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Abstract: Seasonally inundated wetlands contribute to biodiversity support and ecosystem function
at the landscape scale. These temporally dynamic ecosystems contain unique assemblages of animals
adapted to cyclically wet—dry habitats. As a result of the high variation in environmental conditions,
wetlands serve as hotspots for animal movement and potentially hotspots of biogeochemical activity
and migratory transport of nutrient subsidies. Most amphibians are semi-aquatic and migrate
between isolated wetlands and the surrounding terrestrial system to complete their life cycle, with
rainfall and other environmental factors affecting the timing and magnitude of wetland export of
juveniles. Here we used a long-term drift fence study coupled with system-specific nutrient content
data of amphibians from two small wetlands in southeastern Georgia, USA. We couple environmental
data with count data of juveniles exiting wetlands to explore the controls of amphibian diversity,
production and export and the amphibian life-history traits associated with export over varying
environmental conditions. Our results highlight the high degree of spatial and temporal variability
in amphibian flux with hydroperiod length and temperature driving community composition and
overall biomass and nutrient fluxes. Additionally, specific life-history traits, such as development
time and body size, were associated with longer hydroperiods. Our findings underscore the key
role of small, isolated wetlands and their hydroperiod characteristics in maintaining amphibian
productivity and community dynamics.

Keywords: nutrient flows; cross-ecosystem material flows; stoichiometry; community dynamics;
species traits; life-history traits

1. Introduction

Isolated, seasonally inundated wetlands support biodiversity at a landscape scale [1,2].
These small, but often abundant wetlands are increasingly recognized for their contribu-
tions to landscape functions, including exchange of energy, materials, and organisms across
ecosystem boundaries [3-5]. Seasonally inundated wetlands contain unique assemblages of
species adapted to the rapidly changing conditions of these cyclically wet-dry habitats [6-8]
and these species use various mechanisms to persist when wetlands dry. Some species have
diapausing eggs or aestivate in the substrate (e.g., invertebrates; [9,10]), use burrows or
other refuges to persist within the wetland (e.g., invertebrates, alligators; [11,12]), whereas
other species move to perennial aquatic systems (e.g., turtles) or transform and move into
the terrestrial system during drying conditions (e.g., amphibians; [5,13]).

As a result of the high variation in environmental conditions and resulting movement
of many animals across ecosystem boundaries, wetlands serve as hotspots for animal
movement and potentially hotspots of biogeochemical activity and migratory transport
of nutrient subsidies [5,14,15]. For example, animal movement can be associated with the
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transport of nutrients by different means, including reproductive activities (egg deposi-
tion; [16]) or through annual (e.g., salmon; [17]) or diurnal movements (e.g., fish; [18]).
Nutrients from eggs and emigration of juveniles to adult habitats act as reciprocal nutrient
fluxes that may vary in magnitude temporally and spatially [19-22]. Even at fine spatial
and temporal scales, the movement of animals across habitat boundaries can provide
substantial nutrient subsidies, playing an important role in ecosystem functioning [23-25].

Animals with biphasic life cycles, such as amphibians, can facilitate nutrient flows
between aquatic and terrestrial ecosystems. While many amphibians are capable of moving
through the terrestrial system, most of the species that breed in seasonally inundated wetlands
are truly semi-aquatic, in that they inhabit terrestrial systems during the non-breeding season
and solely move to wetlands to breed [26,27]. Regardless of adult life-history, amphibian egg
and larval stages are aquatic, with larvae transforming to a terrestrial juvenile stage. Breeding
migrations of semi-aquatic amphibians can be large and result in large numbers of juveniles
emigrating to the surrounding terrestrial system, but the magnitude of the migrations can
vary greatly across wetlands and years [26,28]. Rainfall and other environmental factors
affect the timing and magnitude of export of juveniles, and species exhibit differences in life
histories, including breeding phenology, reproductive potential, and development period,
which influence the magnitude and timing of migrations [28,29]. As a result, the flux of
biomass and associated nutrients across systems via amphibians (including deposition of egg
masses, egg and larval mortality in the wetlands vs. export of juveniles) can be net positive or
negative [14,22]. However, generally metamorphosis and emigration of juveniles represents a
high-quality energy and nutrient subsidy to terrestrial ecosystems.

Most studies to date that have quantified amphibian export, have focused on a single
season [14,26] or species-poor communities with low variation in associated life-history
traits [22]. Our goal was to quantify amphibian diversity, abundance and biomass export
in two isolated wetlands using a long-term study in the biodiverse southeast USA. We then
combine our count and biomass data with data on tissue stoichiometry (C, N and P) of
late-stage larva of 11 species of salamanders and frogs (i.e., urodeles and anurans) collected
in another study [30] to generate estimates of the annual export for nutrients by amphibians
from the two wetlands. We also wanted to identify factors that influence the timing and
magnitude of amphibians exported from isolated wetlands as a first step to quantifying the
movements of amphibians and the nutrients they transport from wetlands to surrounding
upland landscapes. Therefore, we couple environmental data with count data of juveniles
to explore the controls of amphibian diversity, production and export and the amphibian
life-history traits that are associated with export over varying environmental conditions
(Figure 1A).

C, N, and P Export
via Amphibians

Environmental Characteristics . Amphibian Traits
Amphibian

Community
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Figure 1. Cont.
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Environmental Characteristics (annual = water year):

Wet vs dry (categorical)

Water present >80% of year= Wet; <80% of year= Dry (JC unpublished data)

Proportion of the year wetland had water The proportion of the water year in which the wetland staff gauge read above
zero.

Average square area inundated Average area (m?) of the wetland inundated with water during the water year

Total rainfall Total rainfall (mm) over the water year

Avg. temperature

Average temperature over the water year

Environmental Characteristics (monthly):

Proportion of the month the wetland had water The proportion of the month in which the staff gauge read above zero.

Average daily square area

Average area (m?) of the wetland inundated with water during the month

Length at emergence

Total rainfall Total rainfall (mm) that month
Average temperature Average temperature over the month
Abundance Counts of individuals captured exiting wetland
Biomass (g) Estimated biomass (g) of amphibians based on length-dry mass relationships

Snout-urostyle length of anurans, total length of caudates

Developmental period

Number of days between adults entering wetland and emergence of
metamorphs (average by water year)

Breeding season

Number of days (from 1 January) to first capture of adults (JC unpublished
data)

Nutrient Export

Species-specific carbon, nitrogen, and phosphorus values for amphibian
metamorphs

Figure 1. (A) Conceptual figure highlighting the variables measured in this study along with the predicted variables

contributing to amphibian community composition and the biomass emerging from isolated seasonal wetlands, the latter

being transported to the terrestrial ecosystem and the result being nutrient export. (B) Table describing the variables

measured in this study.

2. Materials and Methods
2.1. Study Site

We conducted this study at the Jones Center at Ichauway (hereafter Ichauway) located
in the lower Gulf Coastal Plain (elevation = ~50 m above sea level) in Baker County, Georgia,
USA. Ichauway is an 11,700-ha research site with mature longleaf pine (Pinus palustris) forest
and more than 100 isolated depressional wetlands. Our study focused on quantifying the
diversity and magnitude of amphibians exiting two small wetlands and identifying the
environmental factors related to the diversity, abundance and biomass of the amphibians.
The first wetland, W41, is a forested depression that is 1500 m? in size with large live oak
(Quercus virginiana), water oak (Q. nigra) and slash pine (Pinus elliottii) in the overstory,
and little emergent vegetation. The second wetland, W51, is 7300 m? in size and is a
marsh, dominated by maidencane (Panicum hemitomon) and Juncus repens with buttonbush
(Cephalanthus occidentalis) and a few blackgum tupelo (Nyssa sylvatica) in the deepest
portion of the wetland. Wetland 51 was initially surrounded by large live oak, laurel oak
(Q. laurifolia) and water oak, which were mechanically removed late in 2009 as part of a
separate study on the effects of hardwood removal on wetland hydrology [31].

2.2. Temperature, Rainfall and Wetland Hydrology

The Jones Center maintains a long-term meteorological station from which we ob-
tained the average, minimum and maximum air temperature and daily rainfall totals for
the study area (Georgia Automated Environmental Monitoring Network). Staff gauges
were deployed on 25 May 2005 at W41 and on 20 June 2005 at W51 in the deepest portion
of each wetland and monitored for depth approximately biweekly to the nearest 0.01 m.
Based on elevation data collected at 0.25 m intervals within the wetland, we estimated the
percent of the total area of the wetland that was inundated at each staff gauge reading.
Since staff gauge data were not available for the beginning of the amphibian sampling
for W51, we modeled the predicted percent inundation of that wetland by using data
from another wetland (W02) where data were available dating back to 2003 (Jones Center,
unpublished data). We examined the correlation between W02 and W51 during the time
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period in which both wetlands had data available from the same day (5 July 2005 through
28 December 2011). We used linear regression to correlate the percentage of the basin that
was full for the two wetlands to derive an equation to predict the water level of W51 going
back to 1 January 2002.

To calculate hydroperiod length per water year (1 October to 30 September), we
subtracted the number of days between dry staff gauge measurements from 365 days. If
the wetland did not dry within a full water year, its hydroperiod length was recorded
as 365 days. Only consecutive staff gauge measurements lasting over 30 days indicating
inundation counted towards yearly hydroperiod length. If a dry period extended between
water years, we subtracted the start of the dry period to 30 September for the first water
year, and subtracted from 1 October to the end of the dry period for the second water
year. We then calculated the proportion of the water year in which wetlands contained
water. We also calculated the proportion of the water year in which the wetland was
completely full (at maximum staff gauge height and covering the entire surface area). We
categorized the year as wet (versus dry) if W51 had water more than 80% of the water year
(Figure 1B) and was full (completely inundated) more than 50% of the time (Table 1). This
categorization helped control for antecedent conditions in water level and hydroperiod
from the year before.

Table 1. Average temperature and total rainfall for the study area (Ichauway, Baker County, GA,
USA) and the average wetted area, the proportion of the year wetted, and the proportion of the year
full for an isolated seasonal wetland, W51. The greyed rows indicate years in which we categorized
the year for the wetland being “wet” and white indicates “dry” years.

W51

Average Total W51 Average Proportion W51
Water Year Temperature Rainfall Wetted Square Proportion
(@] (mm) Area (m?) of the Year Year Full
Wetted

2003 18.06 1521.99 7691.53 1 0.79
2004 18.19 1107.22 5131.68 0.84 0.63
2005 18.6 1513.31 6344.92 0.89 0.72
2006 18.86 1205.74 2028.96 0.79 0.31
2007 18.84 973.08 1351.12 0.46 0.21
2008 18.91 1282.19 2195.3 0.70 0.30
2009 18.62 1546.3 5114.34 1 0.63
2010 18.51 1303.45 5064.35 0.94 0.6
2011 18.6 920.26 1812.5 0.42 0.27

2.3. Amphibian Sampling Methods

We used terrestrial drift fences encircling the wetlands to quantify the amphibian
movements [32,33]. Fences consisted of a 0.60 m tall aluminum flashing that was buried
ca. 15 cm below ground. The drift fence at W41 had paired pitfall traps at 20 m intervals
that were installed in November 2005 and the traps were monitored through June 2008,
when the wetland was inundated (Table 1). At W51, 22 pairs of screen funnel traps [32]
were placed at 20-m intervals around the fence to capture amphibians from October 2002
through April 2004. In May 2004, funnel traps were replaced with 22 pairs of pit fall traps
(19-1 buckets) installed at the original trap stations and traps were monitored through 2011.
Both funnel and pit fall traps contained sponges that were wetted regularly to prevent
amphibians from desiccating. When the wetlands were dry, the traps were temporarily
closed and gaps were opened in the fence to allow free movement of amphibians. Traps at
both wetlands were checked six days a week and all amphibians captured were identified
to species; snout-vent length was measured for salamanders, snout-urostyle length was
measured for frogs and all individuals were assigned a sex/life stage (adult female, adult
male, juvenile and metamorph [34,35]). In some cases, individuals were weighed, or during
synchronous emigration events, 30 individuals were weighed to determine an average
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mass and metamorphs were subsequently weighed en masse and abundance data were
estimated from these totals. After measurements were taken, amphibians were released on
the opposite side of the fence from their point of capture.

2.4. Biomass, Nutrient Flux and Species Traits

We estimated the amount of dry mass (g) of emerging metamorphic amphibians
exported from each of the wetlands each month and across the annual hydroperiod using
wet mass to dry mass relationships (Knapp, unpublished data; Supplement Table S1).
However, since the wet masses from Knapp (unpublished data) were measured post-
intestinal removal, we conservatively estimated that the intestinal tract of the larvae was
5% of the overall body mass (see [36]). Therefore, we subtracted 5% of the wet mass from
each individual caught within the drift fences before converting to dry mass. For amphibian
body nutrient content data, we used data from another study conducted at Ichauway [30] on
the carbon (C), nitrogen (N) and phosphorus (P) content of 11 species just before emergence.
As the body stoichiometry of one species caught within this study, Anaxyrus terrestris, was
unmeasured from Knapp et al. (2021) [30], we used the stoichiometric measurements from
Luhring et al. (2017) [37] for this species. These data were used to estimate the water
year nutrient export by amphibians exiting our two study wetlands. We calculated the
C, N and P export by amphibians by taking the product of our species-specific dry mass
estimates and species- or genus-specific C, N and P nutrient content of amphibians from
Knapp et al. (2021) [30] and Knapp (unpublished data). This was then summed across the
water year to estimate the total annual nutrient export (nutrient y~!) by amphibians. See
Knapp et al. (2021) [30] for interspecific differences in nutrient content, but generally tissue
stoichiometry was similar within genera.

3. Data Analyses

We examined variation in amphibian species richness across years using total species
richness and Shannon diversity across years within both wetlands using the vegan package
in R. Then, to investigate the drivers of amphibian flux from wetlands and the associated
nutrient export, we examined the environmental factors that contribute to community
export. To do this we used the longer-term dataset from W51 and conducted a non-metric
multidimensional scaling (NMDS) at two different temporal scales to examine how the
community assemblage in W51 varied. First, we used NMDS to examine the annual pat-
terns (among years) in juvenile amphibian count data within a year at W51. To test for
differences in amphibian community composition between “wet” and “dry” years, we
used a permutational multivariate analysis of variance (PERMANOVA; [38]) to determine
if the proportion of the year that the wetland was full (high year when the wetland was
full contained water >80% of the year) was an important driver of amphibian commu-
nity composition. We also explored relationships among annual amphibian community
composition, average annual wetland square area, total annual rainfall, average annual
temperature, and the proportion of the year the wetland held water (Figure 1B) by fitting
these environmental vectors onto the NMDS ordination space using the vegan function
‘envfit’. Then, we used our more fine-scaled temporal data of monthly juvenile amphibian
count data across all years at W51 to examine patterns in community composition across
all months and years using NMDS, excluding the months where no amphibians were
captured. Relationships among amphibian community composition, the proportion of the
month that the wetland held water, the average daily square area of the wetland, monthly
total rain, and average daily temperature over the month (Figure 1B; Supplements, Table
S2) were examined by fitting these environmental vectors onto the NMDS ordination space
using the vegan function ‘envfit’. The significance of the fitted vectors was assessed using
a permutation procedure (1000 permutations) (Oksanen et al., 2008). We followed this
with a manyGLM in the mvabund package to determine the relationship between specific
significant factors and community members using our full monthly data series.
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To further test predictors of interspecific variation in the environmental conditions
affecting amphibian emergence, we compiled a set of three life-history traits for each of our
species collated from our own data and published sources (Table S3): average length at
emergence (mm), average development period (days), and breeding season, which was
the day an individual of a given species was first collected (number of days from January
1st). Then, to investigate which amphibian traits were associated with the environmental
variables and abundance at emergence, we used the model-based approach fourth corner
analysis [39]. Fourth-corner analysis examines the environment-trait associations and
conceptualizes them as a set of four matrices: abundances of species, trait data by species,
environmental data by date and environmental data by traits, with the relationships of this
last corner being estimated [40]. The resulting environment—trait interaction coefficients
show how the environmental response across taxa varies as traits vary. The size of the
coefficients is a measure of importance, and coefficients are interpreted as the amount
by which a unit (1 SD) change in the trait variable changes the slope of the relationship
between abundance and a given environmental variable. To estimate these coefficients, we
used a negative binomial regression (package ‘mvabund’, [41]).

4. Results
4.1. Environmental Conditions

Over our nine years of study there was low variation in the annual average temper-
ature, but variation in rainfall resulted in high variation in wetland hydrology (Table 1).
In particular, 2006-2008 and 2011 were “dry” years in which the proportion of the year
that W51 was inundated was <80%, the wetland was full <32% of the water year and the
average area of the wetland filled never exceeded 2200 m? (30% full), while wet years were
characterized by the average area of the wetland filled exceeding 5000 m? (68% full). The
percent of the total area of each wetland that was inundated each year varied dramatically,
but both wetlands were relatively dry from the end of 2006 through early 2008 and 2011
was dry (Supplements, Table S2, Figure S1).

4.2. Amphibian Diversity and Abundance

We captured 13 amphibian species in total across all years of the study (Tables 2 and S4).
We captured ten species over three years of study in W41 (Figure 2A) and 13 species over
nine years at W51 (Figure 2B). Total diversity in a given year ranged from 4 to 7 in W41
and 4 to 13 in W51, highlighting the high degree of variation between the wetlands and
among years (Figure 2A,B). Shannon diversity ranged from 0.0004 in 2008 to 1.15 in 2007
at W41 (Figure 2C). In W51, Shannon diversity ranged from 0.42 in 2009 to 2.15 in 2006
(Figure 2D). W41 was dominated by Scaphiopus holbrookii in 2008 in terms of abundance and
biomass due to a large emergence of that species (N = 310,443), while in other years W41
produced far fewer juveniles and was dominated numerically by Gastrophryne carolinensis
(N = 249, Table 2; Figure 3A). W51, with a more diverse community and a longer-term
record, was dominated numerically by A. terrestris (N = 37,824), G. carolinensis (N = 13,146)
and Pseudacris ornata (N = 9034) (Table 2; Figure 3B). The areal annual flux of amphibians
also varied dramatically across years in among the two study wetlands with areal emer-
gence being as low as 0.01 ind m 2 y-1 in W51 in 2010 to as high 310 ind m 2 y~! in W41
in 2008 (Table 3).

Biomass flux by juvenile amphibians varied dramatically across years and across
wetlands (Supplementary Table S5). Average total flux of amphibian biomass 20062008
in W41 was 8742 + 15,040 g DM y ! (mean =+ standard deviation) and ranged from 52
to 26,108 g DM y !, with the high flux in 2008 being associated with a large number of
Scaphiopus holbrookii (Figure 3A). Other than 2008, W41 tended to have a lower flux of
amphibian biomass than W51 and was dominated by L. catesbeianus (96.5 g total) and
G. carolinensis (6.7 g) (Table 2). The average flux of amphibian biomass (2003-2011) in W51
was 1021 4- 895 g DM y ! and ranged from 4.3 ¢ DM y~! in 2010 to 2556 g DM y ! in
2005 (Figure 3B). W51 amphibian biomass export was dominated by Ambystoma tigrinum
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(3806 g total), P. ornata (1331 g) and L. sphenocephalus (1266 g) (Table 2). Areal annual
biomass flux of amphibians varied dramatically across years with the average annual areal
biomass emergence being 0.14 = 0.12 gm 2y~ ! in W51 and 8.74 + 15.04 gm 2y ! in
W41, when considering all years, and 0.06 4 0.01 g m~2 y—! in W41 when excluding 2008,
the year with the large Scaphiopus holbrookii emergence (Table 3).

Table 2. Total count, dry mass (DM), and mass of C, N and P exported via metamorph amphibians from two isolated
seasonal wetlands, W41 (2006-2008) and W51 (2003-2011), at Ichauway, in Baker County, GA, USA, across the study period.

Species

Total

Wetland Species Code Count DM (g) C(g N (g) P (g)
Ambystoma tigrinum AMTIG 1 2.0809 0.9552 0.2494 0.0361
Anaxyrus terrestris ANTER 60 2.6869 1.0025 0.2614 0.0414
Gastrophryne GACAR 249 6.7277 27425 0.6887 0.1243
carolinensis
Hyla cinerea HYCIN 3 0.7417 0.3455 0.0802 0.0092
41 Hyla squirella HYSQU 8 0.9189 0.4095 0.1015 0.0141
Lithobates LICAT 32 96.4978 48.5005 9.2246 1.1576
catesbeianus
Lithobates LISPH 8 4.0203 1.8747 0.4008 0.0694
sphenocephalus
Pseudacris nigrita PSNIG 1 0.0579 0.0269 0.0061 0.0007
Pseudacris ornata PSORN 1 0.1474 0.0703 0.0158 0.0014
Scaphiopus holbrookii SCHOL 310,443 26,110.8979 11,520.0421 2443.0225 445.4137
Totals 310,806 26,224.78 11,575.97 2454.05 446.87
Acris gryllus ACGRY 305 11.1323 5.1339 1.1346 0.1358
Ambystoma AMTAL 161 222.3275 105.2983 26.3022 3.9663
talpoideum
Ambystoma tigrinum AMTIG 1829 3805.9662 1747.0118 456.2059 66.0520
Anaxyrus terrestris ANTER 37,824 1693.7992 631.9565 164.8067 26.0879
Gastrophryne GACAR 13,146 355.1911 144.7885 36.3590 6.5647
51 carolinensis
Hyla cinerea HYCIN 3 0.7417 0.3455 0.0802 0.0092
Hyla gratiosa HYGRA 503 169.8054 81.8459 16.2930 1.9173
Hyla squirella HYSQU 42 4.8242 2.1499 0.5329 0.0741
Lithobates LICAT 26 78.4045 39.4067 7.4950 0.9405
catesbeianus
Lithobates LISPH 2520 1266.3803 590.5454 126.2644 21.8464
sphenocephalus
Pseudacris nigrita PSNIG 3216 186.1234 86.4802 19.4608 2.1156
Pseudacris ornata PSORN 9034 1331.8570 635.4914 143.0331 12.5425
Scaphiopus holbrookii SCHOL 819 68.8849 30.3918 6.4451 1.1751
Totals 69,428 9195.44 4100.85 1004.41 143.43

Biomass was the dominant control of consequential nutrient fluxes from the wetlands
into the uplands by amphibian juveniles, but species composition also played an impor-
tant role. Carbon, N and P fluxes varied dramatically as a result of both of these factors
(Figure 3C-H). Across the two wetlands, total annual C flux ranged from 25 to 11,519 g C y !
in W41 (Figure 3C) and 1.9 to 1077.7 g C y~! in W51 (Figure 3D). Total N fluxes ranged from
5.1 t0 2442.8 g N y~! in W41 (Figure 3E) and 0.4 to 266 g N y~! in W51 (Figure 3F). Total P
fluxes were similarly variable, ranging from 0.7 to 445.4 g P y_1 in W41 (Figure 3G) and 0.06
to 38.7 ¢ P y~! in W51 (Figure 3H). Areal-corrected nutrient fluxes also varied dramatically
across years and the two wetlands (Table 3). For the years in which the study overlapped in
the two wetlands (2006-2008), amphibians exported ~7x more C, N and P from W51 in 2006
and 2007 (mean; C=1962mgCm 2y |, N=474mgNm 2y !, P=66mgPm2y!)
than W41 (mean; C=284mgCm 2y !, N=56mgNm 2y ,P=08mgPm 2y !).
However, in 2008, primarily as a result of S. holbrookii, amphibians exported ~18x more C, N
and P from W41 than was exported from W51 (Table 3).
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A Wetland 41 B Wetland 51

Species Richness

@]

Shannon Diversity Index
P

0.5

0.0004
2003 2004 2005 2006 2007 2008 2009 2010 20M 2003 2004 2005 2006 2007 2008 2008 2010 201

0.0
Water Year Water Year

Figure 2. Amphibian species richness in two seasonal isolated wetlands, W41 (A) and W51 (B), and the Shannon Diversity
in W41 (C) and W51 (D). The study took place at Ichauway, in Baker County, GA, USA.

Table 3. Areal corrected total counts, biomass, and the C, N and P exported by juvenile amphibians per year in two isolated
seasonal wetlands, W41 and W51, standardized by the total wetland area.

Count DM Carbon Nitrogen Phosphorus
Wetland Water Year (ndm-2y -1) (gm-2y-1) (mgCm-2y-1) (mgN m§2 yv1)  (mgP Iﬂ_z y1)
2006 0.30 0.05 25.13 5.11 0.715
2007 0.08 0.06 31.74 6.11 0.777
41 2008 310.42 26.11 11,519.10 2442.83 445.376
Avg 103.60 8.74 3858.66 818.02 148.960
StDev 179.11 15.04 6634.14 1407.13 256.710
2003 0.16 0.13 436.07 108.97 15.572
2004 4.18 0.35 1077.66 255.23 41.498
2005 1.71 0.32 1032.92 266.01 38.699
2006 0.24 0.08 272.59 65.69 9.441
2007 0.14 0.04 119.73 29.11 3.689
51 2008 0.87 0.19 642.28 153.19 17.189
2009 1.88 0.09 274.94 68.21 10.902
2010 0.01 0.00 1.91 0.42 0.060
2011 0.32 0.07 242.75 57.58 6.378
Avg 1.06 0.14 455.65 111.60 15.940

StDev 1.36 0.12 384.96 95.05 14.720
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Figure 3. Annual rainfall (blue line) and amphibian biomass export from W41 (A) and W51 (B) during
the years of study. Resulting amphibian carbon export from W41 (C) and W51 (D); nitrogen export
from W41 (E) and W51 (F); phosphorus export from W41 (G) and W51 (H). Note the different y-axis for
amphibian biomass export due to mass emergence of Scaphiopus holbrookii in 2008 from W41.

4.3. Environmental Drivers of Amphibian Community Composition at W51

The amphibian community composition varied across years, as shown by the NMDS
(non-metric fit R? = 0.99, Stress < 0.06; Figure 4A). There were not any significant predictors
of annual amphibian community export (all predictors p > 0.10). However, the PER-
MANOVA indicated that the proportion of time the wetland held water (i.e., hydroperiod)
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impacted the resulting community composition of the metamorphs exiting the wetland
(PERMANOVA, pseudo-F; g = 2.96, R? = 0.30, p = 0.02). In particular, years in which the
wetland had longer hydroperiods there was higher relative abundances of metamorph L.
sphenocephalus, Anaxyrus terrestris and Ambystoma tigrinum, three of the dominant species
captured in W51.
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Figure 4. (A) NMDS of the relative total annual amphibian export abundance. Community composi-
tion was more variable in wet years, but different than community export in dry years. Wet (blue
circles = wet years; red triangles = dry years) years are years in which W51 had water >80% of the year
and the average wetted area exceeded 4000 m?. (B) Community composition of exiting metamorphs
by month (months with no water and no amphibians were removed from the analysis) and year.
Community composition varied dramatically, but generally community composition clustered within
seasons/months. Additionally, mean monthly temperature (Avg Temp) and the proportion of time
the wetland had water (Hydro Prop) were predictors of amphibian community export (p < 0.001).
See Table 2 for species codes. Refer to the five-letter species codes listed in Table 2.
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When examining the monthly data, our NMDS indicated that community composition
varied (non-metric fit = 0.95, Stress < 0.04; Figure 4B) and generally clustered by month.
Joint plot analysis indicated that the average daily temperature (F = 8.13, R? = 0.050,
p < 0.001), the proportion of the month that the wetland held water (F = 5.89, R? = 0.26,
p < 0.001) and the interaction between these two variables (F = 3.13, R? =0.03, p <0.001)
influenced the relative abundance of community export. When examining the full dataset
using manyGLM, the monthly amphibian community exiting W51 was influenced by
the proportion of the time the wetland held water (Devy 106 = 86.72, p = 0.002) and the
average daily temperature (Dev 195 = 120.14, p = 0.001), but not the interaction between
the two (Devy 104 = 20.24, p = 0.14). In particular, Anaxyrus terrestris, Pseudacris nigrita
(multiGLM, p < 0.01) and L. sphenocephalus (p = 0.09) export was associated with warmer
temperatures and Hyla squirella was impacted by the interaction between the proportion of
time W51 was wetted and temperature (p = 0.02). Further examination of our monthly time
series data revealed that species traits were marginally related (p = 0.09) to the measured
environmental factors (Figure 5). In particular, species developmental period, breeding
season and body length at emergence were positively related to the proportion of the time
the wetland held water while development and breeding season were negatively related to
average daily temperature.

1.5
Length — —
1.0

-0.5

Develop -

Species Traits

--0.5

Breading - -

I T T I
Wetland Hydro g Avg
Area Frop Rain Termp

Environmental Variables

Figure 5. Fourth corner analysis of how amphibian traits are related to environmental factors at
an isolated seasonal wetland, W51, across our monthly time series. The scale bar indicates the
interaction coefficients and the strength of the association between traits and environmental factors.
Red indicates positive relationships while blue indicates negative relationships. Breeding phenology
is represented as the # of days an adult was first collected after 1 January. Development is the average
number of days a species is in the wetland based on first detection to when they emerge. Length is
the average length (mm) at emergence.
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5. Discussion

We documented high temporal variability of amphibian export and community com-
position in small, isolated wetlands that could partly be explained by hydroperiod and
life-history traits. Generally, wetter years resulted in higher amphibian biomass export and
resultant nutrient export, but this was highly variable due to the diversity of life-history
traits in this species-rich community. We also saw large differences in species composition
and juvenile production between the two study wetlands in the overlapping years of study,
suggesting both high spatial and temporal variability in amphibian export. Differences in
wetland vegetation type and landscape position, in addition to environmental variables,
may explain spatial variability in export [42,43].

5.1. Amphibian Species Diversity and Biomass Export

We found that these two small wetlands collectively supported a diverse amphibian
community, and, in wetter years, they tended to produce a high abundance and biomass of
emerging juveniles. Gibbons et al. (2006) [26] were among the first to note the extremely
high diversity (14 species), abundance and biomass of emerging amphibians from a single
year of study in a much larger (10 ha) wetland in South Carolina. While the wetland studied
by Gibbons et al. (2006) [26] was larger, diversity was similar in these smaller wetlands,
and when scaled for area, both W41 and W51 sometimes exceeded the abundances (Table 3)
found in that study (3.6 ind. m~2). Fritz et al. (2021) [15] found that while larger wetlands
produced greater total fluxes of amphibians to uplands, smaller wetlands were typically
more productive per unit area. Thus, they suggested that a mosaic of small ponds may
result in greater or equal fluxes of amphibians to upland food webs than a single large
pond. Given the ubiquity of wetlands in our study region [44], our study underscores the
important role amphibians have in linking wetland habitats to surrounding uplands.

5.2. Amphibian Nutrient Export

Larval amphibians have been shown to strongly regulate nutrient cycling and primary
production in wetlands, with their metamorphosis and emergence typically resulting in a net
export of nutrients [19,21,22]. Nutrient fluxes from our two study wetlands varied mostly
due to the total biomass of the emerging community, but also partially due to species-specific
stoichiometry. The abundance (this study) and tissue stoichiometry [30] of amphibians varied
as a result of functional traits. Knapp et al. (2021) [30] found that stoichiometry varied due
to life-history traits, where body size and time to development were positively related to
%C and C:N and were negatively related to %P if the Lithobates spp. were removed. This
suggests that not only will specific life-history traits of the associated amphibian communities
change in response to environmental factors, but also the nutrient fluxes associated with
these communities.

Although amphibians perform an important ecological role in transferring energy
between trophic levels in some forest ecosystems [45,46], their role as links between aquatic
and terrestrial food webs is only beginning to be studied, especially in species-rich systems.
These wetlands are often N or P limited [8,47] and the export of nutrients by amphibian
communities may represent an important wetland nutrient sink in some years [22,48].
While our study only considered the movement of amphibians, leaving the wetlands and
moving into the terrestrial system, our study encompassed a wide variety of environmental
conditions. In a single wetland, the species that emerged varied across years with wetter
years typically resulting in higher emergence and nutrient export. Similarly, Balik et al. [49]
showed that more permanent ponds in the mountain west had higher invertebrate and
salamander biomass, which resulted in communities within permanent ponds to provide
more in-pond nutrients via their excretion than communities in temporary ponds. In
comparison with previous studies, exports of amphibian nutrients from our study wetlands
were similar to exports of wood frogs (Lithobates sylvaticus; mean = 0.35 g C m~2 y~1;
0.09g Nm~2y~!;and 0.02 g P m2 y~!) from a pond in Michigan [22], but our estimates
were much more variable across years given our multi-species communities. We were
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unable to quantify nutrient import into these wetlands via the deposition of egg masses, but
most studies have generally found a net nutrient export by emerging amphibians [15,22].
Similar to emerging aquatic insects, metamorphosed amphibians are a high-quality food
source for predators in adjacent habitats [46,50,51]. Thus, our study highlights the mass
flux of nutrients resulting from these small wetlands via amphibians.

5.3. Hydroperiod and Temperature as Environmental Controls on Amphibian Emergence

While we observed some differences in community composition and overall flux in
response to wetland hydroperiod and temperature, our predictor variables were weak
in explaining amphibian community emergence. Previous work has indicated that local
species richness is sensitive to water availability during the breeding season, but in the
southeast, longer hydroperiods had a negative effect on amphibian persistence [52]. Over-
all, species richness has been shown to be driven by hydroperiod with weak relationships
showing higher richness with longer hydroperiods, but also patterns in species turnover
with hydroperiod [6]. Our species trait analysis gave us better insight into what amphibian
traits are favored under various environmental conditions. For example, the number of
days to development is extended and larger bodied taxa emerge when there is a longer
hydroperiod while higher temperatures promote amphibians with earlier breeding seasons
and shorter development times. In W51, where we had a longer-term dataset, the abun-
dance of emerging juveniles decreased during dry years (2006-2008) and the community
composition shifted from a dominance of slower-developing species (L. sphenocephalus and
A. tigrinum) to faster-developing species (P. ornata and G. carolinensis) (Figure 4). During
later wet years (2009 and 2010), previously dominant species were much less abundant,
suggesting that antecedent conditions might have long-term effects on the amphibian
community. However, the hardwood removal treatment in the W51 catchment area that
occurred in 2009 [31] may also have affected the amphibian community and confounded
our results. This may explain the low abundance of A. terrestris following the hardwood
removal as this species has a short development period, but often inhabits hardwood ham-
mocks [32]. Interestingly, W41, which experienced infrequent short periods of inundation
(JC, unpublished data), produced the greatest amphibian biomass and nutrient export in
our study. Wetland 41 also produced a few metamorph L. catesbeianus, which is a species
with a particularly long development period (Knapp 2021), thus showing that even short
hydroperiod wetlands can be highly productive in some years and support species with a
variety of life-history traits.

Given the high degree of variance and the complex interactions among biotic and
abiotic factors and the high species diversity of this community;, it is difficult to disentangle
the specific drivers of amphibian community composition and biomass. For example, years
with greater water permanence may reduce larval survival due to predation while short
hydroperiods can result in drying, leading to mortality [53-55]. Thus, there are multiple
compounding factors and factors that we did not measure here controlling amphibian
export. Fritz et al. (2021) [15] similarly found that hydroperiod was an important driver of
amphibian emergence, but terrestrial insect input was also an important predictor of total
amphibian emergence. Terrestrial insect inputs to isolated wetlands have not been studied
in relation to other inputs, but Fritz et al. (2021) [15] suggest that the insect inputs are a
high-quality subsidy enhancing amphibian production, especially salamander larvae. This
suggests that factors other than hydroperiod, including the surrounding terrestrial inputs,
are drivers controlling amphibian export, which need to be explored in the future.

5.4. Future Changes in Land Use and Climate—Consequences for Amphibian Diversity and Export

Due to their small size and often short hydroperiods, isolated wetlands are regularly
overlooked and, without regulatory protections, are often modified for agricultural and
urban use, leading to large-scale alterations to wetlands or direct losses in wetland habi-
tat [56]. Our study region of southwestern Georgia has experienced an increase in irrigated
agriculture [57]. This has resulted in the loss of some wetlands but many wetlands remain
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on the landscape with highly altered vegetation and sometimes receiving irrigation water
thus extending the hydroperiod [58]. In addition, wetlands in the agricultural landscape
often have higher nutrient and bacterial concentrations [59], with the impacts to amphibian
diversity and export being unknown. Moreover, wetlands in southeastern pine forests may
be impacted by hardwood encroachment resulting from fire suppression [5]. Golladay et al.
(2021) [31] found that removal of hardwoods around W51 increased the hydroperiod by
50 days in wet years and 53 days in dry years. Amphibian diversity, productivity, and
nutrient flux in altered wetlands and within agricultural lands warrants further study.
Alterations in precipitation and temperature due to climate change could shorten or
alter the timing of wetland hydroperiods, threatening the communities that depend on
them [31,60,61]. Climate change is known to have a host of direct and indirect impacts on
amphibian communities, including effects on survival, growth, reproduction and dispersal
capabilities, as well as shifting habitat suitability and affecting disease transmission [62].
Here we noted that both the proportion of the year in which the wetlands contained water
and the temperature were factors in amphibian community assembly, which suggests how
changes in the timing and magnitude of precipitation could alter amphibian export.

6. Conclusions

Continued amphibian population declines and extinctions will likely have large-scale
and long-lasting effects on ecosystems [63,64]. Quantifying changes in amphibian species
diversity and richness is essential for understanding changes in the structure of affected
ecosystems [65,66]. Our findings underscore the key role of small, isolated wetlands and
their hydroperiod characteristics in maintaining amphibian productivity and community
dynamics by coupling aquatic habitats with adjacent terrestrial habitats via transfer of
biomass and nutrients. Patterns of land-use and climate change are threatening seasonal
wetlands around the world; thus, it is likely that individual wetlands and the linkages
between them and other aquatic habitats will continue to decline or be lost entirely. Given
the multitude of threats to wetlands, and their connections to surrounding upland forests,
future studies should take a holistic approach to further understanding the links among
wetlands, upland forests and the role of isolated wetlands at a landscape scale.
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