electricity demand for lighting and appliances (Adhikari et al., 2011). The
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cost of installing two solar thermal collectors for hot water heating on the roof garden was
around €3,533, with a 7-year payback period.
Despite these large potential GHG savings, solar PV systems are one of the most costly
options for renewable energies, with a long payback period compared to, for example, wind
energy, with 13 years payback for UK households compared to 2.8 years from wind energy
(Allen and Hammond, 2010), and 81 years for domestic sites in the Eastside area at a cost of
£305 million (Jefferson et al., 2006).
Re-developing brownfield sites in existing urban areas also comes at considerable economic
cost, being much more expensive than expanding onto a greenfield site. Additionally, as land
becomes more scarce in the urban area, land prices are likely to increase (Birrell et al., 2005;
Searle, 2010), which could result in low-income residents being priced out of the city area
(Ancell and Thompson, 2008).
While Rain Water Harvesting Schemes (RWHS) offer a number of possibilities for reducing
the impacts of drought on water demand, especially in urban areas, they can be expensive.
The initial cost of RWHS is high at €1,500-€4,000 for a 1,500-10,000 L storage tank (prices
quoted for 2009), however, the cost of operation and maintenance is generally low (Li et al.,
2010). A 20 m3 RWHS for landscape irrigation was estimated to cost €8,864 for a single
family household or €633 per household in a multiple family building (Domènech and Sauri,
2011). As a result, and to make these systems more attractive to customers, the local authority
in Barcelona offers subsidies of up to €1,200 to households which install RWHS, reducing
the long payback period of these systems (Domènech et al., 2011).
Greywater systems are again initially relatively expensive, with capital and installation costs
ranging from €2,700-€3,400, and additional operational costs for chemicals, pumping and
maintenance (Li et al., 2010). Both systems have a long payback period, that in Ireland for
RWHS ranging from 7-20 years (Li et al., 2010), and 27 years estimated at a neighbourhood
level for Granolles, Spain (Farreny et al., 2011). As the cost of water may increase with
future consumption and scarcity, RWHS appear to be an attractive option, for example, in
countries such as Ireland where domestic water bills are to be reintroduced (Li et al., 2010),
and also in Spanish neighbourhoods where the adoption of RWHS could see annual water
bills by the local authorities reduced (Farreny et al., 2011).
As far as the economics of SUDS options for managing water runoff are concerned, in
Glasgow a cost-benefit analysis revealed that the initial investment costs for these SUDS
solutions was comparable to those for a traditional drainage system (Scholz et al., 2006a),
although maintenance costs for SUDS are on average 30% lower (Broad and Barbarito, 2004;
Butler and Davies, 2000).
15.1.6 Water
Few studies on the costs of climate adaptation have been published, but many are likely to
have been made (particularly in developed countries) as water supply is an important issue,
but kept confidential for business reasons (Parry et al., 2009). Parry et al. (2009) discusses
two global scale studies of the costs of climate change in the water sector, and another worldwide study is reported here.
One study is Fischer et al. (2007) who investigates global and regional agricultural water
demand for irrigation with and without climate change (following an A2 type scenario).
Results indicate that climate mitigation could have a significant positive effect on water
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resources, by reducing impacts of climate change on irrigation requirements by 40% (or 125160 billion m3). Climate change could potentially mean costs for agricultural water
withdrawals of US$25 billion by 2080, but climate mitigation combined with efficiency
savings could cumulatively save US$10 billion by 2080. As time progresses, the net benefit
of climate mitigation is greater, including in Europe. However, regional assessments indicate
that not all global regions would initially benefit from climate mitigation and, therefore, the
benefits and disadvantages, together with the associated costs, need to be carefully assessed
(see Section 10).
Kirshen (2007) investigated adaptation and mitigation options with respect to water supply,
and analysed this for seven global regions for 2030 (looking into a planning horizon of 2050)
following the A1B and B1 scenarios. He looked at water resource availability for irrigation,
agriculture, urban uses, domestic uses and industrial demands. Results indicated that demand
growth at a national scale was extremely sensitive to costs under a climate change (A2)
scenario. Kirshen (2007) also found the difference in capital costs between an A2 climate
change and B1 mitigation scenario was US$4 billion between 2007 and 2030, with most of
this occurring in developing countries. Due to the amount of overseas aid to help developing
countries, with a changing climate, this value must be approximately doubled to meet the
extra water production costs due to climate change. Adapting sources and supply of water in
a changing environment helps to reduce these costs.
Finally, Hughes et al. (2010) analysed operating costs as a percentage of the adaptation costs
of providing water infrastructures in OECD8 countries. They looked at maintaining service
standards under climate change up to 2050, but also took a longer term planning perspective
until 2100. They considered the influence of climate change on water use and sewage, and
drainage connections. A common pattern in their findings was that climate change tended to
increase the amount of water use, but reduce the industrial demand in OECD countries,
except in eastern Europe. The difference between these two sectors is due to temperature and
precipitation patterns with respect to population density. As 60% of water is used in industry,
there is a reduction in the volume of water required, but there could be a potential increase in
costs due to treatment methods. Overall, the costs of adapting and maintaining the water
infrastructure with respect to capital costs are around 1-2% across a range of climate
scenarios, but with large regional variations.
At more local levels, adaptation is subject to a cost-benefit analysis, so that during the
lifetime of an adaptation scheme, the benefits of controlling water must outweigh the
financial costs. However, it does not allow non-financial benefits to be considered, e.g.
ecological benefits and other indices, such as multi-criteria analysis, that can be evaluated to
include cultural, societal and ecological effects or the efficiency of schemes.
On the demand side, managing and adapting people’s use of water can reduce usage. Despite
the unit cost of water increasing over the past few decades, changing attitudes and actions of
homeowners (e.g. metered water) have decreased the volume of water people use each day
(European Environment Agency, 2012). To manage demand, public education and efficient
water use are important.
15.2 Environmental impacts
Many of the adaptation and mitigation measures have environmental impacts other than those
directly associated with the six sectors under consideration, or are relevant to several. These
8
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include changes to soil properties, climate, air quality, water regulation and quality, and pests
and diseases. This is particularly true in the case of changes to soil properties.
15.2.1 Soil
Mitigation in many of the other sectors involves various aspects of managing biodiversity and
soils to enhance storage or prevent losses. This may be direct, e.g. managing soil organic
carbon in agriculture (Section 4.1.1), or indirect as with the re-creation of wetlands to manage
flooding (Section 3.6.2), which have the additional benefit of enhancing carbon storage.
In the case of forests, plantations can have increased nutrient demand affecting soil fertility
and soil properties. Specifically, they can lead to higher erosion of the uncovered mineral soil
surface (Perez-Bidegain et al., 2001; Carrasco-Letellier et al., 2004) and to significant
changes of biological properties (Sicardi et al., 2004) if the species selection does not take
into consideration the site conditions. In numerous cases increased Na concentrations,
exchangeable sodium percentage and soil acidity and decreased base saturation are observed
in plantations (Jackson et al., 2005; Brockerhoff et al., 2007). Raulund-Rasmussen et al.
(2011) demonstrated that various techniques like frequent logging, drainage, and soil
preparation operations can lead to the depletion of the soil and humus carbon stocks.
Moreover, management intensification (harvesting and site preparation) may decrease the soil
carbon stock by as much as 50% through more frequent logging, drainage, and soil
preparation operations.
15.2.2 Climate
As discussed in Sections 3.5.2 and 3.5.3, greenspace is an important way of adapting to
climate change in urban environments, as it is able to influence the local climate; reducing
local surface temperatures by shading, and reducing air temperatures through evaporative
cooling and albedo effects (e.g. Gill et al., 2007).
15.2.3 Air quality
Increasing urban greenspace, including urban trees, for example, can result in substantial
improvements in air quality, by reducing particulate pollution, for example, PM10. The
capture of this particulate by urban trees in the Greater London Area has been estimated at
approximately 852 tonnes per annum (Tallis et al., 2011).
15.2.4 Water quality
Many studies in the water sector showed that pollution patterns may be altered due to
changes in the hydrological cycle, as reduced water levels will mean that there is less dilution
(Quevauviller, 2011). Pollution threats included soil salinisation, nitrogen loading,
phosphorus loading, mercury deposition, pesticide loading, sediment loading, organic loading,
potential acidification and thermal alteration (Vörösmarty et al., 2010), and these factors can
affect a large volume of water resources on a global to local scale.
One adaptation measure is the planting of vegetation to provide additional shade, so as to
reduce water temperatures. It also provides the dual benefits of an additional habitat for
wildlife and a carbon sink. This measure has been undertaken in response to the reported
effects of increased temperatures in rivers and streams, which can reduce oxygen content and
increase biological respiration rates leading to lower dissolved oxygen concentrations,
particularly during summer months (European Environment Agency, 2007). Increases in
temperature can also affect the habitats and the concentration of organisms, and some species
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may slightly shift northwards or experience small changes in their seasonal patterns (e.g.
migration). There may also be changes to bacteria concentrations, nutrients and thermal
stratification and water mixing in lakes.
15.2.4 Pests and diseases
In agriculture, a number of concerns have been raised about conservation agriculture
practices (Soane et al., 2012), for example, weed and pest control problems (Freibauer et al.,
2004; Sip et al., 2009) and the widespread dependence of no-till on additional and
regular applications of herbicides and pesticides. There is concern about their fate and
environmental consequences, especially on water quality, although no explicit impacts were
found as part of this review.
15.3 Social impacts
Few studies found in this review explored the social impacts associated with mitigation and
adaptation options. Those which did often neglected to note that the measures were taken to
minimise the risks of climate change. However, it can be assumed that the social impacts still
apply here. Almost all cases of adaptation and mtigation in biodiversity, coastal and forestry
sectors involve the creation of new habitat or greeenspace, having obvious amenity and
recreational benefits. Although not commonly focused on in the literature, the main social
considerations were found in discussion of coastal measures.
15.3.1 Coasts
Examples include studies by Thiere et al. (2011) who acknowledged the recreational benefit
of nitrogen farming wetlands in southern Sweden and also by Luisetti et al. (2010; 2011),
who note that managed realignment at the Blackwater Estuary, UK, would benefit groups,
including birdwatchers and walkers. One coastal project which appears to have had an
important social aspect is that of the Delta Project in the Netherlands where the Grevelingen
Estuary was closed to create a saline lake (Saeijs and Stortelder, 1982). The demand for
recreational opportunities at the lake was estimated by the study for day recreation (intensive
– swimming and sun bathing; and extensive – enjoying nature); boating; fishing; and
overnight recreation (e.g. tents and caravans) in the design stages of the project.
In contrast to habitat creation and naturalising the environment, Lamberti et al. (2005)
acknowledged a social benefit from beach nourishment and the installation of groynes at a
number of locations along the Italian coastline. This was important for visitors, the local
tourism industry, as the wide beach makes the area more attractive to tourists (Lamberti et al.,
2005).
15.3.2 Agriculture
As far as agriculture is concerned, Bohlool et al. (1992) noted that socio-cultural constraints
would limit the use of biological nitrogen fixation in agriculture as a form of climate change
mitigation.
15.3.3 Urban
Similar recreational benefits were also created by urban measures such as greening and urban
intensification among others. Many of these, however, were not considered specifically
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during the planning stages and, therefore, the review found few examples of where the social
impact of adaptation-mitigation options was considered. Despite this, it was possible to find
studies examining a social aspect, although they rarely noted the measures adopted as forms
of adaptation or mitigation. In this section, the approach that similar social impacts will apply
for adaptation and mitigation schemes is therefore taken.
As far as intensification is concerned, studies highlight that dense urban environments may be
seen as unattractive by residents, who often prefer a less dense environment (Searle, 2010;
Williams, 1999). Concerns over a loss of culture and local character were also given (Birrell
et al., 2005; Searle, 2010). Howley (2009) found that intensification in Dublin, Ireland, led to
regions having younger, more affluent communities, than that of more established
communities. The area saw an influx of young professionals to the area, with 8.3% of
residents saying that the accessibility (26%), employment opportunities (12.8%), social life
(5.8%) and cultural activities (2.5%) were the largest benefits from living in such a built-up
area. Although densified urban environments are thought to increase social interaction, and it
has been proposed that they strengthen feelings of community and safety, research shows that
this is not always the case (Williams, 1999).
Studies from the US made a more explicit link with the social impact of adaptation/mitigation
measures. A review by Pataki et al. (2011) noted the benefits of urban greenspace programs
implemented for climate change included indirect improvements in human health, due to
better air quality (a moderate effect, however, there exists much uncertainty here), and
psychological benefits arising from the provision of cultural benefits, reduced stress, and a
reduction in crime rates. Similarly, Clark et al. (2008) studying green roofs in Michigan,
found these to improve human health; with fewer premature deaths and cases of chronic
bronchitis.

16. Discussion
16.1 Method
This review has provided an indication of the range and importance of various sectoral
adaptation and mitigation measures and their impacts. In many sectors, such as agriculture
and water, there are a very large number of possible measures and so the research was
focused on those which were most relevant to the CLIMSAVE modelling being undertaken
in the IAP and the embedded adaptation responses and where there was adequate literature.
This means that a large number of adaptation actions were not covered; a fuller coverage
being provided by Berry et al. (2009). For example, for agriculture we did not examine
aspects of pesticides and herbicide usage nor pasture or waste management for livestock. For
other sectors, examples include expanding setbacks (e.g. distance between structures and
shoreline), mapping coastal hazards (coastal flooding, cliff erosion risk for coasts), heat
action plans, preparedness of health care systems, mapping of the urban heat island and cool
places in urban areas, dams, re-naturalisation of rivers, groundwater recharge systems, and
taxes or incentives such as those concerning amount of waste water used and water pricing
for water.
16.2 Cross-sectoral interactions
The cross-sectoral impacts of adaptation and mitigation actions are not part of the IPCC
chapters assessing the interactions between the two responses to climate change (e.g. Klein et
al., 2007), as they focus on the synergies, antagonisms (conflicts) and trade-offs, although
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some of the impacts of adaptation and mitigation are in the individual sectoral chapters. This
review, found very few instances of neutral-no interaction (See Section 6), highlighting that
there are many cross-sectoral impacts of adaptation and mitigation actions where the impacts
can be both positive and negative for the given or another sector. It was difficult to find
examples of simple cross-sectoral interactions, i.e. where impacts in the affected sector did
not lead to any direct consequences for adaptation and mitigation actions in that sector. In
contrast, the majority of cross-sectoral impacts from this review existed in the form of
synergies and antagonisms. This interaction between mitigation and adaptation actions within
and between sectors must to be taken in to account in any mainstreaming of adaptation (or
mitigation) in sectoral policies to avoid unintended consequences (Klein et al., 2007) or to
enhance positive outcomes. This also was advocated by the EU White Paper on “Adapting to
Climate Change”9 and the recently adopted EU “Strategy on adaptation to climate change”10.
The latter suggests that screening adaptation decisions will reduce the likelihood and
frequency of maladaptation. This could result from negative impacts of an adaptation action
on another sector, with or without affecting that sector’s ability to adapt. It is recommended
that all interactions, whether simple, synergistic or antagonistic, and trade-offs should be part
of any formal assessment of the impacts of adaptation and mitigation measures. The
importance of these findings will now be discussed.
16.3 Potential for synergies (win-win)
The review found that the greatest number of recorded cross-sectoral interactions impacted
positively on both sectors, although there is a danger in assuming that the frequency of
mention, or evidence of an interaction, represents the importance of a particular sectoral
measure. More importantly it found that the effect on the impacted sector could often be
considered consistent with adaptation measures for that sector, as shown by the italics in
Table 14. This suggests that many synergies (and conflicts) are going unrecognised or are not
being explicitly acknowledged and are under-represented in this review. Similarly past
research has mostly failed to sufficiently evaluate synergies, with adaptation and mitigation
often being considered independently (e.g. Klein et al., 2007), and hence there is a need for
future strategies to further explore the potential and maximise the benefits of synergies
(Stoorvogel et al., 2004).
The review also found that many of the positive cross-sectoral interactions involved
biodiversity or water. This cross-cutting role of biodiversity has been highlighted by many
stakeholders (Impact Assessment EU Paper on Adaptation). Many interactions with
biodiversity involved habitat restoration or creation by other sectors (e.g. coasts), which can
be considered generally positive for biodiversity, with such actions being part of many
recommendations for biodiversity adaptation (e.g. Smithers et al., 2008; Heller and Zavaleta,
2009). It is difficult, however, to judge whether these would always be undertaken for
habitats which are particularly vulnerable to climate change and thus need adaptation actions
to be taken, or are in locations where adaptation is needed (Berry, 2009b). Nevertheless,
examples were found of where, for example, wetland creation increased carrying capacity for
waterfowl, as well as creating suitable conditions for rare species (Wells and Turpin, 1999),
including the endangered whooping crane (Hinkle and Mitsch, 2005; Darnell and Heilman,
2007). It was suggested in the coastal sector that these benefits once recognised, should be
maximised during the design phase of similar coastal adaptation schemes, such as occurred in
the managed realignment scheme at Wallasea, UK (Dixon et al., 2008).
9

http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=COM:2009:0147:FIN:EN:PDF
http://ec.europa.eu/clima/policies/adaptation/what/docs/com_2013_216_en.pdf
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The positive cross-sectoral interactions involving biodiversity could also potentially be
considered to be part of ecosystem-based adaptation11. Potential benefits include biodiversity
conservation, carbon sequestration, and sustainable water management. This type of
adaptation is being promoted by the EU, for example, in the Strategy on adaptation to climate
change and in the accompanying Impact Assessment, it is suggested that “there is growing
recognition of the importance of ecosystem-based approaches by other sectors, particularly in
relation to coastal protection, urban planning and water management” p33 (SWD (2013),
132). Such an approach also is stated in the EU biodiversity strategy to 2020 as a costeffective way to address climate change adaptation and mitigation while offering multiple
benefits beyond biodiversity conservation, which is where it has tended to be promoted. The
cost-effectiveness of adaptation measures under climate uncertainty is being explored in
CLIMSAVE through the use of various algorithms, in order that the cross-sectoral costs can
be taken into account in the costs of any individual action.
This review found evidence of positive cross-sectoral interactions involving biodiversity in
the form of green infrastructure, including green roofs, urban trees and sustainable urban
drainage systems (e.g. Bowler et al., 2010; Fioretti et al., 2010). The EU White Paper on
"Adapting to Climate Change - Towards a European Framework for Action (COM(2009),
147 final)", recognised that approaches such as this which work “with nature’s capacity to
absorb or control impact in urban and rural areas can be a more efficient way of adapting than
simply focusing on physical infrastructure” (COM(2009), 147). Increasingly these
ecosystem-based approaches to climate change adaptation and mitigation are being promoted,
as biodiversity is seen as part of an overall adaptation strategy to help people adapt to or
mitigate the adverse effects of climate change12. Ecosystem service frameworks would aid in
the planning and evaluation of such schemes. This review has identified some of the
synergies between biodiversity and the other sectors and these are examples of ecosystembased adaptation or mitigation. It is interesting to note that biodiversity adaptation measures
appeared to have little or no impact on the other sectors, whereas measures by the majority of
other sectors were found to impact on biodiversity. Also, measures to adapt to future water
resources by increasing resilience were often incorporated into strategies by sectors other
than water, i.e. those which would be affected. For example, urban adaptation measures
included RWHS, and measures for agriculture included reduced irrigation; both of which can
be considered as water sector adaptation strategies, although the viewpoint in the literature
(as seen) is often different. This overlap highlights the cross-sectoral nature of adaptation and
mitigation.

11

Ecosystem-based approaches to climate change adaptation (EbA) includes the sustainable management, conservation and restoration of
ecosystems to provide services that help people adapt to the adverse effects of climate change. EbA often also contributes to climate change
mitigation, by conserving carbon stocks, reducing emissions caused by ecosystem degradation and loss, or enhancing carbon stocks. (Report
CBD AHTEG, 2009 and EC SWD (2013) 132, adapted).
12

Connecting Biodiversity and Climate Change Mitigation and Adaptation - Report of the Second Ad Hoc Technical Expert Group
(AHTEG) on Biodiversity and Climate Change under the Convention on Biological Diversity (CBD)
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Table 14: Overview of adaptation interventions identified in this review, and their cross-sectoral interactions and effects on mitigation. Text in
red indicates a negative interaction, and text in italics shows potential synergies.
Sectors impacted by adaptation measure
Adaptation and
mitigation actions
Agriculture
Irrigation

Water

Biodiversity

Decreased supply to
other water users; water
saving irrigation
techniques could reduce
demand

Reduced water in
rivers and lakes can
adversely affect
biodiversity,
especially wetlands

Crop type

Flooding

Increase in water
levels in wetlands

Earlier sowing dates

Decreased water
demand/increase spring
irrigation

Breeding

Urban

Forests

Agriculture

Coasts

Mitigation effect
Possible increase
in soil C-storage;
water saving
techniques could
reduce energy
demand;
intermittent
irrigation of
paddy rice can
increase N20
emissions

Possible increase
in soil carbon
storage; spring
sown crops could
reduce N2O
emission
Loss of genetic
diversity
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Sectors impacted by adaptation measure
Adaptation and
mitigation actions

Water

Biodiversity

Conservation
agriculture

Improve crop water use
efficiency; reduce N
leaching, soil
evaporation; increase
water storage. No-tillage
can increase pesticide
concentrations

Increase soil fauna,
including earthworm
numbers; better
habitat for microorganisms

Biological nitrogen
fixation
Targeting amount and
timing of fertiliser
application
Biodiversity
Assisted colonisation

Reduced nitrogen
leaching
Reduced nitrogen
leaching

Urban

Agriculture

Coasts

Mitigation effect
Possible increase
in soil carbon
storage,
decrease/increase
in other
greenhouse gas
emissions
depending on
measure and its
implementation
Decrease nitrogen
emissions
Decrease
greenhouse gas
emissions

New streams/wetlands
increased water holding
capacity & water quality;
decreased flood risk

Corridors

Networks

Forests

Possible
loss of
forests
Peatland restoration
increases water storage,
reducing flooding
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Possible loss
of agricultural
land
Possible loss
of agricultural
land

Reduced
sediment
supply

Sectors impacted by adaptation measure
Adaptation and
mitigation actions
Habitat restoration

Water

Biodiversity

Urban

Agriculture

Can reduce flooding

Coasts

Mitigation effect
Restoring
wetlands will
increase carbon
sequestration

Protected areas

Coasts
Wetland creation

Forests

New
PAs
could
lead to
loss of
forest
Altered soil redox
potential; Long-term
improvement in water
quality; short-term may
be negative

Wetland habitat
creation/restoration;
increased species
richness and carrying
capacity

Managed realignment

Long-term improvement
in water quality; shortterm may be negative

Habitat
creation/restoration;
benefits most species

Increase/decrease
urban protection

Managed retreat

Possible short-term
reduction in water quality
followed by overall
improvement

Habitat creation;
benefits most species

Increase/decrease
urban protection
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Loss of
forest

New PAs
could lead to
loss of
agricultural
land

Loss of
agricultural
land

Increase carbon
sequestration;
increase in CH4
and N2O
emissions

Loss of
agricultural
land

Increase carbon
sequestration;
increase in CH4
and N2O
emissions
Increase carbon
sequestration;
increase in CH4
and N2O
emissions

Loss of
agricultural
land

Sectors impacted by adaptation measure
Adaptation and
mitigation actions

Water

Biodiversity

Low crested structures

Provision of novel
habitat; fish nursery
ground; increase in
algae, but can
prevent species
settling on structure.
Coastal squeeze

Beach nourishment

Loss of dune
vegetation; loss of
species

Storm surge barriers

Forests
Afforestation/reforesta
tion

Improve water clarity

Improved water
quality can increase
phytoplankton
productivity. New
habitat can be
created behind the
barriers.
Can destroy/degrade
ecosystem, e.g. tidal
flats

Reduced river flow,
groundwater recharge.
Planting on agricultural
land can restore water
quality

Can
improve/increase
diversity; habitat
loss/change; species
loss due to chemical
inputs & forest
management

Urban

Forests

Agriculture

Protection from
flooding

Mitigation effect

Tidal barriers if
combined with
energy production
could reduce
fossil fuel
demand; lakes
behind them can
increase local
temperatures; loss
of habitat
Loss of
agricultural
land.
Conversion of
land or
intensification
of farming
elsewhere
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Coasts

Increased storage
on newly planted
land

Sectors impacted by adaptation measure
Adaptation and
mitigation actions
Urban
Green roofs

Water

Biodiversity

Urban

Forests

Agriculture

Coasts

Mitigation effect

Stormwater, infiltration
Habitat provision,
and flow reduction.
but challenging
Drainage ditches increase environment
peak flows in early stages
of plantation

Carbon
sequestration
(small); reduce
energy demand
through
decreasing
temperatures

Urban trees and
greenspace

Runoff reduction.
Can reduce air quality,
emitting BVOC and
aiding the formation of
smog

Carbon
sequestration;
reduce energy
demand through
decreasing
temperatures

White-topping/cool
pavements

Reduced stormwater
loadings, improvement in
inﬁltration, water
retention and
evapotranspiration,
decreased water demand
from other sources

Reduce energy
demand through
decreasing
temperatures

Rainwater harvesting

Reduces household
demand, decentralises
water supply

Intensification
can protect
agricultural
land from
development
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Sectors impacted by adaptation measure
Adaptation and
mitigation actions

Water

Biodiversity

Building measures

Reduce amount and
peaks of runoff and
flooding, improve water
quality

Restore certain
ecosystem
functions;swales and
ponds increase
habitats

Sustainable urban
drainage systems
(SUDS)

Reduces runoff, aids
stormwater retention.
Pervious pavements filter
and store runoff,
improving water quality
via reducing diffuse
pollution in urban
watercourses

Can provide habitat

Water
Increased infiltration
e.g. changing tillage
practices; storm water
control
Increased storage e.g.
reduced drainage;
RWHS afforestation;
wetland restoration

Urban

Reduce urban
flooding

Ponds can increase
biodiversity

Reduced flood impact
e.g. defences,
planning, floodplain
restoration
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Forests

Agriculture

Coasts

Mitigation effect

Increase soil
water
availability
Reduced
sediment
supply; saline
intrusion

Ecosystem-based
measures could
increase carbon
sequestration

Could reduce
water
availability
depending on
prioritisation
of use

Ecosystem-based
measures could
increase carbon
sequestration

Sectors impacted by adaptation measure
Adaptation and
mitigation actions
Flood plain restoration

Reservoirs

Water
Improve water quality

Biodiversity

Urban

Forests

Agriculture

Coasts

Mitigation effect

Increase in wetland
habitat and species

Ecosystem-based
measures could
increase carbon
sequestration

Changed
biodiversity. Loss of
riverine species

Direct increase in
greenhouse gas
emissions; reduce
emissions from
fossil fuel if used
for HEP
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16.4 The wider impacts of interventions
There is the possibility also that while the positive cross-sectoral interactions of adaptation or
mitigation measures in one sector may not contribute to adaptation or mitigation in the other
sector, nevertheless they can improve environmental conditions, such as water and soil
quality, in the impacted sector. Measures such as these increase adaptive capacity by
increasing resilience and robustness both to climate and other changes (Smith et al., 2001;
Tol, 2005). They are, therefore, often seen as low, or no-regret, as the benefits from these
measures are realised regardless of the uncertainties surrounding future climate projections
(Hallegatte, 2009). For example, this review found evidence of earlier sowing dates being
adopted in agriculture to reduce drought stress (e.g. Moriondo et al., 2010) – a problem
which already exists irrespective of future changes and, hence, this adaptation will provide
current, as well as future, benefits. Similarly, in urban areas the implementation of rainwater
harvesting and greywater re-use decentralise water supply, reduce potable water use, and
increase regional resilience to drought by improving security (Graddon et al., 2011). In the
absence of synergies, such actions should be preferred, as they are likely to produce overall
environmental benefits and be more cost-effective.
It is logical to state that strategies involving a high number of synergies (both for mitigation
and adaptation) should be favoured. However, aspects such as the flexibility of schemes, the
extent to which they offer no-regret solutions and increase resilience, are also important to
consider (Adger et al., 2005; Hallegatte, 2009). From this viewpoint the impact of climate
change uncertainties can be substantially reduced. An assessment of adaptation options
examined in this review is given in Table 15, which ranks preference that could be given to
various strategies. It is important to consider a number of factors when conducting such an
assessment. For example, although habitat creation and wetland creation both have synergies
with mitigation, the latter is known to be a very effective carbon sink (e.g. Choi et al., 2001;
Trulio et al., 2007), whereas the extent of mitigation provided by habitat creation is highly
dependent on habitat type. Similarly, the strength of mitigation provided by genetic
modification in agriculture, as opposed to afforestation with climate-resilient genotypes,
depends on the ability of new species to sequester carbon. Forests are known to store large
amounts of carbon, but the ability of modified crops could be substantially less (e.g. Peoples
et al., 1995; Bonesmo et al., 2012). Taking such factors into consideration, it appears that
some of the most favourable options are those which work across sectors, building on the
natural capacity of biodiversity to provide ecosystem services. For example, SUDS options
and green infrastructure options benefit adaptation in the water sector and in urban areas as
well as contributing to mitigation through carbon storage and providing habitat for
biodiversity.

131

Table 15: Adaptation measures for the sectors and their assessment compared to other strategies found in this review. For the no-low regrets,
“++” indicates measures that will produce benefits regardless of climate change, “+” indicates no-regret in some cases, depending on
circumstance. Ranking of measures: rank 1 being the most favourable options and 3 the least. Favourable options will be those with synergies
which increase resilience and are hence no-low regret. The least favourable options will be those which involve a number of conflicts, and/or are
not flexible, based on findings from the review. Table adapted from Hallegatte (2009).
Sector

Examples of adaptation options

Agriculture

Changing planting dates

No-low
regret
+

Genetic modification

Urban
Water

Forest

Coastal

Synergies with
mitigation
+

+

+

Development of more resistant crops

+

+

Green infrastructure

++

+

+

Building measures

++

-

+

SUDS

++

Floodplain restoration

+

Corridors and networks

++

Restoration schemes
Habitat creation
Chemical control for pests and disease
Afforestation with climate-resilient
genotypes

+
--

+

Ranking
2

Conservation agriculture

Storage

Synergies with adaptation
in other sectors

+
-

Flood defences

Biodiversity

Reversible /
flexible

3
+

2
1

++

1
2

++

1

+

3
3

+

+

2

+

++

1

++

+

+

2

+

+

+

3

+

+

Hard-engineering

3

-

++

--

-

+

1
3

Managed realignment

+

+

+

1

Wetland creation

+

++

++

1
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16.5 Antagonisms and trade-offs
In contrast to the above positive interactions, negative ones were also identified and these,
like the conflicts which will be discussed below could lead to the need for trade-offs. The
interactions were mostly concerned with water quantity and quality, biodiversity and
competing land uses. The hard engineering adaptation approaches in the coastal sector were
especially linked to a number of antagonisms with biodiversity as a result of coastal squeeze
(Bozek and Burdick, 2005). In addition to antagonisms, a number of examples were found of
measures with negative impacts on other sectors.
The number of European adaptation and mitigation strategies for which trade-offs can be
identified (whether implicitly or explicitly) goes to highlight the importance of more
integrated management. These include for the agricultural sector: the uptake of deficit crop
irrigation despite a potential reduction in yield (Mushtaq and Moghaddasi, 2011); reductions
in CH4 emissions from manure stores constrained by increased energy emissions required for
cooling (Dalgaard et al., 2011); and the creation of nitrogen farming wetlands despite the
potential for CH4 emissions (Thiere et al., 2011). Furthermore, existing conflicts between
irrigation, public water supply and environmental protection lead to the need for the
consideration of a range of trade-offs (Daccache et al., 2012). A good overview of some of
the complexities of trade-offs in this sector is given by Herrero et al. (2009). Numerous tradeoffs are also present in long-term coastal management, however, these can be overcome by
the development of a more coherent cross-scalar approach to planning in addition to
increased collaboration during the decision-making process (Few et al., 2004).
Integrated city models have been identified as a tool with which to identify trade-offs and
synergies between urban climate policies (Viguié and Hallegatte, 2012). Policies of (1)
greenbelt, (2) zoning to reduce flood risk, and (3) a transportation subsidy were examined,
with the model finding that the only way to achieve a win-win outcome was to combine the
policies rather than to develop them separately. However, it is important to note that
sometimes trade-offs are unavoidable (Viguié and Hallegatte, 2012). In such instances, taking
findings from the coastal sector, informing stakeholders and the public of trade-offs is vital to
gaining their support in long-term coastal planning (Tompkins et al., 2008).
It is interesting that although the review found many examples of adaptation and mitigation
strategies being implemented in Europe, the majority failed to consider the ‘success’ of
actions. This may be a result of the complexities involved, for example, success is dependent
on the interaction of adaptation and mitigation measures over time, whether this be crosssectoral, synergistic or antagonistic (Adger et al., 2005). A very limited number of studies
considered the impact of actions over the long-term. Furthermore, success will be influenced
by future conditions (climatic and otherwise) which are surrounded by uncertainty.
16.6 Dealing with conflicts
International, national and local policies are one way to reduce conflicts and enable the
resolution of trade-offs. This will be illustrated with regards to biodiversity as this is the
sector affected most by actions in others. The EU Habitats Directive 1992, for example, states
that for any new development where wetlands are lost, new wetlands are required to be
created to compensate for this. However, original and newly created wetlands absorb carbon
at different rates, and thus in a new (compensated area) development there is the potential for
the net loss of carbon storage. Although there is still uncertainty regarding how much carbon
is lost, Hossler and Bouchard (2010) suggest, based on US studies, that a compensation ratio
of 5:1 for the area of new wetlands should be created against the original wetland area to
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ensure that the same volume of carbon is stored. Van Roon (2012) builds on this argument as
she believes that peatlands are an undervalued resource that could be used for dual benefits to
store carbon, mitigate the effects of urban development and increase biodiversity. Thus,
natural rural peatlands can do this in the most effective manner, as opposed to created
wetlands in urban areas.
While not explored as part of the CLIMSAVE literature review, another possible way of
dealing with some conflicts from a biodiversity viewpoint is biodiversity offsetting. These are
market-based schemes which seek to “offset” damages caused by development, such that at a
minimum, there is no net loss of biodiversity and preferably some gains. A number of
European countries are implementing measures for biodiversity offsetting, with a good
reviews given by ten Kate et al. (2004) and Quétier and Lavorel (2011). A pan-European
mechanism is that of the Natura 2000 network, whereby to comply with the Habitats
Directive any development which will adversely affect the network must be offset by
conservation measures elsewhere in the network (ten Kate et al., 2004). Individual countries
are also employing their own mechanisms for biodiversity offsetting, with those of
‘Ausgleich’ and ‘Biotopwertverfahren’ in Germany (Bruns, 2007), ‘Offset Ratios’ in France,
and federal law in Switzerland to protect the country’s nature and landscape 13. It is clear
however, that measures employed in existing biodiversity offsetting schemes are ineffective
and need to improve substantially, considering a large number of factors and habitat
equivalence (Walker et al., 2009; Quétier and Lavorel, 2011).
16.7 Barriers
There exist a number of barriers to the effective development and implementation of
adaptation and mitigation schemes (for good examples see Ivey et al., 2004; Crabbé and
Robin, 2006). These include current policy approaches, institutional complexities, action over
a wide range of scales, insufficient information and communication (Howden et al., 2007;
Biesbroek et al., 2010). Burch (2010a; b) developed a framework for exploring the
institutional and behavioural barriers to climate change policy development and
implementation. Building on this, work on the barriers to embedding climate change
adaptation principles for biodiversity identified the following categories of barriers:
governance and leadership, institutional structure, legislative/policy history, relevance,
capacity, conflicting priorities and reluctance to change (Berry et al., 2010). Interviews with
key individuals involved in the different workstreams of the England Biodiversity Strategy
and other delivery partners found that the key barriers included: uncertainty about both the
future of funding and climate change as a policy priority, organisational silos resulting in
insufficient communication of the relevance of adaptation to conservation, and policy legacy
leading to sub-optimal outcomes under climate change (Burch and Berry, 2013).
Portugal, a country whose coasts are at risk from coastal flooding and erosion, provides a
good example of where effective coastal planning has been prevented by the presence of a
number of barriers (Schmidt et al., 2012). These include shortcomings in the clarity of
policies and political support, insufficient finances, limited integration of knowledge and
weak coordination of stakeholders. These barriers led to problems in organising the
institutions and stakeholders involved, with many discrepancies in policies, and
responsibilities which overlapped between plans and coastal planning legislation (LopezAlves and Ferriera, 2004; Carneiro, 2007; Schmidt et al., 2012).

13

www.admin.ch/ch/f/rs/451/a18.html, Accessed: June 2013
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16.7.1 Policy
Policy instruments, both soft (e.g. financial incentives and voluntary agreements) and hard
(e.g. regulatory measures or sanctions) can aid the implementation of adaptation measures,
although little evidence has been found of these being developed (Biesbroek et al., 2010).
This research has found limited evidence for the use of policy tools; one example of which
was tax incentive programs in the urban sector to encourage development on brownfield sites
(Bunce, 2004; Hayek, 2010). The potential impact of an emissions tax on agriculture in
south-west Germany was also assessed (Neufeldt and Schäfer, 2008), as well as the impacts
of agricultural policies such as CAP and subsidies (Freibauer et al., 2004).
Schemes, such as the corridors forming the Natura 2000 network, the European Greenbelt
(Zmelik et al., 2011), and the low energy residential settlement of Borgo Solare (Aste et al.,
2010), were implemented under or comply with a number of policies, including the Water
Framework Directive, the Bird and Habitat Directives, the EU Floods Directive and the
European Directive on Energy Performance of Buildings. It is interesting to note that some
policies which impact nature conservation, such as the Natura 2000 legislation, are seen as
posing barriers to successful adaptation (although there is some debate about its flexibility for
dealing with climate change impacts e.g. Beunen, 2006). For example, strategies targeting
biodiversity need to address changing climatic conditions and the shifting ranges of species,
and hence need to be flexible. In contrast, the Natura 2000 policy is viewed as more rigid,
causing institutional difficulties for habitat offsetting and banking schemes. A further
problem is that climate policy, for example that for the urban sector, interacts with other
targets including economic competitiveness and social issues (Viguié and Hallegatte, 2012).
The broad reach of climate change interventions means that they are far from being
independent of other decisions (O’Brien and Leichenko, 2000). It can hence be difficult to
coordinate approaches to meet all targets.
Despite the clear existence of climate change policies, it has been found for many EU
countries that these are not incorporated explicitly into existing sectoral policies (Urwin and
Jordan, 2008; Biesbroek et al., 2010). Climate change needs to be better integrated within
current and future policies (on a national and EU level), rather than being dealt with
separately (Howden, 2007; Biesbroek et al., 2009; EU White Paper). This is key, as it would
allow the identification of the impacts that measures taken under one policy will have in
another policy domain (Biesbroek et al., 2009). It has been highlighted that if urban climate
policies, such as zoning to reduce flood risk, transportation subsidies and a greenbelt policy,
are considered and implemented individually, they are likely to be unacceptable from a
political viewpoint as they adversely affect each other, however, when policies are
implemented in a mix, there is potential for acceptable win-win strategies (Viguié and
Hallegatte, 2012).
Successful strategies will require assessment frameworks to be implemented, which are
robust, relevant and easily accessible to stakeholders, policy-makers and the scientific
community (Howden et al., 2007). Bottom-up approaches to policy-making, although
complex have been found to highlight cross-sectoral interactions, whereas there are cases
where a top-down approach can lead to unintended antagonisms (Gupta, 2007; Urwin and
Jordan, 2008). Existing policies therefore need to be reviewed and altered to assist the
adaptation process (White paper). An example of policy improvement is seen in Portugal’s
Finisterra programme. This was implemented in 2003 and consists of a coherent framework
law on coastal areas, and utilises numerous legal tools such as the creation of a supraministerial coordination body for coastal management (Schmidt et al., 2012).
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16.7.2 Knowledge
As stated previously (see Section 1), adaptation and mitigation measures are interlinked,
making it important to seek inter-disciplinary solutions, having a strong exchange of ideas
and information with decision-makers (Howden et al., 2007). The numerous synergies,
antagonisms and cross-sectoral impacts identified in this review support the need for such an
approach. It is, therefore, not possible to examine only mitigation or adaptation alone, nor is
it possible to consider only the sector for which the measure is intended. Findings from this
review reflect the need to overcome barriers towards achieving this goal.
The potential for feedbacks, i.e. synergies and trade-offs, will need to be assessed using a
holistic and fully integrated framework approach, which examines a number of sectors (Jarvis
et al., 2011). This would allow for the cross-sectoral management of adaptation and
mitigation options (Howden et al., 2007). Modelling of impacts, therefore, also needs to be
integrated, incorporating socio-economic, biological and physical factors, such as has been
undertaken in the CLIMSAVE project. The identification of key impacts and metrics for
cross-sectoral comparison has also been part of CLIMSAVE and this will be able to
contribute to the assessment of the effectiveness of different adaptation measures across
sectors.
EU members need to better coordinate knowledge within countries, for example, improving
the communication of climate information between the large number of organisations
contributing research and knowledge; including national governments, meteorological
institutions, research institutes and programs, NGOs and special organisations (e.g. the
Danish Information Centre on adaptation, established under the Danish National Adaptation
Strategy) (Biesbroek et al., 2010). It will be extremely important to share this knowledge
between the scientific community, policy and decision-makers, practitioners etc. to improve
adaptation-mitigation recommendations (Jarvis et al., 2011; Clar et al., 2013). CLIMSAVE
has gathered evidence at a European scale and experience from past schemes can aid planners.
Public awareness also needs to be increased via a number of tools, such as the CLIMSAVE
IAP (Harrison et al., 2012), and practitioners need to be made aware of the full range of
suitable adaptation measures available (Biesbroek et al., 2010).
Some of the strategies examined in this review have further highlighted the lack of long-term
monitoring and assessment of their impacts, this only being conducted for very few schemes.
Such as the results from this review, many National Adaptation Strategies also fail to
acknowledge the importance of monitoring and how it should be undertaken (Biesbroek et al.,
2010). The UK and Finish strategies are among the only few which discuss the development
of quantitative indicators to assess effectiveness (Swart et al., 2009; Biesbroek et al., 2010).
Despite the inadequacy of current monitoring, it is essential to measure the effectiveness of
strategies (Magurran et al., 2010; Huntjens et al., 2012). Metrics concerning the effectiveness
of mitigation schemes are more developed than those for adaptation (e.g. van Minnen et al.,
2008), despite debate over the amounts of carbon stored in various ecosystem components.
Clearly a suitable framework and selection of tools needs to be developed to evaluate
strategies. Solutions could include the evaluation of schemes using environmental impact
assessment procedures (Agrawla et al., 2012; Wende et al., 2012), or frameworks to assess
the resilience of options (Engel et al., 2013).
Although the communication of knowledge and monitoring are barriers which can be
successfully removed, the lack of certainty of climate change and its impacts proves much
more challenging (Agrawla et al., 2012). Detailed information required for successful
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evaluation of schemes and their impacts is currently unavailable, or is associated with a high
number of uncertainties (Hulme et al., 2007; Moser, 2009; Smith et al., 2009; Clar et al.,
2013). For example, local scale climate projections which would be appropriate for decisionmaking at the project level are, however, associated with a high number of uncertainties
(Agrawala and van Aals, 2005; Wilby and Dessai, 2010). In the agricultural sector, some
progress has been made with the development of ensemble agriculture and climate models to
examine adaptation options (Challinor et al., 2013).
16.7.3 Governance and actors
Despite the number of cross-sectoral interactions found in this review, few studies discussed
how schemes were managed. Many of the examples found tended to be quite specific to the
regional or national scale, posing a barrier to solutions and the successful coordination across
levels. A number of studies from this review did, however, highlight the vast array of actors
and governance levels involved. For example, the de Doorbraak project in the Netherlands
required communication across district water boards, the local province, and the national
Ministry of Agriculture, Nature Management and Fisheries (WRD, 2011). Again in the
coastal sector, examples were found of partnerships across a number of organisations, with
actors involved in the managed realignment at Hesketh Out Marsh West, including a UK
government agency, an NGO and the local council (Tovey et al., 2009). Information on
governance for the coastal sector shows that national levels of governance are often
employed although the majority of plans are local, e.g. managed retreat at Orplands, UK
(Emmerson, 1997). In the urban sector, examples of local and regional building code
regulations were seen in the Sant Cugat del Vallès municipality and the region of Catalonia
(Domènech et al., 2011). Literature covering the agricultural sector provided examples of the
EU-level of governance, with EU frameworks concerning organic farming (e.g. Framework
of Organic Food and Farming, EC 834/2007; the European Organic Seed Regulation, EC
1452/2003). The above highlights examples of multi-level governance. Government
regulations and policies implemented at the European level need to be downscaled in order to
form policy strategies and targets at a local level. Such interaction between governance levels
and participatory approaches involving stakeholders and institutions are required to overcome
complexity issues (Biesbroek et al., 2009).
In addition to the above complexity of actors, CLIMSAVE results highlight the transboundary nature of some schemes. The ability, and perhaps the need for EU member states to
work together was best highlighted by the Wadden Sea Plan: a trilateral cooperation between
Germany, the Netherlands and Denmark; aiming to re-naturalise the coastline and conserve
biodiversity (Falk, 2004; Enemark, 2005). Another international cooperation is the Restoring
Peatlands Project in Belarus, which is a result of research and experience from experts in
Belarus, Germany and the UK. The scheme is financed by Germany as part of the
International Climate Protection Initiative by its Ministry for the Environment, Nature
Conservation and Nuclear Safety. Further increasing the complexity of actors, the project is
coordinated by the UK’s Royal Society for the Protection of Birds in collaboration with APBBirdLife Belarus and the German Michael Succow Foundation. The scheme is further
supported by the UN Development programme in Belarus and the Ministry of Natural
Resources and Environmental Protection of the Republic of Belarus14.
Studies in this review mostly failed to explore the role of National Adaptation Strategies
(NASs) in adaptation and mitigation schemes, despite these being adopted by 15 EU member
14

http://www.restoringpeatlands.org, accessed 20/08/2012
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states15. These aim to better facilitate adaptation across a range of spatial and temporal scales,
and to promote governance at multiple levels (Biesbroek et al., 2010). NASs differ between
countries, although many of the drivers (e.g. EU policies), and methods and approaches used
are similar (Swart et al., 2009; Biesbroek et al., 2010). As found in this review, cross-sectoral
impacts are numerous and it is important to recognise these to maximise the benefits of
schemes and avoid conflicts. In contrast, research finds that not all European NASs identify
this link (Biesbroek et al., 2010). Table 16 highlights that many country’s plans are not
considering the cross-sectoral nature of schemes, although this review found biodiversity to
be a cross-cutting issue, it was only shown in the two out of the seven NASs examined. The
Spanish NAS (PNACC, 2006) does, however, recognise that water, biodiversity and coastal
sectors can impact on agriculture and forestry; whereas the French NAS (ONERC, 2007)
actively identifies cross-cutting issues, such as water and biodiversity; and sectoral
approaches such as agriculture. It is interesting to note that the Belgian NAS is the only one
which explicitly considers the cross-boundary aspect of climate change in adaptation
strategies (Swart et al., 2009).
Table 16: Sectors involved in selected adopted National Adaptation Strategies. Germany
(DE), Denmark (DK), Spain (ES), Finland (FI), France (FR), the Netherlands (NL), the UK,
Hungary (H), Portugal (P) and Belgium (B). Two crosses mark priority sectors or crosscutting issues for some countries. Table adapted and updated from Biesbroek et al. (2010).
Sector
Agriculture
Biodiversity
Forests
Coasts
Urban
Water

DE
X
X
X
X
X
X

DK
X
X
X
X
X
X

ES
X
XX
X
XX
XX

FI
X
X
X
X
X

FR
X
XX

XX

NL
X
X
X
X
XX
XX

UK
X
X
X
X
X
X

H
X
X
X
X

P
X
X
X
X
X
XX

B
X
X
X
X
X
XX

16.7.4 Scale
This study highlighted the variation in scale of adaptation measures between sectors (see
Section 12). Table 17 shows the contrasting spatial scales of adaptation measures for each
sector. Instances of international strategies were found mainly in the agricultural, biodiversity
and coastal sectors. Biodiversity adaptation occurred at multiple scales, often supported by
EU-policies and strategies, including the Convention on Biological Diversity, the PanEuropean Biological and Landscape Diversity Strategy16, the European Green Belt (Zmelik et
al., 2008) and European ecological networks such as the Emerald Network17, which highlight
the trans-boundary nature of adaptation in this sector. Coastal adaptation was often local in
scale, inferring the site-specific nature of adaptation requirements here, although the UKs
intertidal agri-environmental scheme is one example of adaptation at the national level
(Parrott and Burningham, 2008). In contrast to these international scale examples, urban was
the only sector in this review where adaptation measures were not implemented at a scale
greater than regional, with many options taken at the household level (e.g. Benemann and
Chebab, 1996), however, local adaptation measures can impact at higher levels, for example,
by increasing regional resilience to drought.

15

http://www.eea.europa.eu/themes/climate/national-adaptation-strategies, accessed 24/06/2013
http://www.peblds.org/, accessed: 24/06/2013
17
http://www.coe.int/t/dg4/cultureheritage/nature/econetworks/default_en.asp, accessed: 24/06/2013
16
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Previous studies have often highlighted that adaptation and mitigation concern action on
different scales, with adaptation being mostly achieved at a local, small scale; whereas
mitigation is an international issue, dealt with by action from national governments and in
international agreements (Tol, 2005; Biesbroek et al., 2009; Jarvis et al., 2011). In contrast to
this mismatch of scales, this review found that schemes were implemented at similar scales.
For example, mitigation actions such as tree planting (Davis et al., 2011), green roofs (Getter
et al., 2009) and low energy residential developments (Chance, 2009) in urban areas; and
local saltmarsh and floodplain restoration schemes, and conservation agriculture (Six et al.,
2004), are all implemented at small scales – often local. Adaptation options, such as SUDS
(Andersen et al., 1999), building measures (Artmann et al., 2008), testing genetic diversity
(Singh and Reddy, 2011), changing seed sowing dates (Tubiello et al., 2000), and the
construction of LCS (Lamberti et al., 2005) again all occur at local scales. It seems, therefore,
that adaptation and mitigation actions occur at very similar, local scales (Wilbanks and Kates,
1999; Schreurs, 2008). This is not to say that local projects will individually achieve
reductions in atmospheric GHG concentrations, or to neglect the fact that some mitigation
projects are much larger in scale, however, from this review mitigation actions seem to be
implemented from the bottom-up: the end result being the collective impact of local efforts
driving climate change mitigation in Europe. Mitigation has rarely been considered in this
way, with only a few authors examining this theory (e.g. Wilbanks and Kates, 1999; Lutsey
and Sperling, 2008).
Table 17: Spatial scales of sectoral adaptation measures.
Sector
Agriculture

Local
Mostly local, e.g.
testing of genetic
diversity

Spatial Scale
National

Regional

International
Development of
new genes (Ortiz,
2008)

Development of new cultivars
Biodiversity

Habitat restoration

Urban

Householdneighbourhood scale.
Irrigation, RWHS,
SUDS
Afforestation,
restoration
Mostly local, e.g.
restoration, managed
realignment

Water
Forestry
Coasts

Assisted
migration

The CBD, Bird
and Habitat
Directives.
Networks and corridors

Building regulations
EU Habitats
Directive, WFD

UK intertidal
agrienvironmental
scheme

The Wadden Sea
Plan

Differences in temporal scale for adaptation and mitigation were also seen in this review,
although evidence was lacking for many of the measures for biodiversity adaptation and
mitigation. Mitigation actions often led to long-term benefits, and near-term benefits were
achieved by adaptation measures, as found by numerous authors (e.g. Dessai and Hulme,
2007). Many adaptation measures found in this review, such as changes to sowing times,
building measures, and RWHS can be implemented (relatively) quickly (Trnka et al., 2004).
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In contrast, the review also found evidence of adaptation occurring over much longer
timescales, for example, the creation of ecological networks and new protected areas to deal
with species migration in response to climate change, and afforestation using more climateresilient genotypes (FAO, 2010). In a similar way, many mitigation efforts, for example, the
creation of saltmarsh for carbon storage in the coastal sector (Choi et al., 2010), or
reforestation in the forestry sector for carbon sequestration purposes (Ding et al., 2011), take
place over a much longer timescale and require longer to become effective. These findings
show that in addition to the false perception of a mismatch of spatial scale, there are also
instances, where the temporal scale of mitigation and adaptation measures can be similar.
Past literature has often emphasised the temporal and spatial mismatch of scales as posing a
barrier to the integration of mitigation and adaptation, and the successful evaluation of tradeoffs (Tol, 2005; Howden, 2007). Results from this review, however, suggest that there are
many cases in which the scales are comparable, hence, removing one of the perceived
barriers.
As far as management is concerned, it will be important to ensure that any short-term
adaptation measures do not prevent or hinder longer term adaptation or mitigation options,
and therefore the impacts of actions need to be considered across a range of timescales and
across the lifetime of schemes to examine their wider impacts (Adger et al., 2005).
16.7.5 Institutional complexities
None of the studies in this review gave much attention to the institutional difficulties
associated with adaptation or mitigation schemes, however, the above results do highlight the
importance of successful communication and interplay between sectors, actors and
governance. The various actors, institutions and organisations identified as being involved in
adaptation and mitigation schemes have contrasting complexities, and importantly they often
have a limited experience in working together. For example, adaptation in the water sector in
Mediterranean countries has displayed a rather limited cooperation between institutions, and
coordination between states, administrative regions and river basin authorities has been rather
disjointed (Iglesias et al., 2007). The importance of collaboration among actors has been
highlighted, and it has been shown that a strictly sectoral approach could result in a number
of conflicts and trade-offs with other sectors. For example, if coastal flood management takes
a purely sectoral approach, hard engineering measures are likely to be employed which are
likely to impact negatively on biodiversity (e.g. Smits et al., 2006). Under a more coordinated
approach among sectors, soft management schemes, such as managed realignment are more
likely to be favoured, with benefits for other sectors. This does, however, call for flood and
coastal erosion risk management strategies to take into account the interests of, for example,
agriculture and biodiversity conservation.
For adaptation to be successful, public and private actors will need to collaborate across all
levels of governance (from international-national to local) making this an issue of multi-level
governance (Biesbroek et al., 2010) which needs to be well coordinated across sectors
(Biesbroek et al., 2009; Jarvis et al., 2011). Research highlights the importance of
institutional frameworks to aid in strengthening the adaptive capacities of individuals such as
farmers (Jarvis et al., 2011). The Netherlands provides a good example of how such multilevel governance can be applied with their national programme created to have
representatives at the national, provincial and municipal levels, in addition to representatives
from, for example, water boards and scientists to discuss the complex dimensions of
adaptation interventions (Biesbroek et al., 2010). One of the most effective specialist
organisations coordinating research between science and policy is the UK Climate Impacts
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Programme (UKCIP) which was established in 1997 (West and Gawith, 2005). The
programme adopts a fully integrated approach to provide advice on the creation of adaptation
policies for decision-makers through the provision of a range of stakeholder tools and climate
impact studies. In contrast, in terms of organisational structure in the UK for embedding
adaptation policies in, for example, biodiversity, there are some important obstacles which
need to be overcome (Berry et al., 2010). For example, the Department of Energy and
Climate Change (DECC) is an entirely separate institution to the Department for
Environment, Food and Rural Affairs (DEFRA). This separation creates silos between
adaptation policies and biodiversity. Further institutional difficulties include the fact that as a
result of their structure, not all organisations have the appropriate knowledge of actions being
taken (Berry et al., 2010) For example, those working loosely with the England Biodiversity
Group have very limited knowledge of the activities undertaken by organisations, such as
Defra. Such an organisational structure is clearly inefficient and could lead to conflicting
actions being taken. It is therefore essential that institutional complexities, such as that above
are overcome, to improve the efficiency and success of future schemes.
16.8 Future outlook
This discussion has found that a number of barriers exist which hinder the development and
implementation of adaptation and mitigation measures. This issue is far from small and it has
been suggested that institutional complexities, such as policy integration and multi-level
governance, could be more of a challenge to adaptation than the creation and identification of
suitable technical solutions (Biesbroek et al., 2010). It is, therefore, apparent that current
approaches need to improve and institutional difficulties especially need to be overcome.
This review has also highlighted the need for integration between mitigation and integration
to avoid maladaptation, and to promote win-win with maximum benefits and efficiency.
In order to put this into practice, it may be best to focus on the biodiversity and water sectors
as there were a high number of synergies associated with actions here. Also, adaptation and
mitigation measures, both within these sectors and impacting on these sectors, were shown to
have a cross-cutting nature. To some extent the importance of biodiversity is already being
recognised through the development of policy relating to the promotion of ecosystem-based
adaptation and the EU strategy for promoting green infrastructure (COM (2013), 249). Such
strategies use biodiversity to enhance natural ecosystem services and aid adaptation through
increasing the health and resilience of ecosystems (Kazmierczak and Carter, 2010; COM
(2013), 249). Furthermore, given the involvement of above and below ground biomass in a
number of mitigation measures, ecosystem-based adaptation could be extended to ecosystembased mitigation (e.g. urban trees, Davis et al., 2011).
To remove barriers and further make the goal of successful win-win strategies achievable, a
number of authors highlight the need for international and national governance of adaptation
(e.g. Tol, 2005). The White Paper further emphasises the need for higher-level governance to
increase the level of integration across different sectors and governance levels, and the
effectiveness of actions. This suggests that, although as a result of regional variations of the
impact of climate change, strategies will be conducted at national, regional and local levels;
they can be improved and integrated using a coordinated approach by the EU. Sectors which
require such an approach include agriculture, water and biodiversity, as they are inherently
integrated at an EU level by single markets and common policies, but also can be
transnational in nature.
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More recently, there has been a shift in emphasis to increasing climate resilience and
improving coordination, as seen in the 2013 EU Adaptation Strategy (SWD 2013, 216),
which illustrates progress made since the White Paper. EU member states are being
encouraged to adapt NASs, such as those discussed earlier, to increase the uptake of win-win
no-regret strategies, such as sustainable water management. The need for existing EU policies,
such as CAP, is also highlighted in addition to improving knowledge through strategies, such
as the Marine Knowledge 2020 Strategy (COM (2012) 473 final). The strategy illustrates the
development of tools at an EU level, such as Climate-ADAPT (SWD(2013), 134) to aid
decision-making for adaptation within Europe and highlights the role of the EU to fill
knowledge gaps in adaptation and ensure that action is being taken
The number of interactions between policy sectors is growing (see Figure 3), and such a high
level of interaction highlights the need for an integrated approach which can work over
multiple domains and scales to communicate on the border of science and policy. Integrated
climate governance (ICG) is identified in the current literature as one such way forward for
mitigation and adaptation (Tàbara, 2011). Such international governance would consider
multiple domains, scales and governance levels. It would most importantly demand
institutional innovation to facilitate (1) policy instruments and measures, (2) improvements to
climate resilience, communication and learning, and (3) tools and methods for climate
assessment, whilst (4) linking global level processes with those taken at local and regional
levels. ICG would act to provide guidance for scientists, policy-makers and stakeholders, and
analyse current practices (Tàbara, 2011).

Figure 3: The cross-sectoral nature of policies and management. Adapted from Tàbara
(2011).
Both the concepts of EU-level coordination and IGC provide novel approaches to the
management of adaptation and mitigation strategies. Findings from this review have
highlighted the number of complex cross-sectoral interactions strategies can have, and the
plethora of actors and governance levels involved. Although much has been done, and there
are clear examples of win-win strategies, current practices and policies could be much
improved by high-level integrated governance of climate change mitigation and adaptation,
and adaptation issues.
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17. Conclusions
Despite the high level calls for action on adaptation and mitigation and for their
mainstreaming into policy, there is a lack of information on some measures. Even those for
which there is information on their implementation, there is often a lack of evidence on their
effectiveness and wider impacts. This is partly due to little long-term monitoring of the
strategies (Adger et al., 2005) and to the time taken for the success of some measures to
become evident. Also, in the case of biodiversity, for example, there is not always a clear
distinction between good management practice and what is needed specifically for climate
change, as resilient ecosystems are more likely to be able to adapt autonomously and require
less intervention (e.g. Tompkins and Adger, 2004; COM (2013), 249).
As has been clearly shown, many adaptation and mitigation measures interact with each other,
although the examples tended to demonstrate how adaptation could contribute to mitigation,
rather than how mitigation can contribute to adaptation. It would be valuable to explore this
further through a more thorough review of the mitigation literature. This review also showed
how the sectoral adaptation and mitigation measures interact within the intended sector and
with other sectors. It identified that the cross-sectoral interactions may be beneficial to both
sectors (synergistic) or be positive on the implementing sector and have a negative effect on
the impacted sector (antagonistic). The largest category of synergies identified involved those
between adaptation and mitigation within a sector. Often these synergies and antagonisms
were not explicit in the literature and if more successful adaptation and mitigation is to be
undertaken these need to be stated explicitly and the benefits of measures quantified, in order
that greater effectiveness can be achieved or trade-offs dealt with in the case of antagonistic
interactions (see Stoorvogel et al., 2004; Jarvis et al., 2011). This would require greater
cross-sectoral working and integration across relevant policies at all levels of governance.
In order to put this into practice, it might be good to begin with biodiversity and water as
there were a high number of synergies associated with these sectors. Also, adaptation and
mitigation measures both within these sectors and impacting on these sectors were shown to
have a cross-cutting nature. To some extent the importance of biodiversity is already being
recognised through the development of policies relating to green infrastructure and the
promotion of ecosystem-based adaptation and, given the involvement of above and below
ground biomass in a number of mitigation measures, this could be extended to ecosystembased mitigation. Whilst for water, the Water Framework Directive provides some
opportunity for integration of adaptation across sectors, but there is also room for other
sectors undertaking water-based adaptation measures to connect directly with the water sector.
The review found that both adaptation and mitigation measures tended to be implemented at
local to regional scales, although there are those which form part of national planning (e.g.
some coastal management strategies, such as the UKs intertidal agri-environmental scheme
(Parrott and Burningham, 2008) or benefit from international cooperation. There is an
opportunity, if not indeed an urgent need, for them to be more integrated at the local to
regional scale in order that the identified synergies can be realised and the antagonisms
avoided. This integration could be extended to cover the transnational component of some
sectors or measures, for example, ecological networks and river basin management. While
the implementation of strategies may be at the local to regional scale, many regulations and
policies governing practice stem from European level policies (e.g. Wolfe et al., 2008; Aste
et al., 2010). Thus there is a need to ensure that they can be translated into relevant policy
and practice at the more local scale and for local experiences to feedback, such that there is
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reflexive policy formulation (Urwin and Jordan, 2008), much as is advocated for adaptive
management. This interaction is necessary to ensure appropriate policy formulation and to
address the complexity surrounding issues of governance, institutions and actors.
In addition to achieving adaptation and/or mitigation, many of the measures examined had
other environmental or social benefits, for example, improvements in air quality (Tallis et al.,
2011) and new recreational opportunities (Luisetti et al., 2011; Thiere et al., 2011). Some of
these are explicitly part of the adaptation measures, such as schemes designed to reduce
human heat stress, while those pertaining to aesthetics, recreation and tourism may not be
viewed as an explicit part of the design of the adaptation or mitigation measure. They may,
however, indicate additional opportunities and benefits and represent not insignificant
economic returns on investment. The evidence on cost-effectiveness was most forthcoming
for the coastal and urban sectors, but nearly all those measures for which there were figures
showed positive economic benefits, although for some with long lead times or high
development costs, the costs will take a long while to recover (e.g. the Oosterschelde stormsurge barrier, Smits et al., 2006).
In conclusion, the majority of the adaptation and mitigation measures examined had
synergies with other sectors, with fewer antagonisms being identified, albeit many of these
were not explicitly stated. For these synergies to be realised it will require cross-sectoral
working which presents challenges, as it will in turn require interactions across governance
levels, as well as engagement with multiple stakeholders. It will, however, provide
opportunities for more efficient, often cost-effective actions to be undertaken. This will
require appropriate metrics for the consistent assessment of which measures are the most
effective, but currently ecosystem-based adaptation or mitigation and green infrastructure
seem promising as they involve a high number of synergies and benefit multiple sectors. This
review has shown that, in addition to adaptation and mitigation being necessary responses to
climate change, the cross-sectoral integration of adaptation and mitigation measures can
provide resource-efficient responses, with other potential environmental and social benefits.
There are challenges to this cross-sectoral integration, but some mainstreaming is under way,
and there are clear examples of win-win strategies. Current practices and policies could be
much improved by high-level integrated governance of climate change mitigation and
adaptation to ensure that Europe is responding effectively to the challenges and opportunities
of climate change adaptation and mitigation.
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