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waterbird communities in rice fields undergo signifi-
cant changes throughout the year associated with the 
annual rice production cycle. Other habitats maintain 
more consistent communities, reflecting their more 
stable environmental conditions. Rice fields play a 
complementary role to other habitats in the land-
scape, likely acting as a buffer, partially mitigating 
the loss of some waterbird species amid the global 
decline of natural wetlands.
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Introduction

Wetlands cover approximately 5 to 8% of the earth’s 
surface (Mitsch & Gosselink, 2000; Mitsch & Man-
der, 2018; Xu et  al., 2019) and are one of the most 
productive environments worldwide, holding high 
biological diversity, providing water and being a 
source of primary productivity, crucial for a large 
number of animal and plant species (Yoon, 2009). 
Yet, wetlands are among the world’s most endangered 
habitats, with a recorded decrease in area of over 20% 
in the last 400 years (Ballut-Dajud et al., 2022; Fluet-
Chouinard et  al., 2023). In parallel with the loss of 
natural wetlands, artificial wetlands are increasing in 
many regions (Yoon, 2009; Ramsar Convention Sec-
retariat, 2010). Rice (Oryza sp.) fields are the sec-
ond largest wetland type worldwide and the largest 
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irrigated crop (International Rice Research Institute, 
1995; Ramsar Convention Secretariat, 2010) as rice 
is the primary food for almost 50% of humanity (Seck 
et al., 2012).

Rice fields often provide valuable habitat for wild-
life, in particular for waterbirds that forage in these 
areas during the whole breeding and/or non-breeding 
seasons or for shorter stopover periods during their 
migratory journeys (Fasola & Ruiz, 1996; Elphick, 
2000; Lourenço & Piersma, 2009; Lourenço et  al., 
2010; Parejo et al., 2019). Consequently, many areas 
comprising rice fields around the world have been 
classified as Important Bird and Biodiversity Areas 
(IBAs) by BirdLife International and are listed as 
Ramsar sites (Elphick et  al., 2010). However, the 
contribution of rice field habitats to waterbird con-
servation remains poorly understood (Yoon, 2009; 
Ramsar Convention Secretariat, 2010). Adding to 
this discussion, there is growing concern that rice 
crops can act as ecological traps by attracting birds 
to these dynamic and short-lived habitats which may 
become unsuitable during a significant part of the 
year (Elphick, 2015).

The main threats in these areas for birds are 
changes to the habitat structure due to alterations in 
management practices or abandonment (Fasola & 
Ruiz, 1996; Elphick, 2015; Katayama et  al., 2020), 
the risk of contamination with pesticides (Parsons & 
Mineau, 2010; Henriques et al., 2014) and destruction 
of nests due to changes in the inundation schedule 
or hydrological conditions (Pierluissi, 2010; Herring 
et  al., 2021). Moreover, although a large number of 
waterbirds use rice fields, how waterbird community 
structure and functioning in rice fields compares with 
other natural and artificial wetlands is still poorly 
known. This comparison is hampered by the fact 
that rice fields are very seasonal habitats, undergoing 
sudden changes across the cycle of rice cultivation 
that may change their suitability for different water-
bird species due to changes in food availability and 
accessibility. Paddies have no rice growing for part 
of the year (Lourenço & Piersma, 2009) and, when 
there is no rice in the fields, the paddies may be left 
with standing stubble or be ploughed (Lourenço & 
Piersma, 2009). Moreover, water management may 
also change over the year, depending on the region 
of the world: paddies are kept flooded during the rice 
cultivation period but after harvest the water levels 
may vary depending on precipitation or be managed 

to keep a specific level (Lourenço & Piersma, 2009). 
All these management actions create a strong tem-
poral dynamic of food availability for waterbirds. 
Over the year, rice fields have different available 
food sources for the waterbird community including 
fish (Clavero et al., 2015), amphibians (Ribeiro et al., 
2019) and invertebrates (Leitão et  al., 2007; Hen-
riques et  al., 2014; Clavero et  al., 2015) in flooded 
fields. Also, birds can consume rice directly from the 
plant (Toral et al., 2012) or rice leftovers after harvest 
(Lourenço & Piersma, 2009). As a consequence, the 
importance of rice fields for different waterbird spe-
cies may change over the year.

To assess the importance of rice fields for water-
bird communities, it is critical to compare the struc-
ture, functioning and temporal dynamics of the 
waterbird community using rice fields with those 
using other types of wetland. For this comparison, it 
is important to look at the waterbird community both 
in terms of species composition and abundance, but 
also functional trait composition. While the first gives 
insight into the importance each habitat has for dif-
ferent waterbird species (Hooper et  al., 2005; Coe-
lho et  al., 2021), the second shows whether, regard-
less of species composition, the functions performed 
by waterbirds are similar among habitats (Naeem & 
Wright, 2003; Hooper et al., 2005; Díaz et al., 2007). 
The functional diversity of a community is a crucial 
aspect of biodiversity (Díaz & Cabido, 2001) and 
understanding species’ functional traits is crucial for 
grasping the community functional structure and, 
thus, its influence on the environment (Mouillot et al., 
2013; Kraft et  al., 2015). One of the most relevant 
components of the functional structure of communi-
ties is dominant trait values, often expressed by the 
Community Weighted Mean (CWM), i.e. the average 
of functional traits weighted by their relative abun-
dances in the community (Garnier et al., 2004). Sev-
eral studies have demonstrated systematic variation of 
CWM of traits along abiotic gradients and between 
different habitats (e.g. Wright et  al., 2004; Cornwell 
and Ackerly, 2009; Sonnier et al., 2010). Hence, this 
index presents itself as ideal to compare the func-
tional structure of the waterbird community in rice 
fields and in other habitats.

In this study, we aim to understand how the struc-
ture and functions of the waterbird community in 
rice fields compare to those in the surrounding land-
scape, namely in other artificial and natural wetlands. 
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The study area is adjacent to the Tagus River estu-
ary (Portugal), an area that holds internationally 
important numbers of waterbirds, and comprises 
both natural and artificial wetlands, including rice 
cultivations (e.g. Delany et  al., 2009; Lourenço and 
Piersma, 2009; Parejo et  al., 2019), lakes, saltpans, 
intertidal areas and pastures. Given the high seasonal-
ity of rice fields, associated with the annual cycle of 
rice production, the study was conducted across the 
whole year. Ultimately, this information is crucial to 
understand whether rice fields can serve as alternative 
habitats for waterbirds in the worldwide scenario of 
natural wetland loss.

Methods

Study area

The study area consisted of an agricultural landscape 
surrounded by large areas of saltmarsh and inter-
tidal mudflats of the Tagus River basin (38° 57′ N, 
8° 54′ W) known as Lezíria Grande near the town 
of Vila Franca de Xira, Portugal (Fig. 1). This land-
scape, covering 14,563 ha, is composed of estuarine 
waters, mudflats, saltmarshes, river islands, pastures 
and agricultural land where different crops are cul-
tivated, most predominantly rice. This area has a 
high biological significance and the estuary, inter-
tidal areas and southernmost part of Lezíria Grande, 
including some rice fields and pastures, have been 
listed as an Important Bird and Biodiversity Area by 
ICBP, since 1989, and BirdLife since 2000, and as a 
Natural Reserve (1976) and a Ramsar site (1980) and, 
together with the remaining rice fields in the study 

Fig. 1   Study area. Map showing the study area including all habitats surveyed in Lezíria Grande
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area, as a Special Protection Area since 1994 under 
Natura 2000 network.

The area selected for the study includes both arti-
ficial and natural wetlands in Lezíria Grande, and 
pastures (1325 ha). Artificial wetlands include mainly 
rice fields (2665  ha), but also saltpans (11  ha) and 
artificial lakes (33 ha), while natural wetlands are rep-
resented by intertidal mudflats (297 ha). For the pur-
pose of this study, we will refer to each of the five 
aforementioned environments as “habitats” for water-
bird communities.

The rice fields in Lezíria Grande support the larg-
est contiguous area of rice in the Tagus River basin 
and one of the largest in Portugal. This production is 
of special importance since it is cultivated with meth-
ods targeting the least ecological impact. Rice pro-
duced in this area was awarded a Protected Geograph-
ical Indication (IGP) in 2006. No pesticides are used, 
only selective, biodegradable herbicides (Iken, 2017).

The annual rice cycle stages include vegetative, 
reproductive, mature and harvested (Nelson et  al., 
2014). In the study area, sowing occurs early in the 
spring (April–May). During this period the paddies 
are flooded to allow for the seeds to germinate. Soon 

after, the water levels are allowed to drop so that the 
rice seedlings can take root. Afterwards, the pad-
dies are flooded again, and the water levels are kept 
high for most of the growing period. By the end of 
the summer (September), the rice is maturing, and 
the water levels are allowed to drop until the fields 
are mostly dry in time for the harvest, taking place 
in October and November. From November to April, 
there is no rice cultivation and the water levels on the 
rice paddies are not controlled and depend mostly on 
precipitation (Lourenço & Piersma, 2009). All pad-
dies are ploughed and levelled during this period. 
These management actions are done mainly between 
October and December and are mostly finished by 
early February. A schematic of the typical yearly 
cycle of rice cultivation in the study area is shown in 
Fig. 2. All stages of rice production were considered 
for this study.

Pastures in the study area are used for livestock 
production and are managed targeting high productiv-
ity which includes yearly ploughing, manuring and 
sowing of grass and legumes. These lands are then 
occupied by cattle and horses intermittently over the 
year to allow for fallow. The pastures are mostly dry 

Fig. 2   Cycle of rice production. Typical schedule of the yearly cycle of rice production in Lezíria Grande including the stage of rice 
production (vegetative, reproductive, mature and harvested), water level and management actions (sowing, harvest and ploughing)
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over the year although they are surrounded by a com-
plex system of irrigation ditches that have water year-
round. Yet, after heavy rain, the pastures may become 
flooded and resemble a marsh for several days or 
weeks.

The artificial lakes included in this study are 
located in the southwestern part of the study area, 
cover ca. 33  ha and are managed by the Space for 
Visitation and Observation of Birds (EVOA). The 
area is managed with the aim of offering high-tide 
refuge, nesting grounds and foraging areas to water-
birds, namely those inhabiting the Tagus estuary. The 
saltpans surveyed in this work (Saragoça saltpans) 
are abandoned and the water level depends mostly on 
precipitation. These saltpans attract large numbers of 
birds seeking high-tide refuge.

Waterbird counts

Waterbirds were counted approximately every 
15  days between 28-Apr-2021 and 13-Apr-2023 in 
the selected habitat patches, using binoculars and tel-
escope. In total, 48 counts were performed in each 
of the five habitats in this period. Waterbirds include 
all birds belonging to the orders Anseriformes, Cico-
niiformes, Charadriiformes, Galliformes, Gruiformes, 
Pelecaniformes and Phoenicopteriformes. Some bird 
species belonging to these orders that are usually not 
considered waterbirds (such as lapwing, Vanellus 
vanellus (Linnaeus, 1758), cattle egret, Bubulcus ibis 
(Linnaeus, 1758), etc.) have also been included in the 
study due to their strong association with freshwater 
habitats in the study area. Counts were categorized 
according to habitat type. Waterbirds were counted in 
the rice fields and pastures using a network of tracks 
to access different fields by car. In contrast, for salt-
pans, lakes and intertidal area counts were performed 
from one or several stationary counting points allow-
ing the coverage of the predefined study areas. The 
intertidal counts differed only in the fact that they 
were performed hourly from a stationary point in 
the period of 2  h before and after low tide peak. In 
all habitats, the observer continued counting until 
no new species were detected for five minutes. Each 
rice paddy, pasture paddock, lake unit and saltpan 
tank was counted individually (the sum of all water-
birds in each habitat for each count was then used). 
All habitats were counted within the same week. Usu-
ally rice fields and pastures were counted in one day 

(7 to 12 h count duration), while lakes and saltpans 
were counted at high and low tide peak in the same 
day (the average of the two counts was then used for 
these habitats).

Night counts were also performed in the rice fields 
since some species (mainly ducks and flamingos) 
preferentially forage there during the night and could 
therefore be underestimated if only diurnal counts 
were performed. These counts were performed in the 
same week as the diurnal counts, for 1  h after sun-
set, using binoculars and a telescope, from a vantage 
point that allowed for all birds entering the rice fields 
coming from the estuary to be detected and counted. 
Night counts were not performed in any other habi-
tats because, after conducting multiple rounds of test 
counts, no significant influx of night foragers was 
observed in pastures, saltpans, lakes, or intertidal 
areas, whereas large numbers of birds (mainly ducks 
and flamingos) were seen entering the rice fields.

Functional trait compilation

For each bird species recorded in the study area, 
twenty-four functional traits were collected using 
AVONET (Tobias et  al., 2022) and EltonTraits 1.0 
(Wilman et  al., 2016), two free databases contain-
ing comprehensive functional trait data for all birds 
(Table 1). The traits selected for this study were cho-
sen given their high probability to respond to differ-
ences in land use or habitat type (Hevia et al., 2017) 
and thus being the most likely to be linked to the dif-
ferences between habitat types in this study.

Data analysis

Within each habitat type, counts were classified 
according to the stage of the cycle of rice produc-
tion (period): vegetative (April to July; 14 counting 
events), reproductive (August; four counting events), 
mature (September; four counting events), harvested 
I (October to November; eight counting events), har-
vested II (December to February; 10 counting events) 
and harvested III (February to April; eight counting 
events). The harvested stage was divided into three 
periods since it spans close to 6 months every year 
encompassing many changes in the bird community 
over all the habitats that could be lost if analysed 
together. In total, 240 counts (48 counts in each of 
five habitats) were analysed. Counts were converted 
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into relative abundance for each bird species in each 
habitat. For the intertidal habitat, all counts per-
formed in the same day were first averaged and then 
transformed into values of relative abundance.

All morphological traits that consisted of linear 
body measures were corrected for mass by dividing 
each value by the cubic root of the mass. Species 
abundance was combined with species trait data to 
obtain the community-level weighted mean (CWM) 
(Lavorel et al., 2008). This index represents the mean 

trait value in the community, weighted by the abun-
dance of species having those values (Lavorel et al., 
2008). In the case of categorical traits, the CWM rep-
resents the mean for each functional group belong-
ing to that trait weighted by the abundance of species 
from the same trait (i.e. it is the proportion of spe-
cies having belonged to a species functional group 
weighted by abundance in relation to the rest of the 
functional groups of that trait). This index was cal-
culated using the ‘dbFD’ function of the FD package 

Table 1   Traits used to measure waterbird functional diversity

a Hand-Wing Index: a morphological metric linked to wing aspect ratio. Here it is defined as 100*KD/WL, where KD is Kipps’ Dis-
tance (the distance between the tip of the first secondary feather and the tip of the longest primary feather) and WL is Wing Length 
(see Lockwood et al., 1998)

Trait Variable type Categories References

Mass (g) Continuous – Tobias et al. (2022)
Beak length (culmen, mm) Continuous – Tobias et al. (2022)
Beak length (nares, mm) Continuous – Tobias et al. (2022)
Beak width (mm) Continuous – Tobias et al. (2022)
Beak depth (mm) Continuous – Tobias et al. (2022)
Tarsus length (mm) Continuous – Tobias et al. (2022)
Wing length (mm) Continuous – Tobias et al. (2022)
Kipps’ distance (mm) Continuous – Tobias et al. (2022)
Secondary 1 length (mm) Continuous – Tobias et al. (2022)
Hand-wing indexa (adimensional) Continuous – Tobias et al. (2022)
Tail length (mm) Continuous – Tobias et al. (2022)
Trophic level Categorical Carnivore

Herbivore
Omnivore

Tobias et al. (2022)

Trophic niche Categorical Aquatic predator
Granivore
Aquatic herbivore
Terrestrial herbivore
Invertivore
Generalist

Tobias et al. (2022)

Migratory behaviour Categorical Migratory Tobias et al. (2022)
Partially Migratory
Sedentary

Invertebrate diet (%) Continuous – Wilman et al. (2016)
Vertebrate diet (%) Continuous – Wilman et al. (2016)
Scavenger (%) Continuous – Wilman et al. (2016)
Fruit diet (%) Continuous – Wilman et al. (2016)
Plant diet (%) Continuous – Wilman et al. (2016)
Time spent foraging underwater (%) Continuous – Wilman et al. (2016)
Time spent foraging in the water surface (%) Continuous – Wilman et al. (2016)
Time spent foraging in the ground (%) Continuous – Wilman et al. (2016)
Time spent foraging in the understory (%) Continuous – Wilman et al. (2016)
Time spent foraging in the air (%) Continuous – Wilman et al. (2016)
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(Laliberte & Legendre, 2010; Laliberté & Legendre, 
2014), running in RStudio (R Core Team, 2022).

To examine the species composition of the water-
bird community and represent the abundance of each 
species in each habitat, two network biplots were 
created using the function ‘plotweb’ in the R pack-
age bipartite (Dormann et  al., 2008) connecting all 
species counted in the study area to each of the five 
habitats they use. The width of the links represents 
the average abundance over the year of a species in 
a habitat.

To detect prominent differences in species com-
position across habitats, we performed a non-metric 
multidimensional scaling (NMDS) ordination on 
a matrix of counts across all habitat types by spe-
cies relative abundance, using the R package vegan 
(Okasen et  al., 2013) (function ‘metaMDS’). The 
Bray–Curtis distance measure was used for the 
NMDS analysis, as it has been shown to be one of 
the most effective measures of species dissimilari-
ties and, therefore, recommended for community 
data (McCune et al., 2002). To build the NMDS, data 
underwent 10,000 iterations per run, and the best 
(lowest stress) solution from 10,000 runs with real 
data was chosen, each run beginning with a random 
configuration. The NMDS is a method for nonlinear 
mapping, as such, contrary to PCA, PCoA, or CA, 
which are eigenvector-based methods, NMDS cal-
culations do not maximize the variability associated 
with individual axes of the ordination and the concept 
of variation explained is not usually applied (Leg-
endre & Legendre, 2012). However, 1-stress2 trans-
forms nonlinear stress into a quantity analogous to 
the squared correlation coefficient and, thus, variation 
explained. Therefore, the variation explained by each 
axis of our NMDS ordinations was calculated using 
the function ‘stressplot,’ which displays the nonlinear 
fit and gives this statistic.

Scaled, but not centred, CWM values for each 
functional trait were overlaid in the species NMDS 
ordination plot as a set of environmental vectors, 
calculated using the ‘envfit’ function in the vegan 
package. After overlaying this first set of vectors, 
the CWM variables were inspected for collinearity. 
Whenever two CWM variables were found to have 
a high Pearson correlation (R2 > 0.8), the one whose 
vectors had the lowest correlation with the species 
NMDS ordination axes was discarded. Moreover, 
because we were only interested in investigating the 

traits mediating species response among these habi-
tats and with time, only the CWM vectors with sig-
nificant correlation with axes of interest (R2 > 0.2 and 
P value < 0.05) were considered relevant and dis-
cussed, the others were discarded. This final selection 
of variables was then used to perform an NMDS on 
a matrix of trait CWMs per period across all habitat 
types to detect prominent differences in functional 
structure across habitats following the same proce-
dure described above.

To understand how similar rice fields are to the 
other four habitats (lakes, saltpans, intertidal areas 
and pastures) in terms of species composition and 
functional structure across the yearly cycle of rice 
production, for each period, we calculated the mean 
Euclidean distance between rice field points (coordi-
nates) in the NMDS ordinations described above, and 
the points of the other habitats. The significance of 
the differences between (1) the mean distance from 
rice fields to other habitats within each period and (2) 
the mean distance between rice fields and each other 
habitat over the stages of the cycle of rice production 
was assessed using an ANOVA followed by Tukey 
post hoc tests with adjusted P values.

Results

Species composition of waterbird communities in 
rice fields and surrounding habitats across the year

A total of 69 waterbird species were recorded in the 
study area. Lakes were the richest habitat, with 53 
species, followed by rice fields with 52, intertidal 
areas with 39, saltpans with 35 and finally pastures 
with 14 species. The density of the most abundant 
waterbird species over the year in each habitat can be 
found in Online Resource 1. Most habitats were dom-
inated by only a few species with one to three spe-
cies contributing over 50% of the overall abundance 
(Fig. 3). Across the year, rice fields were dominated 
by black-tailed godwit, Limosa limosa (Linnaeus, 
1758) and glossy ibis, Plegadis falcinellus (Linnaeus, 
1766), each contributing to about 25% of the bird 
abundance, followed by greater flamingo, Phoenicop-
terus roseus Pallas, 1811, and northern shoveler, Anas 
clypeata Linnaeus, 1758, each contributing about 
10%. Moreover, 97% of the white stork, Cicconia cic-
conia (Linnaeus, 1758), were counted in rice fields. 
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The dominant species in lakes were the Eurasian teal, 
Anas crecca Linnaeus, 1758, and mallard, Anas plat-
yrhynchos Linnaeus, 1758 (relative abundance: 43% 
and 17% respectively). In intertidal areas, black-tailed 
godwit (24%) and dunlin, Calidris alpina (Linnaeus, 
1758) (21%), followed by pied avocet, Recurvirostra 
avosetta Linnaeus, 1758 (10%), black-headed gull, 
Larus ridibundus Linnaeus, 1766 (10%), and glossy 
ibis (10%) were the most abundant species. Saltpans 
were dominated by two species over the year, greater 
flamingo, and northern shoveler (relative abundance: 
33% and 50%, respectively). Finally, bird numbers in 
the pastures were headed by cattle egret (40%), black-
headed gull (10%), northern lapwing (10%), white 
stork (10%) and mallard (10%, Fig. 3).

The NMDS ordination joint plot (Fig.  4) shows 
the centroids of all counts of species composition for 
each period in each habitat (the joint plot showing 

all counts can be found in Online Resource 2). This 
analysis suggested three dimensions (the addition of a 
fourth dimension had only a slight reduction in mini-
mum stress) with a final stress of 0.03. As the first 
two axes seem to depict the gradients of interest, also 
having the highest values of variation explained, the 
third axis will not be further discussed. The first axis 
shows a habitat gradient, with rice fields located at 
an intermediate position between a group formed by 
habitats with permanent presence of water (intertidal 
mudflats, lakes and saltpans) in one side, and mostly 
dry pastures on the other side. This axis also suggests 
the separation of habitats with more (rice fields, pas-
tures) and less (intertidal mudflats, lakes and saltpans) 
dynamic environmental conditions across the year, 
resulting from different levels of human intervention/
management. Overall, the non-overlapping centroids 
(± SE) suggest that distinct waterbird communities 

Fig. 3   Network biplot showing the links between the water-
bird species counted in the study area and the five different 
habitats. The width of the links represents the average abun-
dance of a species in each habitat calculated for the whole 

study period. Despite all bird species being represented, only 
the species with over 5% contribution for at least one habitat 
are named
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inhabit each habitat at each period. The second axis 
portrays a temporal gradient related to seasonality, 
with habitats in the positive side of the axis mostly 
dominated by migratory species, and those in the 
negative side hosting mainly resident species. This 
seasonality is well marked in each habitat, and there-
fore, each of them shows higher scores during the 
wintering period (harvest I and especially harvest II), 
when migratory species are more abundant and lower 
scores in the rest of the year.

The distribution of most species does not follow 
a clear pattern along the first axis, as they appear 

mostly clustered along its central part. Nevertheless, 
if we focus on the most dominant species (i.e. sum-
ming up around 50% of abundance) of each habitat, 
then greater flamingo, dunlin, common redshank, 
grey plover, greylag goose and pied avocet appear 
more associated to the negative side of the axis (asso-
ciated with permanent aquatic habitats), cattle egret 
to the positive side (associated with pastures) and 
northern lapwing, black-tailed godwit, mallard, black-
headed gull, northern shoveler, glossy ibis and white 
stork clustered at the middle of the axis (associated 
with rice fields; Fig. 4a).

Fig. 4   Non-metric multidi-
mensional scaling (NMDS) 
analysis of species composi-
tion of waterbird communi-
ties using values of relative 
abundance. Points represent 
the centroids (± SE) of 
counts performed in each 
habitat during each stage of 
the cycle of rice production 
(1—vegetative, 2—repro-
ductive, 3—mature, 4—
harvested I, 5—harvested II 
and 6—harvested III). Each 
centroid is chronologically 
connected to the next by a 
segment. Final stress = 0.03. 
a ordination showing 
species names. Species 
summing up around 50% of 
abundance in each habitat 
are represented by black 
names, while grey names 
represent less abundant spe-
cies; b overlay with vectors 
representing significant 
correlations between com-
munity composition and 
community weighted mean 
(CWM) of the functional 
traits. Only vectors with a 
significant correlation with 
the ordination (P < 0.05) 
and an R2 > 0.2 are repre-
sented
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The CWM of traits and functional groups with 
significant correlations with the first and second 
axis were overlayed in the ordination as vectors 
(Fig.  4b). From the set of 24 traits, eight seem to 
be reflecting bird species response to the habi-
tat and time gradients (mass, beak width, wing 
length, hand-wing index, trophic level, trophic 
niche, % vertebrate diet and % plant diet). Species 
that feed on plants, aquatic predators and with a 
high hand-wing index were associated with more 
stable habitats with more presence of water, while 
generalist species, vertebrate consumers and spe-
cies with higher wing length were associated with 
more dynamic habitats where water is not present 
year-round in their entire area, i.e. rice fields and 
pastures. On the other hand, herbivore species and 
species with wide beaks occurred mostly in autumn/
winter season (October to April), while aquatic 
predators, carnivores, birds with vertebrate diet and 
heavier birds were more frequent in spring/summer, 
the rice growing season (April to September).

Functional structure of waterbird communities in rice 
fields and surrounding habitats across the year

The NMDS ordination joint plot (Fig.  5) shows 
the count centroids of trait CWM for each stage of 
rice development in each habitat (see also Online 
Resource 3, depicting all counts). The ordination 
suggested three dimensions with a final stress of 
0.05. Once again, only the first two axes will be dis-
cussed. The results obtained were concordant with 
those of the NMDS analysis produced with values 
of waterbird abundance. The first axis suggests the 
same habitat gradient, with rice fields in a central 
position. As in the previous analysis, the second 
axis seems to partly represent a temporal gradient. 
Yet the pattern is more complex, probably due to a 
combination of factors including season and income 
of migratory species. This second axis shows a 
group formed by lakes and pastures on the positive 
side and intertidal areas and saltpans on the nega-
tive side, with rice fields in the centre. The centroids 

Fig. 5   Non-metric multidi-
mensional scaling (NMDS) 
analysis of the functional 
structure of waterbird 
communities using values 
of community weighed 
mean (CWM) for traits. The 
points represent the cen-
troids (± SE) of sites, i.e. 
counts performed in each 
habitat during each stage of 
the cycle of rice production 
(1—vegetative, 2—repro-
ductive, 3—mature, 4—
harvested I, 5—harvested 
II and 6—harvested III). 
Each centroid is connected 
to the next chronologi-
cally by a segment. Names 
represent the traits used to 
build the ordination. Final 
stress = 0.05
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of each habitat in each rice cycle stage suggest that 
each waterbird community in a different habitat has 
a distinct functional structure at each temporal stage 
with the exception of the intertidal areas and salt-
pans, which show large overlap all year-round.

The eight traits and functional groups used to 
build the ordination in Fig. 5 seem to respond to the 
habitat gradient. Herbivore species, plant consum-
ers, aquatic predators and species with a high hand-
wing index were associated with permanent aquatic 
habitats, while generalists, vertebrate consumers, 
carnivores and species with higher wing lengths 

were associated with more dynamic habitats, i.e. 
rice fields and pastures.

Difference between waterbird communities in rice 
fields and on surrounding habitats across the year

Figure  6 shows how the composition and func-
tional structure of the waterbird community of rice 
fields compare with those of the remaining habi-
tats across the annual cycle of rice production. The 
Euclidean distance on the NMDS space between 
rice fields and any other habitat is significantly 
higher than zero in all stages, suggesting that the 

Fig. 6   Euclidean dis-
tance between rice fields 
and other habitats. Mean 
Euclidean distance (± SE) 
between the non-metrical 
multidimensional scaling 
(NMDS) coordinates of 
waterbird counts performed 
in rice fields and counts 
performed in intertidal 
areas, lakes, pastures and 
saltpans in the six different 
stages of the annual cycle 
of rice production. NMDS 
ordination was performed 
using values of: a waterbird 
relative abundance; b trait 
community weighted mean 
(CWM). The significance 
of the difference between 
means was assessed using 
an ANOVA followed by 
Tuckey post hoc tests 
(with adjusted P values). 
Habitats within each stage 
of the rice cycle not sharing 
letters (in grey at the top) 
are significantly different 
from each other (P < 0.05). 
Rice cycle stages within the 
same habitat not sharing 
letters (different colours at 
the bottom) are significantly 
different from each other 
(P < 0.05; only the letters 
relating to habitats that have 
shown any differences over 
the rice cycle stages are 
presented)
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waterbird community of rice fields is indeed dif-
ferent from all other habitats over the entire cycle 
of rice production. In terms of waterbird commu-
nity composition, pastures present the greater dif-
ferences relative to rice fields over the rice cycle 
(Fig.  6a). Both pastures and lakes keep the same 
distance from rice fields over the year, while inter-
tidal areas and saltpans get closer in the period 
between the mature and harvested I stage (Sep-
tember to November), suggesting more similar 
waterbird communities between these habitats 
and rice fields during this period (Fig.  6a). Glob-
ally, in terms of functional structure of the water-
bird community, lakes and pastures present the 
greater differences relative to rice fields all year-
round, although there are stages when this distance 
decreases significantly (Fig. 6b). Lakes differ more 
from rice fields during the vegetative and reproduc-
tive stages (April to August) (Fig.  6b). Pastures 
seem to follow the opposite pattern of that recorded 
for the lakes. The differences between pastures and 
rice fields in terms of functional structure are max-
imum during the harvested I and II stages (October 
to February) (Fig. 6b). Intertidal areas and saltpans 
are the habitats closest to the rice fields during all 
year suggesting greater similarity in functional 
structure (Fig. 6b).

Discussion

Results of this study suggest that rice fields occupy 
a central position in the habitat gradient of the 
study area being closer in terms of bird species 
composition and functional structure to intertidal 
areas, saltpans and artificial lakes and more distinct 
from pastures over the entire year. Yet, depending 
on the stage of the cycle of rice production, simi-
larities among waterbird communities of rice fields 
and those from other habitats vary significantly. 
The central position of rice fields likely means 
that they share a number of characteristics with all 
other habitats studied, leading to a rich waterbird 
community in the habitat mosaic, attracting species 
with very different habitat requisites such as birds 
that prefer areas with more permanent water bodies 
and also those who prefer agricultural systems.

Gradients driving the differences in waterbird 
communities between rice fields and other habitats

Rice fields hold a central position in the gradients 
described by the NMDS analyses because they pre-
sent characteristics of both aquatic and terrestrial 
environments. Indeed, rice fields are very seasonal 
habitats due to the management actions related 
to rice farming that create drastic environmental 
changes over the year. This management ensures 
that, during spring and summer, all fields are 
flooded and have rice growing, providing abundant 
resources for aquatic predators and generalists that 
seek aquatic food sources. During autumn and win-
ter, the water is drained from the paddies, and fields 
are harvested and ploughed. Soil mobilization leads 
to an instantaneous increase in food availability by 
destroying shelter of potential prey and scattering 
leftover rice. This reflects in drastic changes in the 
waterbird community of rice fields over the cycle of 
rice production, with a more generalist community 
with higher trophic level and larger mass during the 
spring/summer and a more herbivorous community 
with lower mass in the autumn/winter.

Lakes and saltpans remain flooded all year with 
some minor reduction in water volume during 
summer, while intertidal areas are submersed and 
immersed daily, according to the tide cycle. Thus, 
the environmental conditions in artificial lakes, 
saltpans and intertidal areas are mostly stable year-
round. This likely links to relatively lower variabil-
ity in food availability all year long compared with 
rice fields and pastures. Together with the perma-
nent presence of water, these habitats attract more 
birds typically associated with aquatic environments 
and food sources.

Pastures are on another extreme of the gradient, 
being mostly dry year-round. Although periods of 
heavy rainfall may lead to short periods of flood-
ing (few weeks), during most years pastures never 
get flooded and are probably less attractive for birds 
that prefer to forage in wet areas, namely for those 
seeking aquatic food items. Hence, the pastures are 
the most well-separated habitat in both the compo-
sitional and functional ordinations representing the 
habitat with the least richness and density of water-
birds in the study area.
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Species composition in rice fields and surrounding 
habitats across the year

The most abundant waterbird species found in rice 
fields are the black-tailed godwit, glossy ibis, greater 
flamingo and northern shoveler, while almost all 
white storks were counted in this habitat. All these 
species have been increasing their numbers in the 
Tagus Estuary in the last decades namely during the 
winter (Encarnação, 2015, 2019; Alonso et al., 2022; 
Martins et  al., 2022). Increases in the numbers of 
white stork and glossy ibis have been partly attrib-
uted to the abundance of food provided by rice fields 
(Gilbert et  al., 2015; Encarnação, 2019). During the 
entire period that paddies are flooded and for some 
time after harvesting, i.e. from April to November, 
rice fields provide a valuable prey for these and many 
other species due to the high abundance of an inva-
sive crustacean, the Louisiana red-swamp crayfish, 
Procambarus clarkii (Girard, 1852) (Correia, 2001). 
In the Tagus rice fields, the diet of white storks and 
glossy ibis is dominated by crayfish (Ferreira et  al., 
2019; Andrês, 2022), but herons, egrets and gulls 
also consume crayfish regularly (pers. obs.). Another 
abundant food source in the paddies, rice, is also con-
sumed by several species: flamingos eat newly sown 
seeds in spring (Tourenq et  al., 2001), black-tailed 
godwits consume rice leftovers after harvest, i.e. 
mostly between November and February (Lourenço 
et  al., 2010) and glossy ibis take both rice kernels 
directly from the plants (in summer) and leftovers 
after harvest (in autumn/winter; Toral et  al., 2012; 
pers. obs.). Rice fields also hold a great diversity of 
other prey for waterbirds during the months of rice 
production (April to September), namely aquatic 
arthropods (Picazo et  al., 2010) and aquatic verte-
brates such as fish (Clavero et al., 2015) and amphib-
ians (González-Solís et  al., 1996). Therefore, rice 
fields are a very important foraging habitat for a great 
number of waterbirds over all stages of the rice cycle.

Lakes are dominated by duck species, namely Eur-
asian teal, one of the most abundant waterbird spe-
cies wintering in the Tagus estuary (Moreira, 1999; 
Alonso et al., 2022). During the day, many duck spe-
cies mostly rest in lakes, ponds, or other wetlands. 
After sunset, they usually move to agricultural areas, 
including rice fields, grassland and marshes around 
the resting sites, and forage on grains, weeds and 
invertebrates during most of nighttime (Euliss and 

Harris, 1987; McNeill et al., 1992; Elphick and Oring, 
1998; Guillemain et al., 2000; pers. obs.). Thus, rice 
fields can offer ducks foraging opportunities almost 
year-round and, after harvesting, from October to 
April, the few paddies that have been ploughed and 
are either flooded or wet, due to management actions 
or rainfall also provide resting habitat. Hence, the 
suitability of rice fields for ducks during most win-
ter and spring is less predictable when compared with 
lakes, which can offer stable environmental condi-
tions year-round. Yet, it is important to note that 
daytime resting areas, such as lakes, and nocturnal 
foraging areas, such as rice fields, together comprise 
a “functional unit” for ducks (Tamisier, 1978). The 
absence of one of those areas may compromise the 
functional unit and decreases the suitability of the 
entire landscape as a wintering area for ducks (Tajiri 
& Ohkawara, 2013). Lakes are also used as high-tide 
roosts by several other waterbirds (Lourenço et  al., 
2018), particularly shorebirds and some other duck 
species that feed in the intertidal areas at low tide 
(Recher & Recher, 1966; Moreira, 1999; Granadeiro 
et al., 2004; Catry et al., 2011). This explains the fact 
that this habitat presented the highest number of spe-
cies during the entire year. Given the context of high-
tide roost declines over the last decade (Catry et al., 
2011; Alves et  al., 2012), these lakes play a crucial 
role for many waterbird species preventing further 
declines.

Saltpans are dominated by greater flamingo for 
part of the year, but during most of the winter they are 
overtaken by large numbers of northern shoveler. The 
Tagus estuary has great importance for the wintering 
populations of northern shoveler in Europe (Moreira, 
1995). Likewise, estimates from counts in the Tagus 
estuary indicate that flamingos account for almost 7% 
of the total waterbird abundance, over 10,000 indi-
viduals, using the area during the winter (Martins 
et  al., 2022), and a smaller, yet significant, number 
stay all year long (Alves et al., 2012). Saltpans, like 
lakes, often gather large numbers of shorebirds dur-
ing high-tides and for that reason have a remarkable 
importance for several species, offering a good qual-
ity roosting habitat (Catry et  al., 2011; Alves et  al., 
2012). In fact, they are part of the functional unit 
formed by lakes, saltpans and rice fields for night for-
agers such as ducks and flamingos (Tamisier, 1978) 
that rest in saltpans and lakes during the day and for-
age in rice fields during the night.
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The intertidal areas are dominated by waders, and 
the value of this habitat as foraging ground for win-
tering and stopping-over birds is undisputed (Recher 
& Recher, 1966; Moreira, 1999; Granadeiro et  al., 
2004; Catry et  al., 2011). In comparison, rice fields 
are of lesser importance, except for black-tailed god-
wit (Lourenço et al., 2010). Therefore, this work sug-
gests that rice fields alone cannot compensate for the 
potential loss of intertidal areas for waders.

Contrary to all other habitats, the pastures have 
relatively low numbers for most waterbirds being 
dominated by a generalist species, heavily associated 
with agricultural systems, the cattle egret (Talbi et al., 
2023). Although white stork is one of the most abun-
dant waterbird species in pastures, stork abundance 
and density in rice fields are tenfold higher.

Functional structure of waterbird communities in rice 
fields and surrounding habitats across the year

From April to September, the waterbird community 
of rice fields seems to be characterized mainly by 
large species, with proportionally long wings, high 
trophic level and a generalist diet. Some of these spe-
cies (often classified as vertebrate predators), such as 
storks, gulls, herons and egrets, are actually targeting 
a particular invertebrate pest in the rice fields of the 
Tagus River, the Louisiana red-swamp crayfish, Pro-
cambarus clarkii (Correia, 2001). The relatively large 
size and high abundance of crayfish make them par-
ticularly attractive for large and medium avian preda-
tors, likely explaining the dominance of these traits 
among the waterbird community using rice fields.

From December to February, the waterbird com-
munity in rice fields changes towards a dominance of 
smaller, herbivorous birds with wider beaks, mostly 
ducks. This is linked to the arrival of many migratory 
duck species that are attracted to rice paddies with 
high availability of rice leftovers (Lourenço et  al., 
2010), earthworms (Lourenço & Piersma, 2008), 
algae and macrophytes (Martínez-Eixarch et  al., 
2017).

Lakes are also dominated by herbivores with wide 
beaks, and these results mirror the results obtained 
from the community structure, since these traits are 
associated with ducks and their year-round abundance 
in lakes.

Greater flamingo and northern shoveler are key 
species in saltpans for most of the winter. Both 

species are large migratory aquatic predators which 
explains the dominance of these traits in saltpans. 
Yet, in the context of rice production, flamingos are 
viewed as a pest, being one of the most problematic 
species worldwide in terms of perceived damage to 
rice fields (Johnson & Mesléard, 1997; Moreno-Opo 
& Piqué, 2018). They gather around rice fields after 
sowing, killing the seeds through suffocation due to 
trampling and to the increased turbidity of the water, 
while also directly consuming the seeds (Tourenq 
et al., 2001; Ernoul et al., 2013). Across Europe, the 
losses in rice production attributed to flamingos can 
range from 5 to 10% (Johnson & Mesléard, 1997). 
The proximity between saltpans and rice fields in the 
Tagus estuary facilitates their presence and potential 
damages.

The intertidal areas are dominated by waterbirds 
with high hand-wing index, typical of migratory spe-
cies. Larger values of this index indicate longer, more 
pointed wings, which are positively correlated with 
greater flight efficiency (reduced drag, increased lift) 
and higher speed (less air resistance; Lockwood et al., 
1998). Thus, it is usually higher in birds that exhibit 
migratory behaviour (Sheard et  al., 2022). Rice 
fields are also used by many migratory species such 
as black-tailed godwit, but overall, the importance 
of intertidal areas for migratory species seems to be 
higher, as indicated by the higher CWM of hand-wing 
index. This, again, suggests that the loss of intertidal 
areas, may not be mitigated by the presence of rice 
fields, particularly for migratory species.

Ecosystem functions and services of waterbird 
communities in rice fields and surrounding habitats

The functional structure of the waterbird community 
using rice fields over the year links to many impor-
tant ecosystem functions and services, some of which 
directly benefiting the production of rice. Since there 
are changes in this functional structure over the year, 
the relative importance of different functions and ser-
vices also changes.

The body mass of waterbirds strongly relates to a 
range of other traits including metabolic rate, forag-
ing behaviour, longevity and home-range size (Luck 
et al., 2012), which are particularly important given 
the high mass of the birds using rice fields. Larger 
animals mobilize a higher amount of nutrients, dis-
proportionately contributing to nutrient cycling 
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(Elser & Urabe, 1999; Brown et  al., 2004). Also, 
larger animals have a higher secondary produc-
tion, namely if they are predators (Woodward et al., 
2005b), as is the case of most waterbirds in rice 
fields. These characteristics make them an impor-
tant source of fertilization for the soil, increasing 
soil health and reducing artificial fertilizer require-
ments, thus, also reducing the cost of rice produc-
tion (Firth et al., 2020). Moreover, larger birds tend 
to live longer (Woodward et al., 2005a; Luck et al., 
2012) and to have larger home-ranges (Woodward 
et  al., 2005a), meaning that their functions and 
services likely spread to adjacent habitats. Finally, 
larger birds also play a role in cultural services, 
namely in birdwatching, often being recognized as a 
symbol of the Tagus estuary and neighbouring rice 
fields.

The dominance of predators among the waterbirds 
using rice fields during the rice growing period also 
speak for their value as pest control (Whelan et  al., 
2008), particularly because they target crayfish as 
their main prey (Correia, 2001). Crayfish negatively 
affect rice production (Lodge & Lorma, 1987; Lodge, 
1991; Lodge et  al., 1994; Momot, 1995; Nyström 
& Strand, 1996; Anastácio & Marques, 1997), and 
so the presence of birds during the rice cultivation 
period is extremely valuable.

From December to February, herbivore traits 
dominate in rice fields. Herbivores are primary con-
sumers, contributing to nutrient cycling, stimulating 
primary productivity, and increasing plant diversity 
(Green & Elmberg, 2014), and providing fertiliza-
tion for the soil with droppings and transport plant 
propagules (Buij et  al., 2017). For a short period of 
the year, the waterbirds using rice fields seem to be 
able to provision these ecosystem services and func-
tions. Herbivores can also help control weeds (Green 
& Elmberg, 2014), although this service may be more 
important during the rice growing period (April to 
September).

The functional structure of the waterbird com-
munity in lakes is similar to the one recorded in rice 
fields from December to February. Contrary to rice 
fields, however, these traits seem to be prevalent in 
lakes for the entire year. Hence, the importance of 
waterbirds in lakes for some ecosystem functions 
and services related with herbivory, namely those 
not related with foraging (since the lakes are mostly 
used as roosting habitat), is much more exacerbated 

(Green & Elmberg, 2014) and probably far surpasses 
the ability of rice fields to provide them.

Saltpans are dominated by large aquatic predators, 
including flamingos, that play an important role in 
nutrient cycling (Elser & Urabe, 1999; Brown et al., 
2004), and their foraging strategy generates bioturba-
tion as they move (Lee & Mayorga-Dussarrat, 2016), 
contributing to the acceleration of the decomposition 
processes (Van Groenigen et  al., 2003). Yet, since 
most waterbirds are not using saltpans to forage, the 
impact of these functions and services may be felt 
with more intensity in foraging habitats, such as rice 
fields and intertidal areas.

Intertidal areas support several waterbird species 
with long distance migratory behaviour, some of 
which may cross three continents every year (Catry 
et al., 2016). Thus, birds in these areas are sensitive to 
any changes in landscape connectivity and food avail-
ability that may occur along their entire migratory 
routes (Luck et al., 2012). Therefore, as suggested by 
previous studies (Piersma & Lindström, 2004), water-
birds using intertidal areas can act as sentinel spe-
cies, detecting not only local environmental changes 
but also global ones, to a degree unmatched by any 
other studied community, including that using rice 
fields. Intertidal areas are particularly important from 
an international standpoint since the waterbirds using 
intertidal areas, and the functions and services they 
perform, such as regulating the abundance of their 
prey community, regulating sediment–water nutri-
ent fluxes in the mudflat and preventing its erosion 
(Booty et al., 2020), affect not only the study area but 
also areas of the world far beyond the Tagus estuary, 
along all the East Atlantic Flyway (Catry et al., 2016).

The high overlap between intertidal areas and salt-
pans in the functional structure ordination may indi-
cate that the most abundant functional groups that 
feed in the intertidal areas also use saltpans, probably 
as a resting habitat. As such, some ecosystem func-
tions and services performed by the waterbirds using 
these habitats may be redundant, but the distinction 
between intertidal areas and saltpans as foraging vs. 
resting grounds also indicates a strong complemen-
tarity between them, indicating that the loss of one 
could compromise the functioning and services of the 
other.

To conclude, this work brings important argu-
ments to the discussion on whether rice fields can 
compensate for the loss of natural wetlands, providing 
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high-quality habitat for waterbird communities. Our 
results indicate that rice fields support a waterbird 
community with distinct composition and functional 
structure from those of the remaining habitats over 
the entire year, suggesting they play a role as comple-
mentary habitats in the mosaic landscape, not redun-
dant. Rice fields may play a similar role as an eco-
tone, a zone of transition between adjacent ecological 
systems (Holland, 1988), by displaying characteris-
tics from both wetlands and agricultural lands, hence 
allowing for the coexistence of species with prefer-
ences for each habitat type. Moreover, since water-
birds often commute among habitats (pers. obs.), 
namely between foraging habitats (intertidal areas 
and rice fields) and roosting habitats (saltpans and 
lakes), rice fields may act as a central node for water-
birds using the landscape mosaic. Yet, rice fields are 
not the richest habitat in the study area in terms of 
waterbirds, suggesting that the loss of the remaining 
habitats cannot be fully compensated by the presence 
of rice fields. Given the present context of worldwide 
wetland loss (Ballut-Dajud et al., 2022; Fluet-Choui-
nard et al., 2023), rice fields can act as a buffer habi-
tat, whose presence minimizes the potential loss of 
at least some waterbird species. It should be empha-
sized that while rice cultivation is a monospecific 
homogeneous habitat, it supports a waterbird com-
munity performing important ecosystem functions 
and services that benefits both natural processes and 
the rice production industry. These benefits and the 
conservation potential of rice fields for waterbirds can 
be further enhanced by implementing agri-environ-
mental schemes (Chang et al., 2017), such as manag-
ing flood timing to provide quality habitat outside the 
rice growing season (Golet et al., 2018) and breeding 
areas for birds during the rice growing season (Her-
ring et  al., 2021). Thus, despite being an artificial 
habitat, rice fields are likely one of the most valuable 
agricultural systems for waterbird biodiversity.
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