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Abstract
This report summarizes the results from the experimental manipulations of riparian
hydrology (drought and flooding treatments) carried out along a climatic gradient in the EU
FP7 project REFRESH. The experiments aimed to examine riparian ecosystem responses to
increased summer droughts and increased winter flooding periods by experimentally
diverting stream water to dry out, or flood, riparian wetlands. The climatic gradient
investigated runs North-South across Atlantic Europe, from Denmark, North Germany, the
Netherlands, Atlantic Spain to Mediterranean Spain. Results on wetland biogeochemistry (N
and P), biodiversity (plants and riparian beetles) and functioning (greenhouse gas emissions,
carbon sequestration and decomposition) are summarized here.

Summary report on the effects of climate-driven changes in temperature and
hydrology on the successes of management strategies applied to riparian
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1. Addressed climatic changes
Climate change has many components, which all can be expected to affect riparian wetland
hydrology, biology and functioning to a greater or lesser extent. On some climate
components much research effort has focussed and predictions have become reasonably
robust (e.g., temperature), while others are inherently more difficult to study and predict
(e.g., extreme events). Within the context of this project, we selected two main components
of climate change which have been well-studied and are of direct relevance to stream
riparian wetlands and their hydrology, biology and functioning: temperature and
precipitation.
1.1 Temperature
Temperatures are expected to rise globally (IPCC, Fifth assessment report: Climate change
2013, The Physical Science Basis). The IPCC summarizes this as follows: “The global mean
surface temperature change for the period 2016–2035 relative to 1986–2005 will likely be in
the range of 0.3°C to 0.7°C (medium confidence). … Relative to natural internal variability,
near-term increases in seasonal mean and annual mean temperatures are expected to be
larger in the tropics and subtropics than in mid-latitudes (high confidence). Increase of
global mean surface temperatures for 2081–2100 relative to 1986–2005 is projected to
likely be … 0.3°C to … 4.8°C … .” In addition, “it is virtually certain that there will be more
frequent hot and fewer cold temperature extremes over most land areas on daily and
seasonal timescales as global mean temperatures increase”. All these changes are not
expected to be evenly distributed across the globe, and for Europe intermediate levels of
warming are projected, with clear distinctions among regions within Europe (Fig. 1a, 2).
Increasing temperatures may alter riparian wetlands through multiple pathways: 1) riparian
hydrology may change directly due to a higher ratio of evapotranspiration to water supply,
resulting in a lower water availability in the riparian zone; 2) riparian biology may change
directly due to changes in physiological activity of current riparian plants and animals or due
to replacement of current species by those adapted to live at higher temperatures; 3)
riparian functioning may change directly as biogeochemical processes may be temperaturesensitive; 4) any combination of these changes may lead to additional, indirect and/or
cumulative, effects on riparian ecosystems; and 5) any temperature-driven changes may
interact with precipitation-driven changes.
1.2 Precipitation
Rainfall patterns are expected to change globally (IPCC, Fifth assessment report: Climate
change 2013, The Physical Science Basis). The IPCC summarizes this as follows: “Changes in
the global water cycle in response to the warming over the 21st century will not be uniform.

The contrast in precipitation between wet and dry regions and between wet and dry
seasons will increase, although there may be regional exceptions.” “Projected changes in
the water cycle over the next few decades show similar large-scale patterns to those
towards the end of the century, but with smaller magnitude”. “The high latitudes and the
equatorial Pacific Ocean are likely to experience an increase in annual mean precipitation by
the end of this century [2081-2100] … . In many mid-latitude and subtropical dry regions,
mean precipitation will likely decrease, while in many mid-latitude wet regions, mean
precipitation will likely increase … “. All these changes are not expected to be evenly
distributed across the globe, or even across Europe: average annual precipitation is
projected to decrease in South-western Europe, especially during summer, and projected to
increase in Northern Europe, especially during winter (Fig. 1b; Fig. 2). These changes will
have significant effects on the hydrological interaction between streams and riparian zones,
with implications for the ecology of both ecosystems.

Fig. 1. Maps of CMIP5 multi-model mean results for the scenarios RCP2.6 and RCP8.5 in 2081–2100 of (a)
annual mean surface temperature change, and (b) average percent change in annual mean precipitation.
Changes are shown relative to 1986–2005. From IPCC, Fifth assessment report: Climate change 2013, The
Physical Science Basis (Fig. SPM.8); see the report for more information.

Fig. 2. Temperature and precipitation changes over Europe from the MMD-A1B simulations. Top row: Annual
mean, DJF and JJA temperature change between 1980 to 1999 and 2080 to 2099, averaged over 21 models.
Bottom row: same as top, but for fractional change in precipitation. From IPCC, Fourth assessment report:
Climate change 2007, The Physical Science Basis (Fig. 11.5); see the report for more information.

Decreasing summer precipitation may alter riparian wetlands through multiple pathways: 1)
riparian hydrology may change directly due to lower stream discharge, loss of groundwater
recharge and consequently lower riparian zone water tables, all contributing to a drying out
of the riparian zone and loss of connectivity between stream and riparian zone; 2) riparian
biology may change directly due to increasing summer droughts, selecting for more
drought-tolerant species; 3) riparian functioning may change directly as biogeochemical
processes may be limited by water availability; 4) any combination of these changes may
lead to other, indirect and/or cumulative, effects on riparian ecosystems; and 5) any
precipitation-driven changes may interact with temperature-driven changes.
Alternatively, increasing winter precipitation may alter riparian wetlands through: 1)
riparian hydrology may change directly due to higher stream discharge and consequent
increased flooding of the riparian zone; 2) riparian biology may change directly due to
increasing winter floods, selecting for more flooding-tolerant species; 3) riparian functioning
may change directly as biogeochemical processes may be limited by oxygen availability; 4)
any combination of these changes may lead to other, indirect and/or cumulative, effects on
riparian ecosystems; and 5) any precipitation-driven changes may interact with
temperature-driven changes.

2. Research approach
Research in the REFRESH project aimed at identifying the main, short-term effects (incl.
magnitude and direction of effect) of changes in temperature and precipitation on riparian
wetland hydrology, biology and functioning. We investigated this in experimental studies, by
manipulating stream and riparian zone hydrology across a climatic temperature gradient, to
simulate increased summer droughts and increased winter floods at different
environmental temperatures.
2.1 Study system
The effects of climate change were investigated for riparian wetlands along streams, here
defined using the ‘Stream Riparian Gradient’, which ranges from the centre of the stream in
its summer bed to the furthest point in the stream valley that can be flooded by surface
water during winter floods. For practical purposes, we more narrowly defined stream
riparian wetlands as that part of the Stream Riparian Gradient that ranges from the lowest
water level of the stream under summer base flow to the furthest point up the stream
valley that can be flooded by surface water during extreme winter floods (i.e., the floodplain
or floodprone area). This excludes the part of the stream permanently carrying water (i.e.
the summer bed).
To synchronize experiments across sites, the experimental wetlands were selected
according to a set of criteria, to represent small lowland streams in more or less agricultural
landscapes. They are characterized as follows: 1) lowland stream, with a gentle slope (< 1
m/km); 2) V-shaped stream valley with a gradually sloping riparian zone; 3) sandy substrate;
4) stream hydrology driven by precipitation, but discharge pattern relatively stable over the
year, i.e., with (summer) flow permanence and not characterised by extreme (winter/spring)
spates, no lake outlets; 5) higher-order (2nd/3rd order) stream, approximately 3-5 m wide; 6)
open (non-forested) wetland vegetation in the riparian zone without history of recent
fertilization, restoration, or management of ditch cleaning.
2.2 Methods
We selected streams according to the criteria above along a temperature gradient across
Atlantic Europe, from Denmark (DK), via West Germany (D), The Netherlands (NL) and
Atlantic Spain (A-ES) to Mediterranean Spain (M-ES)(Fig. 3). While mean seasonal
precipitation and precipitation patterns do not differ greatly across the selected regions,
temperatures vary consistently and represent a temperature range across regions of
approximately 7 degrees Celsius in summer to 10 degrees Celsius in winter (Table 1). This
range corresponds well with the range of expected temperature changes for Europe, from
approximately no change to +7 degrees Celsius dependent on the specific region (Fig. 2).

Fig. 3. Locations of the experimental stream riparian wetland sites along a temperature gradient across
Atlantic Europe. Map from the European Environment Agency (www.eea.europa.eu).

Sites were selected to have similar precipitation characteristics, so that experimental
manipulations of stream water tables representing expected changes in precipitation
patterns (Fig. 2) would be comparable between sites (temperature varies between sites,
hydrology varies between treatments within each site). In the stream riparian wetlands,
summer drought and/or winter flooding were manipulated by creating water diversions
from (drought treatment) or to (flooding treatment) the experimental section of the
wetland, using dams and/or bypasses (Fig. 4). In summer, prolonged drought periods were
simulated for 6 weeks in Jul-Aug. In winter, prolonged flooding periods were simulated for 6
weeks in Feb-March, adding onto the normal winter flooding period. All treatments were
applied for three consecutive years, except in Spain were treatments were applied for only
one year. In the case of the Arbúcies river, natural changes in hydrological conditions
following a number of incidentally occurring extreme hydrological events were followed for
2-3 years. Experimentally treated sections were compared to similar, unmanipulated control
sections to quantify effects. Measurements were done on stream and riparian wetland
hydrology (water levels) and water quality (nutrients), riparian vegetation biomass and

species composition, riparian beetle species composition, nutrient cycling (N and P) and
decomposition (see next section).

Table 1. Names, locations and climate characteristics of the stream riparian wetland sites used for the
experimental manipulations of drought and flooding.
Name

Country Coordinates
in lat/long

Voel baek

DK

Sandemands baek DK
Boye

D

Verloren beek

NL

Groote Molenbeek NL
Pego

A-ES

Caselas

A-ES

Arbúcies

M-ES

Average winter
Average winter
Drought
Flooding
(dec-jan-feb) –
(dec-jan-feb) –
experiments experiments
summer
(jun-jul- summer
(jun-julaug) temperature in aug) precipitation
C
in mm/month
0.88-15.56 (n=15)
20.67-28.39 (n=15) 3 years
3 years

56.195846 N
9.703932 E
56.158507 N 2.01-15.49 (n=15)
9.496120 E
51°58'61.13"N 2.58-18.05 (n=15)
6°91'10.01"E
52°15'91.13"N 2.55-16.94 (n=450)
6°02'11.54"E
51°39'17.32"N 2.73-17.74 (n=450)
6°03'59.47"E
41°58'34.10"N 8.98-14.98 (n= 34)
8°45'15.41"W
42° 4'19.13"N 8.47-19.41 (n= 20)
8°32'52.43"W
N 4622033.5 NA
E 467633.0

21.64-28.86 (n=15)

3 years

3 years

62.68-90.16 (n=15)

2 years

71.38-98.90 (n=450)

3 years

61.15-82.90 (n=450) 3 years

2 years

172.4-44.73 (n=34)

1 year

200.1-43.75 (n=20)

1 year

NA

1 year

1 year

Fig. 4. Pictures of all eight experimental sites with water diversion constructions. (a) Voel baek (flooded), (b)
Sandemands baek (just before flooding), c) Boye (flooded), d) Verloren beek (flooded), e) Groote Molenbeek
(flooded), f) Pego (drought), g) Caselas (drought), h) Arbúcies (drought).

3. Anticipated effects on riparian wetlands
In this section, results are presented from the experimental manipulations simulating
increased drought and flooding in riparian zones, in the project REFRESH.
3.1 Wetland biogeochemistry
Contact persons: Carl-Christian Hoffmann (Aarhus University, cch@dmu.dk); Francesc
Sabater (University of Barcelona, fsabater@ub.edu); Eugènia Martí (CEAB-CSIC,
eugenia@ceab.csic.es); Liliana García (University of Vigo, lilizar@uvigo.es).
For the southern sites in Western Spain, weekly fluctuations observed in the surface and
ground water level evidenced a strong relationship between the stream-land ecotone in
both studied streams. Also in Eastern Spain, weekly data from the surface and ground water
level evidenced a strong hydrological interaction between stream discharge and the width
of the riparian zone, expanding up to 20 m into the riparian zone. Experimentally-induced
drought treatments (lowering surface water tables by approximately 10 cm) also influenced
the nutrient dynamics, although with different responses between streams. Oxygen
saturation in the surface water decreased by 25 to 34% in the Western Spanish nutrientpoor and nutrient-rich stream, respectively. In relation to this, in the nutrient-rich stream
nitrate concentrations strongly increased while ammonium concentration decreased in
response to the induced drought. Effects on phosphorus were only minor. This case study
indicates that nutrient-rich streams may show a greater biogeochemical response to
increased summer drought, especially in relation to N dynamics, than nutrient-poor
streams.
Detailed results on the Northern sites are still being analysed, but general patterns
correspond to those found for the Spanish rivers. Overall nitrate concentrations decrease at
the flooded sites concomitantly with an increase in ammonium concentrations, while effects
on phosphorus are less evident.
3.2 Wetland biodiversity
Riparian vegetation biomass and diversity
Contact persons: Annette Baattrup-Pedersen (Aarhus University, abp@dmu.dk); Merel
Soons (Utrecht University, m.b.soons@uu.nl); Annemarie Garssen (a.g.garssen@uu.nl)
Effects of increased drought and flooding on riparian vegetation biomass and species
composition were investigated by comparing vegetation between the experimentally
manipulated and control sections across the sites (all studied stream riparian zones).

Biomass was measured as aboveground biomass, clipped at peak standing crop (in August)
in permanent quadrats of 0.5 x 0.5 m2 and oven-dried before weighing. Species composition
was determined in August in permanent quadrats of 0.5 x 0.5 m2 by identifying all species
and scoring their cover.
Regarding species composition, a correspondence analysis suggests that both climate
components (temperature and precipitation/hydrology) could be major explanatory
variables. Firstly, a clear gradient was found in the presence of species from Northern to
Southern Europe (Fig. 5: the first axis separates sites across a North-South gradient, with
Danish sites to the left, Dutch/German sites in the centre and Spanish sites to the right). The
main variable corresponding to the differences in species composition across all sites is air
temperature. Secondly, for all sites, the most prevalent plant species found in the riparian
zones all show adaptations to flood events. Thirdly, on the second axis, groundwater
chemistry strongly differentiates sites. Most notably, the Groote Molenbeek site differs
from all other stream riparian zones. The latter is probably due to the situation of this
stream in a highly intensively agricultural area. Overall, both climatic variables
(temperature, precipitation-driven hydrology) and regional groundwater chemistry variables
(NO3, SO4) correspond very clearly to the composition of the standing vegetation in the
riparian wetland sites, suggesting that especially increasing temperatures and (loss of)
flooding may have major effects on riparian zone species composition, but that regional
nutrient status is almost as important (certainly where nutrient loads are high).

Fig. 5. Ordination diagram of constrained correspondence analysis on the vegetation composition data of all
experimental sites. Coloured circles represent sites, red crosses represent species. Corresponding
environmental variable vectors: Mean_T: Mean air temperature; F_Dur: Flood duration; swc_EC: surface water
EC; gw_ph: groundwater pH; gw_PO4: groundwater PO 4; gw_SO4: groundwater SO4; gw_NO3: groundwater
NO3.

In response to increased flooding, vegetation species composition, richness and biomass
responded rapidly, even within the first year of applied flooding treatments. In the majority
of the sites, flooding had a pronounced negative effect on species richness of the
vegetation, while positively affecting standing biomass. Flooding also had a positive effect
on springtime nutrient availability and species richness of the seeds deposited in the
riparian zone. Nutrient release (measured as available phosphorus and nitrogen in the soil)
following flooding and deposition of nutrient-rich sediments seems to mediate the major
effect on the composition of the standing vegetation. The increased species richness of
deposited seeds in the riparian zone indicates that flooding contributes to seed arrival, and
may thus modulate species composition. In conclusion, winter flooding can have a negative
effect on riparian species richness especially in already nutrient-enriched sites, by positively
influencing the nutrient availability of the soil and plant biomass. Flooding also potentially
changing species composition due to the increased input of seeds.
In the first year, the flooding treatment acted as a heavy disturbance, with die-back of the
existing vegetation probably due to submergence and oxygen depletion in the root zone.
Despite this die-back, there appeared very little effect on the functional trait characteristics
of the community in the second and third year when comparing the functional
characteristics of the flooded plots with control plots. However, more detailed statistical
analysis indicates that changes took place, and that communities in both the dry and wet
end of the hydrological gradient responded much faster than those under stable conditions.
This finding reveals the importance of following the functional response of the vegetation
over a range of representative conditions (in this case, representing the riparian gradient)
and over a prolonged time period.
The effects of increased drought on vegetation biomass and composition are less
pronounced than for increased flooding, at least partly due to the fact that at some sites
and in some years the drought treatment was not very effective due to high precipitation.
As a consequence, for plant species the response is less clear than for flooding, although
there are species shifts in some of the sites towards more terrestrial communities,
indicating that increased drought leads to loss of riparian wetland habitat and species, and a
narrowing of the riparian zone.
From a more detailed study carried out in the Danish, German and Dutch sites it appeared
that only few species (up to ca. 20 species) were found in the sediment seed pool. The
number of species was only slightly higher in the sediment seed pool deposited along the
stream situated in the largest catchment compared to those of smaller catchments,
indicating that there was little effect of catchment size on the richness of the sediment seed
pool. We also found very similar trait characteristics of the sediment seed pool when
comparing seed (e.g. longevity, mass, physical dimensions) and canopy (e.g. SLA, height, leaf
mass) trait characteristics from the four catchments. However, traits associated with the
height of the species, as well as the average number of seeds produced by the species

seemed to be influenced by land use characteristics, e.g. the fraction of seeds from tall
species was higher in catchments with high percentages of forest. We conclude that the
sediment species pool generally consists of few species which share very similar functional
trait characteristics and that differences in catchment size and land use characteristics seem
to play a minor role in shaping sediment seed pool characteristics. Consequently, flooding
and sediment deposition, processes that are expected to be intensified in a future climate,
may not suffice to regain diversity in currently species poor riparian areas along lowland
streams situated in agricultural landscapes.
The sediment seed pool tended to be more species-rich compared to later successional
stages in the vegetation (first and second years establishment and standing vegetation), in
particular under dry conditions. Further, the seed pool and later successional stages of the
vegetation differed in both species and trait composition. Overall, the seed pool was
characterized by a higher fraction and/or abundance of species forming tall canopies
producing large amounts of seeds, while the existing vegetation was characterized by a
higher fraction and/or abundance of species producing large seeds with a high floating
capacity. This indicates that the latter traits can be associated with improved species fitness
in riparian areas. In addition to differences found between the sediment seed pool and later
successional stages, we observed differences in the response of community trait
characteristics to the hydrological condition. The floating capacity of the seeds was higher in
flooded sites and the canopies were taller compared to those found in control and dry sites.
The total mass of seeds produced was higher in the dry sites, indicating that these sites
were characterized by a higher fraction and/or abundance of ruderal species. Consequently,
also the functional characteristics of the riparian communities are likely to change with
altered hydrological regimes.
In conclusion, a changing climate may very rapidly be followed by a change in riparian
wetland vegetation composition, both regarding species and regarding functional
characteristics or traits. Existing species not adapted to the new conditions may not survive,
and be quickly replaced by better adapted species which arrive by simply migrating
(clonally) downslope or upslope within the riparian zone or via seed dispersal. In the latter
case, increased seed deposition, particularly of seeds from riparian species adapted to
dispersal by water, following increased winter flooding may be expected to contribute to
species turnover (with especially very common species arriving in great numbers). We may
expect that species dispersal along rivers will be a more significant pathway for species
dispersal under a future climate than it currently is. In situations of increased winter
flooding, higher flood-related springtime nutrient availability is likely to mediate loss of
species and species richness in the riparian zone, especially in areas with high nutrient
loading. In situations of increased summer drought, the riparian zone is effectively
narrowed, with more terrestrial species coming in and a concomitant loss of wetland habitat
and species.

Riparian beetle diversity
Contact person: Kathrin Januschke (University of Duisburg-Essen, kathrin.januschke@unidue.de).
Riparian beetle assemblages were investigated in summer in six of the study sites, in each
case comparing the diverted (summer drought) section to the non-diverted (control) section
of the stream riparian zone. The sites were located in Denmark (Sandemans baek and Voel
baek), Germany (Boye), the Netherlands (Groote Moolenbeek) and Spain (Caselas and
Pego). Beetles were sampled by pitfall traps, which were installed for one week in the
drought experimental phase once per study site.
Drought has positive effects on the community composition and diversity of beetles in the
riparian zone. The retreating water left unvegetated and muddy riparian areas open for
colonization. Species who are bound to these environmental conditions immigrated and
thus increased the richness in beetle families and genera. This applies also to carabid
beetles. However, the drier wetland conditions and lack of aquatic areas typically benefited
non-riparian beetle genera, and even reduced waterbound beetle genera (Fig. x). Although
several studies emphasize that new habitats are directly colonized by macropterous carabid
beetles, we could not find increased numbers in all drought sections. In contrast we found
higher abundances and higher species richness of brachypterous specimen in the drought
sections (Fig. 6). Those species prefer organic mud and wet detritus, which was released
from the retreating water. They are eurytopic species relying on this wet substrate and
migrated into the drought sections on search for food. No latitudinal gradient was
detectable in the response to drought by beetles in general or carabid beetles. However,
our results suggest general differences in beetle richness and composition. The number of
beetle families decreased with increasing latitude, which might be an artifact of the general
climate association of the beetles. Southern control sections were characterized by a higher
number of carabid species and higher diversity as particularly the Iberian Peninsula was a
retreat for many species in the last glaciation and is currently a hot spot of beetle species
diversity.
In contrast to other aquatic organism groups, for which negative effects of drought and
climate change are expected in terms of decreased species richness and diversity (Boulton,
2003), beetle richness and diversity seem to (partly) benefit. This positive response has
different reasons: First, the retreating water level opens new terrestrial patches for
colonization and the order of the beetles is one of the species richest orders. Many species
are adapted to riverine habitats and their strong flight ability supports a fast immigration in
open spots. Second, many beetle species inhabit riparian areas and particularly the water
edge utilizing food sources left behind from retreating water (e.g. carcasses, organic
matter). Third, beetles are often habitat specialists and an increase in habitat diversity has
direct effects for species to colonize those habitats while in terms of the very small size of

many beetles their necessary patch size is extremely slight. Similar responses of arthropod
communities to drought were found by Corti & Datry (2014). However, the greatest
contribution to the increasing beetle richness and diversity was due to arrival of nonriparian beetles, and the lack of aquatic areas even reduced the number of water-bound
beetles.
These results suggest that riparian beetles profit from summer drought and retreating
summer stream water levels, but that maintenance of wet areas in the riparian zone, even
during summer drought phases, is important for water-bound beetles. Effects of increased
winter flooding on riparian beetles were not investigated, as the beetles are inactive while
overwintering and are mainly hidden in the soil as adults or as pupae.

Fig. 6. Top panel: Number of riparian, non-riparian and waterbound beetle genera. Bottom panel: Number of
carabid beetle species, categorized regarding flight ability. Both panels: in control (c) and drought (d) sections
of stream riparian zones. Sampling sections are ordered by their latitudinal position from north (left) to south
(right). Country codes: DK = Denmark, NL = the Netherlands, DE = Germany, ES = Spain.

3.3 Wetland functioning
Contact persons: Carl-Christian Hoffmann (Aarhus University, cch@dmu.dk); Francesc
Sabater (University of Barcelona, fsabater@ub.edu); Eugènia Martí (CEAB-CSIC,
eugenia@ceab.csic.es); Mariet Hefting (Utrecht University, m.m.hefting@uu.nl).
While it is expected that climate change will put more pressure on riparian zones, the
overall contribution from riparian zones to climate change is still a matter of controversy. In
riparian zones – especially riparian wetlands production of greenhouse gases (GHG) may be
high, and they are the largest natural emitter of methane, CH4, (IPCC, 2007). Some studies
have shown that wetlands are net sources of GHG due to CH4 emissions (Bridgham et al.,
2006) while others claim that over a long time horizon (>100 years) wetlands can be
considered as sinks for GHG (Mitsch et al., 2012; Whiting and Chanton, 2001). Besides
exchange of CO2 and CH4, riparian areas also contribute to fluxes of nitrous oxide, N2O. In
water-saturated soils, it is assumed that the main N2O-producing process is denitrification,
which is the reduction of nitrate (NO3) and nitrite (NO2) to the gaseous end products N2O or
N2. Although the fraction of produced N2O might be small in relatively undisturbed riparian
zones (Groffman et al., 1998, Audet et al., 2014), emissions can be significant in chronically
nitrate loaded riparian zones (Hefting et al., 2003, Lind et al., 2013, Audet et al., 2014). This
may have important consequences for atmospheric pollution because N2O is a potent GHG
with a global warming potential 298 times as strong as CO2.
It is likely that climate change will affect biogeochemical processes in the soil of riparian
areas and will thus also have an impact on the emission of greenhouse gases, though the
magnitude of the effect is unclear. In a gradient study across the sites in Denmark, Germany
and the Netherlands emissions of N2O, CH4 and CO2 were measured during the flooding and
drought periods by use of the closed chamber technique. Extended winter flooding did not
clearly amplify greenhouse gas emissions from the riparian zones, possibly due to the low
soil temperatures and hampered gas diffusion in water-saturated soils. Preliminary analyses
indicate that the summer drought treatments showed no major differences in total
greenhouse gas emissions over the six-week experimental period, although there are
indications of a faster emission response after rewetting the dry riparian zones.
In a detailed study on the Arbúcies river in Eastern Spain, during spring of 2011 the riparian
zone was entirely inundated after a 50-year recurrence flood; in contrast, in spring 2012 the
riparian zone was relatively dry. Gas emissions measured in situ using close chambers across
the stream-riparian gradient indicated rates of N2O fluxes ranging from 0.5 to 8 μg N m-2 h1. The highest rates were measured in semi-inundated plots near the stream edge, whereas
the lowest rates were measured uphill of the riparian zone. A contrasting pattern was
observed for rates of CO2 fluxes, which ranged from 0.2 to 20 g CO2 m-2 h-1. The lowest
rates were measured at the stream-riparian border, and the highest rates were measured
uphill. However, both CO2 and N2O emissions showed a remarkable seasonal pattern with

higher rates during the vegetative period, although we found strong differences in fluxes
between the two years, resulting in a strong contrast in annual emissions between the CO2
and N2O fluxes. During the wet year, spatial variability of gas emissions was mostly driven by
soil moisture and REDOX, but during the dry year, there was a threshold at 20% of soil
moisture for N2O emissions, while other factors (organic matter, temperature, soil texture)
additionally controlled the emission rates of the two gases. Together, these results show
that GHG emissions from riparian zones of these biogeoclimatic area are very susceptible to
changes in climate, especially in the precipitation regime.
Riparian zones generally have a high denitrification potential and a large carbon
sequestration potential. Both ecosystem services depend strongly on the activity of
heterotrophic organisms breaking down soil organic matter. Temperature and soil moisture
have been shown important in controlling breakdown rates. Both controlling factors are
likely to change strongly with predicted changes in precipitation leading to more frequent
winter flooding and summer drought events. In REFRESH we also investigated how
decomposition rates of soil organic matter in riparian zones are affected by increasing
drought and flooding conditions. We examined decomposition rates and stabilization
factors along a latitudinal gradient by using the Tea Bag decomposition Index (TBI; see
http://www.decolab.org/tbi/). TBI is determined by measuring weight loss of tea litter,
providing information on decomposition rates of a standard, easily available, litter type.
Hence, it provides a reproducible and cheap method to compare decomposition rates
between ecosystems making use of commercially available tea bags. TBI consists of two
measurements: the relatively easily decomposable Green tea is used to determine sitespecific decomposable fraction (equivalent to the ’Limit Value’ concept), while the relatively
recalcitrant Rooibos tea is used to determine ecosystem decomposition rate constant k.
Results from a tea bag study in the REFRESH experiments indicate that decomposition rate
differences within the latitudinal gradient are generally much larger than local differences
over the soil moisture gradient within the riparian zone. Decomposition rates are only
slightly affected by flooding events due to the low soil temperature during flooding events
occurring in early spring. Low temperatures strongly hamper the activity of the
heterotrophic microbial populations. Summer drought slightly decreased decomposition
rates close to the stream (in comparison to the control), whereas no significant differences
were observed at the upland edge. Based on these preliminary results we hypothesize that
increased winter flooding will reduce decomposition rates slightly, due to the generally low
temperatures, but this effect may increase with ongoing warming and/or when flooding is
prolonged and extends even into spring, when temperatures are higher. Also, we
hypothesize that summer drought will reduce decomposition rates in riparian zones slightly,
especially at the lower (wetter) ends of the zone. It should be noted, however, that even
small changes in annual decomposition rates may, over longer timespans, add up to
significantly increased carbon sequestration potential.

4. Management strategies
Contact persons: Merel Soons (Utrecht University, m.b.soons@uu.nl); Jos Verhoeven
(Utrecht University, j.t.a.verhoeven@uu.nl).
To mitigate effects of future temperature and precipitation changes on stream riparian
wetland hydrology, biology and functioning, or to mitigate any cumulating effects on entire
catchments, it is crucial that measures are taken at the relevant sites and the appropriate
scales in the landscape. This also applies to any measures aimed at restoration of wetland
conditions. Stream riparian wetlands are, by definition, tightly connected hydrologically to
streams, which again form a hydrologic network within catchments. This network transports
water, nutrients, and possibly pollutants, uni-directionally downstream, but also provides a
bi-directional longitudinal corridor for movement of riparian plant and animal species. In
addition, riparian wetlands connect the surrounding uplands to the stream by passing runoff and (shallow) groundwater, including nutrients. But also, it connects the stream water
body to the upland and as such provides a habitat, and a lateral corridor connecting
habitats, for animals and plants. As such, it is inadequate to spatially limit any measures
aimed at affecting the stream riparian wetland to only the extent of the wetland: also the
upland and the stream, or even the entire catchment need to be considered.
As the stream riparian wetland and its surroundings are connected hydrologically,
biogeochemically and biologically (through movements of animals and plants), all these
connections need to be considered. This is generally a major challenge. To help do this
effectively, the Operational Landscape Unit (OLU) concept has been developed. The aim of
the OLU concept (Verhoeven et al. 2008) is to help identify key landscape connections for
sound wetland management, in order to identify and apply measures at the right sites and
the right spatial scales in the landscape.
Operational Landscape Units (OLUs) are defined as combinations of landscape patches with
their hydrogeological and biotic connections, and used as a tool to facilitate wetland
restoration in catchments with a high degree of fragmentation and strongly altered
hydrology. Criteria for the delineation of OLUs in wetland restoration initiatives include the
following key elements: 1) definition of the restoration objectives, 2) identification of spatial
landscape mechanisms, and 3) information on historic and present land uses and hydrologic
management. Discussions of proposed OLUs with experts and stakeholders (water
authorities, nature conservation agencies, farmers) helps to gain shared insights, which lead
to improvements of more traditional management plans and, if properly applied, will lead to
more natural and more successful restoration. The OLU approach has been developed
during a previous EU-funded project (Euro-limpacs). For more information, see Verhoeven
et al. (2008).

4.1 Mitigation of climate change effects on wetland biogeochemistry, biodiversity and
functioning
The results from the experimental manipulations show that riparian geochemistry, plant
species composition, beetle species composition and functioning (greenhouse gas
emissions, carbon sequestration/decomposition) all rapidly respond to both increased
winter flooding and increased summer drought. This implies that changes in all these
aspects of riparian wetland functioning can be expected to swiftly follow climate changes.
For the management of these wetlands, aimed at the conservation of their biodiversity and
functioning, this means that measures to improve ecosystem resilience and flexibility may
be crucial.
Firstly, flooding appears to further enhance nutrient availability (especially regarding
nitrogen) in the riparian zone and this leads to a risk of loss of plant species and lower
species richness. Reduction of stream, soil and groundwater nutrient loading is therefore a
first clear step to mitigate against negative impacts of climatic changes on riparian zone
biodiversity.
Second, riparian zones with a wider range of habitat conditions and a greater area of each
habitat, appear to be more resilient against climate changes, especially sudden shifts and
extreme events. Wider and more varied riparian wetlands provide habitat for more species,
and (perhaps even more importantly) a reservoir of nearby source populations to colonise
newly available, disturbed sites. Heterogeneity within the riparian zone may provide
‘refuges’ for specific species to survive extreme flooding or drought events, and thus
increase the system’s resilience. This is achieved by conservation, and where needed
restoration, of wide, gradually sloping riparian wetlands bordering streams, with high
internal heterogeneity (for example due to longitudinal variation in topography and
meandering of the stream). Such riparian zones allow local and regional survival of source
populations in refuges during extreme events, and clonal ‘migrations’ of plant species
upslope and downslope, following more gradual climatic changes. For the preservation of
waterbound beetles, such riparian zones provide maintenance of wet areas in the riparian
zone, even during summer drought phases.
Thirdly, riparian zones may not only allow upslope and downslope movements of riparian
species, but also provide corridors for riparian species shifting ranges following climate
change, and as such provide an important pathway for species conservation at larger spatial
scales.
Finally, it is important that gradually sloping, wide and (topographically) heterogeneous
riparian wetlands are not managed on too small a spatial scale: problems such as nutrient
loading should be managed on a catchment (or OLU) scale, and the larger and more
continuous the riparian zones, the better their connectivity. While measures taken at large

scales are generally costly, they will be more cost-effective. Where climate-driven changes
in precipitation are already forcing water boards to change their management of streams
and water bodies in relation to safety and water supply, measures to protect riparian zone
biodiversity and functioning may be even more cost-efficient.
4.2 Restoration of wetland biogeochemistry, biodiversity and functioning
Restoration of degraded local riparian zone hydrology and (biogeo)chemistry is essential to
improve riparian wetland biodiversity and functioning, and increase resilience to ongoing
global changes. To make these local restoration efforts a success, it is crucial that entire
OLUs are managed (and where needed, restored) according to the goals set for the
restoration project. Only in this way, stream and riparian habitats can be preserved that
have the flexibility and resilience to adapt to, or deal with, climate change without major
losses of characteristic species or functioning.
It is important to realize that where major restoration activities take place, these in many
cases involve removing riparian zone topsoil and/or relandscaping. This is the case in
measures aimed at stream re-meandering, stream channel or floodplain excavation, recreation of naturally sloping riparian zones, or simply the removal of nutrient-enriched
topsoil to decrease the nutrient load of the system. In all those cases, restoration of riparian
habitat is expected to result in the return of target riparian species. However, these species
need to arrive and colonize the site. Earlier studies during a previous EU-funded project
(Euro-limpacs) have already indicated that dispersal is a major factor limiting the success of
restoration of stream and riparian habitats (Brederveld et al. 2011). Species expected to
return to restored sites may not colonize, due to lack of nearby source populations or lack of
long-distance dispersal abilities. In highly modified, agricultural landscapes, availability of
and variation in source populations have often been strongly reduced. Hence, the sediment
species pool of riparian zones in such regions is generally dominated by few, common
species sharing very similar functional trait characteristics, with local differences mainly
caused by differences in local species pools.
Thus, it is important that restoration projects are carried out near sites with source
populations of target communities (again stressing the point of restoring an entire
landscape, or OLU, with the populations of the typical species, instead of just isolated sites).
Earlier studies (Brederveld et al. 2011) have indicated that restoration of sites directly
adjacent to upstream source populations is most effective, as many species (plants and
animals) disperse via water and largely passively (thus downstream). With increasing
distances, even of a few hundred metres, arrival of seeds from source populations is already
rapidly declining. Alternatively, arrival of target species into these sites needs to be assisted.
Flooding and sediment deposition, being processes that are expected to be intensified in a
future climate, may not suffice to regain diversity in currently species poor riparian areas
along lowland streams situated in agricultural landscapes.

4.2 Mitigation of climate change effects on catchments
What applies to local riparian wetlands also applies to riparian zones across catchments: to
preserve riparian wetland species diversity and functioning, nutrient loading should be
reduced, and hydrology and riparian zone heterogeneity should be restored or preserved.
Planning of management and restoration activities will only be efficient and effective when
done at the OLU scale. While this scale implies a major effort, it is important to realize that
measures taken at large scales may appear more costly, but will be more cost-effective.
Now that climate-driven changes in precipitation are already forcing water boards to modify
streams, rivers and riparian zones, this opportunity could be used. Clever planning may
incorporate measures to protect riparian zone biodiversity and functioning into such
restructuring activities (primarily addressing water safety and quality issues), to help render
them even more cost-efficient.
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