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Abstract
Human-induced rapid environmental change (HIREC) has altered landscape processes and negatively impacted many species 
globally. Some of the most dramatic changes have been in wetlands where flows have been disrupted, and new wetlands have 
been created to retain runoff. In response to disrupted natural wetland conditions, Wood Stork (Mycteria americana) popula-
tions in South Florida have significantly declined over the past several decades. Despite the well-documented sensitivity of 
Wood Storks to natural wetland conditions, Wood Storks are often observed foraging in roadside created wetlands; however, 
the availability of prey in created wetlands is currently unknown. We sampled natural and created wetlands to determine 
aquatic fauna available for foraging Wood Storks. To determine prey use, we collected food boluses from Wood Storks in 
both natural wetland and urban landscapes. Historical studies found nonnative fish were absent in Wood Stork diet prior to 
the dominance of created wetlands in the landscape; however, we found nonnative fish frequently in both created wetlands 
and boluses. Furthermore, urban nesting Wood Storks consumed large-bodied prey species that were more characteristic of 
created wetlands whereas Wood Storks nesting in natural wetlands consumed large-bodied prey more characteristic of natural 
wetlands. Overall, Wood Storks consumed prey that were more similar to the fish community in created wetlands than those 
in natural wetlands. These dietary patterns suggest that Wood Storks have behavioral plasticity in both foraging habitat and 
prey use to cope with HIREC. Conservation efforts for species existing in both natural and urban habitats should consider 
the importance of novel prey and foraging habitats, as they may assist in sustaining populations in a rapidly changing world.
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Introduction

Human-induced landscape changes are negatively impact-
ing species globally (Baronsky et al. 2011). While all species 
deal with some form of environmental uncertainty, human 
manipulation of the environment has created novel conditions 
and more rapid rates of environmental change than many spe-
cies have been exposed to in their evolutionary past (Palumbi 

2001; Sih et al. 2011; Wong and Candolin 2015). These rapid, 
human-caused changes are referred to collectively as human-
induced rapid environmental change (HIREC), and include 
habitat loss and degradation, introduction of nonnative species, 
pollution, overharvesting, and climate change (Sih et al. 2011).

Whereas most species struggle to cope with these changes, 
other species remain stable or even thrive in response to HIREC 
(Lopéz-Sepulcre and Kokko 2012; Wong and Candolin 2015). 
The options for species responding to HIREC include adaption 
through genetic change, dispersal, or change through pheno-
typic plasticity (Williams et al. 2008; Wong and Candolin 2015). 
Given the limited opportunities for dispersal or adaptation (Sih 
2013; Snell-Rood 2013; Wong and Candolin 2015), phenotypic 
plasticity can act as a key mechanism through which species deal 
with rapid environmental change (Sol et al. 2013) and is often 
the first indicator of a species response to HIREC (Wong and 
Candolin 2015). The ability to readily modify behavior increases 
the probability that at least some individuals will successfully 
reproduce and survive in habitats with high environmental 
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variation (natural or human-induced), leading to a strong selec-
tion for behavioral plasticity (Wong and Candolin 2015).

There are several measures that quantify behavioral responses 
to HIREC. Behavioral flexibility can be expressed as changes 
in habitat use (Van Houtan et al. 2007), phenology (Gienapp 
2012), communication (Rosenthal and Stuart-Fox 2012), or even 
diet (Brousseau et al. 1996; Klassen and Gawlik 2018). Given 
that many species are food limited (Lack 1954), a dietary shift 
can act as an indicator for behavioral flexibility in a popula-
tion. Whereas HIREC may lead to species encountering dietary 
opportunities that they have not encountered in their evolution-
ary past, choosing a novel prey species may be maladaptive. A 
maladaptive response may include consuming prey items of low 
quality (Grémillet et al. 2008) or prey high in toxins (Oaks et al. 
2004), whereas an adaptive dietary response may include new 
high quality prey species (Cattau et al. 2016) or anthropogenic 
foods ( Ruffino et al. 2014) that are more abundant or predictable 
than natural food sources.

Wood Storks (Mycteria americana; hereafter referred to as 
“storks”) in South Florida provide an opportunity to study a food 
limited species and its dietary response to HIREC. As tactile 
foragers, storks require areas with a high density of prey that 
can be easily captured to successfully forage and initiate nesting 
(Kahl 1964; Ogden 1994). The Everglades, a seasonally pulsed 
subtropical wetland, is characterized by wet and dry seasons 
which together provide the mechanism to produce high prey 
concentrations (Kahl 1964; Kushlan 1976; Loftus and Kushlan 
1987; DeAngelis et al. 2010). Unpredictable increases in water 
levels during the dry season can cause prey to disperse out of 
concentrated pools. These reversals reduce prey availability for 
storks, which require certain water depths to forage optimally 
(Kahl 1964; Gawlik 2002). Because storks require specific for-
aging conditions to meet the high caloric demands of nesting, 
prey availability is considered a limiting factor (Frederick and 
Spalding 1994; Gawlik 2002).

In response to habitat loss and degradation of the Everglades, 
stork populations in South Florida declined and the species was 
listed as Endangered in 1984 (USFWS 1996). Along with the 
loss and degradation of the natural wetland system, created wet-
lands were introduced to the South Florida landscape, further 
altering natural wetland hydroperiods (King et al. 2004), and in 
some cases, creating deep water habitats that were previously 
uncommon (Gunderson and Loftus 1993). In response to these 
human-induced landscape changes, storks reduced nesting in 
coastal areas and shifted the onset of their nesting from Novem-
ber to February, giving adults limited time to fledge young 
before the onset of the wet season when prey are again dispersed 
(Frederick et al. 2009). In years when the wet season begins 
early, or dry season rain events reverse the drying pattern and 
raise water levels, nestlings either do not fledge (Ogden 1994; 
Nuttle 1997) or have low survival (Borkhataria et al. 2012). Con-
sequently, natural wetland colonies in South Florida have had 
minimal stork recruitment (Borkhataria et al. 2012). However, in 

recent decades storks have expanded their range northward and 
increased nesting in urban areas in South Florida (Gawlik 2000). 
In 2014, Wood Storks were down-listed to Threatened as the 
total breeding population increased (USFWS 2015). In South 
Florida, the core area of stork nesting, the breeding population 
has not reached standard recovery levels (USFWS 2014).

Despite the well-documented sensitivity of storks to changes 
in foraging conditions and human disturbance (Rodgers and 
Smith 1995; Rodgers and Schwikert 2002), storks are often 
observed foraging in roadside created wetlands such as canals 
and swales, suggesting these features provide foraging habitat. It 
is not clear the extent to which created wetlands may be replacing 
natural wetlands for stork use. These anthropogenic features may 
provide more stable hydroperiods, higher secondary productivity 
through nutrient subsidies, and open edges for foraging where 
fish seek refugia from deep water predators (Fidorra et al. 2016). 
Additionally, created wetlands are thought to be the mechanism 
in which nonnative fish populations are introduced and spread 
into the natural wetland system (Shafland et al. 2008; Kline 
et al. 2014). Canals in particular are favorable habitat for large-
bodied and nonnative fishes because of deep water and warmer 
temperatures, thus providing refugia during drought and cold 
stress conditions (Shafland and Pestrak 1982; Trexler et al. 2000; 
Schofield et al. 2010). Moreover, urban nesting storks in South 
Florida increase their dietary breadth during poor natural wetland 
conditions (Evans and Gawlik 2020). This suggests that there is 
available foraging habitat outside of the natural wetland system 
which may provide storks with more predictable prey availability 
when conditions in natural wetlands are unpredictable.

Since storks are limited by the timing, abundance, and 
availability of food, a shift in their diet could indicate some 
form of behavioral plasticity in response to HIREC. A recent 
study found that storks in South Florida were consuming 
large-bodied (e.g., centrarchids and ictalurids) and nonna-
tive fish species (e.g., cichlids; Klassen and Gawlik 2018). 
This differed from an earlier prey composition study (Ogden 
et al. 1976) in which storks were found to consume primar-
ily small-bodied (< 2 cm), native wetland fish. At the time 
of the early study, created wetlands were not as prevalent as 
they are today, and fewer nonnative fishes were documented 
in South Florida. Klassen and Gawlik (2018) proposed that 
storks may have shifted to using created wetlands during 
the breeding season, given the presence of large-bodied and 
nonnative species in the diet. To test this hypothesis, we: 1) 
quantified the use of prey from created wetlands and 2) deter-
mined the degree of diet differences between storks that nest 
in the historical, natural wetland landscape and storks that 
nest in the urban landscape. Specifically, we predicted that 
prey composition in created wetlands will most resemble the 
prey consumed by storks, and that large-bodied and nonna-
tive fishes are most characteristic of the deep water created 
wetlands (i.e. permanently inundated stormwater ponds and 
canals). Furthermore, we expected that storks nesting in urban 
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areas would most likely consume prey that was most similar 
to what was found in created wetlands.

Methods

Study area

We conducted our study in the freshwater Everglades and adja-
cent urban areas in South Florida from 2014-2017. Wetland 
vegetation includes sawgrass (Cladium jamaicense), spikerush 
(Eleocharis spp.), maidencane (Panicum hemitomon), bladder-
wort (Utricularia spp.) and water lily (Nymphaea odorata). Tree 
islands , where storks nest, are dominated by willow (Salix spp.), 
cypress (Taxodium spp.), and pond apple (Annona glabra). The 
Everglades system borders expansive urban development on its 
eastern edge. Study sites included similar native wetland and tree 
island community vegetation in addition to nonnative vegetation 
such as hydrilla (Hydrilla verticillata), water hyacinth (Eich-
hornia crassipes), water lettuce (Pistia stratiotes), Brazilian pep-
per (Schinus terebinthifolius), and Australian pine (Casuarina 
spp.). Hydrologic conditions were variable during the study 
period. 2014 and 2015 began with moderate water levels with 
a steady water level recession; however, there were increases 
in water levels throughout the breeding season which allowed 
stork prey to disperse from concentrated pools. In 2016 South 
Florida experienced unseasonably high dry season rainfall with 
a minimal water level recession, which resulted in few pools 
of concentrated prey for foraging storks. Conversely, in 2017 
the region had below average dry season rainfall, allowing for a 
steady water level recession throughout the dry season, resulting 
in pools of concentrated prey to support breeding storks.

Prey use

We collected food boluses (stomach regurgitations) from 
nestling storks at two long-used natural wetland nesting colo-
nies (Paurotis Pond: 25.2817, -80.8015 and Tamiami West: 
25.7557, -80.5443) in Everglades National Park during the 
2014-2017 breeding seasons (approximately March through 
June). Paurotis Pond is surrounded by brackish water near 
the southern tip of Florida whereas Tamiami West is located 
~60 km north in the freshwater interior of the Everglades. We 
did not collect boluses from Tamiami West in 2016 because 
no storks nested in the colony, likely because of suboptimal 
hydrologic conditions in the natural wetland system. In addi-
tion to natural wetland colonies, we collected boluses at three 
urban colonies during the 2015-2017 breeding seasons. Grif-
fin (26.0637, -80.3665) and Sawgrass (26.1498, -80.3377) 
colonies are located within urban Broward County and Bal-
lenIsles colony (26.8301, -80.1092) is located further north 
within urban Palm Beach County.

We visited each colony one or two times per week during the 
breeding season. Nestlings often regurgitate in the presence of 
humans; however, in the event a targeted nestling did not vol-
untarily regurgitate, we gently massaged its throat to encourage 
regurgitation. Once a nestling regurgitated, we left an approxi-
mately equal mass of small fish in the nest to compensate for 
loss of bolus contents. Storks readily consume regurgitated fish 
from the nest bowl (BAE personal observation), so our collection 
methods did not reduce the amount of food provided to nestlings. 
The majority of boluses were collected from chicks between 7 
and 28 days with only 12% of boluses collected from chicks > 
28 days (i.e. 29-70 days). For the duration of the sampling trip, 
we placed all bolus contents in a labeled plastic bag stored on ice. 
After collection, samples were poured through a 0.6 micrometer 
mesh net and rinsed with water. We identified all prey to the 
lowest possible taxonomic level (usually species), weighed to 
the nearest 0.01 g, measured to the nearest millimeter, and noted 
whether each piece represented a partial or whole prey species. 
Body length is reported as standard length for fish species and 
total length for invertebrates.

Natural wetland prey availability

To determine prey availability to storks in natural wetlands, we 
sampled aquatic fauna during the stork breeding season across 
the Everglades as part of a companion study. The companion 
study measured dry season aquatic prey composition and bio-
mass density in wetlands annually since 2005 (see Botson et al. 
2016). Prey were sampled with a throw trap, a 1-m2 box with 
mesh sides and an open top and bottom (Jordan et al. 1997).  
Throw traps are the preferred method of sampling fish in vegetated 
habitats found in the Everglades (Jordan et al. 1997), allowing for 
an accurate estimate of the density of prey available to storks.

Created wetland prey availability

We sampled four created wetland types: swales, canals, per-
manently inundated stormwater ponds, and ephemeral storm-
water ponds. We randomly identified created wetlands from a 
digitized map and selected them after to determine whether they 
were accessible to foraging storks. To account for the diversity 
of potential stork foraging habitat outside the natural wetland 
system, we sampled aquatic fauna along major roadways within 
the three major landscape cover types (herbaceous wetland, for-
ested wetland, urban) in the region. Within each major landscape 
cover type, we sampled three sites for each created wetland type, 
resulting in a total of 36 sites.

No single sampling gear is effective across the wide structural 
range of created wetlands that were part of the study. Thus, we 
used throw traps to sample ephemeral ponds and swales and used 
modified Gee’s G-40 minnow traps to sample permanently inun-
dated ponds and canals. The trap modification was to increase the 
opening size to a 10-cm tall vertical oval allowing for the capture 
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of wide-bodied fish that might inhabit the deep water. Minnow 
traps were arranged as an array that bisected a canal (short axis) 
or pond. Each array began and ended with a trap placed near the 
shoreline to capture fish in shallow water where storks would 
most likely forage. In the interior of a pond or canal, the array 
contained a series of three equally spaced traps suspended verti-
cally from the bottom to the surface, with the number of traps 
determined by the depth of the canal or pond. For instance, deep 
canals or ponds (depths > 1.5 m) consisted of three traps: one 
just below the water surface, one resting on the substrate, and one 
equal distances between the two traps. For intermediate canal or 
pond depths (1.0 to 1.5 m), each trap series included two traps: 
one just below the water surface, and one resting on the substrate. 
For shallow canal or pond depths (< 1.0 m), each trap series 
included only one trap resting on the substrate. To allow time 
for aquatic fauna to enter the traps, we left the minnow traps in 
place for ~24 h before we collected and removed trap contents.

For all samples, we transferred captured fauna directly to jars 
containing a solution of water and tricaine methanesulfonate (MS 
222; 300 mg-L). We identified all prey to the lowest possible tax-
onomic level (usually species), weighed to the nearest 0.01 g, and 
measured to the nearest millimeter. Body length is reported as 
standard length for fish species and total length for invertebrates.

Sampling method efficacy

To test for sampling bias between the two trap types, we paired 
throw traps with modified minnow traps at 10 random sites in 
natural wetlands during the 2017 breeding season. Both throw 
trap and minnow trap sampling sites were in areas of shallow 
water and sparse vegetation. We placed minnow traps at least 
10 m from throw trap sampling sites to avoid any disturbance. 
We left minnow traps in place for ~24 h before we collected and 
removed trap contents.

We used PRIMER 7 to conduct multivariate techniques 
derived from Bray-Curtis similarities to determine sampling 
similarity (Clarke and Gorley 2015). We calculated total bio-
mass of each prey species found within each sample point. 
Each sample point is representative of an array of throw trap or 
minnow-trap samples at a given random site in the natural wet-
land type. We used a square-root transformation which allows 
for a greater contribution of rare species (Clarke and Green 
1988). We ran a one-way analysis of similarities test (ANO-
SIM) to determine if prey composition varied between sam-
pling methods. ANOSIM analyses include an R statistic which 
is based on rank similarities. An R statistic value near zero 
suggests that similarities are the same within and among groups 
whereas an R statistic value near one suggests that samples 
within groups are more similar to each other than to samples in 
other groups (Clarke and Gorley 2015). Since the p-value can 
be strongly influenced by the number of permutations required 
by the analysis, both the R statistic and p-value should be used 

when analyzing results (Clarke and Gorley 2015). Additionally, 
we used non-metric multidimensional scaling (NMDS) plots 
derived from a Bray-Curtis dissimilarity matrix to provide a 
visual representation of the prey composition dissimilarities or 
similarities between sampling methods. The overall low R sta-
tistic (ANOSIM Global R = 0.02) and corresponding p-value (P 
= 0.31) suggest that prey composition did not vary significantly 
between minnow trap and throw trap samples within the natural 
wetland (Supplementary Materials, Fig. S1).

We also generated rarefaction curves to investigate bias in our 
sampling methods (e.g., Ishiyama et al. 2016). We used extrapo-
lation of a sample-based rarefaction curve where the plateau of 
the curve represents estimated species richness (Cowell et al. 
2012; Chao et al. 2014). A large difference between the observed 
and estimated species richness suggests that the sampling method 
was inadequate with a high probability of species bias. We gen-
erated rarefaction curves using the iNEXT package (Hsieh et al. 
2016) in R 3.4.2 (R Development Core Team 2017). The differ-
ence between the observed and estimated species richness within 
each wetland type was small across all wetland types, with each 
sampling method accounting for >80% of the estimated species 
richness within a particular wetland type (Supplementary Materi-
als, Fig. S2). This suggests that the sampling methods we used 
were acceptable for capturing fish communities across wetland 
types in our study area despite the different sampling methods.

Statistical analyses

To determine prey composition of aquatic fauna consumed 
by storks, we used the same nonparametric multivariate tech-
niques as previously described. To analyze prey consumption 
patterns at the colony level and improve visual representa-
tion in NMDS plots, we combined bolus samples collected 
from the same colony on the same date. Each sample point 
was representative of prey communities consumed by storks 
spatially (colony location) and temporally (sample date).

To determine prey available to storks from created and 
natural wetlands, we used similar nonparametric multivariate 
techniques. For natural wetland sites, we included only throw 
trap samples that occurred within 74 km of each colony, the 
maximum foraging distance observed for storks in our study 
area (Herring and Gawlik 2011). For created wetland types, 
we included all sites regardless of distance from colony, as 
our sample size was limited (n = 36) and we were restricted 
geographically to sites near major roadways. However, four of 
the five colonies sampled had created wetland study sites well 
within the 74 km foraging radii. We also found that within each 
created wetland type (i.e. canals, permanently inundated ponds, 
ephemeral ponds, and swales), aquatic fauna assemblages did 
not vary geographically (urban, forested wetland, herbaceous 
wetland), supporting the inclusion of all sampled created wet-
lands. We only included throw trap and minnow trap samples 
from created and natural wetlands that were collected within the 

Urban Ecosystems (2022) 25:705–718708



1 3

same data range as bolus samples for each year. To analyze prey 
available in natural wetlands and improve visual representation 
in NMDS plots, we combined samples from the same site on 
the same day. Similarly, to analyze prey available in created 
wetlands and improve visual representation in NMDS plots, we 
combined created wetland samples by site and year.

To determine how stork prey consumption relates to prey 
availability in created and natural wetlands, we used NMDS 
plots to examine the overlap of stork prey and prey available 
in created and natural wetlands. We used an ANOSIM anal-
ysis to determine if there was a statistical difference among 
bolus, natural wetland, and created wetland samples. If there 
was a statistical difference, we performed a SIMPER analysis 
to determine which prey species were driving the differences 
between samples. In addition, we used a Kruskal-Wallis test 
to compare prey lengths found within stork boluses to aquatic 
fauna prey lengths available in natural and created wetlands (R 
Development Core Team 2017).

To compare prey consumption of natural wetland and 
urban nesting storks we used the same multivariate tech-
niques described previously. Additionally, we used a Wil-
coxon rank-sum test to compare prey lengths between storks 
nesting in urban and natural wetlands (R Development Core 
Team 2017). The effect of the values reported are mean ± SE.

Results

We collected a total of 753 boluses from stork nestlings (Tami-
ami West n = 164, Paurotis Pond n = 190, BallenIsles n =172, 
Griffin n = 177, and Sawgrass n = 50) from the 2014-2017 
nesting seasons. Average prey length (mean ± SE) across 
colonies was 5.0 ± 0.4 cm and average prey weight (mean 
± SE) was 6.2 ± 0.4 g. The low global R statistic (ANOSIM 
Global R = 0.12) suggested only minor prey composition dif-
ferences across colonies (P = 0.001). Similarly, a low global R 
statistic (ANOSIM Global R = 0.01) implied only minor prey 
composition differences across years (P = 0.001).

The most commonly consumed prey items by storks were 
spotted sunfish (Lepomis punctatus), African jewelfish (Hemi-
chromis letourneuxi), warmouth (L. gulosus), mosquitofish 
(Gambusia holbrooki), dollar sunfish (L. marginatus), and sailfin 
molly (Poecilia latipinna), accounting for 71% of all prey items 
consumed (Supplementary Materials, Table S1). Species contrib-
uting most to the overall prey biomass found within stork boluses 
included spotted sunfish, warmouth, African jewelfish, dollar 
sunfish, brown bullhead (Ameiurus nebulosus), and grass carp 
(Ctenopharyngodon idella), accounting for 46% of total prey 
biomass. Nonnative species accounted for 17% of all prey items 
and 14% of the total biomass found within stork boluses. The 
range of nonnative species in stork diet varied by colony and year 
with the most nonnative prey species (64%) found within boluses 
from Paurotis Pond in 2016. Large-bodied (e.g., centrarchids and 

ictalurids) fish species accounted for 65% of all prey items and 
88% of the total biomass (see Supplementary Materials, Table S1 
for species categorized as nonnative or large-bodied).

To characterize prey available to storks in natural wetlands, we 
used a total of 310 throw traps (2014 n = 108, 2015 n = 4, 2016 
n = 107, 2017 n = 91). The low sample size in 2015 did not bias 
prey availability in natural wetlands as aquatic faunal communi-
ties as the global R statistic (ANOSIM Global R = 0.12) indi-
cated similarity across samples with only minor differences (P 
= 0.001). Average prey length across natural wetlands was 1.60 
± 0.01 cm and average prey weight was 0.16 ± 0.01 g. Aquatic 
faunal communities in natural wetlands were similar (ANOSIM 
Global R = 0.09) within the foraging radii (74 km) of all colonies 
with only minor differences (P = 0.001). The most common spe-
cies in natural wetland samples were grass shrimp (Palaemonetes 
paludosus), bluefin killifish (Lucania goodei), mosquitofish, and 
least killifish (Heterandria formosa), accounting for 36% of all 
prey items (Supplementary Materials, Table S1). Grass shrimp, 
crayfish (Procambarus spp.), bluefin killifish, mosquitofish, sail-
fin molly, and spotted sunfish, contributed 53% to overall prey 
biomass. Nonnative species accounted for 0.5% of all prey items 
and contributed 3% to the overall biomass. Large-bodied prey 
species (i.e. centrarchids and ictalurids) accounted for 1% of all 
prey items and contributed 11% to the overall biomass.

A total of 51 throw traps and 1,259 minnow traps were used to 
characterize aquatic fauna available to storks in created wetlands 
from 2014-2016. More minnow traps were necessary at perma-
nently inundated created wetlands as these sites are larger and 
deeper and the sampling method relies on prey species actively 
encountering the trap. Created wetlands were not sampled during 
the 2017 season; however, during sampled years, prey composi-
tion of sites was similar with very minor differences (ANOSIM 
Global R = 0.01, P = 0.02). Average prey length across created 
wetlands was 2.2 ± 0.01 cm and average prey weight was 0.6 
± 0.1 g. Prey composition was similar across months sampled 
with minor differences (ANOSIM Global R = 0.01, P = 0.001). 
The most common species found in created wetlands were least 
killifish, grass shrimp, mosquitofish, and tadpoles (Anura spp.), 
accounting for 44% of all prey items (Supplementary Materials, 
Table S1). Mayan cichlids (Cichlasoma urophthalmus), African 
jewelfish, bowfin (Amia calva), mosquitofish, crayfish, and war-
mouth, contributed 43% to the overall biomass. Nonnative spe-
cies contributed to 5% of the available prey and accounted for 
33% of the available biomass in created wetlands. The majority 
of nonnative species were found in permanently inundated ponds 
and canals (95%). Large-bodied prey contributed to 80% of avail-
able prey and accounted for 65% of the overall biomass. Simi-
larly, large-bodied prey were found most frequently in perma-
nently inundated ponds and canals having the most large-bodied 
prey items (99%) of all created wetland types.

Overall, prey composition differed significantly between stork 
boluses and prey available in natural and created wetlands (ANO-
SIM Global R = 0.67, P = 0.001; Fig. 1a). Prey composition 
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Fig. 1   (a) NMDS ordination 
of prey biomass depicting prey 
composition of stork boluses 
collected in urban and natural 
wetland colonies, prey available 
in natural wetlands, and prey 
available in ephemeral and 
permanently inundated created 
wetlands, South Florida, 2014-
2017. (b) Biomass of nonna-
tive fish are superimposed on 
the samples to indicate the 
relative biomass of nonna-
tive prey in boluses, and in 
natural and created wetlands, 
South Florida, 2014-2017. (c) 
Biomass of large-bodied fish are 
superimposed on the samples to 
indicate the relative biomass of 
large-bodied prey in boluses and 
created and natural wetlands, 
South Florida, 2014-2017. 
Larger circles indicate samples 
of relatively more biomass of 
large-bodied prey
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was most dissimilar between stork boluses and natural wetlands 
(ANOSIM R = 0.75, P = 0.001). The high occurrence of grass 
shrimp and bluefin killifish within natural wetlands was respon-
sible for most of the dissimilarity between natural wetland prey 
availability and stork boluses. Stork boluses were most similar 
to prey available in created wetlands with moderate differences 
(ANOSIM R = 0.43, P = 0.001). Stork boluses were most similar 
to permanently inundated created wetlands (ANOSIM R = 0.46, 
P = 0.001) than to ephemeral created wetlands (ANOSIM R = 
0.77, P = 0.001). Additionally, boluses collected from urban col-
onies were most similar to samples from permanently inundated 
created wetlands with minor differences (ANOSIM R = 0.38, P 
= 0.001). The majority of the dissimilarity between prey com-
position of natural wetland and stork boluses was driven by the 
dominance of large-bodied (Fig. 1b) and nonnative prey (Fig. 1c). 
Additionally, prey lengths differed significantly between stork 
bolus samples and prey available in created and natural wetlands 
(χ2=12,565, P < 0.001; Supplementary Materials, Fig. S3). Prey 
found within stork boluses were significantly larger than prey 
available in created and natural wetlands, and prey in created 
wetlands were significantly larger than prey in natural wetlands 
(Supplementary Materials, Fig. S3).

Of the 753 boluses collected, 354 were from storks nesting 
in natural wetlands (hereafter referred to as “wetland storks”) 

and 399 were from storks nesting in urban areas (hereafter 
referred to as “urban storks”). The low global R statistic 
(ANOSIM Global R = 0.29, P = 0.001) suggested moderate 
prey composition differences between urban and wetland stork 
boluses (Fig. 2). Sunfish dominated boluses of both wetland 
and urban storks (Fig. 3a); however, sunfish species varied 
(Fig. 3b). Spotted sunfish contributed the most to the large-
bodied prey biomass of wetland storks whereas warmouth 
contributed the most to large-bodied prey biomass of urban 
storks. Similarly, the nonnative fish species consumed differed 
between urban and wetland storks (Fig. 3c). African jewelfish 
comprised the largest nonnative biomass in boluses of wetland 
storks (Fig. 3c), whereas blue tilapia (Oreochromis aureus) 
and Mayan cichlids contributed the most to overall nonna-
tive prey biomass of urban storks (Fig. 3c). Additionally, fish 
present in boluses of wetland storks were significantly larger 
than boluses of urban storks (W=29,260, P < 0.001).

Given the prey composition differences between urban and 
wetland storks, we examined where the different nonnative 
and large-bodied prey species occurred in created and natu-
ral wetland prey availability samples. African jewelfish were 
found in both created and natural wetlands (Fig. 4a) whereas 
Mayan cichlids were predominantly found in created wetlands 
(Fig. 4c). Blue tilapia and grass carp were not consistently 

Fig. 2   NMDS ordination of prey biomass depicting prey composition of urban and natural wetland storks, South Florida, 2014-2017
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Fig. 3   (a) Frequency of prey 
species within urban and wet-
land stork boluses, South Flor-
ida, 2014-2017. (b) Frequency 
of sunfish species within urban 
and wetland stork boluses, 
South Florida, 2014-2017. (c) 
Frequency of nonnative species 
within urban and wetland stork 
boluses, South Florida, 2014-
2017
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present in either created or natural wetlands (Fig. 4b, d). For 
large-bodied prey, we found that spotted sunfish were more 
characteristic of the prey communities within natural wet-
lands, suggesting that wetland storks may be obtaining these 
prey from the natural wetlands (Fig. 5a). Furthermore, we found 
that warmouth were more characteristic of the prey communi-
ties within created wetlands, suggesting that urban storks may 
be obtaining these species from created wetlands (Fig. 5b).

Discussion

One of the challenges for large-bodied piscivores feeding 
in shallow wetlands that frequently dry and therefore favor 
small-bodied fish, is to find prey that are large enough to be 
energetically profitable. This is particularly true for birds, 

such as storks that are active foragers. Mean prey length 
in the Everglades was only 2.2 cm, so it was not surprising 
that storks in our study selected prey larger than what was 
available in the natural wetland landscape, which is consist-
ent with earlier studies in South Florida (Ogden et al. 1976; 
Klassen and Gawlik 2018) and in other regions (Depkin 
et al. 1992; Ramo and Busto 1992; González 1997; Bryan 
and Gariboldi 1998).

More striking was the dramatic increase since the 1970s 
(Ogden et al. 1976) in proportion of nonnative fish in stork 
diets, first reported in Klassen and Gawlik (2018). Nonna-
tive species comprised < 1% of prey composition in natural 
wetlands but now compose 15% of the fish biomass in stork 
diets. Furthermore, in 2016, wetland stork diet was domi-
nated (> 60%) by nonnative fish. This pattern suggests storks 
had extremely strong selection for nonnative fish in natural 

Fig. 4   (a) NMDS ordination of African jewelfish biomass in stork 
boluses, and in created and natural wetlands, South Florida, 2014-
2017. (b) NMDS ordination of blue tilapia biomass in stork boluses, 
and in created and natural wetlands, South Florida, 2014-2017. (c) 
NMDS ordination of Mayan cichlid biomass in stork boluses, and in 
created and natural wetlands, South Florida, 2014-2017. (d) NMDS 

ordination of grass carp biomass in stork boluses, and in created and 
natural wetlands, South Florida, 2014-2017. Biomass of above non-
native species are superimposed on the samples to indicate the rela-
tive biomass of these species in boluses, and in created and natural 
wetlands. Larger circles indicate samples of relatively more biomass 
of specified nonnative species
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wetlands or that they were taking nonnative fish in other 
habitats. We also considered the alternate hypothesis that 
the apparent selectivity for nonnative fish was an artifact 
of sampling bias. However, in a test of bias between our 
two sampling methods (throw traps and minnow traps) at 
10 sites, we found no difference in the prey composition, 
suggesting that sampling gear bias is not a likely explanation 
for the recent increase in consumption of nonnative fishes 
by storks.

There is some support for the hypothesis that the increase 
in proportion of nonnative fish in stork diets is because of the 
increase in anthropogenic deep-water habitats in the land-
scape. The vast system of canals throughout the Everglades 
has facilitated the spread of nonnative fish from the urban 
landscape into the natural wetland system (Shafland et al. 
2008; Kline et al. 2014). We found that the prey available in 
created wetlands was dominated by both large-bodied and 
nonnative species similar to the species storks consumed. 
Permanently inundated features, such as large ponds and 
canals had a higher abundance of nonnative and large-bodied 
species than did ephemeral created wetlands (i.e. swales and 
ephemeral ponds). Canals in particular were dominated by 
large-bodied and nonnative fish species because of deep water 
and warmer temperatures, providing refugia during drought 
and cold stress conditions (Shafland and Pestrak 1982; Loftus 
and Kushlan 1987; Trexler et al. 2000; Rehage and Trexler 
2006). Furthermore, we often observed storks foraging along 
roadways in created wetlands (Gawlik et al. 2017), supporting 
the hypothesis that large-bodied and nonnative prey found 
within stork boluses are from created wetlands.

Given the proximity of urban colonies to created wet-
lands, we expected that urban storks would have a higher 
proportion of large nonnative prey species in their diet than 
did wetland storks. However, the opposite was true. This was 
because the nonnative fish in the diets of wetland storks were 
mostly comprised of the African jewelfish (97% of nonna-
tives in Paurotis Pond, 73% of nonnatives in Tamiami West), 
a  particularly successful invader in the coastal regions of 
the natural wetland system (Shafland et al. 2008; Langston 
et al. 2010; Kline et al. 2014). In contrast, the portion of non-
native fish in the diet of urban storks was distributed across 
more species, and those species were commonly found in 
urban areas.

We also observed differences in the species of native 
large-bodied fish consumed by urban and wetland storks. 

Wetland storks primarily consumed spotted sunfish, which 
were  most prevalent in natural wetlands. Urban storks con-
sumed more warmouth, which were  most prevalent in cre-
ated wetlands. This pattern suggests that storks may be tak-
ing these species in proximity to their nesting sites. A key 
knowledge gap is the extent to which storks from both types 
of colonies rely on natural and created wetlands during the 
breeding season.

Urban and wetland storks also differed based on the pro-
portion of native, small-bodied fish in their diets. Urban 
storks consumed a higher proportion of native, small-bodied 
fish species, driving the smaller prey length distribution 
observed in the urban stork diet. It is unclear if urban storks 
are consuming these small-bodied fish from created or natu-
ral wetlands. It is important to note that all urban stork colo-
nies were located within 10 km of the natural wetland system, 
well within the 74-km foraging radii for storks. Given the 
proximity of the urban system to the natural wetland system, 
urban storks have the benefit of foraging in natural wetlands 
when hydrologic conditions are good and using urban habi-
tats as a buffer when conditions in the natural wetlands are 
poor (Evans and Gawlik 2020).

Not only did urban storks include different prey species 
in their diet, but urban storks also consumed human refuse, 
comprising 3% of the overall biomass. The use of human 
refuse is an increasingly common foraging strategy for many 
bird species (Tortosa et al. 2002; Dorn et al. 2011; Gilbert 
et al. 2016; Plaza and Lambertucci 2017). Moreover, storks 
in our study use human refuse more frequently when natu-
ral wetland conditions are suboptimal (Evans and Gawlik 
2020). Whereas it is not clear if storks are obtaining these 
food items from garbage receptacles, landfills, or they are 
being fed intentionally by humans, it does provide evidence 
of further dietary flexibility of the species.

Overall, the results of our study suggest that storks have 
some form of behavioral plasticity in the choice of both for-
aging habitat and prey species in response to HIREC. Behav-
ioral plasticity is also the likely mechanism that produced a 
relatively smaller drop in productivity for urban storks than 
storks nesting in natural wetlands when hydrologic condi-
tions were poor (Evans and Gawlik 2020). In poor hydro-
logic years, when prey are not effectively concentrated by 
fluctuating water levels, storks may rely on created wetlands 
as they are more predictable because they rarely dry. How-
ever, it is important to note that other consequences of using 
these novel environments are unknown. Created wetlands 
may provide storks with more predictable food sources; 
however, these wetlands are frequently located within urban 
areas with intense anthropogenic activity (Tuomainen and 
Candolin 2011). Many of the created wetlands observed in 
this study were subject to frequent disturbance which may 
lead to an alteration in prey communities or accessibility 
to storks. Although our study did not quantify the degree 

Fig. 5   (a) NMDS ordination of spotted sunfish biomass in stork 
boluses, and in created and natural wetlands, South Florida, 2014-
2017. (b) NMDS ordination of warmouth biomass in stork boluses, 
and in created and natural wetlands, South Florida, 2014-2017. 
Biomass of spotted sunfish and warmouth are superimposed on the 
samples to indicate the relative biomass of sunfish and warmouth in 
boluses, and in created and natural wetlands. Larger circles indicate 
samples of relatively more biomass of spotted sunfish and warmouth

◂
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to which storks depend on created wetlands, the patterns 
of diet we documented suggest that created wetlands  are 
likely  important foraging areas for storks, and there-
fore should be considered in the management of the species.

The Wood Stork is just one example of a recent global 
increase in the use in anthropogenic resources by storks and 
other wetland bird species, possibly as a mechanism for cop-
ing with widespread impacts to wetlands around the world. In 
Europe, White Storks (Ciconia ciconia) were nearly extinct 
in the mid-1970s; however, the population has increased, and 
many have stopped migrating because of predictable anthro-
pogenic food sources (Tortosa et al. 2002; Massemin-Challet 
et al. 2006; Gilbert et al. 2016). Similarly, both Marabou Storks 
(Leptoptilos crumenifer) and Woolly-necked Storks (Ciconia 
microscelis) have begun to consume predictable anthropogenic 
food sources in parts of their range (Pomeroy and Kibuule 
2017; Thabethe and Downs 2018; Francis et al 2021). There 
are also other waterbird species that have responded to the 
introduction of novel prey items. Grey Herons (Ardea cinerea) 
have increased foraging and breeding because of the expansion  
of the introduced round goby (Neogobius melanostomus) in the 
Baltic Sea (Jakubas 2004). In Florida, the Everglade Snail Kite  
(Rostrhamus sociabilis plumbeus) has recently switched from 
consuming predominantly native apple snails to nonnative 
apple snail species (Reichert et al. 2011; Cattau et al. 2016). 
Whereas a switch in diet initially may benefit a population, it 
could also mask impacts. For example, Double-crested Cor-
morants (Phalacrocorax auritus) recently switched diets to 
include the nonnative round goby, which has less nutritional 
value than native prey (Van Guilder and Seefelt 2013).

Considering that so many avian species are exhibiting 
dietary shifts in response to HIREC, the relationship between 
HIREC and diet should be considered in the conservation 
efforts of many species, particularly those that are food lim-
ited. As natural wetlands continue to be degraded and lost, 
wetland birds will continue to be impacted unless they can 
exploit novel environments, such as created wetlands, the 
only category of wetland that increased in the latest assess-
ment of wetland trends (Dahl 2011). Although novel habi-
tats such as urban wetlands may pose risks, the importance 
of novel prey and foraging habitats to species that exist in 
both natural and urban habitats could be critical in sustaining 
populations in the face of a rapidly changing planet.
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