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Abstract

1. Waterbird-mediated endozoochory is an essential mechanism for the dispersal

of sessile organisms in freshwater ecosystems. However, in the neotropics there
are no previous studies of how different waterbird species vary in the disper-
sal functions they perform, and how seasonality influences endozoochory. In this
study, we identified plant diaspores dispersed in faeces of five South American
waterfowl (Brazilian teal Amazonetta brasiliensis, yellow-billed teal Anas flavirostris,
ringed teal Callonetta leucophrys, coscoroba swan Coscoroba coscoroba, and white-

faced whistling-duck Dendrocygna viduata).

. We collected 165 faecal samples from five wetlands in southern Brazil surrounded

by pasture and rice fields, then separated and measured intact seeds and other
diaspores. Using generalised linear models, we tested how diaspore abundance
and taxonomic richness differed among bird species and between cold (April-
September) and warm (October-March) periods. We also analysed bird-specific
and seasonal variations in diaspore composition through principal coordinates
analysis and permutational multivariate analysis of variance. We used indicator
species analysis to determine which diaspore species discriminated between bird
species and seasons. Finally, we measured diaspore length in order to analyse dif-

ferences among waterfowl species in the size of diaspores dispersed.

. We found 2,066 intact diaspores from 40 different plant taxa, including seeds

of 37 angiosperms and diaspores of Lycophyta (Isoetes cf. maxima), Pteridophyta
(Azolla filiculoides), and Charophyceae. There was at least one diaspore in 65%
of all faecal samples. Diaspores of native amphibious and emergent plants were
dominant. We found 1,835 diaspores (from 33 taxa) in the cold period but only
231 (23 taxa) in the warm period. Seeds of the grass Zizaniopsis bonariensis and
of the sedge Rynchospora sp. were the most abundant taxa. A strong interaction
between bird species and season was the most important predictor of variation
in both taxonomic richness and abundance of diaspores. The taxonomic composi-
tion of diaspores differed among waterfow!| species and season. Indicator species
analysis identified 12 plant taxa associated with particular bird species and sea-
sons. Coscoroba swan, the largest bodied species in our study dispersed a higher

proportion (8.2%) of large (length >2 mm) seeds.
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1 | INTRODUCTION

Dispersal is a key ecological process underlying species distribution
(Lomolino, Riddle, Whittaker, & Brown, 2010). For organisms with
little or no locomotion capacity, transport vectors are fundamen-
tal to the spread of propagules or mature individuals away from
their places of birth or germination (Heleno & Vargas, 2015; Tesson
et al., 2015). Many plant species have animals as dispersal vectors,
where whole plants or their diaspores are transported on feath-
ers, hair, or skin (epizoochory), or more often inside the digestive
tract (endozoochory) (Coughlan, Kelly, Davenport, & Jansen, 2017;
Green, Soons, Brochet, & Kleyheeg, 2016). Interactions between
vertebrates and plants with fleshy fruits based on endozoochory
have been well studied, with many examples from the neotropics
(Galetti, Keuroghlian, Hanada, & Morato, 2001; Levey, Silva, &
Galetti, 2002; Wenny, Sekercioglu, Cordeiro, Rogers, & Kelly, 2016).
Recent studies have shown that endozoochory is also important for
a range of aquatic and terrestrial plant species lacking a fleshy fruit,
with herbivorous, granivorous, and omnivorous waterbirds acting
as excellent vectors for long-distance dispersal (Green et al., 2016;
Hattermann, Bernhardt-Rémermann, Otte, & Eckstein, 2019; Viana,
Santamaria, & Figuerola, 2016).

Waterbird-mediated zoochory allows wetland species to cross
the terrestrial matrix between isolated waterbodies (Figuerola &
Green, 2002), providing a vital ecological function to freshwater
communities (Green & Elmberg, 2014). Waterbirds are highly mo-
bile, widely distributed and abundant, making them good disper-
sal vectors at different spatial scales (Green et al., 2016; Kleyheeg
et al.,, 2019). Amongst the waterbirds, waterfowl (Anatidae—duck,
geese, and swans) are the best-known dispersers of plant diaspores
(Green et al., 2016; Lovas-Kiss, Vizi, Vincze, Molnar, & A., & Green,
A. J., 2018; Silva et al., 2018; Wilkinson, Lovas-Kiss, Callaghan, &
Green, 2017).

How dispersal ability varies among waterfowl species, and
the underlying causes of these differences, remain poorly under-
stood, although bird morphology, foraging behaviour, gut anat-
omy, and movement patterns are all thought to play important
roles (Figuerola, Green, & Santamaria, 2003; Green et al., 2016;
Reynolds & Cumming, 2016a, 2016b; van Leeuwen, Van der Velde,

distance dispersal.

4. Despite considerable overlap, there are important differences in the plants dis-
persed by each species, and the smallest (ringed teal) and largest (coscoroba swan)
birds are particularly different. All five waterfowl species are distributed over wide
areas of South America and here we demonstrated that they are likely to be im-
portant plant vectors connecting wetland species at different geographical scales.

Many of these plants have previously been assumed to lack mechanisms for long-

diaspores, endozoochory, neotropics, waterbird, wetlands

van Groenendael, & Klaassen, 2012). Seasonality is expected to
influence plant dispersal, partly since the phenological match be-
tween seed availability and the presence of waterfowl in the area
may be crucial to dispersal rates (Clausen, Nolet, Fox, & Klaassen,
2002), although studies from the Mediterranean region indicate that
seed dispersal can occur at high rates for months after seeds are
produced (Brochet, Guillemain, Fritz, Gauthier-Clerc, & Green, 2010;
Figuerola et al., 2003).

Since the seminal work by V.W. Proctor and colleagues in the
USA (e.g. de Vlaming & Proctor, 1968), studies on endozoochory by
waterfowl have predominantly been conducted in Europe (reviewed
by Green et al., 2016), but in recent years there have been import-
ant studies in Africa (Reynolds & Cumming, 2016a, 2016b), Oceania
(Bartel, Sheppard, Lovas-Kiss, & Green, 2018), and North America
(Costea et al., 2016; Farmer, Webb, Pierce, & Bradley, 2017; Green,
Frisch, Michot, Allain, & Barrow, 2013). In South America, Summers
and Grieve (1982) cited upland goose (Chloephaga picta) and ruddy-
headed goose (Chloephaga rubidiceps) as potential seed dispersers
of fleshy-fruit plants in the Falkland Islands. Additionally, Willson,
Traveset, and Sabag (1997) observed seeds of four fleshy-fruit plants
in faeces of upland goose and ashy-headed goose (Chloephaga polio-
cephala) in Tierra del Fuego. Russo, Robertson, MacKenzie, Goffinet,
and Jimenez (2020) found evidence that these geese species also
disperse mosses by endozoochory. Silva et al. (2018) found whole
plantlets of watermeal (Wolffia columbiana) surviving in white-faced
whistling-duck droppings.

Here, we identified plant diaspores dispersed in faeces of five
syntopic South American Anatidae: three Anatinae (Brazilian teal,
ringed teal, and yellow-billed teal), an Anserinae (coscoroba swan),
and a Dendrocygninae (white-faced whistling-duck). We tested how
the abundance, species richness, and species composition of plant
diaspores dispersed by endozoochory changed among bird species
and seasonality. We expected important variation between bird spe-
cies, reflecting known differences in their morphology and foraging
ecology, including their body size (Kear, 2005a, 2005b). We also ex-
pected changes between the warm and cold periods of the year, re-
flecting differences in the production and availability of diaspores of
different plants, and likely seasonal changes in diet (e.g. greater focus

on invertebrates during the nesting period, Kear, 2005a, 2005b).
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2 | METHODS
2.1 | Sampling procedures

Faecal samples were collected in Santa Vitéria do Palmar, in the
Coastal Plain of southern Brazil (Figure S1), a region composed of
a mosaic of permanent and temporary wetlands mixed with native
grassland, livestock grazing, commercial forests, and ricefields. All
five wetlands sampled were surrounded (within less than 50 m) by
ricefields and livestock farms. The percentage of each land use (rice
or livestock) changes annually according to the rice cycle and actions
taken by landowners to expand pastures. During the warm period,
the water surface area is reduced, leading the study wetlands to be
totally isolated from ricefields. During the cold period, higher water
levels lead to hydrological connectivity between the study wetlands
and rice fields. The estimated flooded area of each wetland varied
between 0 and 0.04 ha during the warm period, and between 0.3 and
3.9 ha during the cold period. The wetlands of this region are impor-
tant to resident waterbird species as well as austral and boreal mi-
grants that winter or breed in the region (Belton, 1994; Guadagnin &
Maltchik, 2007; Guadagnin, Maltchik, & Fonseca, 2009; Guadagnin,
Peter, Rolon, Stenert, & Maltchik, 2012; Maltchik, Rolon, Stenert,
Machado, & Rocha, 2011; Sick, 1997). Average temperatures ranges
from 16°C + 2 to 26°C + 3 (S.E.) in the warm period (October-
March), and from 10°C + 2 to 19°C + 2 (S.E.) in the cold period
(April-September; Rio Grande do Sul, 2019). Although precipitation
is similar in both periods (warm: 117 + 15 mm; cold: 123 + 8 mm),
differences in evapotranspiration rates (warm: 103 + 29 mm; cold:
41 + 14 mm) make the warm period drier.

We collected 165 droppings from five waterfowl species
(Brazilian teal, n = 40; coscoroba swan, n = 22; ringed teal, n = 31;
white-faced whistling-duck, n = 40; yellow-billed teal, n = 32) in
five wetlands located 1-9 km apart, during seven field trips last-
ing from 4 to 7 days each. Three trips were carried out between
October 2017 and January 2018, in the warm period, and four in
August 2017, April, May, and June 2018, during the cold period. We
grouped samples collected during the austral autumn and winter as
the cold period, and the austral spring and summer as the warm pe-
riod. The warm period (spring and summer) is the main breeding sea-
son in the study region, except for Brazilian teal which reproduces
year-round, and for occasional breeding of resident coscoroba swan
during the cold period. All bird species studied can nest in the early
warm period, and raise their offspring before the end of the warm
period (Belton, 1994; Calabuig, Green, Menegheti, Muriel, & Patifio-
Martinez, 2010; Dias & Fontana, 2002; Mauricio et al., 2013). At the
end of the warm period, many coscoroba swans migrate from this
region to Argentina (Calabuig et al., 2010), and only a few pairs or
family groups remain. The other species studied stay in the region
year-round, forming flocks of tens or hundreds of individuals in the
cold period, although ringed teal and white-faced whistling-duck
were sometimes absent in the study wetlands.

The foraging behaviours of the waterfowl (assigned as dabbling,

diving, grazing) were observed in the field over the sampling period
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(about 200 hr of sampling effort in total). Coscoroba swan (easily the
largest species) often fed in the deepest water (1-1.5 m) with head
or neck partially submerged, usually apart from the other species,
and also grazed alone around lake edges. Brazilian teal, white-faced
whistling-duck, and yellow-billed teal fed in mixed flocks in the water
column at depths of up to 0.5 m, and ringed teal joined these species
mainly when feeding at shallower depths. Brazilian teal, ringed teal,
and yellow-billed teal mainly fed by dabbling at the water surface,
and Brazilian teal were also observed up-ending (see Green, 1998).
White-faced whistling-duck fed on vegetation by submerging their
head in the water, or by grazing around lake edges. No species was
seen diving.

We located monospecific groups resting or feeding around lake
edges and collected fresh droppings from the grass, with a minimum
distance of 1 m between samples to prevent resampling of the same
individuals. We closely inspected all droppings to avoid contami-
nation from the substrate, then stored them individually in plastic
tubes. As our study area is up to 500 km from the laboratory, and
each trip lasted from 4 to 10 days, we froze samples (-4°C) to avoid
fungal infestation. Therefore, we did not test the germinability of
seeds. However, previous work has firmly established the quantifi-
cation of intact seeds recovered from faeces as an adequate proxy
for dispersal rate (Green et al., 2016; van Leeuwen et al., 2012).

The samples were weighed and washed in tap water using a
sieve (53 pm) in the laboratory at UNISINOS University. We used
a Bogorov chamber in a stereomicroscope (1.6x to 5x magnifica-
tion) to separate the diaspores from the other materials. We initially
grouped the diaspores by morphotypes, then used literature to iden-
tify them to the lowest possible taxonomic level (see References in
Supporting Information). We only counted intact diaspores, discard-
ing broken or empty ones.

2.2 | Data analyses

We analysed the effects of bird species, seasons and faecal weight
on the richness and abundance of diaspores using generalised linear
models. Model parameters were estimated by maximum likelihood
(Laplace approximation). All models fitted best with a negative bi-
nomial error distribution, which showed less overdispersion than a
Poisson error distribution. In the model of diaspores abundance, we
excluded one outlier to improve the model fit, this being a yellow-
billed teal sample with 489 seeds of Rynchospora sp. We tested for
main effects and interactions. We compared these effects against
null models (intercept only) and performed model selection using the
Akaike information criterion (AIC) (Burnham & Anderson, 2002), re-
taining only models with AAIC < 2.0 for further inference. We fitted
all the generalised linear models in the R statistical environment v.
3.6.1 using the function gim.nb of the package Ime4 (R Development
Core Team, 2019).

To assess diaspores composition variation among bird species
and seasons, we used principal coordinates analysis and permu-

tational multivariate analysis of variance using the Bray-Curtis
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distance matrix and 9,999 permutations to validate the model sig-
nificance of permutational multivariate analysis of variance. We
ran pairwise tests for multiple comparisons of diaspores compo-
sition variation among bird species. Principal coordinates analy-
sis (also called metric multidimensional scaling) is a multivariate
method (unconstrained ordination) that attempts to summarise
(dis-) similarity among a set of samples in a few dimensions. This
analysis produces a set of orthogonal axes whose importance is
measured by eigenvalues (Borcard, Gillet, & Legendre, 2018; Leps
& Smilauer, 2003). To conduct principal coordinates analysis and
to plot the ordination, we use the R functions cmdscale and ordiplot
from package vegan in the R statistical environment v. 3.6.1 (R
Development Core Team, 2019).

We used indicator species analysis (Dufréne & Legendre, 1997)
to determine which diaspores species discriminated between bird
species and seasons. The significance of the observed maximum in-
dicator value (IV) for species was derived from 9,999 permutations
in R. Finally, we measured diaspore length and classified them into
six categories (<0.5 mm, 0.51-1 mm, 1.1-1.5 mm, 1.51-2 mm, 2.1-
2.5 mm, >2.5 mm) in order to analyse differences among waterfowl|
species in the size of diaspores dispersed. We measured five dias-
pores from each taxon (or all of them when n < 5), and used mean

values.

3 | RESULTS
3.1 | Plant taxa dispersed by endozoochory

We found 2,066 intact diaspores from 40 plant taxa, 31 of which
were identified to species level, five to genus and four to family
(Table S1). We found diaspores of 37 angiosperms, plus megaspores
(Lycophyta—Isoetes cf. maxima), sporocarps (Pteridophyta—Azolla
filiculoides) and oogonia (Charophyceae). Twenty-nine of the identi-
fied species are native to Brazil and two are alien but considered
naturalised (Echinochloa cruss-galli and Salicornia fruticosa). Five spe-
cies (Cyperus difformis, E. cruss-galli, Heteranthera reniformis, Ludwigia
erecta and Panicum dichotomiflorum) are rice weeds (Table S1). Eight
species are terrestrial, nine amphibious and 15 are aquatic plants
(Table S1). Habitat classification of the other eight taxa was not pos-
sible (Table S1). Of the aquatic and amphibious plants (24 spp), 15
were emergent, four fixed-floating, one free-floating (A. filiculoides),
and four submergent (Table S1).

In 65% of all faecal samples, there was at least one diaspore
(77% of samples in the cold period and 51% in the warm period).
Each sample contained a median of two diaspores in the cold pe-
riod (interquartile range: 10,25), ranging from samples without dia-
spores to a sample from yellow-billed teal that contained 489 seeds
of Rynchospora sp. In the warm period, the median number of dia-
spores per sample was one (interquartile range: 3,0), with a range
of 0-33 diaspores. Cyperaceae (12 taxa) and Poaceae (8) were the
most diverse families. We found 1,835 diaspores (from 33 taxa) in

the cold period and 231 (23 taxa) in the warm period. Seventeen taxa

TABLE 1 Analysis of deviance of the best fitted model with
the effects of the factors bird species, season, and sample weight,
demonstrating that interaction between species and seasons had
a particularly strong effect on the richness and abundance of
diaspores dispersed by waterfowl

Variable Factor LR Chisq df p-value
Richness Bird 10.712 4 0.030
Season 5.628 1 0.018
Weight 6.905 1 0.009
Bird*Season 23.044 4 <0.001
Abundance Bird 44.821 4 <0.001
Season 20.273 1 <0.001
Weight 2.809 1 0.094
Bird*Season 18.920 4 <0.001

Note: The model fitted through generalised linear model analysis for
both richness and abundance included all factors investigated: richness
(or abundance) ~ Bird + Season + Weight + Bird*Season. See Table S2
for further details.

(42.5% of the total) were recorded only in the cold period, and seven
(17.5%) only in the warm period, with 16 (40%) common to both pe-
riods. The grass Zizaniopsis bonariensis and the sedge Rynchospora
sp. were the most abundant taxa recorded, representing 50% of all
diaspores (Table S1). Zizaniopsis bonariensis was also the most fre-
quently recorded species (20% of samples), followed by Oldenlandia
salzmannii (17%), Eleocharis minima (12%), and Nymphoides indica
(12%). Zizaniopsis bonariensis was present in samples obtained in
three wetlands in the cold period, and four wetlands in the warm
period. Rynchospora sp., was recorded only during the cold period, in

samples from two wetlands.

3.2 | Effects of bird species, sample
weight, and seasonality on plant taxon richness and
diaspore abundance

The best fit models considered all variables tested and showed that
the interaction between bird species and season was the most im-
portant effect explaining taxonomic richness and abundance of dia-
spores (p < 0.05; Table 1). In the case of diaspore abundance, there
were two other models with AAIC < 2 (Table S3).

In the warm period, Brazilian teal dispersed a significantly
lower richness of diaspores than all other birds (p < 0.05), except
the coscoroba swan (p > 0.05; Figure 1, Table S4). In the cold
period, white-faced whistling-duck dispersed a lower richness
than Brazilian teal, ringed teal, and yellow-billed teal (p < 0.05).
In the warm period, Brazilian teal and coscoroba swan dispersed
significantly fewer diaspores per sample than other bird species
(p < 0.05), with no difference between them (p > 0.05; Figure 2,
Table S4). In the cold period, ringed teal dispersed more diaspores
per sample than other bird species, and yellow-billed teal dis-
persed more diaspores than Brazilian teal and white-faced whis-
tling-duck (p < 0.05).
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We excluded outliers greater than 50 diaspores per sample

(five of ringed teal and one of yellow-billed teal) to improve the
visualisation of differences between species

3.3 | Variation in the taxonomic composition of
diaspores between vectors

The taxonomic composition of diaspores dispersed differed signifi-
cantly among waterfow! species (r? = 0.10, Fh100=2.874,p < 0.05)
and seasons (2 = 0.02, F1 105 =2.829,p < 0.05; Figure 3a,b). Diaspore
composition varied significantly between coscoroba swan and
ringed teal, and between them and all other species. The composi-
tion of diaspores dispersed by Brazilian teal, white-faced whistling-

duck, and yellow-billed teal was not significantly different (Table S5).

04 02 0.0 02 04

Axis 1

FIGURE 3 Ordination of taxonomic composition of diaspores,
and how it varied among (a) bird species, and (b) cold and warm
periods. The total variation explained by the axes was 32% (Axis
1 =17% and Axis 2 = 15%). Bird species are represented by the
initials BT, Brazilian teal; YT, yellow-billed teal; RT, ringed teal; CS,
coscoroba swan; WF, white-faced whistling-duck

Hence the largest (coscoroba swan) and smallest (ringed teal) birds

were different to those of intermediate size (Figure 3a).
3.4 | Dispersal interactions between particular
plant and bird species

Seeds of Echinochloa crussgalli (IV = 0.200), Eleocharis flavescens

(IV = 0.220,) and Panicum germinatum (IV = 0,150) were associated
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with Brazilian teal (p < 0.05). Seeds of Hydrocleys nymphoides and
those from fleshy fruits of Rubiaceae spp. were associated with
coscoroba swan (IV = 0.368 and IV = 0.160, respectively; p < 0.05).
Apocynaceae spp. (IV = 0.197; p < 0.05) was associated with white-
faced whistling-duck and Potamogeton pusillus (IV = 0.237; p < 0.05)
with yellow-billed teal. Seeds of O. salzmannii (IV = 0.487), E. minima
(IV =0.451), Z. bonariensis (IV = 0.439), Kyllinga odorata (IV = 0.200),
and Eleocharis bonariensis (IV = 0.225) were more prevalent and
abundant in samples from ringed teal (p < 0.05). Apocynaceae spp.
(IV = 0.165; p < 0.05) was mainly dispersed in the warm period and
E. flavescens (IV = 0.130; p < 0.05) in the cold period.

The average length of diaspores dispersed by waterfowl was 1.30
+ 0.74 mm. Diaspores with length up to 1.5 mm accounted for 94.3%
of the diaspores recorded and were predominant in all bird species
(Table Sé, Figure 4). Only white-faced whistling-duck and coscoroba
swan dispersed diaspores from all length categories, with coscoroba

swan having the highest value for size categories above 2 mm (8.2%).

4 | DISCUSSION

To our knowledge, we have conducted the most detailed study to
date of endozoochory by any animal in the neotropics from outside
forested environments, and the first study comparing endozoochory
by different waterbirds in neotropical wetlands. Our results demon-
strate that all five neotropical waterfowl species are important plant
vectors, dispersing at least 40 different plant species.

4.1 | What plants are dispersed?

The most frequently dispersed seeds were of Z. bonariensis, an
emergent giant grass considered Vulnerable in Brazil due to habitat

100%
90%
80%
70%
60%

50%

Diaspores

40%

30%

20%

10%

0%

BT cs RT WF

W <0.5mm ®0.51-1.0 mm E11-1.5mm E1.51-2 mm m2.1-2.5mm

W>2.5mm

loss. Z. bonariensis occurs in isolated populations in southeast and
southern Brazil, Argentina, Paraguay, and Uruguay and is considered
to disperse primarily by anemochory and vegetative propagation
(CNCFlora, 2012; Ferreira, Van Nes, & Marques, 2009). Our results
suggest that endozoochory by waterfowl has an important but pre-
viously unrecognised role in the distribution of Z. bonariensis. The
second most dispersed plant genus, Rynchospora sp., is widely dis-
tributed in the region, notably R. barrosiana, R. brittonii, and R. tenuis
(Weber, 2014), and this may be related to their capacity for frequent
dispersal by waterfowl. The plant families Poaceae and Cyperaceae
had the highest taxonomic richness, following a pattern reported in
previous studies on Anatidae in other continents (Green et al., 2016;
Reynolds & Cumming, 2016a, 2016b; de Vlaming & Proctor, 1968).

The diaspores dispersed by waterfowl varied from strictly
aquatic plants (e.g. Ruppia maritima) to amphibious (interface be-
tween aquatic and terrestrial, e.g. E. flavescens) and terrestrial (e.g.
Solanum americanum) plants. This is consistent with recent studies
in Europe showing that ducks and shorebirds are important vectors
for both aquatic and terrestrial plants (Lovas-Kiss et al., 2018, 2019;
Soons, Brochet, Kleyheeg, & Green, 2016). The dominant diaspores
were those of angiosperms lacking a fleshy fruit, and most of these
angiosperm species are widely considered to be self-dispersed
or dispersed by water (hydrochory), and hence to have no mecha-
nisms for dispersal between isolated wetlands. Because they lack
a fleshy fruit, the importance of endozoochory for these plants is
consistently overlooked in the literature and in plant trait databases
(Costea et al., 2019; Soons et al., 2016). On the other hand, we re-
cord two plant taxa with fleshy fruits (S. americanum and Rubiaceae
spp.), which are therefore considered to have an endozoochory syn-
drome. These findings reinforce the important function of waterfowl
endozoochory in the dispersal of a broad taxonomic range of plants,
in line with studies from other continents (Green et al., 2016; Lovas-
Kiss et al., 2018; Reynolds & Cumming, 2016a, 2016b).

FIGURE 4 Percentage composition
of diaspores per waterfowl species. BT,
Brazilian teal; YT, yellow-billed teal; RT,
YT ringed teal; CS, coscoroba swan; WF,
white-faced whistling-duck



SILVA ET AL.

We also found quillwort megaspores (Isoetes cf. maxima) and
sporocarps of floating ferns (A. filiculoides) to be dispersed by wa-
terfowl. Dispersal by endozoochory has been proposed as an expla-
nation for the distribution of quillworts (Brunton & Britton, 1999;
Troia, 2016), but this has not previously been demonstrated. The fern
A. filiculoides is native in our study area and an invasive alien species
in other continents (Hill, Coetzee, Martin, Smith, & Strange, 2020;
Hussner, 2012), and it has often been suggested that it may
spread by zoochory (Lovas-Kiss et al., 2018; Reynolds, Miranda,
& Cumming, 2015). Coughlan, Cuthbert, Kelly, and Jansen (2018)
demonstrated experimentally that A. filiculoides can survive external
transport by waterfowl. Green, Jenkins, Bell, Morris, and Kingsford
(2008) found reproductive tissue in the faeces of Australian water-
birds, highlighting the possibility of internal transport. We found that
intact diaspores of A. filiculoides after waterfowl gut passage, con-

firming its dispersal by endozoochory.

4.2 | Dispersal depends on seasonality and
bird species

The interaction between bird species and season explained the most
variance in plant taxonomic richness and diaspore abundance in our
study. Figuerola et al. (2003) found a similar result for endozoochory
by wintering waterbirds in Spain. These authors argued that changes
in the richness and abundance of diaspores dispersed were related
to species-specific seasonal variations in diet, feeding behaviour, and
digestive processing of food. Our findings are likely to have similar
explanations, but there is a general lack of detailed studies of diet
and feeding behaviour in neotropical waterfowl. In one exception,
Madriz (1983) found seasonal variation in the frequency of differ-
ent seeds observed in oesophagi of Brazilian teal in Venezuela, with
increased seed ingestion in the rainy season.

The diaspore composition of coscoroba swan and ringed teal fae-
ces was different from that of the other three species, although the
proportion of the variation explained by species was relatively low,
suggesting that there is much overlap as also reported for Europe
(Figuerola et al., 2003; Green et al., 2016). The variation we recorded
may be related to the differences in the body size and its influence
on foraging behaviour. Coscoroba swan is larger (c. 3,500 g) and
ringed teal smaller (c. 350 g) than the other species (500-800 g;
Kear, 2005a, 2005b). These extremes in body size and associated
differences in access to different depths for feeding may lead to
greater habitat segregation, and hence access to diaspores of differ-
ent plants (Green, 1998; Guillemain, Fritz, Guillon, & Simon, 2002;
Ntiamoa-Baidu et al., 1998; Pdysa, 1983). In our study, we observed
coscoroba swan feeding in the deepest areas, ringed teal in the shal-
lowest areas, and the other three species usually feeding together
elsewhere. These field observations suggest that body size may be a
determinant of diaspores ingestion. In future, the influence of body
size on diaspore dispersal should be further investigated in neotrop-
ical waterbirds, with the inclusion of more bird species with different

body sizes, and detailed field observations of feeding behaviour and

Freshwater Biology =AW LEYJ—7

plant ecology (in a manner paralleling the many detailed studies of
frugivore behaviour in neotropical forests).

Coscoroba swan dispersed the largest proportion, 8.2%, of large
seeds (i.e. >2 mm). This could potentially be because large seeds
were less likely to be destroyed in the larger birds (Garcia-Alvarez
et al,, 2015), but may alternatively be due to a negative relation be-
tween body size and the density of lamellae in the bill, which have a
key role in food processing (Gurd, 2008). High lamellae density facil-
itates selection of smaller seeds, and this explains for example why
the Eurasian teal Anas crecca ingests smaller seeds than larger dab-
bling ducks in Europe (Green et al., 2016; Guillemain et al., 2002).
However, we lack data on lamellar density in our study species to
test this hypothesis.

The phenology of seed availability may lead to differences in
richness and abundance of dispersed diaspores in temperate water-
birds (Clausen et al., 2002; Green, Figuerola, & Sanchez, 2002;
Lovas-Kiss et al., 2019). A lack of information on plant phenology
in our study area prevented us from making a detailed analysis of
relationships between seasonal variation in seed production and
seed dispersal. However, data for 15 plant species dispersed in our
study, but obtained previously in similar regions of the extreme
south of Brazil, show that some plants produce seeds exclusively in
the cold or the warm period and others in both periods (Giehl, 2012;
Trevisan, 2005). These data confirm that some species were dis-
persed exclusively in the period when they would be producing
seeds, e.g. N. indica in the cold period and H. nymphoides in the
warm period. However, other plants such as S. fruticosa (dispersed
in the warm period) and L. erecta (dispersed in both periods) were
dispersed in a different season to those when seeds are produced
(according to the above literature). Thus, future research into seed
production and seed availability in the water column and in sedi-
ments is needed to understand how they influence dispersal rates

in neotropical wetlands.

4.3 | Pathways for plant dispersal in the southern
half of South America

Information about flight patterns, migration routes, population size,
and distributions of the study waterfowl species is limited compared
with North America or Europe. However, the available information
gives us some indication about the relationships between functional
and behavioural variations and the dispersal potential (DP, sensu
Coughlanetal., 2019) of each bird species. Experimental studies have
shown that seeds are typically retained in waterfowl guts for at least
4-8 hr and often for much longer, with maxima frequently exceeding
24 hr (Garcia-Alvarez et al., 2015; Lovas-Kiss et al., 2020; Reynolds
& Cumming, 2016a, 2016b). Given flight speeds of 50-78 km/hr
(Welham, 1994), this enables seed dispersal by endozoochory over
tens or hundreds of km during daily or migratory flights, greatly ex-
ceeding the maximum dispersal distances obtained by wind or water
dispersal for most plant species, which rarely reach 1 km (Bullock
etal., 2017).
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Coscoroba swan and white-faced whistling duck are the most
migratory species, ringed teal and yellow-billed teal are residents
with occasional regional movements, and Brazilian teal are typical
residents (Belton, 1994; Calabuig et al., 2010; Don Pablo Research
Team, 2012; Mauricio et al., 2013). In this sense, coscoroba swan
has the higher potential to disperse plants over the greatest dis-
tances among the study species, mainly in an east-west direc-
tion. This swan has an estimated population of 10,000-25,000
individuals distributed across a range of 4,250,000 km? (BirdLife
International, 2020; Wetlands International, 2020). In southern
Brazil, the most recent census was of 1,622 individuals (Dias &
Fontana, 2002) with a partially migratory population, most of which
leaves the study area in the warm period in an east-west route to-
wards Argentina, moving up to 1,700 km, and then returning in the
cold period (Calabuig et al., 2010). Nevertheless, coscoroba swan
is also likely to disperse plants in a north-south direction, inside
the continent, since part of its population is migratory both in
the northern (Pantanal and Chaco to Pampa) and in the southern
(Patagonia to Pampa) parts of its range (Carboneras, 2019).

White-faced whistling duck is partially migratory in the neo-
tropics, with an estimated population of 1,000,000 individuals dis-
tributed over up to 10,000,000 km? (BirdLife International, 2020;
Wetlands International, 2020). Southern Brazil has a partially
migratory population of about 100,000 individuals (Menegheti
& Dotto, 2004) that use the east-west route. In central South
America white-faced whistling migrates along a north-south flyway
along the Parand-Paraguay rivers (Blanco, Fletcher, Lesterhuis, &
Petracci, 2020). Satellite tracking data from birds fitted with trans-
mitters in Argentina found them to move up to >600 km away from
the capture site, with individuals having daily average movements of
0.1-23 km (mean of 4 km; Don Pablo Research Team, 2012). There
was great individual variability in the timing and direction of move-
ments, with some individuals moving to Brazil, Uruguay, or Paraguay.

Some ringed teal make regional north-south seasonal move-
ments between southern Brazil and Uruguay, with irregular routes,
and there are also resident populations along this route (Belton, 1994;
Mauricio et al., 2013, Carboneras et al., 2019). The range of ringed
teal is 2,270,000 km? with an estimated population of 25,000-
100,000 (BirdLife International, 2020; Wetlands International,
2020). Satellite tracking data from birds fitted with transmitters in
Argentina (Don Pablo Team, 2017) showed that ringed teal moved
to locations an average of 238 km from their capture site (min: 9 km,
max: 423 km).

Brazilian teal and yellow-billed teal are thought to be resident
species that disperse mainly between local wetlands, but there are
few data on their movements (Nascimento, Koch, Efe, & Scherer,
2005; Carboneras et al., 2019). They are both abundant (about
1,000,000 individuals per species) with a similar range size (about
12,500,000 km?), but contrasting distributions (yellow-billed teal
from central to southern South America and Brazilian teal from the
central to the north).

The DP of each species depends on both the number of dias-

pores dispersed per individual and the population size (Coughlan

et al., 2019), and our results show it also varies seasonally. In the cold
season, the greater abundance of diaspores per bird suggests that
ringed teal has the highest DP at a local scale, although we are lacking
precise population estimates for our study area. At the continental
scale, its high population size and intermediate number of diaspores

per individual suggest that yellow-billed teal has the highest DP.

4.4 | Conclusion

We demonstrated that the five waterfowl species studied play an
important role in the dispersal of a broad variety of plants, ranging
from strictly aquatic to terrestrial species, and including both na-
tive and exotic plants. The interaction between bird species and
seasonality explained the most variation in diaspores dispersed.
The composition of diaspores dispersed varied between seasons
and between three groups of bird species. The scarcity of studies
on the phenology of plants and waterfowl movements currently
limits our understanding of spatial and temporal patterns of en-
dozoochory in the neotropical region. However, our study demon-
strates that this process is important at different spatial scales, and
is likely to be central to the maintenance of plant metacommunities

and to changes in plant distributions in the face of global change.
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