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Abstract
This report presents the results from the experimental manipulations of riparian hydrology
(drought treatments) carried out along a climatic temperature gradient in the EU FP7
project REFRESH. The experiments aimed to simulate increased summer droughts by
diverting stream water to dry out stream 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 (nutrient cycling,
decomposition) are presented.
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Abstract
The EU-funded project REFRESH addresses potential effects of climate-driven changes in water level
fluctuations on riparian wetlands, in particular the effects of drought. At experimental stream sites
along a latitudinal gradient, from Denmark in the north to Spain in the south, the water flow in small
lowland streams was diverted to create dry wetland conditions during summer. The aim was to
estimate effects of droughts on community composition and diversity of riparian beetles. We
addressed the two following questions: (1) Which effects has drought on beetle composition and
diversity?, and (2) Is a latitudinal gradient detectable in the response to drought?. Riparian beetle
assemblages were investigated in six study sites each comprising a diverted and a non-diverted
control section. Two study sites were located in Denmark, one in Germany, one in the Netherlands
and two in Spain. Riparian beetles were sampled by pitfall traps, which were installed for one week
in the drought experimental phase once per study site. In general, drought had positive effects on
community composition and diversity of riparian beetles. They benefit from unvegetated and muddy
areas and carcasses left behind from the retreating water. However, the lack of aquatic areas
reduced the number of waterbound beetles. A latitudinal gradient was not detected in the
responses of riparian beetles to the drought situation. Nevertheless, the results suggested general
differences in beetle richness and compositions in terms of higher beetle richness and diversity in
the southern study sites. Therefore, riparian beetle assemblages in southern located wetlands may
be more resilient to droughts over longer time spans. The maintenance of wetlands is particularly
important for waterbound beetles.
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Abstract
1) Climate change causes an increase in temperature in Europe. More winter flooding events are
expected in the northern part of Europe, while there will be more intense drought periods in the
summer in the southern part of Europe. These hydrological changes are expected to affect riparian
plant communities. As both climate and stream flow are important determinants for the riparian
zone, the following main question was addressed: What are the effects of climate change, especially
increased temperature and flooding events, on the vegetation composition along European lowland
stream riparian zones? The following sub questions were addressed:
1. What are the differences and similarities between the vegetation compositions of the
researched European lowland stream riparian zone?
2. What plant traits are important for species to cope with increased flooding events and
temperature increase?
3. What factors related to climate change (hydrology, temperature) and the environment
determine the vegetation composition in the riparian zone of the researched European
lowland streams?
2) This study involved nine European lowland streams located in Denmark, Germany, The
Netherlands and Spain. The similarities and differences between the streams were studied by
comparing the species richness and composition of the study sections. A correspondence analysis

was conducted to determine the importance of various influences, such as groundwater chemistry
and flooding frequency, on the vegetation composition.
3) A gradient was found in the presence of species from North to South Europe. The stream riparian
zones in Germany and The Netherlands are much alike, while showing (major) differences with the
Danish and Spanish streams. The most prevalent vegetation found in the riparian zones all show
adaptations to flood events. The correspondence analysis suggests climate to be a major explanatory
variable for the distance of the Spanish sites compared to the German, Dutch and Danish sites, while
groundwater chemistry is suggested to differentiate the Groote Molenbeek site from all other
stream riparian zones. Groundwater pH as well as flood duration are suggested to be the
explanatory variables for the Verloren Beek, Boye and the Danish sites.
4) Both climate and flood events are assumed to have a considerable effect on the vegetation
composition. Local conditions largely influence the vegetation composition in the riparian zone as
well. The influence of the stream flow, groundwater and surface water chemistry seem to explain
the composition of the standing vegetation at the site itself, while the climate (temperature and
rainfall) explains the difference in species composition along the gradient from north to south.
5) A changing climate may result that many existing species, which are not adapted to climate
change, may not survive, and are outcompeted by better adapted species in future. A changing
climate may hence lead to a loss of species if the existing adaptations are not suited to cope with the
changes to come.
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Abstract
Theoretically the richness of the propagules deposited in riparian areas increases with larger stream
size reflecting that the stream accumulates and transports propagules from an increasing catchment
area. In the present study we characterize species richness and functional trait characteristics of the
sediment seed pool deposited along streams in relation to size and land use characteristics of the
catchment in one very small catchment, two medium-sized catchments and one large catchment.
Overall we found only few species (range 1-22 species) in the sediment seed pool and mean richness
was only slightly higher in the sediment seed pool deposited along the stream situated in the large
catchment compared to those of the other catchments indicating that the effect of catchment size
on the richness of the sediment seed pool was minor. Instead it seemed that the richness of the
sediment seed pool was more influenced by local conditions reflected in a high variability in species
richness of the deposited sediments within the areas. Generally we 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 and the average number of seeds produced
by the species seemed to be influenced by land use characteristics e.g. the fraction of seeds from
species being tall was higher in catchments with high percentages of forest and low percentages of
agriculture. We conclude that the sediment species pool generally consists of few species sharing
very similar functional trait characteristics and that differences in catchment size and land use
characteristics seems to play a minor role in shaping sediment seed pool characteristics.

Consequently 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.
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Abstract
Ecological theory suggests that multiple environmental factors shape local species assemblages by
progressively filtering species from the regional species pool to local communities. In the present
study we compare functional trait characteristics of the sediment seed pool in riparian areas to later
successional stages in the vegetation (1-2 years after establishment and the standing vegetation).
We identify traits of importance for species establishment and survival in riparian areas in
agricultural catchments and how this may change under a changing climate. We established three
different hydrological conditions (control, drought, flooding) in three geographic regions (Germany,
Netherlands and Denmark) and compared trait characteristics of the sediment seed pool with that of
the community established after 1 and 2 years and with the existing community. We found that the
seed pool tended to me more species rich compared to later successional stages, in particular under
dry conditions. Further, the seed pool and later successional stages of the vegetation differed in
both species and trait composition. For all regions we found that the seed pool was characterized by
a higher fraction and/or abundance of species forming tall canopies producing large amounts of
seeds compared to later successional stages. The existing vegetation on the other hand was
characterized by a higher fraction and/or abundance of species producing large seeds with a high
floating capacity indicating that these traits can be associated with improved species fitness in
riparian areas. We did not find differences in trait composition between the first and second year’s
successional stages and the existing vegetation. This result may reflect that the included traits were

not directly of importance for successful species establishment within the areas or that the sediment
seed pool has only a marginal effect in structuring the vegetation under the prevailing conditions. 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 that found in control and dry sites, whereas 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. We conclude that the functional characteristics of the riparian
communities will change with intensified flooding regimes towards a higher fraction and/or
dominance of tall species producing seeds with a high floating capacity. We foresee that these traits
may improve the fitness of the community under more frequent and/or prolonged flooding events.
In consequence of the higher floating capacity of the seeds of dominant and/or abundant species in
the community we may also expect that species dispersal along rivers will be a more significant
pathway for species dispersal under a future climate.
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Abstract
Climate change is expected to increase the pressure on riparian zones and the expected wetter
winters and dryer summers in North-Western Europe will change stream hydrology. In Europe,
winter discharges are expected to increase and summer discharges to decrease or be comparable to
present (Houghton, 2001; Thodsen, 2007; Van Roosmalen et al., 2007). To investigate the effects of
increased summer drought in riparian areas two riparian zones next to respectively a pristine and an
agricultural stream were selected for a field experimental study in Denmark, Germany and The
Netherlands. The experimental sites in all countries were divided into two sub-sites: a control site
and a manipulated site with drier summer conditions by lowering of the groundwater table in
riparian area. This was achieved by creating a by-pas in the stream and via this by-pas, water was
diverted around the riparian area subject to the drought treatment thus lowering the groundwater
table. At all sites the vegetation composition was determined in June and September. In addition,
groundwater level, and the concentration of nutrients and associated elements were measured from
2011 to 2013 during successive periods of drying. This paper will report the effects of summer
drought as compared to the non-managed control sites during three successive years. There are
changes in nutrient concentrations both concerning nitrogen and phosphorus but the overall pattern
is still unclear. A comprehensive statistical data analysis is still going on and results are not yet ready,
and depending on the results it might be necessary to include the results from the summer droughts
experiments in an accompanying paper dealing with consequences of extreme flooding events.
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Abstract
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 invoked as 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. Here
we study how decomposition rates in riparian zones are affected by increasing drought and flooding
conditions along an European gradient.
We examined decomposition rates and stabilization factors along a latitudinal gradient by using the
Tea bas decomposition index. The Tea Bag Decomposition Index (TBI) is determined by
measuring weight loss of tea litter, providing information on decomposition rates of a standard,
easily available, litter type. TBI 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
site-specific decomposable fraction (equivalent to the ’Limit Value’ concept. While the relatively
recalcitrant rooibos tea is used to determine ecosystem decomposition rate constant k. Eight
streams were selected over a latitudinal gradient including Sweden, Denmark, The Netherlands,
Germany and Spain to study changes in decomposition rates from stream border to the upland edge
and during extreme drought and flooding events. The first results indicate that rate differences
within the latitudinal gradient were generally much larger than local differences over the soil
moisture gradient within the riparian zone. Decomposition rates were only slightly affected by

flooding events due to the low soil temperature during flooding events in early spring. The low
temperatures strongly hampered the activity of the heterotrophic microbial populations in both the
control and flooded sections. Based on these preliminary results we hypothesize that increased
winter flooding and summer drought will lead to minor shifts in decomposition rates in riparian
zones. However minor, decreased decomposition rates might over a longer timespan lead to small
but significantly increased carbon sequestration potential.
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Abstract
Freshwater ecosystems are being threatening by global change processes, such as water stress and
pollution (among others), although their effects and consequences on ecosystem functioning are still
unclear. We studied the effect of an experimentally induced flow reduction in the stream riparian
gradient of two forested lowland streams with contrasting nutrients (nutrient-rich vs. nutrient poor).
A stream riparian gradient was defined within the stream-riparian ecotone and the effects of the
induced drought, on ground water tables as well as on biogeochemistry, were investigated in both
streams from July to October 2012. Despite we did not achieve a completely drought effect, surface
water level declined immediately after closing the stream barriers (~10 cm).
Weekly fluctuations observed in the surface and ground water level evidenced a strong relationship
between the stream-land ecotone in both studied streams. Water chemistry analyses confirmed that
nutrient concentrations, on both surface and ground water, differed between streams in the control
stretches (i.e., under natural conditions). However, the induced drought also influenced the nutrient
dynamics, although with different responses between streams.
The induced drought determined that the oxygen saturation in the surface water decreased by 25 to
34% in the nutrient-poor and nutrient-rich stream, respectively. In the nutrient-rich stream, nitrate
concentration strongly increased while ammonium concentration decreased in response to the

induced drought. In the nutrient-poor stream, phosphate concentration slightly increased while it
decreased in the nutrient-rich stream, thus reducing the initial differences observed between
streams.
We conclude that i) the induced flow reduction influenced the biogeochemistry of the studied
streams, mainly the N dynamics and ii) the nutrient-rich stream seemed to be more vulnerable than
the nutrient-poor stream, as it underwent the greatest fluctuations. Implications of the results to be
developed soon.
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Introduction
The EU-funded project REFRESH addresses potential effects of climate-driven changes in water
level fluctuations on riparian wetlands, in particular the effects of changes in flooding regime.
The water flow was diverted at experimental stream sites to create dry wetland conditions during
summer. The aim was to estimate effects of droughts on community composition and diversity of
riparian arthropods with a focus on beetles as riparian arthropods; especially carabid beetles are
good indicators for changing environmental conditions (Kotze et al. 2011).
We addressed the following questions:
-

Which effects has drought on beetle composition and diversity?

-

Is a latitudinal gradient detectable in the response to drought?

Study sites and field work
Riparian arthropod assemblages were investigated in six study site in small lowland rivers (Table
1) each containing a diverted and a non-diverted section using a control-impact design.
Table 1: Countries, stream names and coordinates of study sites.
Country

Country code

Stream name

Latitude
(decimal, WGS84)

Longitude
(decimal, WGS84)

Spain
Spain
Germany
The
Netherlands
Denmark
Denmark

ES1
ES2
DE1
NL1
DK1
DK2

Caselas
Pego
Boye
Groote
Molenbeek
Voel
Sandemand

42.071208
41.973891
51.586083

-8.548530
-8.753891
6.911430

51.391653

6.044231

56.195846
56.158507

9.703932
9.496120

Sampling was conducted between late June and early August. Sampling was performed at
conditions of low discharge. The composition of the riparian fauna strongly depends on habitats.
Therefore, sampling was mesohabitat-specific and performed in a stripe of 5 m in the riparian
areas of each sample section. First, the coverage of mesohabitats (Table 2) was estimated to the
10 %-steps. Each 10 % of total habitat coverage accounted for one riparian arthropod sample;
according to the habitat composition 10 samples per section were taken.
Table 2: Recorded mesohabitats and description.
Mesohabitat
Riparian forest

Description
> 25% coverage of woody riparian vegetation; trees cover the
area

Pasture

Gras land (no tree cover)

Other herbaceous vegetation
Vegetated swamp

Riparian herbaceous vegetation (no tree cover)
Very moist (muddy) vegetated patches

Mesohabitats were sampled by pitfall traps (diameter 4 cm, depth 8.5 cm, volume 200ml) filled
with 100ml Renner-solution (40% ethanol, 20% glycerine, 10% acetic acid, 30%) and a detergent
to reduce surface tension. The pitfall traps were secured from rain and falling leaves by a petri
dish (9 cm diameter) as a roof. Traps were exposed for one week.
Beetles were identified to genus level. Additionally, carabid beetle species were identified to the
species level according to Müller-Motzfeld (2004).

Statistical analyses
We calculated several indices, which we compared between control and drought sections on two
scales: beetle families and genera and carabid beetles.

We calculated the number of beetle families, diversity of beetle families and genera for each
sample section. Furthermore, we classified beetles in non-riparian, riparian and waterbound
genera and counted the number of genera per sample section within the classified groups.
For carabid beetles, we calculated the number of species, and the diversity of genera and species.
We counted the number of macropterous and brachypterous/dimporph carabid species per sample
section.

Results
Beetle families and genera
Overall, we found 628 individuals belonging to 18 beetle families. Carabidae and Staphylinidae
were most abundant with 250 and 197 individuals respectively. In most study sites, the number of
beetle families and the number of genera was higher in the drought than in the control section
(Figure 1). The number of beetle families seems to increase with decreasing latitude.

Figure 1: Richness of beetle families (a) and genera (b) in control (= c) and drought (= d)
sections. Sample sections were coded with ‘Country code_status of sample section’ and ordered
by their latitudinal position from north (on the left) to south (on the right). Country codes: DK =
Denmark, NL = Netherlands, DE = Germany, ES = Spain.

Diversity of beetle families and genera did neither show decreasing or increasing patterns to
drought or latitude conditions (Figure 2).

Figure 2: Diversity (Shannon-Wiener) of beetle families (a) and genera (b) in control (= c) and
drought (= d) sections. Sample sections were coded with ‘Country code_status of sample section’
and ordered by their latitudinal position from north (on the left) to south (on the right). Country
codes: DK = Denmark, NL = Netherlands, DE = Germany, ES = Spain.
In nearly all study sites, the number of waterbound beetle genera, e.g., Anacaena
(Hydrophilidae), was lower in drought than in control sections except for the Netherlands (Figure
3). The number of riparian genera, e.g., Atheta (Staphylinidae) also decreased in nearly all
drought sections whereas the number of non-riparian genera increased.

Figure 3: Number of riparian, non-riparian and waterbound beetle genera in control (= c) and
drought (= d) sections. Sample sections were coded with ‘Country code_status of sample section’
and ordered by their latitudinal position from north (on the left) to south (on the right). Country
codes: DK = Denmark, NL = Netherlands, DE = Germany, ES = Spain.
The abundances of predaceous beetle genera, which exclusively belonged to the beetle families
Carabidae and Staphylinidae were higher in the drought sections of Denmark, the Netherlands
and Germany, compared to the control sections but lower in the Spanish sites (Figure 4).
Predaceous beetles in the control sections of Spain are mainly large beetles belonging to the
genus Pterostichus.

Figure 4: Abundances of predaceous beetle genera in control (= c) and drought (= d) sections.
Sample sections were coded with ‘Country code_status of sample section’ and ordered by their
latitudinal position from north (on the left) to south (on the right). Country codes: DK =
Denmark, NL = Netherlands, DE = Germany, ES = Spain.

Carabid beetles
Overall, we found 249 individuals of carabid beetles belonging to 43 species and 21 genera.
Richness of carabid genera and species was higher in drought than in control sections, except for
the German and one Spanish study site (Figure 5). Northern control sections (Denmark,
Netherlands) were characterized by no or low numbers of carabid species.

Figure 5: Species richness of carabid genera (a) and species (b) in control (= c) and drought (= d)
sections. Sample sections were coded with ‘Country code_status of sample section’ and ordered
by their latitudinal position from north (on the left) to south (on the right). Country codes: DK =
Denmark, NL = Netherlands, DE = Germany, ES = Spain.
Diversity of carabid genera and species was higher in drought than in control sections except for
the German study site (Figure 6). No latitudinal gradient was detectable.

Figure 6: Diversity (Shannon Wiener) of carabid genera (a) and species (b) in control (= c) and
drought (= d) sections. Sample sections were coded with ‘Country code_status of sample section’
and ordered by their latitudinal position from north (on the left) to south (on the right). Country
codes: DK = Denmark, NL = Netherlands, DE = Germany, ES = Spain.
In Denmark, the Netherlands and in one of the Spanish study sites, we found a higher number of
macropterous species compared to the respective control sections (Figure 7).

Figure 7: Flight ability of carabid species in control (= c) and drought (= d) sections; number of
macropterous and brachypterous/dimorph species. Sample sections were coded with ‘Country
code_status of sample section’ and ordered by their latitudinal position from north (on the left) to
south (on the right). Country codes: DK = Denmark, NL = Netherlands, DE = Germany, ES =
Spain.

Discussion
Effects of drought on riparian beetles
Drought has positive effects on community composition and diversity of riparian beetles. The
retreating water left unvegetated and muddy riparian areas open for colonization. Species who are
bound to these environmental conditions immigrated and thus increased richness in beetle
families and genera and in carabid genera and species richness in the drought sections. The lack
of aquatic areas reduced the number of waterbound species, while both non-riparian and riparian
beetle genera benefited from the induced drought.
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. 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.

Differences in responses to drought along a latitudinal gradient
No latitudinal gradient was detectable in the response to drought by neither beetle families nor
carabid beetles. However, our results suggested general differences in beetle richness and
compositions. The more southern the study sites, the higher the number of beetle families; it
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 a hot spot of beetle species diversity.

Conclusion
In contrast to aquatic organism groups for which negative effects of drought and climate changes
is expected in terms of decreased species richness and diversity (Boulton, 2003), riparian beetles
seem to 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
riches 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 (2013).
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Abstract
• Freshwater ecosystems are being threatening by global change processes, such
as water stress and pollution (among others), although their effects and
consequences on ecosystem functioning are still unclear.
• We studied the effect of an experimentally induced flow reduction in the stream
riparian gradient of two forested lowland streams with contrasting nutrients
(nutrient-rich vs. nutrient poor).
• A stream riparian gradient was defined within the stream-riparian ecotone and
the effects of the induced drought, on ground water tables as well as on
biogeochemistry, were investigated in both streams from July to October 2012.
• Despite we did not achieve a completely drought effect, surface water level
declined immediately after closing the stream barriers (~10 cm). Weekly
fluctuations observed in the surface and ground water level evidenced a strong
relationship between the stream-land ecotone in both studied streams.
• Water chemistry analyses confirmed that nutrient concentrations, on both
surface and ground water, differed between streams in the control stretches (i.e.,
under natural conditions). However, the induced drought also influenced the
nutrient dynamics, although with different responses between streams.
• The induced drought determined that the oxygen saturation in the surface water
decreased by 25 to 34% in the nutrient-poor and nutrient-rich stream,
respectively. In the nutrient-rich stream, nitrate concentration strongly increased
while ammonium concentration decreased in response to the induced drought. In
the nutrient-poor stream, phosphate concentration slightly increased while it
decreased in the nutrient-rich stream, thus reducing the initial differences
observed between streams.

• We conclude that i) the induced flow reduction influenced the biogeochemistry
of the studied streams, mainly the N dynamics and ii) the nutrient-rich stream
seemed to be more vulnerable than the nutrient-poor stream, as it underwent the
greatest fluctuations. Implications of the results to be developed soon.
Introduction
Riparian zones are important components of stream ecosystems as regulators of energy,
nutrients and organic matter fluxes through the catchment system (overland and
subsurface flows, Haycock et al., 1997; Hill, 2000; Pinay et al., 2000) and thus, they are
intimately linked to the functioning of the stream itself (Hynes, 1983; Naiman and
Décamps, 1990). The biogeochemical function of riparian zones is influenced by the
stream localization in the landscape, by hydrological processes and also by the intensity
of nutrient loading (Hefting et al., 2004, 2006). It is known that biogeochemical
processes, especially those related to N and P, are sensitive several factors such as
oxygen, temperature, soil moisture, organic content (Hefting et al., 2004, 2006). In
particular, a key factor regulating processes in the N dynamics in these zones is
groundwater table fluctuation, which controls oxic and anoxic conditions in the soil and
nutrient inputs, with drastic effects on the rates of ammonification, nitrification and
denitrification (Salo et al., 1986; Gregory et al., 1991; Nilsson and Svedmark, 2002;
Hefting et al., 2004).
Nowadays, surface-subsurface water interactions, and related biological responses, are
subjected to many changes due to anthropogenic activities and the alteration of climate
(Pringle and Triska, 2000). Climate change affects freshwater ecosystems not only by
increased temperatures or atmospheric CO2, but also by altered river flow regimes,
which play an important role in freshwater ecosystems (Woodward, Perkins & Brown,
2010; EEA, 2012). Projections for summer precipitation show a decrease in Southern,

Central and Northwest Europe, which can reach up to 60% in parts of southern Europe
(EEA, 2012) — where our study streams are located — suggesting that these temperate
regions will become more "Mediterranean" in climate (see Beniston et al., 2007), and
this fact will influence the riparian zone chemistry (Hill, 2000).
In this context, water table level and its dynamics may be altered from below by river
discharge changes as a result of climate change (Burt et al., 2002; Pinay et al., 2002). At
the same time, higher nutrient loading of riparian zones in agricultural environments can
also influence biogeochemistry. Nevertheless, research on the biogeochemical response
of riparian zones to increased element loading and climate change is limited and also a
subject deserving of attention (Hill, 2000). Our objective was to determine if there were
effects of an induced drought on the water table level and on the biogeochemistry of
two forested lowland streams and whether these effects were influenced by the different
nutrient loading of these streams. The hypothesis to be tested was whether the nutrientrich stream is more susceptible/vulnerable to changes induced by water reduction than
the nutrient-poor stream.
Material and methods
Field sites
The study was carried out in two 2nd order lowland streams located in Galicia (NW
Spain) during summer 2012: Caselas stream (UTM 29T 537400 4657867) and Pego
stream (UTM 29T 520367 4647122). The climate in the study area is continental
oceanic characterized by an annual air temperature of 13.7 ± 0.5 ºC and annual rainfall
of 1213.4 ± 146.8 mm (mean ± SE; data from last 7 years obtained from the
meteorological stations located closer to the studied area, http://www.meteogalicia.es).
These streams are located in the quaternary floodplains of the Miño River (NW Spain),
the biggest river in NW Spain that drains in the Atlantic, constituting in its downstream

section the natural border between Spain and North Portugal. Both studied streams are
comparable regarding topography, geology, riparian vegetation, climate and land
management. Their catchments are mainly agricultural with crops of maize, vineyards
and grass, and the riparian zones comprise a forested area around 5 m wide from the
bank to the stream. Meanwhile, the stream chemistry differ in their nutrient loading
since Caselas stream (nutrient-poor) is located in a low-nutrient catchment and Pego
stream (nutrient-rich) has occasional organic inputs (see similarities and differences
between streams in Table 1).
Experimental design
An increased summer drought was induced in these two small lowland streams. Each
studied stream section was divided in three continuous stretches approximately 50
meters long (Fig. 1a): an upstream control (C), followed by a stagnant stretch (S) and a
drought stretch (D). The physical separation of the experimental stretches was made by
placing barriers enclosing longitudinally part of the stream, below the control stretch,
and avoiding water surface inflows into the drought section (Fig. 1a, for further details
see García and Pardo, under review). The experimental setting included the placement
of piezometers (PVC piezometer, outer diameter 50 mm and length 2 meter) in the
stream riparian gradient (denoted here as SRG) on each control and drought stretches,
simulating a grid (Fig. 1a). Each stretch had three transects with 3 piezometers each
(i.e., replicates) parallel to the stream, giving a total of 6 transects per stream, 9
sampling points per stretch and a total of 18 sampling points per stream. The position of
these sampling points was defined by the local hydrology and water tables of each
stream (Fig. 1b): a sampling point located just above the summer water table (i.e.,
SRG1), another one located above the normal/expected winter water table (SRG2), and
the last one located at the highest point in the bank (SRG3) (Fig. 1b). The valley

morphology (topography) of the stream riparian gradient was initially evaluated and all
sampling points were located with a laser level, allowing to calculate the relative ground
water levels.
Field sampling
The drought experiment lasted a total of 10 weeks during summer 2012 in which we
recorded the water level and collected water samples in all sampling points of the SRG.
Water samples in the stream surface were also collected. Water level was weekly
measured by using a sounding device with measuring tape (Eijkelkamp, 14 mm
diameter). The distances between the piezometer top and the below side of the sounding
device, and that related to the ground surface were noted down to estimate ground water
tables. Water table level is expressed in centimetres. Positive values refer to situations
where the water table is above the soil surface while negative values refer to situations
where it is below the soil surface.
Water samples (i.e., surface and ground water) were collected from the middle of the
stream and from the piezometers in six occasions, including the beginning and the end
of the experiment. Later, water samples were filtered by using a syringe coupled to
Whatman Glass microfiber filters (GF/C/ 0.45 µm membrane filter) and stored at a
temperature of around 4 ºC until further analysis in the laboratory. Oxygen
concentration, electric conductivity (EC) and pH were also measured in the field with
portable meters (WTW Oxi 197, Orion Model 115 at 25 ºC, and Thermo Orion 290+,
respectively).
Laboratory procedure
Ammonium, nitrate and phosphate contents in water were determined by using an autoanalyzer for nutrients quantification (Auto-Analyzer 3, Bran + Luebbe, Germany)
according to European standard methods (EN ISO 11732, EN ISO 13395, EN ISO

6878, respectively), while chloride and sulphate were determined by the colorimetric
procedure of ICP (Inductively Coupled Plasma).
Data Analysis
Water table fluctuations and chemistry on the surface and subsurface water were
measured in both control and drought stretches to evaluate the impact of the induced
flow reduction in both studied streams with contrasting nutrients. This objective was
achieved i) by comparing water table fluctuations and ii) by analysing the surface and
ground water in both stretches and streams. Therefore, we focused the study only on the
main effects occasioned by the induced drought and different streams, and temporal
variability during the experiment was taken into account but not described therein.
Repeated measures ANOVAs (RM-ANOVA) were run on all surface and ground water
chemistry variables using the SPSS statistical software (SPSS v.15 for Windows XP,
SPSS Institute Inc., Chicago, IL, USA). Time collection during the drought experiment
(6 times) was specified as the repeated factor (within-subject), while stream, stretch and
SRG (only for ground water chemistry) were the fixed factors (between-subjects).
Nutrient concentrations were log(x+1) transformed prior to analysis to meet the
requirements of the statistical analysis.
Results
Water table fluctuations
Surface water table level decreased in the drought stretches of both studied streams,
when compared with the control stretches (Table 1). However, ground water table level
did not show so clearly the effect of the induced drought. The amplitude of the ground
water table fluctuations varied within and between streams, depending on the level (i.e.,
the SRG) in which the measure was carried out. In both streams, the water table within
the SRG1 (i.e., the nearest point to the stream level) remained closer to the soil surface,

and even sometimes was flooded (Table 1). Weekly fluctuations observed in the surface
water table and in the SRG were rather similar between streams (Fig. 2), indicating that
the ground water table of these streams is strongly related with the surface water table.
Even though there were not water inlets in the drought stretches, we did not achieve the
expected dry condition. In the Caselas stream, the driest conditions were reached at the
beginning of the experiment (i.e., 2nd week) and after 8 weeks (Fig. 2), whereas in the
Pego stream, the initial reduction remained nearly constant during 8 weeks (Fig. 2).
Punctual rainfalls prompted increases in the ground water level of both streams,
irrespective of the stretch (at the 2nd and 8th week, Fig. 2), indicating the strong
relationship between the stream-land ecotone (Fig. 2).
Effects of the experimental flow reduction on surface water chemistry
Surface water chemistry analyses confirmed the a priori nutrient characterisation of the
studied streams (RM-ANOVA, stream effect; p < 0.001). Therefore, the nutrient-poor
stream showed significantly less phosphate-P (3 times), nitrate-N (1.1 times), nitrite-N
(9 times) and ammonium-N (11 times) concentrations than the nutrient-rich stream,
independently of the stretch (Table 2). Other water chemistry variables such as pH,
electric conductivity and temperature also differed slightly between streams and
stretches (RM-ANOVA, stream × stretch effect; p < 0.001, Table 2).
The strongest effect of the induced drought was observed on dissolved oxygen (Table 2,
Fig. 3). In the drought stretches of both streams, oxygen saturation decreased by 25 to
34 %, due to the closing of the stream barriers and the removal of water flow within the
stretches. Moreover, we observed an effect of the induced drought on ammonium-N
(and also on nitrite-N), but this effect was not consistent between streams (Table 2, Fig.
3). In the nutrient-poor stream, the induced drought determined that the ammonium-N
(and nitrite-N) concentration on surface water significantly increased when compared to

the control stretches. Meanwhile, in the nutrient-rich stream, the contrary was observed
(Table 2, Fig. 3).
Effects of the experimental flow reduction on ground water chemistry
Ground water chemistry analyses showed that mean nitrate concentrations over the
study period were significantly higher in the nutrient-rich stream than in the nutrientpoor stream (RM-ANOVA, stream effect; p < 0.001, Table 3). Similar results were
found for phosphate concentrations (Table 3). Overall, these results evidenced a greater
eutrophication of the ground water in the nutrient-rich stream than in the nutrient-poor
stream, independently of the induced drought experiment.
Our results also showed that nitrate concentrations varied between stretches, evidencing
an effect of the induced drought, although these variations differed between streams
(i.e., RM-ANOVA, stream × stretch effect; p < 0.001, Fig. 4). In the nutrient-poor
stream, the induced drought determined a decrease of the nitrate concentration in the
ground water, when compared with the control stretches. Meanwhile, a strong increase
was observed in the nutrient-rich stream (Table 3, Fig. 4). This fact raised the
differences observed between streams without the influence of the drought (i.e., in the
control stretches, Fig. 4). NO2- concentrations increased in both streams due to the
induced drought effect (i.e., RM-ANOVA, stretch effect; p < 0.001, Fig. 4), and NH4+
concentration underwent a strong decrease, but only in the nutrient-rich stream (Fig. 4).
Ammonium-N was highly variable during the study (Table 3) due to the significant
differences found between levels within the SRG (i.e., RM-ANOVA, SRG effect; p <
0.001, SRG1 < SRG2 ≤ SRG3). Moreover, there were minor changes on phosphate
concentration, as a result of the induced drought, depending on the stream. In the
nutrient-poor stream, the induced drought determined a slightly increase of the
phosphate concentration, while a decrease was observed in the nutrient-rich stream

(Table 3, Fig. 4). Despite these differences, there was not a significant effect of the
induced drought on phosphate concentrations (i.e., RM-ANOVA, stretch effect; p =
0.66), although the differences observed between streams in the control stretches were
reduced (Fig. 4).
Discussion
to be redacted within the next weeks
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Figure legends
Figure 1. Graphic representation of the experimental design including a) the location of
the studied stretches (control, stagnation and drought) and transects within the streamriparian gradient (denoted here as SRG): level 1 (SRG 1, located just above the summer
water table), level 2 (SRG 2, located above the normal/expected winter water table) and
level 3 (SRG 3, located at the dry end of the SRG), and b) a cross-section of the study
transect showing piezometer locations.
Figure 2. Weekly rainfall levels in each studied stream during the experimental period
(data from two meteorological stations located closer to the studied area,
http://www.meteogalicia.es), and weekly water table fluctuations (cm) within the stream
riparian gradient (SRG) in the control and drought stretches of both studied streams.
Different gray-scale lines represents 10 cm-fluctuations. An initial measurement before
the closing of the barriers (time 0) was also included.
Figure 3. Effects of the induced drought experiment on the surface water oxygen and
ammonium-N concentration of the studied streams: nutrient-poor vs. nutrient-rich
(mean ± SD, n = 18). The effect of the induced drought is observed by comparing the
control (black) and drought (grey) stretches. Letters denote significant differences.
Figure 4. Effects of the induced drought experiment on the ground water nutrient
concentrations of the studied streams: nutrient-poor vs. nutrient-rich (mean ± SD, n =
18). The effect of the induced drought is observed by comparing the control (black) and
drought (grey) stretches. Letters denote significant differences.

Tables
Table 1. Average fluctuation of the water table depth (cm) on the stream surface and on
the different levels of the stream riparian gradient (SRG) measured during the study.
Minimum and maximum values measured during the whole period are also shown
between brackets.
Stream

Ground water table level

Stretch

Surface water table
level

SRG 1

SRG 2

SRG 3

Control

24 (14 ± 37)

17 (-15 ± 2)

16 (-73 ± -57)

16 (-125 ± -109)

Drought

17 (11 ± 30)

19 (-16 ± 3)

14 (-61 ± -47)

16 (-116 ± -100)

Control

49 (40 ± 57)

13 (-11 ± 2)

15 (-63 ± -48)

15 (-114 ± -99)

Drought

39 (35 ± 48)

9 (-11 ± -2)

10 (-82 ± -72)

10 (-127 ± -117)

Nutrient-poor

Nutrient-rich

Table 2. Surface water chemistry over time under control and drought treatments of
both studied streams (nutrient-poor vs. nutrient-rich).
CONTROL

DROUGHT

Variable
Nutrient-poor

Nutrient-rich

Nutrient-poor

Nutrient-rich

pH

6.5 ± 0.2

6.2 ± 0.2

6.0 ± 0.2

6.3 ± 0.3

EC (µS/cm at 25 ºC)

81.3 ± 1.0

71.0 ± 0.4

79.0 ± 1.1

70.2 ± 0.6

Oxygen (%)

84.8 ± 1.0

81.5 ± 1.5

63.9 ± 0.6

54.1 ± 2.3

Temperature (ºC)

16.2 ± 0.3

16.7 ± 0.2

16.0 ± 0.3

16.6 ± 0.2

P-PO4 (µg/L)

2-

19.7 ± 1.5

63.7 ± 8.1

20.3 ± 1.1

67.6 ± 6.5

+

N-NH4 (µg/L)

5.2 ± 0.7

58.2 ± 15.8

13.1 ± 3.2

42.7 ± 10.5

-

N-NO2 (µg/L)

2.1 ± 0.3

18.7 ± 6.2

2.7 ± 0.3

11.3 ± 2.6

2-

86.6 ± 10.1

95.1 ± 19.1

75.2 ± 7.4

105.2 ± 18.6

Cl (mg/L)

14.3 ± 0.7

13.2 ± 0.5

14.4 ± 0.5

13.1 ± 0.5

2-

4.5 ± 0.2

3.7 ± 0.1

4.3 ± 0.1

3.7 ± 0.2

N-NO3 (µg/L)
-

SO4 (mg/L)

Table 3. Ground water chemistry over time under control and drought treatments of
both studied streams (nutrient-poor vs. nutrient-rich).
CONTROL

DROUGHT

Variable
Nutrient-poor

Nutrient-rich

Nutrient-poor

Nutrient-rich

6.5 ± 0.1

5.9 ± 0.1

6.5 ± 0.1

6.0 ± 0.1

EC (µS/cm at 25 ºC)

128.4 ± 9.8

103.7 ± 3.3

118.5 ± 5.7

79.1 ± 2.0

Oxygen (%)

41.8 ± 2.6

29.7 ± 1.3

33.5 ± 2.4

31.7 ± 1.7

Temperature (ºC)

pH

18.9 ± 0.4

19.5 ± 0.2

18.3 ± 0.3

18.0 ± 0.1

2-

P-PO4 (µg/L)

9.5 ± 1.8

34.9 ± 4.0

14.9 ± 2.3

29.9 ± 3.9

+

N-NH4 (µg/L)

737.1 ± 182.1

660.6 ± 112.3

743.1 ± 157.3

242.3 ± 51.9

-

N-NO2 (µg/L)

2.9 ± 0.6

4.7 ± 1.0

9.3 ± 3.0

7.8 ± 1.0

2-

10.2 ± 2.4

17.1 ± 3.3

5.4 ± 1.0

77.7 ± 12.2

Cl (mg/L)

14.5 ± 1.2

12.7 ± 0.3

11.9 ± 0.6

12.6 ± 0.8

2-

2.6 ± 0.3

2.0 ± 0.2

2.7 ± 0.3

2.5 ± 0.2

N-NO3 (µg/L)
-

SO4 (mg/L)

Figure 1a. Location of the treatment stretches and transects
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Figure 1b. Cross-section of the study transect showing piezometer locations
in the SRG
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