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Abstract Wetland plant communities are changing

rapidly due to a wide range of human activities. The

deposition of leaf litter from novel plant communities

can alter both the chemical and physical habitat of

aquatic ecosystems. Lesser understood are the eco-

logical consequences of novel leaf litter inputs in

aquatic communities. Toward this goal, we used two

plant invasion scenarios (comparing native black

huckleberry to exotic autumn olive and native swamp

loosestrife to exotic purple loosestrife) to simulate a

shift in wetland plant communities. In this study, we

investigated the effects of novel leaf litter leachates on

three aquatic ecological interactions: intraspecific

competition, predation and parasitism. We examined

how leaf litter leachates influence the interactions of

American toad larvae (Anaxyrus americanus) with

their conspecifics, a dragonfly predator (Anax spp.)

and a trematode parasite (Echinostomatidae). We

found that leaf litter type influenced competitive

interactions only for the huckleberry versus autumn

olive comparison. We did not detect any effects of leaf

litter type on predator–prey interactions. Finally, litter

type strongly influenced host–parasite interactions for

both leaf litter comparisons, altering host susceptibil-

ity, parasite survival and net infection rates. These

results highlight the breadth of potential ecological

repercussions of shifting wetland plant communities

for native ecosystems.

Keywords Echinostome � Bufo � Lythrum salicaria �
Elaeagnus umbellata � Gaylussacia baccata �
Decodon verticillatus

Introduction

Over half of the world’s wetlands have been lost,

primarily due to development and human activity

(Davidson 2014). Those remaining face degradation

from pollution, climate change, invasive species and

other threats (Kingsford et al. 2016). These factors

may in turn contribute to changes in wetland plant

communities. For instance, invasive plants are a

particularly prominent threat in wetland ecosystems

(Zedler and Kercher 2004). Exotic invasive plants may

outcompete natives due to rapid growth and high

fecundity among other factors (Pyšek and Richardson
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2007; Dickson et al. 2012), often leading to reduced

plant community diversity (Hejda et al. 2009).

Changes in plant community composition alter both

the chemical and physical habitat of wetlands (Bais

et al. 2003). One way in which this occurs, which has

garnered recent attention, is through the deposition of

senescent tissues (i.e., leaf litter; as reviewed in Stoler

and Relyea 2020). Leaf litter represents a major

allocthonous source of nutrients in many lotic and

lentic systems (Fisher and Likens 1973; Polis et al.

1997). Changes in leaf litter composition have been

shown to alter wetland community composition

(Stoler and Relyea 2011, 2016; Wymore et al. 2018;

Montez et al. 2021) and ecosystem functioning

(Cameron and LaPoint 1978; Farrer and Goldberg

2009; Ehrenfeld 2010; Earl et al. 2014; Wymore et al.

2018). As wetland plant communities continue to

change under human influence, it will be essential to

understand how the deposition of novel leaf litter

affects wetland ecosystems.

As exotic plant invasions are a major driver of

change in wetland plant communities (Zedler and

Kercher 2004), instances of plant invasions represent a

useful tool for examining the mechanisms by which

novel leaf litter inputs may elicit changes in wetland

ecosystems. At the simplest level, these impacts may

stem from direct effects on specific taxa. For instance,

leachates from invasive plants can have lethal and

sublethal effects on sensitive taxa such as anurans

(Maerz et al. 2005; Adams and Saenz 2012; Sacerdote

and King 2014; Earl and Semlitsch 2015) and

invertebrates (Canhoto and Laranjeira 2007; Going

and Dudley 2008; Borth et al. 2018; Wilkins et al.

2020). Direct, density-mediated effects may indirectly

affect other community members. For example, labile,

nutrient-dense litter can promote algal growth directly,

indirectly increasing the development rate of primary

consumers (i.e., bottom-up effects; Cohen et al. 2014;

Stephens et al. 2013). In addition, trait-mediated

effects of leachates on factors such as movement

(Saenz and Adams 2017; Burraco et al. 2018) and

predator recognition (Dodd and Buchholz 2018) may

influence ecological interactions. Finally, changes in

leaf litter inputs may further alter ecological interac-

tions via changes to the chemical or physical condi-

tions in which they take place. For instance, novel leaf

litter inputs may alter wetland surface cover, water

chemistry and the structure of benthic refugia, poten-

tially mediating chemical and visual detection, as well

as encounter frequency, between predators and prey

(Stoler and Relyea 2013b; Jabiol et al. 2014). While

the direct effects of various leaf litters have been

documented for a wide range of wetland taxa, fewer

studies have examined the effects of changes in leaf

litter composition on specific ecological interactions

(Stoler and Relyea 2020). Examining the impacts of

these leaf litters on not only wetland organisms, but

also their interactions, is critical to developing a

holistic understanding of how plant communities

shape diversity and ecosystem processes in aquatic

systems.

The goal of this study was to investigate how a shift

in wetland plant community composition can influ-

ence aquatic ecological interactions via the deposition

of novel leaf litter. As exotic invasive species are a

major driver of plant community change (Zedler and

Kercher 2004), we examined two pairs of native and

invasive plants that share similar habitat preferences

(black huckleberry [Gaylussacia baccata–Ericaceae]

versus autumn olive [Elaeagnus umbellata–Elaeag-

naceae] and swamp loosestrife [Decodon verticilla-

tus–Lythraceae] versus purple loosestrife [Lythrum

salicaria–Lythraceae]). We utilized anuran larvae as

our focal taxa for this study because previous studies

have demonstrated a broad range of direct and indirect

effects—ranging from sublethal (e.g., altered growth,

development and behavior Brown et al. 2006; Saenz

and Adams 2017; DiGiacopo et al. 2018) to lethal (i.e.,

reduced survival; Adams and Saenz 2012; Milanovich

et al. 2016)—of changes in leaf litter composition on

anurans. Therefore, in this study, we evaluated the

effects of leaf litter type on amphibian ecology,

including competitive, predator–prey and host–para-

site interactions.

Methods

Model plants

To address our objectives, we used leaf litter from one

pair of native and invasive herbaceous plants (swamp

loosestrife and purple loosestrife) and one pair of

native and invasive shrubs (black huckleberry and

autumn olive). We chose these native and invasive

pairs to evaluate the ecological impacts of shifting

plant communities because they represent likely

scenarios of plant invasions in wetlands of the eastern
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USA. Purple loosestrife is a widespread invasive

species across much of North America, known to

create near monocultures in heavily invaded wetlands

(Thompson et al. 1987; Weiher et al. 1996; Blossey

et al. 2001). Swamp and purple loosestrife are

frequently found together or occupying similar habi-

tats, including semi-permanently flooded wetland

soils (Blossey et al. 1994). Autumn olive is woody,

nitrogen-fixing species prevalent in the eastern USA,

which is recognized as a highly competitive and

problematic invader in both open and understory

habitats (Dornbos et al. 2016). While autumn olive

typically invades upland communities, it has also been

noted establishing in riparian habitats (Kohri et al.

2002, 2011; Church et al. 2004) and can be found

along the banks of disturbed wetlands in close

proximity to native black huckleberry plants (DD

personal observation).

On 18 September 2017, we collected swamp

loosestrife and purple loosestrife leaves from Cutler

Pond (Binghamton, NY; 42� 070 45.300 N, 75� 540 31.200
W). On 15 October 2017, we collected leaves from

black huckleberry and autumn olive from Binghamton

University’s Nature Preserve (42� 040 55.600 N 75� 580
05.000 W). At both of our study sites, leaf litter from

each species is deposited into nearby water bodies. For

all species, we collected leaves from plants less than

one meter from the water’s edge. We collected leaves

directly from the plants to prevent variable degrada-

tion between leaf litter types, which may impact leaf

tissue chemistry. We placed leaf litter in 100-L indoor

wading pools at 25 �C on a standard 14:10 light/dark

cycle to air dry for approximately one month before

transferring it to plastic garbage bags for storage until

the start of the mesocosm experiment.

Model amphibian

To evaluate the effect of leaf litter on competition,

predator–prey and host–parasite interactions, we

chose larval American toads (Anaxyrus americanus)

as our model amphibian. American toads are native

throughout much of the eastern USA and are com-

monly found inhabiting ponds and wetlands with our

four plant species. On 16 May 2018, we collected 10

partial clutches of American toad eggs from Aqua

Terra Wilderness Area in Binghamton, NY (42� 010

55.500 N, 75� 560 09.800 W). Eggs were reared at

Binghamton University’s Ecological Research

Facility (ERF) in a 100-L outdoor pools, filled with

90-L aged well water and covered with 70% shade

cloth. Once hatchlings reached the free-feeding tad-

pole stage (Gosner stage 25; Gosner 1960), we fed

them rabbit chow ad libitum until the start of the

experiments.

Experiment 1: effects of leaf litter on competitive

interactions

To understand the effect of leaf litter on competitive

interactions, we conducted a four (swamp loosestrife,

purple loosestrife, black huckleberry or autumn olive

litter) x two (low vs. high competition) mesocosm

experiment. We replicated each of these treatments 12

times for a total of 96 experimental units. Experimen-

tal units were spatially randomized, 19 L mesocosms

(plastic pails with a diameter of 32 cm and height of

36 cm) covered with 70% shade cloth lids. On 27

April, we filled each mesocosm with 17 L of well

water and added 17 g of dried swamp loosestrife,

purple loosestrife, black huckleberry or autumn olive

leaf litter to each mesocosm and did not disturb

mesocosms until 20 May to allow litter to begin

naturally breaking down. We used a litter concentra-

tion of 1 g L-1 to mimic those found in natural

wetland settings (Maerz et al. 2005; Rubbo et al. 2008;

Stoler and Relyea 2013b).

We then introduced periphyton and phytoplank-

tonic communities to the mesocosms on 20 May in

500-mL aliquots of filtered pond water from Bing-

hamton University’s nature preserve. On 28 May, the

average dissolved oxygen concentration in low density

mesocosms was 1.14 mg L-1. As Anaxyrus tadpoles

exhibit may experience stress (Wassersug and Seibert

1975) or reduced survival (Maerz et al. 2005) below

4 mg L-1, we chose to accelerate the natural increase

in dissolved oxygen concentrations by adding oxy-

genated well water to each mesocosm on 4 June (0.5

L) and 6 June (1 L). On 7 June, the average dissolved

oxygen concentrations were 4.40 ± 0.41 mg L-1 for

autumn olive, 3.08 ± 0.30 mg L-1 for black huckle-

berry, 3.72 ± 0.52 mg L-1 for purple loosestrife and

2.20 ± 0.28 mg L-1 for swamp loosestrife. Next, on 8

June, we added 100 mL aliquots of water containing

zooplankton (cladocerans and copepods) collected

from a nearby pond (42� 070 33.300 N 75� 540 34.600 W).

Finally, on 11 June, we size-selected 576 tadpoles

from common garden pools and added four and eight

123

Aquat Ecol (2022) 56:59–73 61



individuals to the low competition and high compe-

tition treatments, respectively. Both densities are well

within the range of Anaxyrus americanus larval

densities found in natural wetlands (Brockelman

1969; Petranka 1989). To ensure that tadpole handling

did not cause mortality in our experiments, we

similarly handled 20 additional individuals and

assessed their survival after 24 h (we found 100%

survival). Initial tadpole snout-vent length ‘‘SVL’’ was

7.39 ± 0.15 mm (average ± standard error) and Gos-

ner (i.e., developmental) stage was 29.65 ± 0.29

(Gosner 1960).

Throughout the experiment, we monitored water

chemistry and the abundance of phytoplankton and

periphyton in all treatments (see Electronic Supple-

mentary Material for extended methods and results).

On 27 June, we drained all mesocosms, euthanized

surviving tadpoles and measured SVL and Gosner

stage. However, a subset of tadpoles (n = 114) from

the low density treatments were first transferred to the

laboratory to be used in an additional 24-h experiment

(see ‘‘Experiment 3: Effects of leaf litter on host-

parasite interactions’’) before being euthanized.

Statistical analysis To understand the impacts of

leaf litter on amphibian metrics at both high and low

tadpole densities, we conducted separate multivariate

analyses of variance (MANOVA) for each leaf litter

pair, with percent survival, SVL and Gosner stage as

dependent variables. We rank-transformed these data

for nonparametric analysis because they did not meet

assumptions of normality. To further investigate any

significant multivariate effects, we conducted univari-

ate ANOVAs (Pituch and Stevens 2015). For all

significant univariate effects, we conducted Bonfer-

roni-adjusted pairwise comparisons. We included the

subset of animals that were preserved 24 h later in

these statistical analyses because it is highly unlikely

that the additional time and treatments (24 h parasite

exposure; described in Experiment 3) significantly

altered SVL or Gosner stage (on average, tadpoles

only grew by 2.2% of their initial length and devel-

oped an additional 1.6% of their initial Gosner stage

each day, from 12 to 27 June).

Experiment 2: effects of leaf litter on predator–

prey interactions

To understand the effect of leaf litter on predator–prey

interactions, we conducted a two-phase experiment. In

the first phase, we raised tadpoles in mesocosms with

swamp loosestrife, purple loosestrife, black huckle-

berry or autumn olive litter. Concurrent with the

competition experiment, we generated 12 replicates of

each leaf litter community (48mesocosms total), using

the identical methods described for the ‘‘low compe-

tition’’ treatment in Experiment 1. In the second phase,

we conducted a predation assay by evaluating the

susceptibility of tadpoles reared in different litter

communities to predation by a darner dragonfly nymph

(Anax spp.). Anax are common predators of larval

anurans and rely heavily on visual detection of prey,

such that increases in tadpole movement increase

predation risk (Skelly 1994). Relative to other anurans,

the high activity level and high tail beat frequency, low

propulsion efficiency and minimal axial musculature

make Anaxyrus tadpoles highly susceptible to preda-

tion by odonate nymphs (Wassersug and Hoff 1985;

Chovanec 1992).

For the predation assay, on 30 May 2018 we

collected 60 Anax nymphs from the Finch Hollow

Nature Preserve in Binghamton, NY (42� 040 49.900 N
75� 590 11.100 W) and separated them into individual

1-L containers filled with aged well water. We fed

dragonflies one laboratory-reared wood frog (Litho-

bates sylvaticus) tadpole every two days and con-

ducted water changes once per week, until the start of

the predation experiment.

Before introducing predators, on 26 June, we

counted the number of surviving tadpoles in each

predation mesocosm. To facilitate monitoring preda-

tory events, we strained 10 L of litter water from each

mesocosm through a fine-mesh aquarium net into a

17-L tub and placed the surviving tadpoles into these

units. Because Anax nymphs rely primarily on move-

ment to initiate strikes, and because encounters with

other tadpoles might influence activity, we only

utilized mesocosm replicates with 100% tadpole

survival (n = 10 for autumn olive, n = 8 for black

huckleberry, n = 4 for purple loosestrife, n = 2 for

swamp loosestrife). Because of the low replicate

availability in purple and swamp loosestrife treat-

ments, we excluded the purple loosestrife versus

swamp loosestrife comparison from predation trials.

After a one-hour acclimation period, we added 1 Anax

nymph to each experimental unit. The average weight

of predators in each treatment was 0.642 ± 0.038 g

(autumn olive) and 0.645 ± 0.041 g (black huckle-

berry). After six hours, we removed and euthanized all
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surviving tadpoles. We chose this time based on pilot

studies that showed 50%mortality at six hours. During

the six hours, we directly monitored capture events.

Statistical analysis To analyze differences in sur-

vival between leaf litter treatments preceding the

addition of predators, we compared the proportion of

tadpoles surviving for each leaf litter pair usingMann–

Whitney U tests. We then conducted separate Mann–

Whitney U tests to assess whether leaf litter influenced

tadpole predator avoidance (for autumn olive versus

black huckleberry only). We utilized nonparametric

tests because the data did not meet assumptions of

normality.

Experiment 3: effects of leaf litter on host–parasite

interactions

To understand the effects of leaf litter on host–parasite

interactions, we used trematodes (Echinostomatidae)

which are common parasites of amphibian larvae. The

Echinostomatidae are a widespread family of trema-

tode flatworms, with a complex life cycle that utilizes

multiple hosts (Smyth and Halton 1983). We focus on

the free-swimming cercarial stage of the parasite

which emerges from snails (first intermediate hosts)

and encysts in the kidneys of larval amphibians

(second intermediate host). Cercariae locate amphib-

ians via physical (e.g., water turbulence and shadows)

or chemical (i.e., chemotaxis) cues (Haas 2003; Sears

et al. 2012). Symptoms of echinostomatid infections

are dose-dependent and include hemorrhaging, edema

and in some cases mortality (Huffman and Fried

2012). Anaxyrus tadpoles can be found in wetlands

containing echinostomatid-infected snails and are

relatively susceptible to echinostomatid infection

compared to other amphibians native to the eastern

USA (Rohr et al. 2010; Sears et al. 2012).

We conducted four experiments, examining the

effects of leaf litter on the parasites alone and the hosts

alone, as well as the net effects on their interaction in a

controlled (laboratory) and a more realistic (meso-

cosm) setting:

Parasite survival assay (parasite infectivity) To

isolate the effect of leaf litter on parasite infectivity,

we exposed trematode cercariae to the four leaf litter

solutions or pure well water and tracked time to death.

We examined trends in survival because previous

research suggests that it is a highly reliable proxy for

infectivity in echinostomatids (Pechenik and Fried

1995). For this study, experimental units were 24-well

plates, filled with 1945 lL of either leaf litter solution

or well water plus 5 lL of Trypan Blue solution

(ThermoFisher Scientific; Waltham, MA, USA) to aid

in visualization of cercariae mortality (Jones et al.

2019). In each of five 24-well plates, we replicated

each litter solution and a well water control four times

(20 replicates per treatment for a total of 100

replicates). To obtain parasites for this study, on 24

June 2019, we collected 210 snails from a private pond

in Albany, NY (see Electronic Supplementary Mate-

rial for detailed methods on parasite collection and

addition). We shed and pooled cercariae from the four

snails with the highest infection prevalence and added

1 cercariae to each well. We checked mortality at

hours one, three, five, seven, nine, 11, 12, 13, 14, 16,

20 and 24. Cercariae that were no longer moving were

probedwith a jet of water propelled gently from a glass

pipette and were considered dead if they did not

respond (Hua et al. 2016). We terminated the exper-

iment at hour 24, which is the expected life span of

these parasites at room temperature (Pechenik and

Fried 1995).

Laboratory encystment experiment (host suscepti-

bility) To isolate the effect of leaf litter on host

susceptibility to parasites, on 27 June, 2018 we

selected a subset of tadpoles reared in autumn olive

(n = 12), black huckleberry (n = 12), purple looses-

trife (n = 12) or swamp loosestrife (n = 15) meso-

cosms (from the low-density competition mesocosms

in Experiment 1) and placed them in 1-L deli cups

containing 600 mL of UV-filtered aged well water.

We age-selected the youngest available individuals in

each treatment to avoid the possibility of tadpoles

metamorphosing during the experiment. We then

added 50 cercariae to each experimental unit and

allowed 24 h for the parasites to infect their hosts

before euthanizing, preserving and measuring SVL

and Gosner stage in all tadpoles. Previous studies

indicate that 24 h is sufficient for parasites to find and

encyst in the kidney (Rohr et al. 2008a). To quantify

the number of parasites that successfully encysted, we

dissected the tadpoles, placed the kidneys between two

microscope slides and counted the number of metac-

ercarial cysts formed (and double-checked the rest of

the body for cysts in a similar manner). We kept an

additional four tadpoles from each leaf litter treatment

under the same conditions, but did not expose them to

parasites, to serve as parasite-free controls. These
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assays allowed us to isolate the effect of leaf litter on

the host (i.e., susceptibility) because parasites were not

exposed to leaf litter solutions.

Laboratory encystment experiment (net effects)

Concurrent with the host susceptibility experiment,

we assessed the net effects of leaf litter on host–

parasite interactions in a similar assay. We selected a

subset of tadpoles reared in autumn olive (n = 12),

black huckleberry (n = 10), purple loosestrife

(n = 12) or swamp loosestrife (n = 13) mesocosms

(from the low density competition mesocosms in

Experiment 1) and placed them in 1-L deli cups

containing 600 mL of filtered leaf litter solutions from

their mesocosms. We then followed the same methods

for parasite exposure described in the host suscepti-

bility section above, including four parasite-free

control replicates per treatment. These assays allowed

us to evaluate the effect of leaf litter on both the host

and parasites (i.e., net effects) because both host and

parasite were concurrently exposed to the leaf litter

solutions.

Mesocosm encystment experiment (net effects)

Concurrent with the other mesocosm experiments,

we constructed 12 mesocosms with each of the four

leaf litters (n = 48), following the same methodology

described for the ‘‘low competition’’ treatment in

Experiment 1. On 23 June, 2018 we added 200

cercariae into each mesocosm. After 24 h, we disas-

sembled the mesocosms, counted, euthanized and

preserved all surviving tadpoles and measured their

SVL and Gosner stage. We then quantified the number

of parasites that successfully encysted following the

methodology described in the host susceptibility

section above.

Statistical analyses—Parasite survival assay To

examine the impacts of leaf litter type on parasite

survival, we conducted separate survival analyses for

each leaf litter pair. We utilized Wilcoxon-Gehan (life

table) survival analyses, which compare survival

functions across treatments and allow for right

censored cases (i.e., surviving cercariae at the end of

the experiment). We included the well water treatment

in both analyses to understand how parasite survival in

each leaf litter type compared to that in water without

leaf litter leachates.

Laboratory encystment experiments To examine

the impacts of leaf litter on host susceptibility to

parasites, we conducted separate generalized linear

models (with Poisson distributions and log links) for

each leaf litter pair, with the number of cysts per

individual as the dependent variable. To understand

whether patterns of encystment were associated with

variation in host traits, we conducted two-tailed

Pearson correlations between tadpole Gosner stage

and average number of cysts for each leaf litter pair.

We focused on stage here, because SVL and stage

were highly correlated, and previous studies have

demonstrated that developmental stage is important in

parasite susceptibility (Schotthoefer et al. 2003). We

conducted the same set of analyses to examine the net

effects of leaf litter on host–parasite interactions (i.e.,

for individuals exposed to parasites in leaf litter

solutions).

Mesocosm encystment experiment For encystment

measures, we conducted separate independent sam-

ples t tests for each leaf litter pair, using the average

number of cysts per individual within each mesocosm

as the dependent variable. To understand whether

patterns of encystment were associated with variation

in host traits, we conducted two-tailed Pearson

correlations between tadpole Gosner stage and aver-

age number of cysts for each leaf litter pair.

Results

Experiment 1: effects of leaf litter on competitive

interactions

Autumn olive versus black huckleberry There was a

significant overall multivariate effect of both leaf litter

type (Wilk’s-k F3,41 = 73.883, P\ 0.001) and tad-

pole density (Wilk’s-k F3,41 = 13.974, P\ 0.001), as

well as an interaction between the two (Wilk’s-k
F3,41 = 3.818, P = 0.017; Fig. 1) on tadpole survival,

SVL and stage.

We did not find significant main effects of leaf litter

type (F1,43 = 1.081, P = 0.304) or tadpole density on

survival (F1,43 = 2.852, P = 0.099), nor was there an

interaction between the two (F1,43 = 2.656, P = 0.110;

Fig. 1a).

There were significant main effects of leaf litter

type (F1,43 = 80.931, P\ 0.001) and tadpole density

(F1,43 = 7.080, P = 0.011), as well as an interaction

between litter type and tadpole density (F1,43 = 6.803,

P = 0.012) on SVL. Tadpoles reared in autumn olive

were longer than those reared in black huckleberry at

both high (P\ 0.001) and low (P\ 0.001) densities.
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In autumn olive treatments, tadpoles reared in high

and low densities were the same length (P = 0.971),

while in black huckleberry treatments, those reared at

lower densities were longer than those reared at higher

densities (P\ 0.001; Fig. 1b).

We found significant main effects of leaf litter type

(F1,43 = 218.864, P\ 0.001) and tadpole density

(F1,43 = 41.479, P\ 0.001) on Gosner stage, but

there was no interaction between the two

(F1,43 = 0.262, P = 0.611). Tadpoles reared in autumn

olive were more developed than those reared in black

huckleberry (P\ 0.001), and tadpoles reared at low

densities were more developed than those reared at

high densities (P\ 0.001; Fig. 1c).

Purple loosestrife versus swamp loosestrife There

was a significant overall multivariate effect of both

leaf litter type (Wilk’s-k F3,40 = 4.419, P = 0.009)

and tadpole density (Wilk’s-k F3,40 = 15.051,

P\ 0.001), but no interaction between the two

(Wilk’s-k F3,40 = 0.979, P = 0.412) on survival,

SVL and stage.

There was a significant main effect of leaf litter type

(F1,43 = 8.310,P = 0.006), but not density (F1,42 = 1.200,

P = 0.280), on tadpole survival. Tadpoles reared in purple

loosestrife had higher survival compared to those reared in

swamp loosestrife (P = 0.006; Fig. 1a).

There were significant main effects of leaf litter

type (F1,43 = 7.394, P = 0.009) and tadpole density

(F1,42 = 4.553, P = 0.039) on SVL. Tadpoles reared in

purple loosestrife were longer than those reared in

swamp loosestrife (P = 0.009), and tadpoles reared at

low densities were longer than those reared at high

densities (P = 0.039; Fig. 1b).

There were significant main effects of leaf litter

type (F1,43 = 4.852, P = 0.033) and tadpole density

(F1,42 = 38.894, P\ 0.001) on Gosner stage. Tad-

poles reared in purple loosestrife were more developed

(higher Gosner stage) than those reared in swamp

loosestrife (P = 0.033), and tadpoles reared at low

densities were more developed than those reared at

high densities (P\ 0.001; Fig. 1c).

Experiment 2: effects of leaf litter on predator–

prey interactions

Autumn olive versus black huckleberry: More tadpoles

survived in autumn olive treatments (average propor-

tion surviving ± SE = 1.00 ± 0.00) than black huck-

leberry treatments (0.90 ± 0.048) preceding the

addition of predators (UN=24 = 48.000, P = 0.033).

However, there was no impact of leaf litter type on

a b c

Fig. 1 Survival (as a proportion; panel a), snout-vent length
(panel b) and Gosner stage (panel c) of tadpoles reared in each

litter type. AO autumn olive, HB black huckleberry, PL purple

loosestrife and SL swamp loosestrife. Filled circles represent

individuals reared in low density treatments, while open circles

represent individuals represent individuals reared in high

density treatments (average ± standard error). Plaint compar-

isons (AO versus HB; PL versus SL) are separated by a vertical

line. P-values are reported for any significant univariate main

effects or interactions
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Fig. 2 Predator avoidance (proportion surviving after six-hour

exposure to free-ranging Anax) for tadpoles reared in autumn

olive (AO) and black huckleberry (HB). Only communities with

100% survival before the addition of predators were included in

predation trials. Purple loosestrife and swamp loosestrife were

excluded due to low replicate availability
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predator avoidance (UN=22 = 49.000, P = 0.443;

Fig. 2).

Purple loosestrife versus swamp loosestrife: There

was a significant effect of leaf litter type on amphibian

survival preceding predator exposure (UN=24-

= 23.000, P = 0.002). More tadpoles survived in

purple loosestrife treatments (0.81 ± 0.11) than

swamp loosestrife treatments (0.23 ± 0.10).

Experiment 3: effects of leaf litter on host–parasite

interactions

Parasite survival assay (parasite infectivity)–Autumn

olive versus black huckleberry There was an overall

effect of leaf litter type on parasite survival distribu-

tions (Wilcoxon-Gehan2 = 16.417, P\ 0.001). Para-

site survival rates were reduced in black huckleberry

compared to autumn olive (P = 0.049). Relative to the

well water control, parasites in both autumn olive

(P = 0.008) and black huckleberry (P\ 0.001) exhib-

ited significantly reduced parasite survival rates

(Fig. 3a).

Parasite survival assay (parasite infectivity)—

Purple loosestrife versus swamp loosestrife There

was an overall effect of leaf litter type on parasite

survival distributions (Wilcoxon-Gehan2 = 8.259,

P = 0.016). Parasite survival rates did not differ

between purple loosestrife and swamp loosestrife

treatments (P = 0.181). Compared to the well water

control, purple loosestrife significantly reduced para-

site survival rates (P = 0.004), while swamp looses-

trife did not (P = 0.116; Fig. 3b).

Laboratory encystment experiment (host suscepti-

bility)—Autumn olive versus black huckleberry When

only the hosts were exposed to leaf litter solutions,

there was a significant effect of leaf litter type on the

average number of cysts per individual (Wald

v2[1, n=24] = 6.991, P = 0.008). Tadpoles reared in

autumn olive had more cysts than those reared in black

huckleberry (Fig. 4a). There was a positive correlation

between stage and the average number of cysts per

individual (r[n=24] = 0.627, P = 0.001), such that more

developed individuals had more cysts (Electronic

Supplementary Material, Fig. 1). We found no cysts in

these, or any, parasite-free controls.

Laboratory encystment experiment (host suscepti-

bility)—Purple loosestrife versus swamp loosestrife

When only the hosts were exposed to leaf litter

solutions, there was a significant effect of leaf litter

type on the average number of cysts per individual

(Wald v2[1, n=27] = 26.535, P\ 0.001). Tadpoles

reared in purple loosestrife had more cysts than those

reared in swamp loosestrife (Fig. 4a). There was a

positive correlation between stage and the average

number of cysts per individual (r[n=27] = 0.568,

P = 0.002), such that more developed individuals

had more cysts (Electronic Supplementary Material,

Fig. 1).

Laboratory encystment experiment (net effects)—

Autumn olive versus black huckleberry When both

host and parasites interacted in leaf litter solutions,

there was a significant effect of leaf litter type on the

average number of cysts per individual (Wald

v2[1, n=22] = 27.568, P\ 0.001). In contrast to the

a b

Fig. 3 24-h survival curves of cercariae exposed to one of four

leaf litter solutions or a well water control. AO autumn olive,HB
black huckleberry, PL purple loosestrife and SL swamp

loosestrife. Panel (a) illustrates the AO (dotted gray line) versus

HB (solid gray line) comparison. Panel (b) illustrates the PL

(dotted gray line) versus SL (solid gray line) comparison. Both

panels include the survival curve of cercariae exposed to clean

water (solid black line)
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clean water exposures, tadpoles in black huckleberry

treatments now had more cysts than those in autumn

olive treatments (Fig. 4b). There was no correlation

between stage and the average number of cysts per

individual (r[n=22] = - 0.337, P = 0.125; Electronic

Supplementary Material, Fig. 1).

Laboratory encystment experiment (net effects)—

Purple loosestrife versus swamp loosestrife When

both hosts and parasites interacted in leaf litter

solutions, there was no significant effect of leaf litter

type on the average number of cysts per individual

(Wald v2[1, n=25] = 0.068, P = 0.794). Tadpoles reared

in purple loosestrife and swamp loosestrife had similar

numbers of cysts (Fig. 4b). There was no correlation

between stage and the average number of cysts per

individual (r[n=25] = 0.106, P = 0.615; Electronic

Supplementary Material, Fig. 1).

Mesocosm encystment experiment (net effects)—

Autumn olive versus black huckleberry There was a

significant effect of leaf litter type on the average

number of cysts per individual (T18.9 = - 2.164,

P = 0.043). Autumn olive individuals had signifi-

cantly fewer cysts than black huckleberry individuals

(Fig. 4c). Tadpole stage was negatively correlated

with the average number of cysts per individual

(r[n=23] = - 0.446, P = 0.033), such that more devel-

oped tadpoles had fewer cysts than less developed

tadpoles (Electronic Supplementary Material, Fig. 1).

Mesocosm encystment experiment (net effects)—

Purple loosestrife versus swamp loosestrife There was

no effect of leaf litter type on the average number of

cysts per individual (T13 = - 0.561, P = 0.585;

Fig. 4c). Tadpole stage was not correlated with the

average number of cysts per individual (r[n=15]-
= - 0.038, P = 0.894; Electronic Supplementary

Material, Fig. 1).

Discussion

Experiment 1: Effects of leaf litter on competitive

interactions

Our first objective was to examine how leaf litter type

influenced tadpole responses to intraspecific compe-

tition. Overall, tadpoles reared in purple loosestrife

and autumn olive leaf litter treatments were longer and

more developed than those reared in swamp looses-

trife and huckleberry, respectively. In addition, we

found that interactive effects of leaf litter type and

tadpole density were invasion-scenario specific. In the

purple and swamp loosestrife communities, tadpoles

were similarly affected by competition; those reared in

high competition were smaller than those reared in low

competition. In contrast, for the autumn olive versus

black huckleberry communities, the effect of compe-

tition depended on leaf litter. In autumn olive treat-

ments, tadpoles reared at both densities reached

approximately the same size (P = 0.971), while in

black huckleberry treatments, tadpoles reared at low

densities were 14% longer than those at high densities

(P\ 0.001). Stoler and Relyea (2013a) similarly

a b c

Fig. 4 Number of cysts per individual (average ± standard

error) for tadpoles exposed to cerariae in 3 separate trials. AO
autumn olive, HB black huckleberry, PL purple loosestrife and

SL swamp loosestrife. Panel (a) illustrates the Host Suscepti-

bility (laboratory) trial in clean water (open circles). Panel

(b) illustrates the Net Effects (laboratory) trial in leaf litter

solutions (closed circles). Panel (c) illustrates the Net Effects

(mesocosm) trial in leaf litter solutions (closed circles). Plant

comparisons (AO versus HB; PL versus SL) are separated by a

vertical line. P-values are reported for any significant main

effects or interactions
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demonstrated that leaf litter type mediated both the

direction and magnitude of the effects of increasing

competition on larval wood frog morphology. We

expected that differences in the growth and develop-

ment of tadpoles would be driven in a large part by

differences in resource abundance (Stephens et al.

2015). This is supported by the reduced growth and

development of tadpoles reared at high densities,

where periphyton abundance was lower (Electronic

Supplementary Material, Fig. 3c) than at low tadpole

densities. However, periphyton abundance did not

differ between litter types in either of the two invasion

scenarios. Differences in tadpole growth and devel-

opment between litter types may have been influenced

by variation in phytoplankton (Electronic Supplemen-

tary Material, Fig. 3a) or alternative resource abun-

dance, or by water quality (Quammen and Durtsche

2003; Whiles et al. 2010; Burraco et al. 2018) and

requires further research. Collectively, these results

suggest that changes in wetland plant community, and

subsequently leaf litter subsidies, can mediate the

effects of intraspecific competition between anuran

larvae.

We also found that toad tadpoles in the competition

study exhibited higher survival when reared in purple

loosestrife than swamp loosestrife. Previous studies

suggest that concurrent exposure to soluble phenolics

and low dissolved oxygen levels may reduce tadpole

survival (Maerz et al. 2005; Leonard 2008; Cohen

et al. 2012). Both purple and swamp loosestrife are

members of Lythraceae and are known to have high

phenolic concentrations in their leaf tissues (Rauha

et al. 2001; Maerz et al. 2005), which are known to

damage amphibian gill cells (Temmink et al. 1989).

This presents a major issue for American toads (Cohen

et al. 2012), which are highly reliant on gill function

for oxygen uptake due to late development of func-

tional lungs (Duellman and Trueb 1994), especially in

instances of low oxygen availability. In our study,

oxygen concentrations were significantly lower in

swamp loosestrife than purple loosestrife by about

4.4% on average (Electronic Supplementary Material,

Fig. 1a), potentially contributing to the reduced sur-

vival in swamp loosestrife. Had we not increased

dissolved oxygen before tadpole addition, mortality

may have been higher (Maerz et al. 2005), though we

cannot speculate whether this would have exacerbated

or ameliorated differences in mortality between treat-

ments without further research. While tadpole

performance (in terms of growth and survival) was

poorer in swamp loosestrife than purple loosestrife,

other studies have reported the opposite trend when

purple loosestrife was compared with native leaf litters

that were more recalcitrant or had lower phenolic

concentrations, such as cattail (Blossey et al. 2001;

Brown et al. 2006). This supports the notion that plant

traits are a more important predictor of the impacts of

changes in leaf litter composition than plant origin

(Cohen et al. 2012, 2014; Stoler and Relyea 2020).

Experiment 2: effects of leaf litter on predator–

prey interactions

Our second objective was to examine the top-down

effects of leaf litter in our predation trials. Contrary to

previous work, we did not detect an effect of leaf litter

on predator avoidance. Stoler and Relyea (2013b)

demonstrated increased turbidity (due to high concen-

trations of red maple leaf litter leachates) increased

predation risk of tadpoles by a visual predator, the

Eastern newt (Notophthalmus viridescens). In our

study, while black huckleberry was more than twice as

turbid as autumn olive (see Electronic Supplementary

Material, Fig. 4), we saw no effect of leaf litter on

tadpole predation by Anax dragonfly nymphs. Despite

the exceptional visual acuity of odonates (Sherk 1977;

Bybee et al. 2012), dragonfly larvae differ from newts

in their predatory strategy (sit-and-wait vs. active

pursuit, respectively; Cooper et al. 1985). Thus, future

studies might consider evaluating whether leaf litter-

induced shifts in turbidity are more important for

particular predation styles. Tadpole behavior may

have also impacted predation rates; both leachates and

predator cues can affect tadpole movement, and

subsequently, predation risk (Gallie et al. 2001;

Hickman and Watling 2014; Saenz and Adams 2017;

Burraco et al. 2018), though more work is needed to

understand whether this played a role in our system.

Collectively, while we found similar predation rates in

two leachate solutions, it is important to consider

different experimental circumstances. For instance,

while we filtered out the litter prior to predator assays,

variation in the quality of different litters as prey

refuge may mediate the rate of prey capture (Folsom

and Collins 1984; Hossie and Murray 2010). Addi-

tionally, a longer trial (compared to our six hours) may

have revealed effects of leaf litter on the predator

itself, as multiple studies have demonstrated impacts
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of leaf litter on aquatic macroinvertebrate life history

and community composition (Abelho and Graça 1996;

Stoler and Relyea 2011; Cothran et al. 2014). Thus,

future research should consider the role of leaf litter as

physical habitat (e.g., suitability as a refuge from

predators) as well as their direct impacts on predators,

to better understand implications of shifts in plant

communities on aquatic predator–prey interactions.

Experiment 3: effects of leaf litter on host–parasite

interactions

Parasites represent another important ecological

enemy of larval anurans (Holland et al. 2007), and

their interaction can be mediated by a variety of

anthropogenic and natural factors (Koprivnikar et al.

2006; Rohr et al. 2008b). Human-mediated impacts on

host susceptibility may modify host–parasite dynam-

ics in afflicted ecosystems (Milotic et al. 2017, 2019;

Buss et al. 2019; May et al. 2019). When we isolated

the effects of leaf litter on host susceptibility (tadpoles

were reared in leaf litter solution but exposed to

parasites in clean water) tadpoles from the invasive

litter treatments were more susceptible to trematode

infection than tadpoles from the native litter treat-

ments. Autumn olive tadpoles had 57.8% more cysts

than black huckleberry tadpoles and purple loosestrife

tadpoles had 71.1%more cysts than swamp loosestrife

tadpoles. This was likely driven by accelerated tadpole

development in invasive litter compared to native

litter, as developmental stage and the number of cysts

per individual were positively correlated for both litter

pairs. This supports the findings of Rohr et al. (2010),

which demonstrated that susceptibility to echinostom-

atid infection increases with developmental stage in

American toads. Our results would suggest that while

tadpoles gained the advantage of faster development

in invasive leaf litter treatments, they paid the price of

increased susceptibility to an ecological enemy.

However, to understand the net effect of leaf litter

on host–parasite dynamics, it is important to consider

not only changes in host susceptibility but also parasite

survival (our proxy for infectivity). Compared to well

water controls, parasite survival was unaffected by

swamp loosestrife leachates, but was significantly

reduced in purple loosestrife leachates. In the other

plant pair comparison, both autumn olive and black

huckleberry reduced parasite survival compared to

clean water, but this reduction was more drastic in

black huckleberry. Previous studies have shown that

anthropogenic (e.g., pesticides; Hua et al. 2016; Rohr

et al. 2008a, b) and natural chemicals (e.g., micro-

cystins; Buss et al. 2019) can be directly toxic to

trematode cercariae. However, no studies to date have

attempted to isolate the direct effects of leaf litter on

any trematode species. In fact, to our knowledge, only

two studies have examined the direct effects of leaf

litter on aquatic parasites; Davidson et al. (2012) and

Stoler et al. (2016a, b) demonstrated that leaf litter can

affect zoospore and sporangia densities in the amphib-

ian fungal pathogen, Batrachochytrium dendrobatidis.

Our results demonstrate that leaf litter might similarly

impact cercarial survival in echinostomatids. Parasites

are important and prevalent members of natural

communities (Minchella and Scott 1991), but are

often overlooked in the context of environmental

change (Lafferty and Kuris 1999; Johnson and Chase

2004). As wetland plant communities change (e.g.,

due to the introduction of exotic species), understand-

ing their impact on host–parasite interactions will be

essential. Given that parasite longevity and infectivity

are major factors in disease transmission, our results

highlight the importance of considering the impacts of

anthropogenic change not only on hosts, but parasites

as well.

While the individual impacts of changes in leaf

litter on hosts and parasites provide useful mechanistic

information, it was our ultimate goal to understand the

net effects of leaf litter on host–parasite dynamics.

Both laboratory and mesocosm trials where the host–

parasite interaction occurred in leaf litter solutions

yielded similar results. Despite purple loosestrife

increasing tadpole susceptibility to parasites in the

host exposure study, there was no difference in the

number of cysts between tadpoles in purple loosestrife

and swamp loosestrife when both host and parasites

were exposed to leaf litter. This suggests that

increased host susceptibility was counteracted by

reduced parasite survival in purple loosestrife, relative

to swamp loosestrife. In our other plant pair, since

tadpole susceptibility was higher and cercariae lived

longer in autumn olive compared to black huckleberry

treatments, we might have expected that overall

encystment would be much higher (i.e., additive

effects) in autumn olive than black huckleberry

treatments. Contrary to these predictions, tadpoles in

black huckleberry treatments had 190% more cysts on

average than those in autumn olive treatments. Two
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possible explanations stand out to explain this discon-

nect: First, in black huckleberry treatments, there may

have been a behaviorally-mediated increase in tadpole

susceptibility to parasites not captured in the clean

water trials. Tadpoles can evade trematode encystment

via movement, reducing the ability for parasites to

attach and crawl toward the cloaca (Daly and Johnson

2011). It is therefore possible that tadpoles moved less

in black huckleberry solutions than autumn olive

solutions, making it easier for parasites to encyst. For

instance, Watling et al. (2011) demonstrated that

American toad larvae made more trips to the surface

when exposed to leachates from the invasive shrub,

Lonicera maackii, than leachates from native plant

leaf litter. Second, parasites may have been less able to

locate their host in autumn olive than black huckle-

berry solutions, counteracting the greater cercarial

mortality in black huckleberry. Echinostomatids

locate hosts via chemosensory (e.g., for snail hosts)

or physical cues (e.g., for fast-moving hosts like fish;

reviewed by Haas 2003), but we still do not know

which cues are utilized primarily for locating amphib-

ian hosts. Ultimately, in the net effects study, tadpoles

were more developed in both purple loosestrife and

autumn olive, without incurring the cost of increased

parasite loads. This demonstrates that while consider-

ing the effects of global change on individual organ-

isms is imperative, accurate predictions of how

ecological relationships will be affected requires

examining the interactions themselves.

Conclusions

In this study, we use two invasion scenarios, compar-

ing native swamp loosestrife with invasive purple

loosestrife and native black huckleberry with invasive

autumn olive, to evaluate the potential impacts of

changing plant communities on three components of

larval amphibian ecology. We demonstrate that tad-

poles exhibited faster growth and development, equal

or greater survival and equal or lower parasite loads in

invasive, as compared to native, leaf litter treatments.

However, it should be noted that we only compared

each invasive plant to one native counterpart and used

only one model amphibian, both of which play a major

role in the conclusions of our study. For instance, we

demonstrate that American toads exhibited more rapid

growth and development in purple loosestrife than

swamp loosestrife. In contrast, previous studies have

shown that American toad tadpoles develop more

slowly and have lower survival in purple loosestrife

than broad-leaf cattail (Typha latifolia) litter, while

gray tree-frog (Hyla versicolor) performance did not

differ between litter types (Maerz et al. 2005; Brown

et al. 2006). Therefore, while these results clearly

demonstrate that changing leaf litter inputs can have a

broad range of impacts on amphibian ecology, they are

not generalizable to all amphibians or invasion

scenarios. This provides further support for a growing

body of literature showing that considering plant traits

is critical to predicting the impacts of changing leaf

litter inputs (Cohen et al. 2012; Stoler et al. 2016b).

While it is important to examine invasion scenarios

occurring in natural ecosystems, generalities derived

from examining the relationships between particular

plant traits and community composition and ecosys-

tem function may lead to stronger predictive power.

To sum, results from this study emphasize the

potential ecosystem-wide impacts of these invasions,

including changes in water chemistry, producer com-

munities, amphibian growth, development, survival

and host–parasite interactions and suggest that plant

invasions should be recognized for their ability to

drive widespread ecological change.
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