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Abstract

Wetland restoration is increasingly important to reverse habitat degradation, recover ecosystem services
and maintain biodiversity. To aid project design, more information is required on the influence of wetland
size, depth of water and isolation on the waterbird communities that become established. During a
restoration project in Dofiana, one of Europe’s most important wetland complexes, an experimental
network of 96 temporary ponds with standard shape but variable size, water depth and isolation was
created. We surveyed the waterbird community in spring from 2006 to 2008 and related species
abundance and richness to abiotic pond characteristics. We also performed analyses pooling species by
foraging guilds or body size. Waterbird abundance and species richness were highest in 2007, the wettest
year when the ponds had longer hydroperiods. Larger ponds had consistently higher abundance and
species richness for the entire community and for different guilds and body sizes. Moreover, the density
ha™ of birds was higher in large ponds than in the smaller ones. Pond isolation and excavated depth did
not affect overall abundance and richness, although opposing effects of depth were observed on some size
classes, and ducks and large birds preferred isolated ponds. Some bird groups preferred ponds at a
particular location. This is the first waterbird study to address the importance of pond size, depth and
isolation independently of confounding variables such as pond shape. It illustrates the varied responses
from different bird groups and demonstrates the importance of varying depth, location and isolation to

enhance community abundance and diversity.



Introduction

Wetlands provide vital ecosystem services (e.g. flooding reduction, groundwater recharge, water-quality
protection, shoreline stabilization; Mitsch & Gosselink 2007), as well as recreational, educational,
research, and aesthetic functions for humans (Nassauer 2004). Wetlands are also important for
maintenance of biodiversity (Ramsar Convention 2013), including waterbirds. In turn, waterbirds provide
ecosystem services of considerable economic value such as birdwatching or pest control (Green &
Elmberg 2013).

Despite their value, wetlands are under pressure owing to human activities and other environmental
changes (Turner et al. 2000). For example, half of the world’s wetlands have been lost since the early
20th century (Shine & Klemm 1999), and the loss is particularly severe in the Mediterranean region
(Green et al. 2002; Perennou et al. 2012). However, wetland loss is partially compensated by restoration
projects, especially in temperate regions (Nakamura et al. 2006), with the main aims of recovering water
quality (Imboden 1992); hydrology, such as the flooding and drying cycles (Turner & Lewis 1997), and
the original vegetation (Kl6tzli & Grootjans 2001). The outcome of wetland restoration is often
unexpected, and research is vital to improve predictions of how aquatic communities develop after
restoration (Zedler 2000).

When restoring or creating wetlands, establishment of fauna and flora can be strongly dependent on
many site characteristics such as size, depth of water and isolation. All three variables can have a major
influence on the plant and animal community present in wetlands, although results are not always
consistent among studies (Guadagnin et al. 2009; Sebastidn-Gonzalez et al. 2010). However, in natural
wetlands, the frequent interdependence of these variables as well as confounding variation in wetland
shape, basin profile and other details of the landscape make it difficult to identify causal relationships.
Here we study the influence of these variables on waterbirds in a novel, powerful experimental design in
which size, depth and isolation vary independently across the landscape.

The experimental design required particular attention to pond shape to meet our objectives, and the
availability of a complex of 96 temporary ponds created in a restoration project in Dofiana National Park
(southwest Spain) offered a promising set of study sites. The ponds were planned with a standard
elliptical shape and orientation and an even bottom, replicates of three different sizes, two excavated
depths and two degrees of isolation to facilitate research into the effects of these parameters on restoration

trajectories for birds and other aquatic organisms (Frisch et al. 2012). The Dofiana wetland complex is



extremely important for waterbirds. For example, it attracts more wintering Anatidae than any other site
in Europe or the Mediterranean region (Renddn et al. 2008). The National Park includes 30,000 ha of
natural temporary marsh, which is particularly valuable for waterbirds, but relatively little is known about
their habitat selection within that area, which is largely inaccessible and difficult to survey except from
the air (Rendon et al. 2008). The experimental pond system within a restored, temporary marsh offers an
opportunity to study habitat use in an accessible and controlled situation.

This study investigates the use of experimental ponds by waterbirds to establish the influence of pond
size, isolation and water depth on the avian group. We performed analyses first at the whole community
level, to identify the characteristics of the ponds that were used by more species (higher richness) and by
more individuals (higher abundance). We tested the hypotheses that bird abundance and species richness
are simultaneously increased by greater pond size, greater pond depth, and reduced pond isolation. Then,
we grouped the species based on body size and foraging guild to identify group-specific patterns and
management recommendations. Finally, we consider how our results could be appliedfor future wetland

restoration or creation projects.

Methods

Study area and pond structural variables

Dofiana National Park is located in the Guadalquivir estuary (Fig. 1). The Park contains extensive
temporary natural marshes, which are fed by surface flow and direct rainfall. It is catalogued as a Ramsar
site and a UNESCO World Heritage Site (www.ramsar.org; www.unesco.org). Dofiana has a
Mediterranean climate with Atlantic influence and dry, hot summers and short, mild winters. Rainfall is
highly variable between years and occurs principally between October and March.

In the aftermath of contamination from a mine spill in 1998, various actions were initiated in the
catchment of the natural marshes with the objective of partially reversing dramatic changes to hydrology
caused during conversion to agriculture. Part of this restoration was carried out in the “Caracoles Estate”
(37° 07N, 6°31°W), a former seasonally inundated marshland area of 2700 ha that had been isolated from
surrounding marshes and turned into arable farmland in the 1960s. In 2004-2005, the area was restored by

removing the dykes that isolated the site from adjacent natural marshes, filling in the network of drainage



canals, and constructing 96 experimental temporary ponds, situated in low areas that were exposed to
regular inundations before the conversion to agriculture (Badosa et al. 2010).

Ponds were excavated by heavy machinery, and made with sloping sides and a flat bottom of roughly
even depth. Eight medium-sized ponds were placed in isolated positions and the rest were divided into
two blocks on the north and south sides. Thus, for each of the 96 ponds (Fig. 1, see also Figs. S1, S2 in
Appendix) we had the following information: excavated pond depth (30 or 60 cm), isolation degree
(isolated or not), constructed pond size (0.18, 0.74 or 2.95 ha) and corrected pond size according to
percentage of surface which was inundated on a given survey. “Isolated” ponds were 0.5 - 1 km from the
nearest pond, whereas ponds in blocks were only 20-100 m apart. Ponds dried out during the spring or
summer, such that many were only partially flooded when surveyed (e.g. see Fig. 2 in Frisch & Green
2007). Thus, during each survey we visually estimated the average percentage of surface area of each
pond that was dry, and then calculated the average area that held water over the entire study for each
pond.

Following their creation, the new ponds flooded for the first time in January 2006. No efforts were
made to accelerate colonization of ponds by planting or introducing fauna. Although emergent plants,
especially Scirpus maritimus and S. litoralis, dominate adjacent natural marshes, development of this
vegetation in the restored area was almost non-existent during our study. The low vegetation height and
small pond size facilitated observation of waterbirds, whilst species dependent on reedbeds were absent.
However, ponds were rapidly colonized by submerged vegetation and invertebrates (Frisch et al. 2012)
providing resources for waterbirds which also likely acted as major vectors for passive dispersal of

propagules. As a result, colonization of flora and fauna was facilitated (Brochet et al. 2010).

Waterbirds survey and guilds

All ponds were surveyed repeatedly in spring 2006- 2008 by AJG, accompanied by other experienced
observers, between 18 March and 29 June, with intervals between surveys of approximately 20 days.
Thirteen surveys were completed in 2006-2008. After June, all ponds were dry. Some surveys were
conducted in winter months but are of little interest because the waterbirds formed sizeable wintering
flocks in the largest waterbodies available, and did not spread out among ponds as in spring. Furthermore,
ponds were often interconnected by high winter water levels and it was often impossible to confirm the

precise location of wintering flocks before they flushed.



All aquatic birds present were identified to species and counted. Every pond was visited on foot in a
single day and surveyed from a single position along the shoreline with binoculars (8 x 50) and a
telescope (20 x 60). The route was changed between surveys to avoid any potential influence of the order
of survey on results. Birds within the pond or within 2 m of the edge were counted. When birds were seen
to move between different ponds, they were assigned only to the pond at which they were first observed.

Waterbirds were grouped following two different criteria (see Table S3) to evaluate the effect of the
different structural characteristics of the ponds on different waterbirds. We first grouped the species by
their foraging guild into: wading birds (herons, egrets, spoonbills, flamingos, etc), gulls (including terns),
shorebirds and ducks (including coots). Secondly, we arranged the species depending on their body length
into: small (<20 cm length), medium (20-50 cm), large (50-80 cm) and very large (> 80 cm), according to
Cramp (1998)..

Although seasonal differences are apparent in the composition of the waterbird community between
March and June, they were not the focus of this study and we used the cumulative average bird abundance
per pond. For analyses of the influence of pond characteristics, we calculated a single average annual

abundance per pond using all surveys performed in 2006-2008.

Statistical analyses

To study relationships among guilds and external abiotic variables (size, isolation and depth) Redundancy
Analyses (RDA) were performed using CANOCO for Windows 4.1 (Legendre & Legendre 1998). RDA
ordinates groups using axes that are constrained to be linear combinations of the considered external
variables, in such a way that the relationship between the groups and these variables can be clearly
identified. Significance was tested by the distribution-free Monte Carlo test (1000 permutations), in which
distribution of test statistics under the null hypothesis is generated by random permutations of cases in the
pond structural data.

Generalized linear models (GLMs) in R 2.14.1 (R Development Core Team) were used to relate mean
abundance and species richness of waterbirds per pond over the whole study period to structural
variables. Pond location (North or South) and isolation (isolated or not) were included as a 3-level factor
(North, South, isolated) in the analyses. We applied a Poisson error distribution, correcting for
overdispersion when necessary. We constructed multivariate models to assess the effect of the structural

characteristics of the ponds on each bird group, as well as on total abundance and total species richness



(i.e. number of species). We performed multivariate GLMs, constructed all the possible models, and
selected the model with the lowest AIC (Akaike’s Information Criterion), which included only significant
variables (P<0.05). This criterion selects the most parsimonious model that has the highest explained
deviance with the lowest number of variables. Models were constructed using a backward variable
selection procedure. As both total pond surface and surface corrected for dry areas are highly correlated (r
=0.771, n = 96), for each model we only included the predictor variable that had a lower P-value when
computing a univariate model. We also performed univariate models for all pond characteristics to test
the relative importance of each variable when tested alone (see Table S4).

Finally, to assess in more detail how pond size influenced waterbird use, we analyzed how density of
birds (number of individuals per hectare) varied among small, medium and large ponds by means of non-
parametric tests. We excluded isolated ponds (all medium size) from these analyses to avoid confounding
the effects of pond size with those of isolation. See Sebastian-Gonzéalez et al. 2010, 2013 for other studies

with similar statistical approaches.

Results
Description of the community
We counted a total of 3024 individuals representing 38 species during 13 surveys of the restored ponds
(Table 1; Table S1 in Appendix). The most abundant species were Charadrius hiaticula (Ringed plover),
(combined total of 566 individuals) and Anas platyrhynchos (Mallard), (400). Per group, shorebirds
(1954) and small species (1437) were the most abundant, while gulls (241) and very large species (226)
were the scarcest.

Waterbird species richness (26 species) was already high in the first year after pond creation.
The community changed annually, and the abundance of birds in the wettest year 2007 was more than
double that in the other two years (Table 1). Species richness also varied, with a peak in 2007,
correspondent to the lowest average percentage of dry surface at the ponds (i.e. higher water availability).
Highest abundances for all the guilds and body sizes were recorded in 2007 (Fig. 2). In general, we
detected a prevalence of shorebirds and small-sized waterbirds in terms of number of individuals, but the
medium-sized group represented the larger number of species. The ponds were more important for
feeding and for spring migration than as breeding sites. However, nesting and brood rearing of six species

were confirmed in the ponds (see Table S3 for species names).



RDA analysis

Redundancy analysis was used to identify pond characteristics that were important for all groups
based on size or on foraging guild. Pond size was the most significant variable for both sets of groups
(Fig. 3). Large ponds had significantly higher abundances of species from all guilds and body sizes
(Guild: F =130.76, p = 0.001; Body size: F = 89.06, p = 0.001). Pond depth was also important when we

performed the analyses aggregating the species by body size (F = 4.57, p = 0.005, Fig. 3).

GLM analyses

We used GLMs to relate the species richness and total abundance at each pond with their structural
characteristics. Both species richness and abundance were significantly higher in large ponds (Table 2).
There were no other significant predictors for these dependent variables.

The influence of pond characteristics varied among different groups of species, even though all the
groups were significantly more abundant in large ponds or in ponds with larger inundated area (Table 2).
Small birds were more abundant in shallow ponds and medium-sized birds in deep ones. Isolated ponds
were used significantly more often by large birds and by ducks than other ponds. Finally, the location of
non-isolated ponds (North vs. South block) also influenced the abundance of some groups, with wading
birds, ducks, large and very large species using the North group. Shorebirds were more abundant in the
South group. In univariate analyses, all predictor variables had a significant effect for most of the bird
groups, although pond depth, location and isolation explained a relatively low proportion of the deviance
(Table S4).

Bird density varied significantly among ponds of different size for some of the studied groups (Table
3). Very large species, wading birds and gulls were all at a significantly higher density ha™ in large than
in small ponds. For these groups, density was intermediate in medium-sized ponds. Density was also

higher in large ponds for all waterbirds combined, although this difference was not significant (Table 3).

Discussion

Through a restoration and wetland creation project in one of Europe's most important wetland

complexes, we were able to separate the effects of pond size, water depth and isolation from each other



and from pond shape. We found that pond size was the most important determinant of use by waterbirds
from the studied variables, although pond depth, isolation and spatial location were all important for some
groups. These results contrast with the generally weak effects of size and isolation on zooplankton (Frisch
et al. 2012) which suggests there is not a major difference in resource supply among ponds. On the other
hand, cladocerans colonized the larger ponds faster than the small ones (Frisch et al. 2012), as would be
predicted from our results since waterbirds are major vectors for passive dispersal of cladocerans
(Brochet et al. 2010). Although ideally we should have quantified submerged vegetation and
macroinvertebrates in all ponds to incorporate these variables in our bird analyses (i.e. Sebastian-
Gonzalez et al. 2010), this is a major task which was not possible. New temporary ponds were rapidly
colonized by a diverse community of waterbirds, with some species also using the complex for breeding.
Our study confirms the success of the wetland creation project for the avian community, as previously
shown for zooplankton, which rapidly reached similar levels of species richness to those found in nearby
reference sites (Badosa et al. 2010; Frisch et al. 2012). Further work is required to evaluate the effects of
pond characteristics on plant, invertebrate and amphibian communities. Because these are temporary
ponds, they are not important for fish.

As is common for Mediterranean ecosystems such as Dofiana (Rendén et al. 2008; Kloskowski et al.
2009), the waterbird community at Caracoles Estate showed considerable annual variation in response to
water availability. The waterbird community in the new ponds was most abundant and species rich in
2007, when rainfall was higher and ponds had longer hydroperiods and greater water depth. Rainfall in
2007 was well above the average for the last 30 years at Dofiana (440 mm).

Pond size (both corrected by water availability or not) was the only variable that significantly
influenced the total abundance and species richness of ponds, and it also positively influenced the
abundance of all bird groups. In previous studies, large wetlands have generally supported more waterbird
individuals and species than smaller ones (Guadagnin & Maltchik 2007). In addition to the importance of
pond size found in the GLM models, we also detected an increase in the density ha™ of waterbirds
between small and large ponds which was statistically significant for gulls, wading birds and very large
species. This finding is novel; previous studies have shown that the absolute number of waterbirds
increased with the size of ponds or lakes, but the density decreased owing partly to the declining shoreline
to area ratio in larger waterbodies (Guadagnin et al. 2009). Unlike natural wetlands, larger ponds in our

study system were not deeper, and lacked a central, deep area of less value to many waterbird species.



Furthermore, our ponds were relatively small (from 0.2 to 2.9 ha) so the smallest ponds may have been
below the minimum threshold required to attract birds. In contrast, Guadagnin et al. (2009) found that
larger Brazilian wetlands had a lower density of individuals than larger ones across a range from 0.2 to
145 ha.

When restoration in Dofiana was originally proposed, the administration planned to extract the same
amount of soil required to create 96 ponds by creating one single, large lake (Santamaria et al. 2006). Our
results indicate the wisdom of not proceeding with this plan. In addition to our findings of the relationship
between pond size and avian diversity, we also discovered evidence that the existing pond complex is
preferable as it provides a mosaic of small and large ponds, and variable depths suitable for different birds
and other organisms. In Dofiana and other parts of the Mediterranean, water availability from
precipitation is limited. Because small ponds fill faster and with less precipitation than large ones, they
can fill up in relatively dry years whereas a very large pond will not. Different individual ponds develop
different communities of invertebrates (Badosa et al. 2010) and plants, and this diversity would be lost by
constructing only a few large ponds.

Isolated ponds were used by some waterbird groups probably because they provide nearby alternative
feeding sites and suitably undisturbed breeding habitat. In the case of waterfowl, isolated ponds are
favored by pairs of mallard, gadwall and red-crested pochard, perhaps because they are surrounded by
upland terrestrial vegetation suitable for nesting (Clark et al. 1999). Additionally, isolated ponds
effectively have a greater catchment area for birds flying overhead and searching for a wetland to visit.
Although most previous studies report that isolation tends to decrease the value of wetlands for waterbirds
(i.e. Guadagnin & Maltchik 2007), the influence of isolation is likely to depend on the landscape context
(Westphal et al. 2003). In an area such as Dofiana with a relatively high density of wetlands and
waterbirds, the degree of isolation in our study may be insufficient to have negative effects.

Water depth has previously been shown to be an important determinant of the occurrence of some
waterbird species (Kreakie et al. 2012), but different species favor different depths even within foraging
guilds such as ducks (Green 1998; Sebastian-Gonzalez et al. 2013). In our system, shallow ponds were
preferred by small-sized species, probably because they require shallower waters than other species to
feed, owing to limited leg and bill length. Thus, the importance of pond depth depends on the
requirements of individual species and on the local hydroperiods. The microtopography in Dofiana,

together with the two excavated depths in our pond complex, generates a wide range of hydroperiods such
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that, at the same time, some ponds are almost dry while others are full. This creates diverse habitat
suitable for a range of species, including Charadrius shorebirds which prefer exposed mud.

The northern pond block was particularly favored by wading birds, ducks, and large or very large
species, perhaps because it lies at the northern boundary of the National Park close to other wetlands or
agricultural areas that are also important for these species (Fig. S2, Renddn et al. 2008). On the other
hand, the southern pond block was used more by shorebirds, perhaps because these ponds are closer to the
central, natural marsh in the National Park, which is their main habitat. These contrasting results illustrate
the particular importance for waterbirds of similar ponds placed in different locations, and demonstrate
how pond characteristics can change the nature of the waterbird community in a somewhat unpredictable
manner. This example illustrates the importance of considering the characteristics of the surrounding
landscape when performing restoration projects, because they can clearly influence the use by waterbirds
of diverse species and sizes.

When wetlands are restored, it is vital to consider the implications for both birds and other organisms,
yet birds are often ignored in studies of pond ecology. Scheffer et al. (2006) argued that small ponds tend
to be disproportionately important for aquatic biodiversity owing to a lower abundance of fish, but they
did not consider whether this is the case for birds. For aquatic plants, macroinvertebrates and amphibians,
Oertli et al. (2002) found that a set of small ponds had more species and conservation value than a single
large pond with the same total combined area. This study advances our understanding of the
consequences of modifying pond size for waterbirds and demonstrates that (within the size range we
studied) large ponds can be disproportionately important for waterbird biodiversity. Additionally, our
findings support Zedler’s (2000) view that a “generic” pond design will not support all bird species, and
shows that varying pond depth and isolation increases species richness, which will diversify the

ecosystem services provide by the bird community (Green & Elmberg 2013).

Implications for practice
e Ponds designed with non-wintering waterbirds in mind should be of least 1-3 ha.
e Some degree of isolation (up to 1km from the nearest pond) can be favorable for waterbirds and
some isolated ponds should be included when designing wetland complexes.
e Restoration projects should aim to vary depths even within the shallow 0-60 cm range, so as to

diversify the waterbird community.
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e Asreported for other aquatic organisms, creating a diverse and heterogeneous complex of ponds

will support more waterbird species than a single lake of the same total surface area.
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Supporting Information

Additional Supporting Information may be found in the online version of this article:

Figure S1. Figure showing layout of the deep and shallow ponds.
Figure S2. Google Earth image showing the ponds in 2011.
Table S3. List of the species found at Caracoles Estate during the surveys in 2006-2008.

Table S4. Univariate generalized linear models explaining the relationship between the waterbird

community and the structural characteristics of the new ponds.

Please note: Wiley-Blackwell is not responsible for the content or functionality of any supporting
materials supplied by the authors. Any queries (other than missing material) should be directed to the

corresponding author for the article.

15



Table 1. Annual changes in the waterbird community at Caracoles ponds (n = 96). We present annual
values for cumulative abundance (number of individuals), richness (number of species), percentage of dry
ponds (average percentage of dry surface for each pond on date of survey) and number of surveys
performed. Precipitation is annual precipitation between September and March in mm. For example,

precipitation for 2006 corresponds to total precipitation between September 2005 and March 2006.

Abundance Richness % Dry ponds Precipitation N. surveys
2006 761 26 39.98 402 5
2007 1749 32 27.70 599 4
2008 514 21 56.55 457 4
Total 3024 38 13
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Table 2. Generalized linear models explaining the relationship between the waterbird community and the

structural characteristics of the new ponds (n = 96). The dependent variable was the average abundance of

waterbirds in all surveys at each pond and by group, except for richness (number of species recorded in

the pond). Position denotes effect of being in the North group. Models are all multivariate, including only

significant variables. We present model coefficients, statistical significance and percentage of explained

deviance. Corrected size was the average surface area with water across all surveys. Note that for each

group we only included one of the variables related to size (size or corrected size) in the model. *** p <

0.001, **p < 0.01, * p < 0.05.

Depth Isolation  Pond Size Corrected size Position % deviance
Small -0.682** 1.027%** 65.84
Medium 0.920*** 1.071%** 67.37
Large 1.199*** 1.169*** 0.782** 54.37
Very large 2.039*** 1.237%** 77.83
Wading birds 1.877*** 1.260*** 75.95
Gulls 1.261%** 60.32
Shorebirds 1.016%** -0.400* 68.62
Ducks 1.304*** 2.039*** 0.837** 61.10
Richness 0.738*** 43.21
Abundance 1.032%** 71.18
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Table 3. Average density of birds (humber of birds per hectare, mean + standard deviation) in small,
medium and large ponds, and results of Kruskal-Wallis tests (K-W) comparing density between 3 types of
ponds. Groups sharing the same superscript were not significantly different according to Mann-Whitney

U post-hoc tests

Small Medium Large K-W p-value
Small 93+17.7 6.9+75 11.7+9.4 5.166 0.076
Medium 5.0+6.9 42+56 6.9+5.7 2.775 0.250
Large 34+66 2.8+32 23+31 1.391 0.499
Very large 0.3+0.9” 1.0+2.4"8 25+4.2° 8.832 0.012
Wading birds 06+1.7% 1.1+2478 27+43° 8.831 0.012
Gulls 09+21"° 1.4+26"8 23+19°8 13.975 0.001
Shorebirds 134+21.1 9.4+92 15.4+8.8 4.325 0.115
Ducks 3.1£65 29+32 3.1+£51 2.439 0.295
Total 18.0+22.9 149+235 236+ 14.4 4.003 0.135
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Figure legends

Figure 1. Study area. (a) Location of Dofiana National Park in southern Spain, (b) distribution of ponds in
Caracoles Estate showing the Northern block, Southern block and isolated ponds.

Figure 2. Temporal variation in waterbird abundance and richness in the Caracoles ponds. (a) Average
number of birds per survey according to foraging guild, (b) average number of birds per survey according
to body size, (c) average number of species per survey according to foraging guild, (d) average number of
species per survey according to body size. Figures (c) and (d) also include maximum number of species
found in any single survey.

Figure 3. RDA ordination biplot of abundance of bird groups and significant pond structural
characteristics based on (a) foraging guild and (b) body size. Axes represent first (x-axis) and second (y-
axis) components of the ordination. Species groups and pond characteristics are represented by arrows
that indicate direction in which variables are increasing. Red lines represent pond variables, blue lines
represent waterbird groups. Length of arrows indicates magnitude of effect while the direction indicates

its sign.
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Figure 2
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Figure 3
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