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Abstract
Due to their high mobility, large vertebrates are e�cient carriers of allochthonous matter and energy.
Waterbirds congregate in breeding colonies, while feed in surrounding aquatic and terrestrial areas,
promoting nutritional pulses to nutrient-poor environments. In southern Brazil, a swamp forest on an
estuarine island is used by waterbirds for breeding. Aiming to investigate the potential effects of
transport of matter between symmetrically rich environments, soil, plants, invertebrates, and terrestrial
bird blood were collected and stable isotopes compared to similar organisms in a control area.
Generalized linear models indicated that δ 15 N and δ 13 C values show positive effects when compared
to the control area (spatial effect). The enrichment provided during the active colony period persists, well
after the breeding period, especially for δ 15 N which was higher in all compartments (temporal effect).
Moreover, the enrichment of δ 15 N occurred along the entire trophic chain (vertical effect) in the colony
environment, including different guilds of invertebrates and land birds. For δ 13 C, the enrichment seems
to lose strength, and factors such as trophic guild are shown to have greater explicability on values than
site, especially in birds. Bayesian mixture models with terrestrial vs. estuarine endpoints demonstrated
that all organisms from both colony and control environments had assimilated estuarine matter.
Detritivorous invertebrates showed greater assimilation when compared to other guilds. This study
demonstrates that symetrically nutrient-rich environments, such as palustrine forests and estuaries,
bene�t from nearby allochtonous subsidies, and are nutritionally enriched in several dimensions.

Introduction
Mobile and migratory animals, especially vertebrates, are good vectors of matter and energy between
environments (Polis et al. 1997; Korobushkin 2014) since mobility is associated with transport capacity
(Fariña et al. 2003). Organisms with low mobility have limitations when encountering physical barriers
compared to highly mobile animals, such as birds and mammals, which tend to easily overcome
ecosystem barriers (Fariña et al. 2003). Classic examples of �ows between aquatic and terrestrial
ecosystems are those promoted by bears, which transport salmon to forested environments on the shores
during migration from sea to rivers (Hilderbrand et al. 1999), or waterbirds, which forage in the sea, rivers
and lakes but breed in colonies on land (Polis et al. 1997), where they transport part of the ingested and
assimilated matter (Keatley et al. 2009).

Waterbirds group together in colonies to increase protection from predators in speci�c locations where
they can obtain food for themselves and their offspring in nearby areas (Frederick 2002; Keatley et al.
2009; Britto and Bugoni 2015). Pelecaniformes (herons, spoonbills, and ibis) depend on shallow aquatic
environments for feeding and breeding (Frederick 2002). Foraging in areas adjacent to colonies results in
a �ow from the aquatic to terrestrial environment (Green and Elmberg 2014; Faria et al. 2016) with
temporal and intense matter inputs, generating a nutritional pulse. The intensity of matter and energy
input, as well as spatial and temporal variation (Polis et al. 1997), can in�uence the receiving biological
communities as well as the water and soil of the receiving environment (Polis et al. 1997; Keatley et al.
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2009). Flow occurs primarily through guano deposition, which can have a positive and rapid impact on
primary productivity and site diversity (Green and Elmberg 2014), both terrestrial and aquatic. This occurs
because guano is rich in essential nutrients for producers, such as nitrogen and phosphorus, and can
impact primary productivity and subsequently dissipate along the trophic chain (Polis et al. 1997; Kolb et
al. 2010). In this way, this generates an increase in the nutritional quality of primary producers, which is
transferred successively along the trophic chain (Caut et al. 2012; Savage 2019). In addition to guano,
waterbirds also transfer matter and energy through nest-building material, feathers, eggs, regurgitated
food, and carcasses (Polis et al. 1997; Caut et al. 2012). Thus, bird colonies alter the dynamics of the
local trophic web, in�uencing the populations of animals feeding on allochthonous sources directly or
indirectly (Sánchez-Piñero and Polis 2000; Caut et al. 2012). In this scenario, the transport of aquatic
resources carried out by birds is a key process for the trophic webs of islands, and they are often able to
maintain the biodiversity of these environments (Sánchez-Piñero and Polis 2000; Green and Elmberg
2014).

Analysis of �uxes of matter between environments elucidates questions about how organisms cope with
pulses (Correa and Winemiller 2014). In this context, stable isotope analysis (SIA) is a useful tool to track
transported matter and provide information about its impact on the environment (Horn et al. 2019).
Carbon isotopes (δ13C) allow for the tracking of the �ow of matter between ecosystem compartments, as
plants with a C3 photosynthetic pathway exhibit distinct δ13C values compared to plants with a C4

pathway (Fry 2006). The tissue of consumers exhibits similar values to their food source, i.e., little
isotopic discrimination along the trophic chain, which makes it possible to analyse the carbon source
used (DeNiro and Epstein 1978; Stock et al. 2018) and thus determine whether there is input from external
sources. Therefore, it is possible to infer the �ow of matter through δ13C analysis whenever there are
isotopic differences in the composition of primary producers. In addition, strategies such as grouping
organisms into trophic guilds, that is, groups that exploit the same class of resources (sensu Root 1967),
associated with isotopic analyses, allow veri�cation of the use of resources according to the food
preferences of consumer groups (Layman et al. 2012; Hamer et al. 2015; Navarro et al. 2021; Villegas et
al. 2021). These studies have shown that transported allochthonous matter can be accessed by
organisms living in the receiving environment (Savage 2019). Trophic subsidies are especially important
when there is asymmetry in the productivity of environments (Polis et al. 2004). There have been several
studies on matter �ux in marine island and arid environments, which are typically poor environments and
thus dependent on allochthonous subsidies of energy and matter from the sea (e.g., Stapp et al. 1999;
Sánchez-Pinero and Polis 2000; Kolb et al. 2010; Savage 2019). However, �uxes between environments
with high productivity, such as swamp forest regions and estuarine aquatic environments, still lack
studies.

On the other hand, δ15N values are useful indicators of the trophic level of the organism in its
environment. This is because with each transfer between food and consumer, an accumulation of 15N
occurs in tissues, generating a 2‰ to 5‰ increase in δ15N values in the consumer tissue relative to the
previous trophic level (DeNiro and Epstein 1981; Peterson and Fry 1987). In addition, δ15N values may be
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indicative of the assimilation of the nutrient load deposited by waterbirds in the receiving environment
(Caut et al. 2012). Because colonial �sh-eating birds occupy high trophic levels, their excreta are enriched
in 15N relative to lower trophic levels (Caut et al. 2012). Several studies of plants, birds, rodents,
arthropods, and lizards on marine islands occupied by bird colonies have demonstrated increased δ15N
values from these groups compared to resident organisms from islands without colonies (e.g., Stapp et
al. 1999; Stapp and Polis 2003; Caut et al. 2012).

In this context, the present study aims to analyse patterns of matter dissipation mediated by waterbirds in
a large colony and incorporated by organisms in the terrestrial environment on an estuarine island.
Speci�cally, we hope to demonstrate that (i) colony-mediated transport of matter generates estuarine
isotopic enrichment in the resident organisms of the swamp environment; (ii) soil, plants, invertebrates
and resident birds of the colony environment will be enriched in 15N compared to the control environment;
iii) terrestrial enrichment mediated by colonial birds during the breeding period will be present in the
colony environment even during the nonbreeding period; iv) dissipation of estuarine matter obtained from
foraging areas will reach the higher trophic levels in the colony environment; and v) assimilation of
estuarine matter will occur only in the colony environment.

Materials And Methods
Study area

This study was conducted on Marinheiros Island, Lagoa dos Patos estuary, in southern Brazil (Fig. 1).
This island is the largest island in the estuary and is composed of wetlands, shallow lakes, dunes, and
swamp forests (Quintela et al. 2009). The climate is temperate subtropical, with minimum and maximum
temperatures ranging from 9.5 °C to 27 °C, respectively (Vieira 1983). The highest precipitation occurs
between July and September, with an annual average of 1522 mm (Vieira 1983). The colony of
Pelecaniformes on Marinheiros Island is occupied by seven species of herons (Ardeidae): the great egret
Ardea alba, cocoi heron Ardea cocoi, cattle egret Bubulcus ibis, little blue egret Egretta caerulea, little egret
Egretta thula, black-crowned night-heron Nycticorax nycticorax, and yellow-crowned night-heron
Nyctanassa violacea, as well as the roseate spoonbill Platalea ajaja (Threskiornithidae) (Gianuca 2010).
Occupation of the colony, except for A. cocoi that uses the site year-round, is seasonal, from late August
to March (Gianuca 2010). The area is approximately 150 × 100 m, separated from the estuarine
environment by an approximately 70 m wide strip of Scirpus giganteus (Gianuca 2010). The colony area
is predominantly composed of tree species with a C3 photosynthetic cycle (Faria et al. 2016), such as
Erythrina crista-galli, Schinus terebinthifolius, and Ficus cestrifolia.

Approximately 5 km from the colony area, on the opposite coast of the island, a swamp forest without
colony or waterbird roosts was chosen as a control area (Fig. 1) due to its �oristic characteristics and
similar proximity to the estuarine shoreline. This area is 600 × 200 m, separated from the lagoon by a
marsh with a predominance of ferns Acrostichum danaeifolium and Cyperus spp. It also presents a
predominance of C3 plant species, such as S. terebinthifolius, E. crista-galli, and large Ficus spp. The
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colony and control areas are isolated from each other, even for the most mobile organisms, such as land
birds, demonstrated by individually ringed birds in two years, with no recapture between areas.

Sampling

Sampling occurred in two summers and two winters in 2018 and 2019 at the end of each season,
corresponding to periods with and without waterbird breeding, respectively. Soil collection occurred in
triplicate in each of the study environments, randomly, during each sampling season. Soil samples were
stored in plastic jars and frozen until preparation for isotopic analysis. Two to three buds of plants with a
C3 photosynthetic cycle (A. danaeifolium, Crocosmia crocosmii�ora, Dioscorea sp., E. crista-galli,
Heteranthera reniformis, and Hibiscus diversifolius), predominant in both environments, were randomly
collected during each sampling period, stored in plastic bags, and kept frozen until identi�cation and
preparation for isotopic analysis. Plants were identi�ed using guides (Sobral 2006; Sobral et al. 2012)
and with support from experts from the Floristics Laboratory - FURG.

Abundant invertebrates at both sampling sites were randomly collected individually with tweezers
through an active search in soil and vegetation. After collection, they were stored in plastic jars and
frozen until preparation for analysis. The invertebrates were identi�ed with the support of experts and
identi�cation keys: Armadillidium sp., Camponotus sp.ants, Lycosa sp.,Scolopendridaeand Trichonephila
clavipes spiders. Approximately 30 individuals of various land bird species were also captured in each
sampling area (colony and control). Captures occurred using 6 mist nets (30 mm mesh) that were 12 m
long. After capture, birds were identi�ed (Narosky and Yzurieta 2011; Timm and Timm 2016), and a few
drops of blood were collected from the brachial artery using a hypodermic syringe (Supplementary
Material Table S1). Birds were individually tagged with metal rings provided by CEMAVE/ICMBio to avoid
resampling and released in the same area after sampling.

Stable Isotope Analysis (SIA)

Soil samples were oven-dried at 60 °C, ground with pestle and mortar, acidi�ed with 10% hydrochloric
acid (HCL) to remove carbonates, washed in distilled water, oven-dried, and weighed (2 mg) for isotope
analysis (Levin and Currin 2012). Plant tissues were washed with distilled water, dried for 24 h and then
ground as above and weighed (3 mg). Whole bodies of the collected invertebrates were prepared for
isotopic analysis. Since lipid-rich tissues are depleted in 13C, lipids were extracted from the samples in a
Soxhlet apparatus for 6 h using petroleum ether as solvent (Bugoni et al. 2010). Samples were
subsequently lyophilized for 24 h, homogenized and weighed (1 mg) (Mancini and Bugoni 2014). Blood
samples were also freeze-dried for 24 h and weighed (0.7 mg). All samples were packed in tin capsules
for analysis in an isotope ratio mass spectrometer (IRMS) coupled to an elemental analyser at the
Integrated Analysis Center, Federal University of Rio Grande - FURG (CIA-FURG, Brazil). The internal
standards of the laboratory (glutamic acid and caffeine) had a standard deviation of 0.1‰ for δ13C and
0.4‰ for δ15N.
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The determination of the values was expressed by the δ notation, in parts per thousand (‰), according
to the equation proposed by Bond and Hobson (2012):

The standards used were VPDB (Vienna Pee Dee Belemnite limestone) for carbon and atmospheric air for
nitrogen.

Data analysis

The δ15N and δ13C values were used to estimate the contributions of estuarine and terrestrial matter in
primary and secondary consumers of the colony environment in each of the seasons (summer and
winter), as well as to determine how each trophic guild of land birds and terrestrial invertebrates
assimilated the allochthonous matter. To determine whether there is vertical dissipation, i.e., along trophic
levels, Bayesian isotopic mixing models were generated in R software using the 'simmr' package (Parnell
and Inger 2016). As sources representative of the terrestrial environment, we used the mean isotopic
values of C3 photosynthetic pathway leaf buds from plants in the control environment from each season,
since the vegetation in the colony environment is under estuarine in�uence. As sources of nutrients
mediated by colonial waterbirds and potentially representing estuarine baseline values, we used mean
isotopic values from samples of particulate organic matter (POM), sedimentary organic matter (SOM),
which themselves include photosynthesizing organisms such as phytoplankton and microphytobenthos,
and green algae, Ulva sp. and Rhizoclonium sp. Previous studies have indicated that the best temporal
window to use when setting up a baseline is the season prior to the collection season (Possamai et al.
2021). Therefore, we used 2017 and 2018, as they were the years prior to this study and accounted for
substantial environmental variability. The values used to build the baseline were obtained from the
Brazilian Long-Term Ecological Research program (BR-LTER; www.peld.furg.br).

To assess assimilation, the trophic guilds of the organisms were used. The guilds of the land birds were
grouped according to classi�cations found in the bibliography as frugivorous (feeding predominantly on
fruits); granivorous (predominantly seeds); insectivorous (predominantly insects); omnivorous (feeding
on fruits, arthropods and small vertebrates); and nectarivorous (feeding on nectar). In addition, they were
classi�ed according to the habitat used as restricted habitat within the forest (RRH); broad habitat (RBH),
i.e., feeding both inside and outside the forest; migratory with restricted habitat (MRH), i.e., living part of
the year in the forest, where they feed; and migratory with broad habitat (MBH), i.e., not present in the
region in winter, but in summer they feed both inside and outside the forest.

Invertebrates were grouped into trophic guilds according to Oelbermann and Scheu (2002), Ronque
(2013), and Montesanto and Cividini (2017) into omnivorous-detritivorous, omnivores, and carnivores.
The land birds used in the mixture models were those from insectivorous and omnivorous trophic guilds
because these are groups present in both environments with su�cient individuals for the analysis.
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Mixture models were built for each trophic guild of invertebrates and land birds. Because source values in
2018 and 2019 did not differ between seasons and between areas, consumers from the 2018 and 2019
seasons were grouped into a single year. The source-consumer trophic discrimination factors (TDFs)
used for ΔC and ΔN were selected according to the diet and tissues of the consumers (Supplementary
Material Table S2).

To evaluate isotopic variation in soil samples, producers (C3 plants) and consumers (invertebrates and

land birds) in generalized linear models - GLMs (McCulloch and Searle 2000), were analysed for δ15N and
δ13C values, except for plants, for which only δ15N values were analysed, as plants obtain their carbon
from atmospheric air (Table 1). The factors used in all models were area (2 levels - colony and control);
season (2 levels - winter and summer); and year (2 levels - 2018 and 2019). In addition, for plants, the
species factor was included (6 levels - A. danaeifolium, C. crocosmii�ora, Dioscorea sp., E. crista-galli, H.
reniformis and H. diversifolius). For invertebrates, the guild factor was included (3 levels - carnivorous,
omnivorous, and omnivorous-detritivorous). For land birds, the guild factors (5 levels - frugivorous,
granivorous, insectivorous, nectarivorous, and omnivorous) and feeding area (4 levels - resident restricted
habitat (RRH); resident broad habitat (RBH); migrant restricted habitat (MRH); and migrant broad area
(MBH)) were included. In addition, several interactions among factors were tested, subsequently retaining
the statistically signi�cant interactions with the best AIC (Akaike Information Criterion) of the model. The
residuals of the GLMs were analysed with ANOVA to obtain the percentage of variation explained by the
full model and by each factor.

Results
Spatial dissipation

The waterbird colony promoted 15N enrichment, as demonstrated by the strong effect on the GLM with
δ15N values (Table 1; Supplementary Material Table S2). The input of matter into the colony environment
from, or mediated by, waterbirds was demonstrated when compared to the control area for all ecosystem
compartments, i.e., soil, plants, invertebrates, and land birds (Fig. 2). The variable “area” was signi�cant,
and the explicability in the variation of the data was 79%, 22%, 61%, and 15% for the models developed
for the soil, plant, invertebrate, and land bird data, respectively (Table 1).

For δ13C values, the factor “area” showed positive effects in the soil and land bird models. Despite this,
there were negative effects in invertebrates for δ13C (Supplementary Material Table S4). ANOVA of these
models indicated that the “colony” site explained the variation in δ13C values by 26% for soil. For land
birds, the effect of area lost the signi�cance indicated by the GLMs when analysed by ANOVA (Table 2).
For invertebrates, the effect was negative, and although signi�cant, the explicability of the “area” factor
was only 2.4% of the variation in the data (Table 2). These results showed a smaller difference in carbon
when compared to nitrogen, but that could still be noticed in the soil samples compared to the control
area (Fig. 3).
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Temporal dissipation

Temporal variation in δ15N values (with and without breeding waterbirds, i.e., summer vs. winter) occurred
only for invertebrates, with the season factor “winter” indicating negative effects. The interaction between
the factors “area” and “season” showed a positive effect on the colony in winter (Supplementary Material
Table S3). Despite this, the ANOVA of this model showed no statistical signi�cance for the seasonal
effect but retained signi�cance in the interaction, albeit with a low explicability of only 2% (Table 1).
These results indicated that soil, plants and terrestrial birds tended to maintain isotopic values even in
winter when waterbirds were absent, several months after the end of breeding. This pattern was
corroborated graphically, as during winter, the isotopic values of organisms in the colony environment
maintained their positions at the top of the graph, thus indicating an enrichment of 15N compared to
organisms from the control area (Fig. 4b, d).

For δ13C values, the only group that showed a signi�cant difference in GLMs was land birds, which
showed negative effects for the factor “season” (Supplementary Material Table S4). In addition, the
interaction “area*season” showed positive effects. The ANOVA of the GLMs resulted in an explicability of
the data variation of 2.2% for the “season” factor and 6.1% for the “area*season” interaction (Table 2),
thus indicating the tendency of reducing δ13C values in the blood of land birds during winter in the colony
area (Fig. 3).

Dissipation along the trophic chain (vertical)

Soil, vegetation, and invertebrates showed positive effects on δ15N values in the colony area
(Supplementary Material Table S3). The positive effects occurred for both Dioscorea sp. and C.
crocosmii�ora, indicating that both herbaceous plants and trees responded positively to nitrogen
enrichment from allochthonous sources in the colony. The ANOVA of the vegetation model with δ15N
values resulted in an explicability of 32.2% for the “species” factor and 22.3% for the “area” factor (Table
1). Land birds showed positive effects, but despite this, the group of migratory birds with a wide habitat
(MBH) had negative effects on values. The ANOVA showed an explicability of 14.8% for the “area” factor
and 3.3% for the “habitat” factor used by the birds (Table 1).

For carbon isotopes, the colony area showed positive effects for soil values and negative effects for
invertebrate values. The omnivore-detritivore invertebrate guild had positive effects on values
(Supplementary Material Table S4). ANOVA of these models resulted in an explicability of 26.8% for the
colony soil values. For invertebrates, the factor “area” showed 2.4% explicability, while for “guild”, 22%
explicability of the variations in δ13C values was found (Table 2). For birds, there was a positive effect on
the mean δ13C values compared to the control values. However, similar to the results found for δ15N,
there was a negative effect on migratory birds that do not exclusively use the colony forest for feeding
(MBH). ANOVA indicated explicabilities of 3.2% and 8.1% for the factors “habitat” and “guild”, respectively
(Table 2). The factor “area” did not vary signi�cantly. Similar to the results found for δ15N values, the
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allochthonous carbon load seems to dissipate along the trophic web, but in the group of land birds, other
factors seem to have a greater in�uence.

Bayesian mixture models

Bayesian mixture models with two endpoints - terrestrial and estuarine - showed that all consumers, in
both control and colony environments, had estuarine isotopic signatures in their tissues or from other
sources with values similar to those found in the nearby estuary (Fig. 5). The highest probability of
assimilation of estuarine matter into the tissues of invertebrates in the colony and control environments,
respectively, was 31.2% and 37.4% (omnivores) (Fig. 5a), 48.3% and 44.2% (omnivore-detritivores) (Fig.
5b), and 35.2% and 43% (carnivores) (Fig. 5c). For land birds, the highest probabilities of assimilation of
estuarine matter in the colony and control environments were 29.6% and 35.2% (omnivores) (Fig. 5d) and
25.1% and 34.3% (insectivores), respectively (Fig. 5e). Thus, the omnivorous-detritivorous invertebrate
group showed a predominance of estuarine matter compared to the control environment in both seasons
(Fig. 5b). Furthermore, during the summer season, omnivorous birds also showed a higher probability of
assimilating estuarine matter than the control (Fig. 5d). The other groups (omnivorous and carnivorous
invertebrates and insectivorous birds) demonstrated a higher likelihood of assimilation of estuarine
matter in the control environment than in the colony environment in both seasons (Fig. 5a, c, e).

Discussion
Nutrients transported by herons and spoonbills subsidize the environment and the entire trophic web
where they breed. This conclusion was based on analyses in several dimensions - spatial, temporal and
along the trophic chain - and in different compartments of the swamp forest ecosystems of the colony
compared to a control, noncolony, area. This study demonstrates that the colony environment is enriched
in 15N and 13C compared to the control environment, although this occurs to a lesser degree for 13C
(spatial dissipation). Resources remain in the environment even after the waterbird-breeding season,
demonstrating that the nutrient load deposited during spring-summer is a key resource for the trophic
web of the swamp forest long afterwards (temporal dissipation). In addition, vertical analyses along the
trophic chain showed that estuarine subsidies reach higher trophic levels. However, there are other
important factors, such as the in�uence of trophic guild and habitat feeding. Omnivorous-detritivorous
invertebrates, for example, tended to be more enriched than other invertebrate groups. These results may
indicate that because they are detritivorous and consume available soil matter, they directly access the
matter transported to the colony by waterbirds, assimilating more estuarine matter compared to other
invertebrate guilds. Furthermore, migratory birds with broad habitats (MBH) showed lower isotopic values
and lower assimilation of estuarine matter than other bird groups. This indicates that because they are
migratory and not limited to the colony forest, they use less enriched food resources, and therefore their
tissues were less isotopically enriched compared to other bird groups in the colony forest.

Spatial dissipation
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The δ15N and δ13C values in the organisms and soil of the colony environment were higher than those of
the control environment. Thus, the results indicate that the presence of waterbirds isotopically enriches
the colony forest. Furthermore, the use of carbon isotopes as a marker of matter �ux in estuarine
environments is rarely used and often not recommended (e.g., Spano et al. 2014). This is because
estuarine environments constantly receive terrestrial matter that �ows into the water, causing values in
the environment to approach terrestrial values (Spano et al. 2014). However, in the Lagoa dos Patos
estuary, the presence of C4 plants (phanerogams, tidal �ats) contributes to the enrichment of 13C,
resulting in signi�cantly higher mean values in the estuary (Garcia et al. 2007; Pereyra et al. 2016).
Therefore, in the present study, signi�cant differences in δ13C were found between colony soil values
compared to the control, thus demonstrating its importance as a natural marker complementary to the
nitrogen isotope. The results therefore demonstrate that it is possible to detect 13C enrichment generated
by the transport of estuarine matter into terrestrial environments, even when the receiving environment is
highly productive, as in swamp forests. Furthermore, regular heron breeding at the site, year after year,
can lead to saturation of the environment, making it isotopically well marked.

Similarly, δ15N values in soil, vegetation, invertebrates and birds in the colony environment showed higher
values than those in the control area. Other studies conducted in oligotrophic receptor environments
show that bird colonies, through the deposition of guano and matter, tend to enrich the receptor
environment (Polis et al. 1997; Kolb et al. 2010; Caut et al. 2012; Savage 2019). In the present study, it
was shown that enrichment also occurs in a productive receptor environment, such as swamp forests.
This is likely due to the intensity of loading, with recurrent breeding at the same site, mediated by large
and numerous waterbirds. These results indicate enrichment by guano, tissues of birds and their prey,
from estuarine areas, or nutrients with high δ15N values in the swamp forest, from soil to land birds (Fig.
2). The isotopic values of the colony organisms were positioned in the upper region of the graph
compared to the control environment (Fig. 4a, c), reinforcing the enrichment by 15N in this environment.

Because they occupy high trophic levels, predatory waterbirds have excreta enriched in 15N (Caut et al.
2012). Thus, guano- and deposited nitrogen-enriched matter are accessed by organisms at low trophic
levels in the terrestrial environment, generating an upwards enrichment cascade across all higher trophic
levels. Despite this, this study indicates that this deposition is widely distributed throughout the colony
region, as everything from soil to vertebrates appears enriched. This spatial distribution in the colony
environment occurs through biotic and abiotic vectors (Green and Elmberg 2014; Schindler and Smits
2016; Gri�ths et al. 2018; Gaiotto et al. 2020), with water-saturated soil likely playing a key role, similar to
water runoff on oligotrophic tropical islands (e.g., Sánchez-Piñero and Polis 2000; Gaiotto 2018).

Temporal dissipation

Soil, invertebrates, plants, and terrestrial birds maintained or increased values even during the winter
without the presence of the colonial waterbirds. This indicates that the pulse is so intense that the
enrichment of the environment persists in the soil and vegetation. Similar studies on marine islands also
indicate that once the vegetation is isotopically enriched, the marine signature persists in terrestrial
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consumers, even during periods without the presence of the colonial seabirds (Stapp and Polis 2003;
Caut et al. 2012; McLoughlin et al. 2016).

For δ13C values, only land birds had a negative effect during the winter, although the effect shown was
smaller than that shown for δ15N. It is expected that with the pause in the matter input pulse, the
enrichment loses strength and does not reach the higher trophic levels, as is the case for birds. However,
for both isotopes, there is an indication that outside of reproductive periods, the soil and vegetation allow
organisms in the environment to continue utilizing matter of allochthonous origin. Other studies have
indicated that guano carried by birds has the ability to enrich producers in the environment (Shatova et al.
2017; Savage 2019). However, plants obtain their carbon from atmospheric air, and therefore 13C
enrichment does not affect producers but rather organisms that feed on the carcasses of herons that die
in the colony and the food scraps transported from the estuary. The δ13C values of these organisms are
derived from their feeding and re�ect the values at the base of the trophic chain (Craig 1953; DeNiro and
Epstein 1978). Therefore, since vegetation carbon values are independent of allochthonous input, carbon
enrichment ultimately has a limited in�uence on the trophic web. However, even during winter, the colony
shows higher carbon values compared to winter in the control zone, demonstrating the persistence of
temporal enrichment by waterbirds.

Furthermore, the results demonstrated the depletion of 13C in invertebrates in 2018 compared to 2019.
The study results may indicate that the dissipation of matter during winter 2019 may have been
in�uenced by El Niño, when longer periods of precipitation occur (Odebrecht et al. 2017). The region is
composed of palustrine forest, which has inundation characteristics at certain times of the year
(Waechter 1990). Other studies corroborated that part of the nutrient distribution in the environment is
driven during �ood and rainfall periods (Schindler and Smits 2016; Li et al. 2017). This may indicate that
in addition to transport by biotic vectors, abiotic factors such as rainfall and inundation periods also
contribute to the temporal dissipation of transported nutrients, similar to oligotrophic environments
(Gaiotto 2018).

Vertical dissipation and trophic guilds

Estuarine-derived nutrients were identi�ed in the soil and tissues of all groups of organisms analysed in
the colony, and 15N enrichment was higher in the colony than in the control area. This indicates a link
between the bird colony and the local trophic web, with the latter being dependent on allochthonous
nutrient inputs mediated by waterbirds. Both herbaceous plants and trees were enriched by the input of
estuarine matter, with no signi�cant differences between them. Only the fern group showed no signi�cant
enrichment in the colony environment compared to the control. However, this group of plants was
collected at the edges of the colony region, which may indicate that as the distance from the core region
where a higher concentration of nests occurs, the enrichment loses intensity. Similarly, other studies have
also shown that distance from the source of matter, whether rivers, ocean, or colonies, is important in
regard to the dissipation of the isotopic signature (Caut et al. 2012; Korobushkin 2014; Gaiotto 2018).
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In primary consumers, the average enrichment was maintained compared to soil and vegetation.
However, when separated into trophic guilds, we observed differences in the assimilation of estuarine
matter. The omnivorous invertebrates (ants) of the genus Camponotus, which feed predominantly on
plant matter, invertebrates, and fruits (Ronque 2013), showed lower levels of estuarine matter
assimilation during winter (Fig. 5a). A similar pattern occurred with carnivorous invertebrates (Fig. 5c),
which do not feed directly on producers but have isotopic signatures of their prey (DeNiro and Epstein
1978). In the guild of omnivore-detritivores (garden armadillos), the pattern also emerged in the colony
but not in the control environment, where there was an increased probability of assimilation during winter.
Another difference found between invertebrate groups and the omnivores-detritivores was the higher
probability of assimilation of estuarine matter in both seasons in the colony in comparison to the control
(Fig. 5b). These results suggest that omnivorous-detritivorous armadillos feed on sources other than
matter from local producers and organisms, such as dead nestlings and food scraps carried by
waterbirds (Markwell and Daugherty 2002).

On the other hand, at higher trophic levels, land birds in the colony environment had 15N enrichment in
their blood. Except for omnivorous birds during winter, the assimilation in insectivorous and omnivorous
bird guilds had a higher probability and assimilation of estuarine matter in the control environment
compared to the colony (Fig. 5d, e). These results can potentially be explained by the fact that the forest
boundaries of the control environment are closer to the estuary than the colony environment. Previous
studies have pointed out that emerging invertebrates in aquatic environments are important sources for
terrestrial consumers (Nakano and Murakami 2001; Schindler and Smits 2016; Recalde et al. 2021).
Therefore, we suggest that although the control area does not receive any heron-mediated estuarine
matter input, resident animal groups utilize external food resources associated with the estuarine
environment found at the forest margins.

Finally, migratory birds, with a broad foraging habitat (MBH) and large movements, i.e., they do not feed
exclusively within the colony forest, tended to be less enriched than photophobic, forest-restricted bird
groups. This group had lower 13C and 15N enrichment, suggesting that the length of time organisms had
been present in the environment also in�uences the level of enrichment in tissues due to the shorter
exposure time to enriched foods from the colony area (DeNiro and Epstein 1978; Zupcic-Moore et al.
2017).

Conclusion
This study demonstrated that waterbird colonies, located on estuarine islands, are able to isotopically
enrich the environment in which they are established, even though �uxes occur among two productive
environments, i.e., estuarine waters and swamp forests. The 13C and 15N enrichment was substantial in
the colony environment compared to the control, even long after the waterbird-breeding period. This
pattern suggests that even swamp forest environments, recognized as rich in organic matter and with
high primary productivity levels, bene�t from the matter transported by birds and that this nutrient load is
maintained throughout the year. We conclude that the preservation of this colony is key to ecosystem



Page 13/24

functioning as an important source of nutrients, energy and matter, which subsidizes the environment
throughout the year, contributing to ecological processes in swamp forests. Thus, environmental impacts
that lead waterbirds to stop using the environment for breeding could cause a reduction in the availability
of resources, generating impacts on the population of organisms that are already familiar with pulses of
food from the estuary.
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Table 1
Summary of ANOVA results of soil, vegetation, invertebrates, and land birds, with δ15N values from

generalized linear models (GLMs) (Supplementary Material Table S3)
Source of
variation

df Deviance %
explained

df of
residuals

Residual
deviance

F P

Soil δ15N              

Null model              

Main effects       23 441.89    

Area 1 349.23 79.03 22 92.67 822.04 < 
0.001

Season 1 3.31 0.74 21 89.36 0.78 0.388

Year 1 4.39 0.99 20 84.96 10.35 0.321

Total explained 4 356.93 80.76        

Plants δ15N              

Null model              

Main effects       84 3036.40    

Species 5 976.24 32.15 79 2060.10 11.53 < 
0.001

Area 1 678.51 22.34 78 1381.60 40.05 < 
0.001

Season 1 15.13 0.49 77 1366.50 0.89 0.348

Year 1 78.98 2.60 76 1287.50 4.66 0.340

Total explained 8 1748.86 57.58        

Invertebrates
δ15N

             

Null model              

Main effects       192 6794.20    

Area 1 4176.70 61.4 191 2617.70 319.82 < 
0.001

Season 1 0.80 0.01 190 2616.70 0.06 0.804

Year 1 36.20 0.24 189 2580.50 2.77 0.098

Guild 1 16.90 0.03 187 2563.70 0.65 0.526

Area:Season 1 134.60 1.98 186 2429.10 10.31 0.002
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Source of
variation

df Deviance %
explained

df of
residuals

Residual
deviance

F P

Total explained 5 4365.20 63.66        

Land birds δ15N              

Null model              

Main effects       242 4886.50    

Area 1 725.31 14.80 241 4161.20 46.72 < 
0.001

Season 1 0.50 0.01 240 4160.70 0.03 0.857

Year 1 33.01 0.67 239 4127.70 2.13 0.146

Guild 4 363.85 7.44 235 3763.80 5.86 < 
0.001

Habitat 3 161.90 3.31 232 3601.9 3.50 < 
0.001
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Table 2
Summary of ANOVA results, soil, invertebrates, and land birds, with δ13C values from generalized linear

models (GLMs) (Supplementary Material Table S4).
Source of
variation

df Deviance %
explained

df of
residuals

Residual
deviance

F P

Soil δ13C              

Null model              

Main effects       23 19.10    

Area 1 5.12 26.83 22 13.98 8.87 < 
0.001

Season 1 0.01 0.04 21 13.97 0.01 0.913

Year 1 0.84 4.40 20 11.56 4.18 0.054

Total explained 3 5.97 31.27        

Invertebrates
δ13C

             

Null model              

Main effects       192 436.99    

Guild 2 96.16 22.00 190 340.83 28.20 < 
0.001

Area 1 10.52 2.40 189 330.31 6.17 0.014

Season 1 0.25 < 0.06 188 330.07 0.14 0.705

Year 1 11.26 2.57 187 318.81 6.60 0.011

Total explained 5 118.18 63.66        

Land birds δ13C              

Null model              

Main effects       242 1732.4    

Guild 4 140.79 8.12 238 1591.6 5.88 < 
0.001

Area 1 2.05 0.11 237 1589.6 0.34 0.559

Season 1 37.38 2.15 236 1552.2 6.25 0.013

Year 1 6.31 0.36 235 1545.9 1.05 0.306

Habitat 3 59.03 3.23 232 1486.8 3.29 0.021
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Figures

Figure 1

Map of the study area on Marinheiros Island, showing the colony and control points

Figure 2

Source of
variation

df Deviance %
explained

df of
residuals

Residual
deviance

F P

Area:Season 1 104.84 6.05 231 1382.0 17.52 < 
0.001

Total explained 11 350.38 20.02        
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Stable isotope values of δ15N in soil, vegetation, invertebrates, and blood of land birds from the colony
and control environments during the summer and winter seasons. Values indicate the mean (central bars)
and standard deviation (rectangles), with minimum and maximum values (outer lines)

Figure 3

Stable isotope values of δ13C in soil, invertebrates, and blood of land birds from the colony and control
environments during the summer and winter seasons. Values indicate the mean (central bars) and
standard deviation (rectangles), with minimum and maximum values (outer lines)

Figure 4

Mean and standard deviation of δ15N and δ13C values of omnivorous, omnivorous-detritivorous and
carnivorous invertebrates and blood of omnivorous and insectivorous birds in the colony and control
environment during summer (A, B) and winter (C, D), and potential food sources

Figure 5

Probability of assimilation of estuarine sources in colony and control areas during summer and winter
seasons by local consumer

Supplementary Files

This is a list of supplementary �les associated with this preprint. Click to download.

SupplementarymaterialMsCaseiroSilva.docx

https://assets.researchsquare.com/files/rs-1435847/v1/f319644eef152a5b26986be3.docx


Page 24/24


