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A B S T R A C T   

Constructed wetlands (CWs) are a potential solution for wastewater treatment due to their capacity to support 
native species and provide tertiary wastewater treatment. However, CWs can expose wildlife communities to 
excess nutrients and harmful contaminants, affecting their development, morphology, and behavior. To examine 
how wastewater CWs may affect wildlife, we raised Southern leopard frogs, Lithobates sphenocephalus, in 
wastewater from conventional secondary lagoon and tertiary CW treatments for comparison with pondwater 
along with the presence and absence of a common plant invader to these systems – common duckweed (Lemna 
minor) - and monitored their juvenile development for potential carryover effects into the terrestrial environ-
ment. The tertiary CW treatment did not change demographic or morphological outcomes relative to conven-
tional wastewater treatment in our study. Individuals emerging from both wastewater treatments demonstrated 
lower terrestrial survival rates than those emerging from pondwater throughout the experiment though 
experiment-wide survival rates were equivalent among treatments. Individuals from wastewater treatments 
transformed at larger sizes relative to those in pondwater, but this advantage was minimized in the terrestrial 
environment. Individuals that developed with duckweed had consistent but marginally better performance in 
both environments. Our results suggest a potential trade-off between short-term benefits of development in 
treated effluent and long-term consequences on overall fitness. Overall, we demonstrate that CWs for the purpose 
of wastewater treatment may not be suitable replicates for wildlife habitat and could have consequences for local 
population dynamics.   

1. Introduction 

In the past century, constructed wetlands (CWs) have been designed 
to facilitate wastewater treatment and potentially treat wastewater for 
reuse as a strategy for mitigating water scarcity (Tchobanoglous and 
Burton 1991; Sayadi et al., 2012; Qu et al., 2013). Like conventional 
wastewater treatment systems, CWs reduce pollutants such as excess 
nitrogen (N) and phosphorus (P) (Vymazal 2010). By mimicking 
biogeochemical processes of naturally occurring wetlands, CWs remove 
a host of inorganic and organic compounds that otherwise make treated 
wastewater unusable (Stottmeister et al., 2003; Vymazal 2008). Unlike 
conventional systems, CWs exhibit some success in removing pharma-
ceuticals and personal care products (PPCPs) including endocrine dis-
rupting chemicals (EDCs), anti-inflammatory drugs, contraceptives, 
antibiotics, and neuroactive compounds (Hussain et al., 2012; Reyes--
Contreras et al., 2012; Carranza-Diaz et al., 2014; Hijosa-Valsero et al., 
2016; Papaevangelou et al., 2016; Li et al., 2017; Maine et al., 2017; 

Vymazal et al., 2017; Wojciechowska et al., 2017). However, removal 
rates are highly variable, and PPCP derivatives may remain after CW 
treatments (Halling-Sorensen et al., 1997; Oulton et al., 2010; Richmond 
et al., 2017). Simultaneously, CWs encourage the colonization and 
development of native wetland plant and animal communities, yet 
studies suggest that excess N and PPCPs can harm wildlife communities 
(Spieles and Mitsch 2000; DiMauro and Hunter 2002; Porej and 
Hetherington 2005; Verhoeven et al., 2006; Denton and Richter 2013; 
Drayer and Richter 2016). Little is known about potential effects of 
compound interaction or long-term impacts on wildlife using CWs as 
habitat (Gopal 1999; Hsu et al., 2011). 

As ubiquitous wetland inhabitants with traits that make them in-
dicators of environmental change, amphibians represent an ideal model 
system for studying the impact of elevated N and PPCPs in wastewater 
treatment wetlands on wildlife (Henry 2000; Degarady and Halbrook 
2006). Wetland-breeding amphibians have aquatic life stages and 
permeable skin that often require both embryo and larval development 

* Corresponding author. 
E-mail address: kkcecala@sewanee.edu (K.K. Cecala).  

Contents lists available at ScienceDirect 

Journal of Environmental Management 

journal homepage: http://www.elsevier.com/locate/jenvman 

https://doi.org/10.1016/j.jenvman.2021.112571 
Received 9 July 2020; Received in revised form 26 March 2021; Accepted 5 April 2021   

mailto:kkcecala@sewanee.edu
www.sciencedirect.com/science/journal/03014797
https://http://www.elsevier.com/locate/jenvman
https://doi.org/10.1016/j.jenvman.2021.112571
https://doi.org/10.1016/j.jenvman.2021.112571
https://doi.org/10.1016/j.jenvman.2021.112571
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jenvman.2021.112571&domain=pdf


Journal of Environmental Management 289 (2021) 112571

2

in water, exposing the most sensitive life stages to PPCPs and other 
contaminants (Werner 1986; Alford and Harris 1988; Laposata and 
Dunson 2000; Chelgren et al., 2006). As consumers of wetland biofilms, 
amphibians ingest microbial organisms that metabolize nutrients and 
PPCPs (Ding et al., 2015; Du et al., 2015; Kastanek et al., 2018; Burket 
et al., 2019). Adult amphibians consume invertebrates, many of which 
will have developed and emerged from treatment wetlands with similar 
diets as tadpoles, potentially biomagnifying contaminants (Asku 2005; 
Valdés et al., 2014; Lanctôt et al., 2016; Grabicova et al., 2017). Am-
phibians function at intermediate trophic positions and link aquatic and 
terrestrial habitats allowing contaminants that bioaccumulate like pes-
ticides and PPCPs to enter adjacent food webs with potential cascading 
effects (Flecker et al., 1999; Wilson et al., 2003; Ranvestel et al., 2004; 
Unrine et al., 2007; Regester et al., 2008; Colón-Gaud et al., 2009; Van 
Donk et al., 2016; Richmond et al., 2017; Parrish et al., 2019). 

Wastewater CWs differ significantly from natural wetlands because 
they typically contain higher concentrations of organic matter, N, P and 
PPCPs (Scholz and Lee 2005; Brown et al., 2012; Reyes-Contreras et al., 
2012; Ansola et al., 2014; Yi et al., 2017). Like most vertebrates, am-
phibians demonstrate developmental, physiological, morphological, 
and behavioral responses when exposed to high nitrate concentrations 
and a range of tested PPCPs (Hecnar, 1995; Rouse et al., 1999; Ortiz 
et al., 2004; Griffis-Kyle and Ritchie 2007; Marco and Ortiz-Santaliestra 
2009). Studies have shown reduced feeding, as well as head and tail 
abnormalities in response to concentrations of nitrate as low as 3 mg/L 
(Rouse et al., 1999). Negative effects of N can directly impact anuran 
behavior and development, and indirectly decrease survival by pro-
moting rapid development of aquatic predators through bottom-up 
trophic cascades (Johnston et al., 1990; Deegan and Peterson 1992; 
Robinson and Gessner 2000; Pearson and Connolly 2001; Gulis and 
Suberkropp 2003; Johnson et al., 2006). PPCP compounds, like steroids 
and the insecticide imidacloprid, may increase developmental rates of 
anurans, while others, such as estrogens, atrazine, and the antidepres-
sant sertraline may result in heterochrony with growth of calcium 
nodules or accelerated and altered sexual maturation (Conners et al., 
2010; Rohr and McCoy 2010; Carfagno and Fong 2014; Robinson et al., 
2017). Behavioral responses as a result of PPCP exposure include shifts 
towards either hyper- or hypo-activity and changes to startle reflexes 
and feeding rates, all of which may affect an individual’s maintenance 
requirements, potentially altering size and age at metamorphosis 
(Fraker and Smith 2004; Van Donk et al., 2016; Richmond et al., 2017; 
Zeitler et al., 2018; Parrish et al., 2019). In wastewater treatment fa-
cilities where PPCPs collect, anurans show high rates of developmental 
abnormalities and physiological disease including calcinosis and ab-
normalities in sexual development (Hayes et al., 2002; Keel et al., 2010; 
Ruiz et al., 2010; James and Semlitsch 2011; Park et al., 2014; Lambert 
et al., 2019). 

Another factor that may affect wetland organisms is duckweed 
(Lemna minor), an aquatic plant that can quickly colonize eutrophic 
waters. Common duckweed can greatly transform aquatic habitats 
through bottom-up trophic interactions as well as abiotic changes such 
as shifts in pH and dissolved oxygen (Madoni 1991; Ceschin et al., 
2019). By producing a thick vegetative mat at the water’s surface, 
duckweed alters light penetration, heat and gas exchange (Madoni 1991; 
Ceschin et al., 2019), which can result in reduced organic matter 
decomposition, changes in microbial community composition, and 
lower plant taxa richness, suggesting that it has negative effects on an-
imal communities (Ceschin et al., 2019). Duckweed, in combination 
with aquatic contaminants found in wastewater, may have 
population-scale effects on anuran fitness by affecting body size, survi-
vorship, and reproductive success (Werner 1986; Smith 1987; Semlitsch 
et al., 1988; Morey and Reznick 2001). 

Carryover effects exist in biphasic organisms where development in 
one ecosystem affects performance in another (Pahkala et al., 2001; Van 
Allen et al., 2010; Harrison et al., 2011; Earl and Semlitsch 2013). 
Amphibian larvae are commonly used for testing for carryover effects 

because tradeoffs exist between rapid larval development and survival 
in the aquatic environment and adult, terrestrial survival (Earl and 
Whiteman 2015; Székely et al., 2020). Although factors such as size at 
metamorphosis are commonly associated with adult fitness, aquatic 
contaminants can have latent effects that worsen post-metamorphosis, 
including impacts on sexual development (Reeder et al., 1998; Rohr 
et al., 2006; Boone et al., 2007; Storrs and Semlitsch 2008; Todd et al., 
2011). Moreover, variables studied are often limited to aggregate re-
sponses of survival to or size at metamorphosis, despite demonstrated 
effects on other responses including head width, limb length, muscula-
ture, fat stores, locomotor performance and color deposition (Pahkala 
et al., 2001; Watkins 2001; Vonesh 2005; Richter-Boix et al., 2006; Scott 
et al., 2007; Van Allen et al., 2010; Ogilvy et al., 2012; Boes and Benard 
2013). Leg length and head width are two easily quantifiable morpho-
logical traits with consequences for avoiding predation and successful 
foraging during resource scarcity (Székely et al., 2020). Attention to 
fine-scale responses may provide more mechanistic insights into 
long-term impacts of development in variable aquatic environments. 

This study examined carryover effects of anuran development in 
wastewater to evaluate the potential of constructed wastewater treat-
ment wetlands to support native wildlife populations. We evaluated 
metamorphic and post-metamorphic success of Lithobates sphenocephalus 
after development in pondwater, conventionally (lagoon) treated 
wastewater (secondary treatment), and conventionally treated waste-
water after passing through a constructed wetland (tertiary treatment). 
Because wetland invasion by common duckweed often accompanies 
eutrophication, we also assessed whether the presence of Lemna minor 
could impact anuran development. We tracked population- and 
individual-level responses to development in the three water treatments 
with and without duckweed, including survival and morphology (body 
length, head width, leg length) and body condition in both the aquatic 
and terrestrial environment. Across all response metrics, we expected to 
observe negative impacts of treated wastewater on pre- and post- 
metamorphic development. 

2. Materials and methods 

2.1. Study system 

The study took place in the Boiling Fork tributary of the Duck River 
draining the southern Cumberland Plateau, in the municipality of 
approximately 4000 people in Sewanee, Tennessee, USA. The water 
treatments in the first, aquatic phase of our study represent the begin-
ning (pondwater from a rain-fed reservoir) and end (secondary- and 
tertiary-treated wastewater) of the municipal water cycle of Sewanee, 
Tennessee. Carryover effects were observed in a second, terrestrial phase 
of froglet growth and survival in upland oak-hickory forests common to 
the region. Our pondwater treatment was pumped directly from Lake 
O’Donnell, an 8.9 ha man-made reservoir that serves as the municipal 
water source. The reservoir has a nearly fully forested watershed and 
hosts similar plant and animal communities as other rain-fed basins in 
the area. Following treatment, water is distributed through the town and 
returned to our wastewater treatment facility where we used wastewater 
from two linked treatment systems - a conventional secondary treatment 
lagoon and a two-year-old experimental tertiary treatment constructed 
wetland. 

Conventional treatment includes passing through screens to remove 
large solids (primary treatment) before flowing via gravity to the sec-
ondary treatment lagoons where it undergoes settling and microbial 
digestion. The effluent is split between two 5 ha (2.5 m deep) lagoons 
and slowly flows into a final lagoon, with a total treatment time of ~45 
days. In practice, the effluent is treated with 5% hypochlorite solution 
before being sprayed onto the surrounding forest for discharge into zero 
order streams of the Boiling Fork watershed. Wastewater from the sec-
ondary treatment lagoon was pumped into the mesocosms before the 
chlorination step. In 2016, construction of a 0.20 ha experimental 
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surface flow wetland complex was completed at the municipal waste-
water treatment facility and used to test the efficacy of tertiary waste-
water treatment in a CW. Wastewater from the secondary treatment 
lagoon is pumped through three sequential basins vegetated with native 
wetland plants. The basins vary in surface area, depth, and vegetative 
communities all designed to maximize nutrient retention and PPCP 
breakdown (for more details see Hopson et al., 2018 and Zeitler et al., 
2018). Since establishment, the tertiary treatment wetlands have been 
effective at removing different forms of nitrogen and phosphorus though 
removal rates are seasonally dependent (Hopson et al., 2018). PPCP 
removal has been more variable with decomposition and recombination 
resulting in lower concentrations of PPCPs only in Basins 1 and 3 
(Wright 2019). The CWs were rapidly colonized by anurans and in-situ 
observations indicated that reproduction and larval growth were 
occurring (Zeitler et al., 2018). Water representing tertiary water 
treatment came from the end of the wastewater treatment CW in Basin 3. 

2.2. Study design 

2.2.1. Aquatic pre-metamorphosis study 
We designed a two-phase experiment allowing tadpoles to develop in 

different aquatic environments before being released into the terrestrial 
environment to observe carryover effects. For the aquatic environment, 
we designed a full factorial experiment with three different water 
sources and the presence or absence of common duckweed (Lemna 
minor). The three water sources (described above) included pondwater, 
secondary treated wastewater, and tertiary treated wastewater. Each 
treatment (water x duckweed) combination had 4 replicates for a total of 
24 experimental ex-situ mesocosm units. 

Our study organism was the southern leopard frog (Lithobates sphe-
nocephalus), a species observed by Zeitler et al. (2018) to both breed and 
develop in the constructed wastewater treatment wetlands. This species 
breeds in early spring and metamorphoses after two to five months. On 
February 21, 2018, we collected 10 egg masses from a breeding aggre-
gation at a rainfed reservoir similar to the reservoir where we collected 
pondwater, located 2.6 km from our study location. The egg masses were 
reared in a lab where they were placed individually into 10-gal aquaria, 
filled to a depth of 8 cm with rain-fed reservoir water, aerated with a 
bubbler, and kept in a 12:12 light to dark cycle at room temperature. 
Upon hatching, we removed the gelatinous egg mass and allowed the 
tadpoles to develop to a minimum of Gosner stage 20 (Gosner 1960; 
fewer than 4 days separated the mean hatching day of each egg mass). 
We haphazardly selected 5 tadpoles from each egg mass to form groups 
of 50 tadpoles that were randomly assigned to and released into ex-situ 
mesocosms on March 3, 2018. 

The tadpoles were reared in ex-situ, 350-gal mesocosms that were 
assembled adjacent to the secondary wastewater treatment lagoon and 
the constructed wastewater treatment wetland complex. Water and 
duckweed treatments were randomly assigned to each mesocosm. On 
February 9, 2018, we filled each mesocosm with the appropriate water 
type to approximately ¾ full and added 1 kg of dried oak-hickory leaf 
litter collected from adjacent forest. After one week, we added 500 g 
(wet mass) of rinsed common duckweed collected from the municipal 
wastewater treatment facility. Each mesocosm was fitted with a stand-
pipe to prevent water overflow, a 315-cm2 mesh disk to allow meta-
morphic frogs to rest at the water surface, and a mesh covering that 
allowed sun and precipitation through but prevented predators like 
birds from entering the mesocosms. The mesocosms were allowed to 
settle for 22 days before introducing tadpoles. 

To describe ex-situ mesocosm water characteristics, we assessed ni-
trogen and phosphorus fractions and a subset of PPCPs in February 
before introduction of water from these sources into the mesocosms and 
in May as tadpoles began to metamorphose. After 15 weeks, mesocosms 
had 4-12 times lower total N than at the beginning of the experiment, 
and total P was 2–6 times lower (Table 1; Hopson et al., 2018). However, 
patterns of the relative total N and P were secondary treated wastewater 

concentrations > tertiary treated wastewater > pondwater (Table 1; 
Hopson et al., 2018). Fractions of N retained their relative proportions 
through time, but variation in total P was not reflected in proportional 
changes in soluble reactive phosphorus (Table 1; Hopson et al., 2018). 
Overall concentrations of contaminants were lower in the mesocosms in 
May relative to February with below detection limit concentrations of 
atenolol, diethyltoluamide (DEET), methylphenidate, carbamazepine, 
norethindrone, norgestrel, medroxyprogesterone, and thiacloprid. 
Notably, DEET is typically detected in high concentrations in both 
wastewater sources but was low in our samples (Wright 2019). Of the 
remaining compounds, we observed little change between water intro-
duction and mesocosm samples in acetaminophen, atrazine, and pro-
pranolol (Table 1). Sertraline in May was higher in both wastewater 
treatments relative to the beginning of the experiment, while caffeine, 
diphenhydramine, imidacloprid, and valsartan declined in proportion to 
their relative availability in treated wastewater. Conductivity was much 
lower in two wastewater treatment mesocosms in May relative to 
February, suggesting rainwater dilution of water treatments in the 
mesocosms (Table 1). However, decreasing concentrations of PPCPs 
over the spring and summer in the mesocosms is consistent with trends 
observed in situ (Wright 2019). Although it is unlikely that ex-situ mes-
ocosms completely replicate in-situ conditions, it is likely that the rela-
tive differences among treatments will indicate shifts associated with 
in-situ differences. 

The mesocosms were checked daily for metamorphic individuals 
captured by hand with dipnets. Individuals achieving Gosner stage 46 
were considered to have completed metamorphosis and were captured 
for removal, measurements and marking (Gosner 1960). The froglets 
were kept moist in deli cups in the lab in the dark at room temperature 
for less than 48 h being released into terrestrial pens described below. 
During this time, they were lightly anesthetized in sodium bicarbonate 
buffered 1 gL− 1 MS-222 until their righting reflex was impaired. We 
measured snout-vent length (SVL), mass, leg length of the right leg, and 
maximum head width and inspected them for any external abnormal-
ities or injuries. The leg length was evaluated by positioning the right 
limb straight behind the individual and measuring from the cloaca to the 
longest toe tip. Individuals were also implanted with an 8 × 1.4 mm 
passive integrated transponder (PIT) tag (MiniHPT8; Biomark Inc., 
Boise, ID). Wounds from injection were not sealed or treated before 
being released, and we experienced a 0.84% tag loss rate. Because all 
future individuals were measured with their PIT tags, we took all mea-
surements post PIT tag insertion and under light anesthesia for consis-
tency of measurements (Hoffacker and Cecala 2018). We released the 
froglets after sunset to one of six randomly assigned terrestrial pens, 
ensuring individuals had more than 6 h to recover from anesthesia. On 
September 22, 2018, we emptied the mesocosms and removed any 
remaining tadpoles that were euthanized (N = 4, all from pondwater 
treatments). The number of metamorphic frogs removed from each 
mesocosm was tallied, and days to metamorphosis from mesocosm 
introduction was calculated for each individual. 

2.2.2. Terrestrial post metamorphosis study 
The terrestrial pens were installed 450 m from the mesocosms and 

surrounded by forest for more than 25 m. The pens were constructed by 
burying metal hardware cloth at least 10 cm deep leaving the walls of 
the pens 0.8 m tall. The mesh size was 6 × 6 mm to allow macro-
invertebrates to pass between the inside and outside of the pens. The 
pens were arranged in two blocks of three pens that shared interior 
walls. Each pen was approximately 50 m2, and through random 
assignment, 119–134 frogs were released into each pen for a maximum 
density of 2.4–2.7 frogs per m2. We also placed two plastic irrigation 
trays (50 × 25 × 5 cm) filled with water into each pen because standing 
water was otherwise unavailable. Water in the trays was replenished as 
needed, and these trays also served as the locations where we released 
frogs into the terrestrial pens. 

Metamorphic frogs were released into the pens from May–September 
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Table 1 
To characterize the mesocosms, concentrations of PPCPs and fractions of N and P measured in samples collected directly from the two wastewater treatments in Feb 2018 prior to mesocosm filling and from mesocosm 
samples collected in May 2018 as tadpoles metamorphosed. The asterisk represents in-situ values that were only available from sampling in April 2018. "BDL" indicates measurements that were below the detection limits 
for a particular compound. All compounds were tested in triplicate with mean values reported. Means ± one standard error are presented for the four mesocosm replicates of each water and common duckweed (Lemna 
minor) treatments. In-situ samples were collected from the three water sources in February 2018 (immediately prior to mesocosm filling), and from the ex-situ mesocosms in May 2018 when the tadpoles began to 
metamorphose to describe the shift in water conditions during the period of tadpole development. In-situ samples were unavailable from the pondwater and were assumed to be below detection limits because they are 
filled with rainwater collected within a fully forested watershed. Seasonal shifts in in-situ conditions can be found in Hopson et al. (2018) and Wright (2019). Sixteen PPCPs, previously identified in wastewater at our site by 
Wright (2019), were extracted from the samples following a modification of EPA Method 1694 and analyzed by LC-MS/MS (Accela HPLC, TSQ Quantum Ultra mass spectrometer, Thermo Scientific, using methods 
described by Wright, 2018). Nitrite (NO2

− ), nitrate (NO3
− ), ammonia plus ammonium (NH3+NH4

+), total nitrogen (TN), reactive phosphate (orthophosphate PO4), and total phosphorus (TP) were determined following 
protocols outlined in Hopson et al. (2018).   

In situ Ex situ Mesocosms Detection Limit 

Water source Secondary wastewater treatment Tertiary wastewater treatment Pondwater Secondary wastewater treatment Tertiary wastewater treatment  

Duckweed   Absent Present Absent Present Absent Present  

Tested contaminants (ng/L)         
Acetaminophen 5.23 5.23 2.20 ± 1.39 1.38 ± 0.72 1.52 ± 1.52 2.85 ± 1.22 0.00 0.00 0.00 
Atenolol 3.60 29.69 BDL BDL BDL BDL BDL BDL 0.02 
Atrazine 3.22 3.40 2.43 ± 0.23 2.62 ± 1.16 2.71 ± 0.30 1.25 ± 0.44 3.36 ± 0.56 1.08 ± 0.16 0.01 
Caffeine 4919.63 96.37 5.05 ± 1.77 5.82 ± 0.80 14.67 ± 7.43 9.00 ± 0.91 5.29 ± 1.86 4.11 ± 0.60 0.59 
Carbamazepine 2.04 2.31 BDL BDL 0.10 ± 0.02 0.13 ± 0.02 0.13 ± 0.01 0.08 ± 0.04 0.04 
DEET 126.05 82.02 BDL BDL 1.10 ± 0.06 BDL 2.09 ± 0.84 BDL 0.32 
Diphenhydramine 57.45 15.51 BDL BDL 8.23 ± 2.22 3.51 ± 1.33 5.61 ± 1.58 1.97 ± 0.32 0.41 
Imidacloprid 11.19 11.01 BDL 0.22 ± 0.05 0.46 ± 0.11 0.76 ± 0.22 0.71 ± 0.06 0.28 ± 0.24 0.03 
Medroxyprogesterone 2.41 2.63 BDL BDL BDL BDL BDL BDL 0.26 
Methylphenidate 0.078 0.078 BDL BDL BDL BDL BDL BDL 0.03 
Norgestrel 24.87 24.87 BDL BDL 0.24 ± 0.13 0.15 ± 0.05 0.23 ± 0.09 0.18 ± 0.02 0.06 
Norethindrone 15.00 15.00 BDL BDL BDL 0.22 ± 0.05 0.29 ± 0.08 BDL 0.03 
Propranolol 0.37 0.37 0.35 ± 0.13 BDL 0.50 ± 0.04 0.47 ± 0.10 0.54 ± 0.07 0.26 ± 0.06 0.06 
Sertraline 0.56 0.56 BDL 1.68 ± 0.45 9.22 ± 5.35 1.3 ± 0.63 4.77 ± 1.58 3.09 ± 1.60 0.20 
Thiacloprid 0.81 0.07 0.00 0.00 0.00 0.01 ± 0.01 0.02 ± 0.02 0.00 0.00 
Valsartan 287.76 51.15 1.67 ± 1.80 2.70 ± 1.80 5.91 ± 4.02 5.28 ± 2.16 2.24 ± 0.31 4.13 ± 4.08 0.01 
Tested nutrients (mg/L)         
Ammonium 4.53* 0.08* 0.02 ± 0.01 0.04 ± 0.01 0.02 ± 0.004 0.03 ± 0.01 0.02 ± 0.009 0.03 ± 0.008  
Nitrate 0.22 0.49 0.03 ± 0.003 0.04 ± 0.01 0.03 ± 0.01 0.03 ± 0.003 0.07 ± 0.02 0.04 ± 0.01  
Nitrite 0.02 0.07 0.007 ± 0.002 <0.001 0.006 ± 0.001 0.007 ± 0.001 0.03 ± 0.005 0.004 ± 0.001  
Total nitrogen 13.47 3.78 0.05 ± 0.004 0.06 ± 0.01 3.67 ± 3.26 0.28 ± 0.19 0.83 ± 0.21 0.53 ± 0.15  
Phosphate 2.47 2.54 0.04 ± 0.02 0.02 ± 0.01 0.04 ± 0.003 0.03 ± 0.004 0.11 ± 0.02 0.03 ± 0.007  
Total phosphorus 10.85 9.90 2.36 ± 0.29 2.42 ± 0.46 6.61 ± 0.96 6.44 ± 0.94 3.90 ± 0.50 3.92 ± 0.57  
Water quality          
Conductivity 239.87 234.30 12.89 ± 2.00 13.62 ± 1.79 42.03 ± 1.66 34.38 ± 2/97 40.55 ± 1.56 36.03 ± 1.60  
pH 7.54 7.26 6.89 ± 0.05 6.76 ± 0.16 7.25 ± 0.02 6.00 ± 0.05 7.28 ± 0.11 7.03 ± 0.11   
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2018. Terrestrial recapture surveys began in July and continued 
monthly until October before the site experienced freezing nighttime 
temperatures. We resumed recapture surveys in February and April 
2019 after frog emergence from overwintering refugia. Recapture sur-
veys were performed over 48 h and included both daytime and night-
time surveys. Terrestrial juveniles were located using a Biomark HPR 
Plus Reader and BP portable antenna (Biomark Inc., Boise, ID), but only 
locations where live frogs could be found and captured were considered 
recaptures. Recaptured frogs were removed to the lab, anesthetized and 
measured using the same protocol as for metamorphic frogs (i.e. length, 
mass, right leg length, and head width), and released after surveys were 
complete. 

2.3. Data analysis 

We evaluated several individual variables to assess our hypotheses 
that water source and duckweed may influence short- and long-term 
outcomes of anuran development. Specifically, we evaluated SVL after 
complete resorption of the tail for body length (Gosner stage 46). Body 
condition was evaluated using the scaled mass index that has been 
proposed as a more accurate index of body fat in small vertebrates (Peig 
and Green 2009, 2010; MacCracken and Stebbings 2012). We followed 
the parameterization presented in Peig and Green (2009) to calculate 
the scaled mass index using SVL as the measurement of body size. Leg 
length and head width were standardized by the SVL (i.e. leg length or 
head width divided by SVL) to better evaluate potential differences in 
body proportions associated with feeding and locomotion. 

We assessed the effects of water source and duckweed presence or 
absence and their interactions on survival and time to metamorphosis 
using mixed-effects Cox proportional hazard models with mesocosm 
identity as a clustering factor. For the survival model, we also included a 
variable indicating life stage (at the end of the aquatic life stage versus 
terrestrial life stages) and all potential interactions to assess whether the 
effects of water source and duckweed were consistent in the aquatic 
larval environment versus the juvenile terrestrial environment. A sig-
nificant interaction between life stage and either of our predictors of 
water source and duckweed could indicate a carryover effect of the 
larval environment into the terrestrial environment. We assessed sig-
nificance of individual factors using an analysis of deviance using Wald 
tests. All analyses were run in R (R Core Team 2017). Cox proportional 
hazard models were run using package survival (Therneau 2020) with 
post hoc tests using package emmeans (Lenth 2019). 

For morphological outcomes, we evaluated how water source, 
duckweed presence, and life stage (at the end of the aquatic life stage 
versus terrestrial life stages) affected body length (SVL), body condition, 
size-corrected leg length, and size-corrected head width using a linear 
mixed effects model. We included random effects of mesocosm, terres-
trial pen, month, and individual. All analyses were performed in R. 
Linear mixed models were performed using the package lme4 and 
evaluated using an analysis of deviance and Tukey post hoc analyses of 
significant factors using the package emmeans (Bates et al., 2004; Lenth 
2019). 

3. Results 

We recovered 759 metamorphic L. sphenocephalus from all 24 mes-
ocosms. The number of individuals recovered per mesocosm ranged 
from 10 to 44 individuals. Of the recovered froglets, we released 707 
identifiable individuals into terrestrial pens due to mortality during 
transportation and PIT tag loss. We recaptured 198 individuals at least 
once, but only 36 individuals survived the winter with each water source 
represented by survivors (pondwater = 11, secondary treated waste-
water = 12, tertiary treated wastewater = 13). We observed that 2.6% of 
individuals from secondary and tertiary treated wastewater had visible 
external abnormalities at metamorphosis, the most common of which 
was an inflamed upper jaw that protruded 2–3 mm beyond the lower jaw 

(N = 12). We also externally observed bony nodules of the long bones in 
the hind limbs through the transparent skin of the limbs (N = 8). While 
we never recaptured any of the individuals with the jaw abnormality in 
the terrestrial environment, we did recapture those with bony nodules 
that appeared, externally, to have resolved themselves. No abnormal-
ities were observed in individuals reared in pondwater. 

Survival to metamorphosis varied among water sources (Fig. 1; 
Table 2) but did not vary between the presence and absence of duck-
weed nor was there an interaction between water source and duckweed 
presence or absence (Table 2). We also observed a significant interaction 
between water and life stage. Survival was 14.2–22.6% higher in 
pondwater relative to secondary treated wastewater and tertiary treated 
wastewater (z = 7.26, p < 0.001; z = 10.43, p < 0.001 respectively), 
which were similar to one another (Fig. 1, z = 1.47, p = 0.304). Survival 
was 20.3–22.0% higher in the terrestrial environment overall relative to 
the aquatic environment with the biggest increase in survival observed 
for individuals reared in pondwater relative to all other water treat-
ments (z > 87.10, p < 0.001; Fig. 1). 

The first metamorphosed froglets were found 81 days after tadpole 
introduction to the mesocosms on May 23, 2018. The final froglets were 
removed from the mesocosms after 157 days on August 7, 2018. Time to 
metamorphosis was significantly different among water sources (Fig. 2; 
Table 2) and between the presence and absence of duckweed (Fig. 2; 
Table 2). We did not find a significant interaction between water source 
and duckweed (Table 2). Metamorphosis took 20–24 days longer in 
pondwater relative to secondary and tertiary treated wastewaters 
(Fig. 2, z > 11.23, p < 0.001). We observed no difference between the 
two wastewater treatments (Fig. 2, z = 1.44, p = 0.299). Transformation 
took 2.5 ± 0.66 days longer in the absence of duckweed (Table 2). 

At metamorphosis, froglets ranged in snout-vent length from 15 to 
40 mm (Fig. 3a) and in mass from 0.38 to 4.96 g. Length at meta-
morphosis differed among water sources and duckweed treatments but 
no interaction was observed between water and duckweed (Fig. 3a, 
Table 3). While length was significantly different among all water 
treatments (Fig. 3a; t > 12.44, p < 0.001), froglets from the secondary 
and tertiary treated wastewater were 7.65–10.87 mm longer than 
froglets that emerged from pondwater (Fig. 3a). Individuals from the 
tertiary treated wastewater were 1.91 ± 0.64 mm larger than in-
dividuals from the secondary treated wastewater at metamorphosis 
(Fig. 3a). Individuals in duckweed present treatments were 2.19 ± 0.53 
mm larger than in duckweed absent treatments at metamorphosis 
(Fig. 3a). Snout-vent length increased into the terrestrial environment, 
and we observed a significant interaction between water source and life 
stage (Fig. 3b; Table 3). Terrestrial increases in length did not vary be-
tween secondary and tertiary treated wastewater (Fig. 3b, t = 1.50, p =
0.670). However, froglet size was 1.31–1.35 times larger for individuals 
reared in pondwater relative to treated wastewater (Fig. 3b; t > 13.75, p 
< 0.001). However, individuals from treated wastewater still retained 
larger body lengths than individuals from pondwater at the end of our 
experiment. Individuals from treatments with duckweed were 1.1 times 
larger across both life stages (Table 3). 

Body condition of froglets was significantly affected by interactions 
between life stage and water source and life stage and duckweed pres-
ence. Body condition was higher in the terrestrial landscape than the 
aquatic landscape (Table 3), and body condition increased the most in 
tadpoles reared in treated wastewater relative to those from pondwater 
when they transitioned to the terrestrial landscape (Table 3). Body 
condition in the aquatic environment was 1.14–1.20 times higher in 
individuals reared in tertiary treated wastewater relative to those reared 
in pondwater (Fig. 3c; t = 3.33, p = 0.022), and this difference increased 
in the terrestrial environment with individuals reared in wastewater 
having a body condition 1.84 to 2.08 times greater than those reared in 
pondwater (Fig. 3d; t > 20.84, p < 0.001). 

Size-corrected leg length was significantly affected by water source, 
an interaction between water source and duckweed and an interaction 
between duckweed and life stage (Table 3). Overall, leg length remained 
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consistent in individuals reared in wastewater treatments regardless of 
duckweed treatment and was larger than individuals reared in pond-
water with or without duckweed (Fig. 3ef; t > 4.44, p < 0.003). Leg 
length for individuals in pondwater with duckweed was 1.08 times 
larger than treatments without duckweed (Fig. 3ef; t = 3.583, p =
0.017). In the larval life stage in the aquatic environment, there was no 
difference between treatments with and without duckweed (Fig. 3e; t =
1.51, p = 0.448), but as juveniles in the terrestrial environment, leg 
length in individuals from treatments with duckweed was 1.03 times 
larger than those from treatments without duckweed (Fig. 3f; t = 2.99, p 
= 0.030). 

Size-corrected head width was significantly associated with an 
interaction between water source and duckweed as well as between 
water and life stage (Table 3). In the presence of duckweed, head width 
was unassociated with water source (t > 0.515, p > 0.811), but in the 

Fig. 1. Proportion of Southern leopard frogs (Lithobates sphenocephalus) sur-
viving to metamorphosis in ex-situ aquatic mesocosms and post-metamorphic 
survival in terrestrial pens. Aquatic mesocosms held one of three water sour-
ces (pondwater and secondary and tertiary treated wastewater). 

Table 2 
Statistical results of Cox proportional hazard models evaluating the role of water 
source and common duckweed (Lemna minor) on survival and time to meta-
morphosis of Southern leopard frogs (Lithobates sphenocephalus) reared in mes-
ocosms. Models for survival also included an additional fixed factor of life stage 
to evaluate differences in survival in the aquatic versus the terrestrial landscape.   

df χ2 p 

Survival 
Water source 2 6.80 0.033 
Duckweed 1 0.01 0.930 
Life stage 1 8681.95 <0.001 
Water source × duckweed 2 0.05 0.974 
Water source × life stage 2 131.26 <0.001 
Duckweed × life stage 1 1.10 0.294 
Water source × duckweed × life stage 2 3.60 0.165 
Time to metamorphosis 
Water source 2 134.13 <0.001 
Duckweed 1 10.88 <0.001 
Water source x duckweed 2 1.82 0.403  

Fig. 2. Proportion of Southern leopard frogs (Lithobates sphenocephalus) in-
dividuals remaining as tadpoles in the aquatic environment while being reared 
in three different water sources in ex-situ mesocosms. 

Fig. 3. Morphological measurements of Southern leopard frogs (Lithobates 
sphenocephalus) after being reared in ex-situ aquatic mesocosms with one of 
three water sources (pondwater and secondary or tertiary treated wastewater) 
and the absence or presence of common duckweed (Lemna minor) and in 
terrestrial pens post-metamorphosis. Morphology was quantified through 
snout-vent length (a, b), body condition calculated as the scaled mass index (c, 
d), leg length corrected for snout-vent length (e, f), and head width corrected 
for snout-vent length (g, h). Letters represent significantly different 
distributions. 
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absence of duckweed, head width was 1.04–1.06 times larger in in-
dividuals reared in pondwater relative to the two wastewater treatments 
(Fig. 3gh; t > 4.101, p < 0.006). In the aquatic environment, individuals 
reared in pondwater had head widths that were 1.06–1.07 times larger 
than individuals reared in wastewater (Fig. 3g; t > 4.575; p < 0.001). 
When individuals transitioned to the terrestrial environment, differ-
ences between water treatments were eliminated (Fig. 3h; t > 1.18, p >
0.558). 

4. Discussion 

Overall, we observed few differences between secondary and tertiary 
treated wastewater, with froglets emerging from either wastewater 
source exhibiting larger morphometric measurements at metamorphosis 
than those reared in pondwater. However, these performance differ-
ences became smaller with time spent in the terrestrial environment. 
Tadpoles reared in wastewater took less time to transform and had lower 
survival than those in pondwater. We also observed a small but 
consistent improvement in performance when reared in treatments with 
common duckweed. Although we are unable to link consistent differ-
ences in performance with any single nutrient or compound found in 
treated wastewater, our results are likely conservative due to rainwater 
dilution of wastewater over the course of our experiment. We 
acknowledge that the effect sizes of differences may vary between our 
experimental mesocosm and in-situ conditions though they do replicate 
general patterns observed in tadpoles captured in situ (Skelly 2002; 
Zoeller and Vandenberg 2015; Zeitler et al., 2018). We also demon-
strated complex interactions between morphometrics and demography 
as frogs move between aquatic and terrestrial environments. Regardless, 
these results suggest that wastewater treatment CWs may not serve as 

sustainable wildlife habitats and underscore the importance of carryover 
studies that follow post-metamorphic survival and growth. 

We hypothesize that the morphological advantages we observed in 
metamorphic anurans from treated wastewater mesocosms, including 
larger body size, leg length and better body condition, were mainly due 
to the eutrophic state of the water sources. Nutrient enrichment, such as 
that from treated wastewater, increases microbial activity and leaf 
decomposition rates, which has also been linked to higher invertebrate 
abundance (Robinson and Gessner 2000; Pearson and Connolly 2001; 
Gulis and Suberkropp 2003). Higher microbial biomass and turnover in 
eutrophic habitats may also contribute to faster tadpole growth rates, 
something observed in other aquatic vertebrates though the composition 
of microbial communities can have complex effects (e.g. Taipale et al., 
2018). This conclusion is also supported by the shortened time to 
metamorphosis and faster growth that we observed in treated waste-
water (Johnston et al., 1990; Deegan and Peterson 1992; Johnson et al., 
2006). Furthermore, in studies that manipulated food availability, re-
searchers demonstrated results like those we observed in meta-
morphosing froglets from wastewater, demonstrating longer legs but 
narrower heads (Nathan and James 1972; Steinwascher and Travis 
1983; Marian and Pandian 1985; Pfennig 1992; Richter-Boix et al., 
2006; Gomez-Mestre et al., 2010). The increased resources available in 
nutrient-enriched wastewater may explain the trait-specific develop-
ment that we initially observed in our metamorphic individuals. 

Body size is often positively associated with fitness because anurans 
that metamorphose at larger sizes are larger at maturation and can 
produce more eggs, are less likely to starve, and more likely to avoid 
desiccation and predation (Tracey et al., 1993; Newman 1994; Semlitsch 
et al., 1988). For this reason, reduced survival and weaker terrestrial 
performance of froglets from treated wastewater were unexpected 
though not unprecedented. In a review study of carryover effects in 
amphibians, Earl and Whiteman (2015) note that there is a temporal 
component to environmental effects, meaning that fitness proxies that 
integrate a larger portion of the lifespan will be more accurate. There-
fore, short-term outcomes are likely to exhibit larger magnitude effect 
sizes relative to long-term outcomes. Likewise, we cannot rule out that 
results from our terrestrial component may be the result of low recapture 
success and high mortality rates that may be unrelated to morphological 
parameters. Furthermore, our study may not have extended long enough 
to determine if this reversal of growth patterns persisted or simply re-
flected variation in aquatic versus terrestrial resource availability. 
However, several potential explanations exist for the minimization of 
effects between the aquatic and terrestrial environment, and it is likely 
that these mechanisms are non-exclusive and potentially synergistic. 

Plasticity in anuran development allows them to take advantage of 
habitats with high temporal and spatial variability. Therefore, there is 
potential for anurans to alter developmental rates, allowing them to 
catch up in the terrestrial environment (Hector and Nakagawa 2012). 
Our study supports this mechanism, as we observed that growth rates of 
individuals reared in pondwater were accelerated in the terrestrial 
environment relative to individuals from treated wastewater. However, 
amphibians can also exhibit plastic developmental responses to condi-
tions within these habitats, including resource availability and aquatic 
contaminants that may likewise affect post-metamorphic development. 
In contaminated environments, studies have demonstrated that rapid 
larval growth to escape poor aquatic conditions can come at the cost of 
slower development in specific body parts (Alvarez and Nicieza 2002; 
Fischer et al., 2004; Tejedo et al., 2010), higher metabolic rates, 
increased starvation potential, and weaker immune responses in juve-
niles (Stockhoff 1991; Gotthard et al., 1994; Gervasi and Foufopoulos 
2008), which could potentially affect anurans developing in wastewater 
and contribute to reduced survival or growth rates. Studies examining 
this trade-off found that later-metamorphosing froglets, like those from 
pondwater, had a strong advantage in terms of terrestrial locomotor 
performance relative to those with an earlier metamorphosis (Ficetola 
and De Bernardi 2006). Furthermore, as larval intrinsic growth and 

Table 3 
Statistical results of linear mixed models using an analysis of deviance evalu-
ating the relationships between water source, common duckweed (Lemna 
minor), and life stage on the morphology of pre- and post-metamorphic Southern 
leopard frogs (Lithobates sphenocephalus) reared in aquatic and terrestrial mes-
ocosms. Leg length and head width were adjusted for body length.   

df χ2 p 

Snout-vent length 
Water source 2 282.22 <0.001 
Duckweed 1 39.74 <0.001 
Life stage 1 1.45 0.229 
Water source × duckweed 2 5.03 0.081 
Water source × life stage 2 5.74 0.057 
Duckweed × life stage 1 0.46 0.500 
Water source × duckweed × life stage 2 2.70 0.259 
Body condition 
Water source 2 301.23 <0.001 
Duckweed 1 20.04 <0.001 
Life stage 1 1.57 0.211 
Water source × duckweed 2 0.26 0.880 
Water source × life stage 2 580.56 <0.001 
Duckweed × life stage 1 54.52 <0.001 
Water source × duckweed × life stage 2 1.31 0.520 
Size-corrected leg length 
Water source 2 103.87 <0.001 
Duckweed 1 6.41 0.011 
Life stage 1 1.83 0.176 
Water source × duckweed 2 8.80 0.012 
Water source × life stage 2 1.80 0.406 
Duckweed × life stage 1 4.23 0.040 
Water source × duckweed × life stage 2 5.50 0.064 
Size-corrected head width 
Water source 2 14.51 <0.001 
Duckweed 1 0.44 0.509 
Life stage 1 0.04 0.833 
Water source × duckweed 2 7.81 0.020 
Water source × life stage 2 18.02 <0.001 
Duckweed × life stage 1 1.25 0.263 
Water source × duckweed × life stage 2 0.96 0.619  
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development are prioritized, other fitness-related traits (i.e. locomotion, 
etc.) and resulting environmental and predation resilience are disad-
vantaged (Conover and Shultz 1995; Arendt et al., 2001; Fischer et al., 
2004; Skelly 2004; Székely et al., 2020). It may be that conditions in the 
wastewater environments prompted early metamorphosis, juvenile 
growth patterns, and resulting survival patterns that we observed. 

It is also possible that latent effects of aquatic contaminants or 
eutrophication may affect post-metamorphic development. Although we 
did not dissect individuals in this study to assess gonadal or other in-
ternal abnormalities, we did observe bony nodules that affected the long 
bones of their legs. If the nodules also affected their function, this change 
in function would not be observed in the aquatic environment but could 
affect predation and predator escape abilities in the terrestrial envi-
ronment minimizing their success (Emerson 1978; Zug and Altig 1978; 
Gomez-Mestre et al., 2010; Tejedo et al., 2010). Similarly, preliminary 
research also suggests that skin microbiomes of individuals from treated 
wastewater differ considerably from those in pondwater (Zeitler 
Unpubl. Data). Recent studies have demonstrated that anuran micro-
biomes can secrete antimicrobial peptides and bioactive molecules, 
which can aid in resistance against predators, pathogens, and contami-
nants (Holden et al., 2015; Walke et al., 2015; Rebollar et al., 2018). 

Eutrophication from treated wastewater is also advantageous for the 
growth of common duckweed, which has become a widespread plant 
nuisance in ponds and lakes where it forms a dense mat. In our study, 
duckweed formed a less dense and more diffuse cover, and the presence 
of common duckweed appears to confer consistent positive effects on 
frogs. However, whether these effects are biologically relevant is un-
known. We hypothesize that this positive effect may be largely due to 
the addition of food resources with the presence of common duckweed. 
Though duckweed mats may limit light penetration, they provide a large 
surface area for algal growth at the surface of the water and contain high 
levels of protein and fat (Zirschky and Reed 1988). Finally, this physical 
mat of duckweed at the surface provides refuge from predator detection. 

Despite observing differences in aquatic contaminant profiles be-
tween the ex-situ mesocosms and in-situ measurements, we observed the 
persistence of acetaminophen, atrazine, caffeine, diphenhydramine, 
imidacloprid, propranolol, sertraline, and valsartan (8 of 16 tested 
compounds) in mesocosms with treated wastewater. Although it is 
impossible to know which compound was responsible, or if interactions 
among compounds were responsible (Hayes et al., 2006), we did observe 
small proportions of individuals emerging from these treatments with 
developmental abnormalities of the leg long bones and upper mandible. 
Of the compounds listed above, studies on caffeine, propranolol, atra-
zine, acetaminophen, and sertraline have produced opposite outcomes 
from observed growth and survival in this study suggesting that these 
compounds were either at low enough concentrations to not affect 
amphibian development or their interactions with other compounds 
promoted opposing outcomes (Smith and Burgett 2005; Hayes et al., 
2006; Owen et al., 2009; Connors et al., 2010; Rohr and McCoy 2010; 
Carfagno and Fong 2014). Little direct data is available for the 
remaining compounds to hypothesize what impacts they may have on 
anuran development. We recommend more research be conducted on 
the potential effects of PPCPs on amphibian development, but we 
caution that the reality of wastewater treatment is a cocktail of sub-
stances at low doses yielding non-monotonic dose responses and in-
teractions among compounds that we could not control in this 
experiment. Furthermore, these compounds can have direct and indirect 
effects on factors important to amphibian success making it particularly 
difficult to identify the compounds with the largest effects (Rosi-Mar-
shall et al., 2013; Pennington et al., 2016; Giang et al., 2018; Zolti et al., 
2019). Finally, we recommend more testing for leakage of sewage lines 
and persistence of compounds in groundwater because we observed 
contamination of pondwater mesocosms with compounds like acet-
aminophen, caffeine, sertraline, and valsartan that may have come into 
our pondwater from sewage or from decomposition of duckweed 
collected from treated wastewater. 

Although aquatic contaminants and nutrients can be documented to 
have negative, positive, or neutral effects on organisms, these com-
pounds rarely affect our waterways individually (Ebele et al., 2017; 
Richmond et al., 2017). Instead, they occur as a mixture in which syn-
ergistic, additive, and antagonistic relationships exist among com-
pounds and their effects on the ecosystem (Ebele et al., 2017; Richmond 
et al., 2017). Treated effluent returned to the environment is the prin-
cipal way many of these contaminants enter the environment, and 
therefore, studies such as this evaluating cumulative effects are needed 
to contextualize studies on individual compounds. Individuals reared in 
pondwater transformed at smaller sizes but had higher overall survival 
than individuals reared in treated wastewater. The size advantage of 
individuals from treated wastewater was minimized as individuals 
developed in the terrestrial environment. The population-level impacts 
of development in treated wastewater will depend on the long-term 
balance between reproductive advantages of larger size versus lower 
larval and adult survival (Van Allen and Rudolf 2016). The effects we 
found to be associated with aquatic contaminants did not emerge until 
after certain developmental milestones, emphasizing the need for any 
future assessments to be extended throughout the focal organism’s 
lifetime and the potential for tradeoffs between development in the 
aquatic and terrestrial environment. We also recommend further 
investigation of the behavior and broader impacts of PPCPs in the 
environment. Our observations focused on morphological abnormal-
ities, however future studies may examine the behavioral and molecular 
effects on aquatic organisms. Additionally, assessing the population 
dynamics and trophic consequences of contaminant exposure can 
further inform our understanding of the impact and implementation of 
constructed wetlands. Though CWs may be effective at nutrient and 
contaminant removal (Vymazal et al., 2017; Hopson et al., 2018), our 
results demonstrate that this environmental technology could have 
potentially harmful effects on anurans and may not serve as a healthy 
wetland habitat for wildlife communities. Therefore, the establishment 
of wastewater treatment wetlands with the co-purpose of wildlife con-
servation should be approached with caution. 
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Bates, D., Mächler, M., Bolker, B., Walker, S., 2015. Fitting linear mixed-effects models 
using lme4. J. Stat. Software 67 (1), 1–48. 

Boes, M.W., Benard, M.F., 2013. Carry-over effects in nature: effects of canopy cover and 
individual pond on size, shape, and locomotor performance of metamorphosing 
wood frogs. Copeia 2013 (4), 717–722. 

Boone, M.D., Semlitsch, R.D., Little, E.E., Doyle, M.C., 2007. Multiple stressors in 
amphibian communities: effects of chemical contamination, bullfrogs, and fish. Ecol. 
Appl. 17 (1), 291–301. 

Brown, D.J., Street, G.M., Nairn, R.W., Forstner, M.R.J., 2012. A place to call home: 
Amphibian use of created and restored wetlands. Int. J. Ecol. 2012, 989872. 

Burket, S.R., White, M., Ramirez, A.J., Stanley, J.K., Banks, K.E., Waller, W.T., 
Chambliss, C.K., Brooks, B.W., 2019. Corbicula fluminea rapidly accumulate 
pharmaceuticals from an effluent dependent urban stream. Chemosphere 224, 
873–883. 

Carfagno, G.L.F., Fong, P.P., 2014. Growth inhibition of tadpoles exposed to sertraline in 
the presence of conspecifics. J. Herpetol. 48 (4), 571–576. 

Carranza-Diaz, O., Schultze-Nobre, L., Moeder, M., Nivala, J., Kuschk, P., Koeser, H., 
2014. Removal of selected organic micropollutants in planted and unplanted pilot- 
scale horizontal flow constructed wetlands under conditions of high organic load. 
Ecol. Eng. 71, 234–245. 

Ceschin, S., Sgambato, V., Ellwood, N.T.W., Zuccarello, V., 2019. Phytoremediation 
performance of Lemna communities in a constructed wetland system for wastewater 
treatment. Environ. Exp. Bot. 162, 67–71. 

Chelgren, N.D., Rosenberg, D.K., Heppel, S.S., Gitelman, A.I., 2006. Carryover aquatic 
effects on survival of metamorphic frogs during pond emigration. Ecol. Appl. 16 (1), 
250–261. 

Colón-Gaud, C., Whiles, M.R., Kilham, S.S., Lips, K.R., Pringle, C.M., Connelly, S., 
Peterson, S.D., 2009. Assessing ecological responses to catastrophic amphibian 
declines: patterns of macroinvertebrate production and food web structure in upland 
Panamanian streams. Limnol. Oceanogr. 54 (1), 331–343. 

Conners, D.E., Rogers, E.D., Armbrust, K.L., Kwon, J.W., Black, M.C., 2010. Growth and 
development of tadpoles (Xenopus laevis) exposed to selective serotonin reuptake 
inhibitors, fluoxetine and sertraline, throughout metamorphosis. Environ. Toxicol. 
Chem. 28 (12), 2671–2676. 

Conover, D.O., Schultz, E.T., 1995. Phenotypic similarity and the evolutionary 
significance of countergradient variation. Trends Ecol. Evol. 10 (6), 248–252. 

Deegan, L.A., Peterson, B.J., 1992. Whole-river fertilization stimulates fish production in 
an arctic tundra river. Can. J. Fish. Aquat. Sci. 49 (9), 1890–1901. 

Degarady, C., Halbrook, R., 2006. Using anurans as bioindicators of PCB contaminated 
streams. J. Herpetol. 40 (1), 127–130. 

Denton, R.D., Richter, S.C., 2013. Amphibian communities in natural and constructed 
ridge top wetlands with implications for wetland construction. J. Wildl. Manag. 77 
(5), 886–896. 

DiMauro, D., Hunter, M.L., 2002. Reproduction of amphibians in natural and 
anthropogenic temporary pools in managed forests. Forest Sci 48 (2), 397–406. 

Ding, J., Guanghua, L., Li, S., Nie, Y., Liu, J., 2015. Biological fate and effects of 
propranolol in an experimental aquatic food chain. Sci. Total Environ. 532 (1), 
31–39. 

Drayer, A.N., Richter, S.C., 2016. Physical wetland characteristics influence amphibian 
community composition differently in constructed wetlands. Ecol. Eng. 93, 166–174. 

Du, B., Haddad, S.P., Scott, W.C., Chambliss, C.K., Brooks, B.W., 2015. Pharmaceutical 
bioaccumulation by periphyton and snails in an effluent-dependent stream during an 
extreme drought. Chemosphere 119, 927–934. 

Earl, J.E., Semlitsch, R.D., 2013. Carryover effects in amphibians: are characteristics of 
the larval habitat needed to predict juvenile survival? Ecol. Appl. 23 (6), 1429–1442. 

Earl, J.E., Whiteman, H.H., 2015. Are commonly used fitness predictors accurate? A 
meta-analysis of amphibian size and age at metamorphosis. Copeia 103 (2), 
297–309. 

Ebele, A.J., Abdallah, M.A.E., Harrad, S., 2017. Pharmaceuticals and personal care 
products (PPCPs) in the freshwater aquatic environment. Emerg. Contam. 3 (1), 
1–16. 

Emerson, S.B., 1978. Allometry and jumping in frogs: helping the twain to meet. 
Evolution 32 (3), 551–564. 

Ficetola, G.F., de Bernardi, F., 2006. Trade-off between larval development rate and post- 
metamorphic traits in the frog Rana latastei. Evol. Ecol. 20, 143–158. 

Fischer, K., Zeilstra, I., Stefan, K.H., Fielder, K., 2004. Physiological costs of growing fast: 
does accelerated growth reduce pay-off in adult fitness? Evol. Ecol. 18, 343–353. 

Flecker, A.S., Feifarek, Taylor, B.W., 1999. Ecosystem engineering by a tropical tadpole: 
density-dependent effects on habitat structure and larval growth rates. Copeia 1999 
(2), 495–500. 

Fraker, S.L., Smith, G.R., 2004. Direct and interactive effects of ecologically relevant 
concentrations of organic wastewater contaminants on Rana pipiens tadpoles. 
Environ. Toxicol. 19 (3), 250–256. 

Gervasi, S.S., Foufopoulos, J., 2008. Costs of plasticity: responses to desiccation decrease 
post-metamorphic immune function in a pond-breeding amphibian. Funct. Ecol. 22 
(1), 100–108. 

Giang, P.T., Sakalli, S., Fedorova, G., Tilami, S.K., Bakal, T., Najmanova, L., 
Grabicova, K., Kolarova, J., Sampels, S., Zamaratska, G., Grabic, R., Randak, T., 
Zlabek, V., Burkina, V., 2018. Biomarker response, health indicators, and intestinal 
microbiome composition in wild brown trout (Salmo trutta m. fario L.) exposed to a 
sewage treatment plant effluent-dominated stream. Sci. Total Environ. 625, 
1494–1509. 

Gomez-Mestre, I., Saccoccio, V.L., Iijima, T., Collins, E.M., Rosenthal, G.G., Warkentin, K. 
M., 2010. The shape of things to come: linking developmental plasticity to post- 
metamorphic morphology in anurans. J. Evol. Biol. 23 (7), 1364–1373. 

Gopal, B., 1999. Natural and constructed wetlands for wastewater treatment: potentials 
and problems. Water Sci. Technol. 40 (3), 27–35. 

Gosner, K.L., 1960. A simplified table for staging anuran embryos and larvae with notes 
on identification. Herpetologica 16 (3), 183–190. 

Gotthard, K., Nylin, S., Wiklund, C., 1994. Adaptive variation in growth rate: life history 
costs and consequences in the speckled wood butterfly, Pararge aegeria. Oecologia 99 
(3), 281–289. 

Grabicova, K., Grabic, R., Fedorova, G., Fick, J., Cerveny, D., Kolarova, J., Turek, J., 
Zlabek, V., Randak, T., 2017. Bioaccumulation of psychoactive pharmaceuticals in 
fish in an effluent dominated stream. Water Res. 124, 654–662. 

Griffis-Kyle, K., Ritchie, M., 2007. Amphibian survival, growth and development in 
response to mineral nitrogen exposure and predator cues in the field: an 
experimental approach. Oecologia 152 (4), 633–642. 

Gulis, V., Suberkropp, K., 2003. Leaf litter decomposition and microbial activity in 
nutrient-enriched and unaltered reaches of a headwater stream. Freshw. Biol. 48, 
123–134. 

Harrison, X.A., Blount, J.D., Inger, R., Norris, D.R., Bearhop, S., 2011. Carry-over effects 
as drivers of fitness differences in animals. J. Anim. Ecol. 80, 4–18. 

Halling-Sorensen, B., Nielsen, S.N., Lanzky, P.F., Ingerslev, F., Liitzhofl, H.C.H., 
Jorgensen, S.E., 1997. Occurrence, fate and effects of pharmaceutical substances in 
the environment - a review. Chemosphere 36 (2), 357–393. 

Hayes, T.B., Collins, A., Lee, M., Mendoza, M., Noriega, N., Stuart, A.A., Vonk, A., 2002. 
Hermaphroditic, demasculinized frogs after exposure to the herbicide atrazine at low 
ecologically relevant doses. Proc. Natl. Acad. Sci. U.S.A. 99 (8), 5476–5480. 

Hayes, T.B., Case, P., Chui, S., Chung, D., Haeffele, C., Haston, K., Lee, M., Mai, V.P., 
Marjuoa, Y., Parker, J., Tsui, M., 2006. Pesticide mixtures, endocrine disruption, and 
amphibian declines: are we underestimating the impact? Environ. Health Perspect. 
114, 40–50. 

Hecnar, S.J., 1995. Acute and chronic toxicity of ammonium nitrate fertilizer to 
amphibians from southern Ontario. Environ. Toxicol. Chem. 14, 2131–2137. 

Hector, K.L., Nakagawa, S., 2012. Quantitative analysis of compensatory and catch-up 
growth in diverse taxa. J. Anim. Ecol. 81 (3), 583–593. 

Henry, P.F.P., 2000. Aspects of Amphibian anatomy and physiology. In: Sparling, D.W., 
Linder, G., Bishop, C.A. (Eds.), Ecotoxicology of Amphibians and Reptiles. Society of 
Environmental Toxicology and Chemistry. 

Hijosa-Valsero, M., Reyes-Contreras, C., Domínguez, C., Becares, E., Bayona, J.M., 2016. 
Behaviour of pharmaceuticals and personal care products in constructed wetland 
compartments: influent, effluent, pore water, substrate and plant roots. 
Chemosphere 145, 508e517. 

Hoffacker, M.L., Cecala, K.K., 2018. Evaluating the potential for bias in common 
amphibian protocols. Herpetol. Rev. 49, 446–449. 

Holden, W.M., Reinert, L.K., Hanlon, S.M., Parris, M.J., Rollins-Smith, L.A., 2015. 
Development of antimicrobial peptide defenses of southern leopard frogs, Rana 
sphenocephala, against the pathogenic chytrid fungus, Batrachochytrium 
dendrobatidis. Dev. Comp. Immunol. 48 (2015), 65–75. 

Hopson, M., McGrath, D., Torreano, S., Smith, M., Black, M., 2018. Removal of emerging 
contaminants and conventional pollutants by a constructed wetland during the first 
year of establishment. In: Zouboulis, A., Kungolos, A., Samaras, P. (Eds.), 2018. 5th 
International Conference on Small and Decentralized Water and Wastewater 
Treatment Plants. 

Hsu, B.C., Hsieh, H.L., Yang, L., Wu, S.H., Chang, J.S., Hsiao, S.C., Su, H.C., Yeh, C.H., 
Ho, Y.S., Lin, H.J., 2011. Biodiversity of constructed wetlands for wastewater 
treatment. Ecol. Eng. 37 (10), 1533–1545. 

Hussain, S.A., Prasher, S.O., Patel, R.M., 2012. Removal of ionophoric antibiotics in free 
water surface constructed wetlands. Ecol. Eng. 41, 13–21. 

James, S.M., Semlitsch, R.D., 2011. Terrestrial performance of juvenile frogs in two 
habitat types after chronic larval exposure to a contaminant. J. Herpetol. 45 (2), 
186–194. 

Johnson, B.R., Wallace, J.B., Rosemond, A.D., Cross, W.F., 2006. Larval salamander 
growth responds to enrichment of a nutrient poor headwater stream. Hydrobiologia 
573, 227–232. 

Johnston, N.T., Perrin, C.T., Slaney, P.A., Ward, Br, 1990. Increased juvenile salmonid 
growth by whole-river fertilization. Can. J. Fish. Aquat. Sci. 47 (5), 862–872. 

Kastanek, P., Kronusova, O., Kastanek, F., Branyikova, I., Prochazkova, G., Jandova, J., 
Branyik, T., Bisnova, K., 2018. Selective bioaccumulation of rubidium by microalgae 

E.F. Zeitler et al.                                                                                                                                                                                                                                

http://refhub.elsevier.com/S0301-4797(21)00633-2/sref1
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref1
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref2
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref2
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref3
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref3
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref3
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref4
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref4
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref5
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref5
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref6
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref6
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref7
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref7
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref7
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref8
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref8
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref8
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref9
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref9
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref10
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref10
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref10
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref10
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref11
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref11
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref12
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref12
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref12
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref12
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref13
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref13
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref13
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref14
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref14
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref14
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref15
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref15
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref15
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref15
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref16
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref16
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref16
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref16
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref17
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref17
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref18
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref18
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref19
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref19
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref20
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref20
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref20
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref21
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref21
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref22
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref22
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref22
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref23
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref23
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref24
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref24
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref24
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref25
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref25
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref26
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref26
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref26
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref27
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref27
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref27
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref28
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref28
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref29
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref29
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref30
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref30
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref31
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref31
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref31
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref32
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref32
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref32
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref33
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref33
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref33
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref34
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref34
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref34
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref34
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref34
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref34
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref35
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref35
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref35
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref36
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref36
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref37
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref37
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref38
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref38
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref38
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref39
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref39
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref39
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref40
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref40
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref40
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref41
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref41
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref41
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref42
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref42
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref43
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref43
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref43
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref44
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref44
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref44
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref45
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref45
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref45
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref45
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref46
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref46
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref47
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref47
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref48
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref48
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref48
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref49
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref49
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref49
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref49
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref50
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref50
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref51
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref51
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref51
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref51
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref52
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref52
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref52
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref52
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref52
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref53
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref53
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref53
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref54
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref54
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref55
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref55
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref55
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref56
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref56
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref56
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref57
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref57
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref58
http://refhub.elsevier.com/S0301-4797(21)00633-2/sref58


Journal of Environmental Management 289 (2021) 112571

10

from industrial wastewater containing rubidium and lithium. J. Appl. Phycol. 30 (1), 
461–467. 

Keel, M.K., Ruiz, A.M., Fisk, A.T., Rumbeiha, W.K., Davis, A.K., Maerz, J.C., 2010. Soft- 
tissue mineralization of bullfrog larvae (Rana catesbeiana) at a wastewater treatment 
facility. J. Vet. Diagn. Invest. 22, 655–660. 

Lambert, M.R., Tran, T., Kilian, A., Ezaz, T., Skelly, D.K., 2019. Molecular evidence for 
sex reversal in wild populations of green frogs (Rana clamitans). PeerJ 7, e6449. 

Lanctôt, C., Bennett, W., Wilson, S., Fabbro, L., Leusch, F.D.L., Melvin, S.D., 2016. 
Behaviour, development and metal accumulation in striped marsh frog tadpoles 
(Limnodynastes peronii) exposed to coal mine wastewater. Aquat. Toxicol. 173, 
218–227. 

Laposata, M.M., Dunson, W.A., 2000. Effects of spray-irrigated wastewater effluent on 
temporary pond-breeding amphibians. Ecotoxicol. Environ. Saf. 46, 192–201. 

Lenth, R., 2019. Emmeans: estimated marginal means, aka least-squares means. 
R Package V 1.4.3.01. https://CRAN.R-project.org/package=emmeans. 

Li, J., Zhou, Q., Campos, L.C., 2017. Removal of selected emerging PPCP compounds 
using greater duckweed (Spirodela polyrhiza) based lab-scale free water constructed 
wetland. Water Res. 126, 252–261. 

MacCracken, J.G., Stebbings, J.L., 2012. Test of a body condition index with amphibians. 
J. Herpetol. 46 (3), 346–350. 

Madoni, P., 1991. Community structure and distribution of ciliated protozoa in a 
freshwater pond covered by Lemna minor. Ital. J. Zool. 58 (3), 273–279. 

Maine, M.A., Hadad, H.R., Sanchez, G.C., Di Luca, G.A., Mufarrege, M.M., Caffaratti, S.E., 
Pedro, M.C., 2017. Long-term performance of two free-water surface wetlands for 
metallurgical effluent treatment. Ecol. Eng. 98, 372–377. 

Marco, A., Ortiz-Santaliestra, M., 2009. Pollution: impact of reactive nitrogen on 
Amphibians (nitrogen pollution). In: Heatwole, H., Wilkinson, J.W. (Eds.), 
Amphibian Biology, vol. 8. Amphibian Decline: Diseases, Parasites, Maladies and 
Pollution. Surrey Beatty and Sons, New South Wales, Australia.  

Marian, M.P., Pandian, T.J., 1985. Effect of temperature on development, growth and 
bioenergetics of the bullfrog tadpole Rana tigrina. J. Therm. Biol. 10 (3), 157–161. 

Morey, S., Reznick, D., 2001. Effects of larval density on postmetamorphic spadefoot 
toads (Spea hammondii). Ecology 82 (2), 510–522. 

Nathan, J.M., James, V.G., 1972. The role of protozoa in the nutrition of tadpoles. Copeia 
1972 (4), 669–679. 

Newman, R.A., 1994. Effects of changing density and food level on metamorphosis of a 
desert amphibian, Scaphiopus couchii. Ecology 75, 1085–1096. 

Ogilvy, Z.V., Preziosi, R.F., Fidgett, A.L., Garner, T., 2012. A brighter future for frogs? 
The influence of carotenoids on the health, development and reproductive success of 
the red-eye tree frog. Anim. Conserv. 15 (5), 480–488. 

Ortiz, M.E., Marco, A., Saiz, N., Lizana, M., 2004. Impact of ammonium nitrate on growth 
and survival of six European amphibians. Arch. Environ. Contam. Toxicol. 47 (2), 
234–239. 

Oulton, R.L., Kohn, T., Cwiertny, D.M., 2010. Pharmaceuticals and personal care 
products (PPCPs) in effluent matrices: a survey of transformation and removal 
during wastewater treatment and implications for wastewater management. 
J. Environ. Monit. 12, 1956–1978. 

Owen, S.F., Huggett, D.B., Hutchinson, T.H., Metheridge, M.J., Kinter, L.B., Ericson, J.F., 
Sumpter, J.P., 2009. Uptake of propranolol, a cardiovascular pharmaceutical, from 
water into fish plasma and its effects on growth and organ biometry. Aquat. Toxicol. 
93 (4), 217–224. 

Pahkala, M., Laurila, A., Merila, J., 2001. Carry-over effects of ultraviolet-B radiation on 
larval fitness in Rana temporaria. Proc. Roy. Soc. Lond. B. 268, 1699–1706. 

Papaevangelou, V.A., Gikas, G.D., Tsihrintzis, V.A., Antonopoulou, M., Konstantinou, I. 
K., 2016. Removal of endocrine disrupting chemicals in HSF and VF pilot-scale 
constructed wetlands. Chem. Eng. J. 294, 146–156. 

Park, C.J., Ahn, M.H., Cho, S.C., Kim, T.H., Oh, J.M., Ahn, H.K., Chun, S.H., Gye, M.C., 
2014. Developmental toxicity of treated municipal wastewater effluent on Bombina 
orientalis (Amphibia: Anura) embryos. Environ. Toxicol. Chem. 33, 954–961. 

Parrish, S.C., Dormio, S.M., Richards, S.L., McCoy, K.A., McCoy, M.W., 2019. Life in a 
contaminant milieu: PPCP mixtures generate unpredictable outcomes across trophic 
levels and life stages. Ecosphere 10 (12), e02970. 

Pearson, R.G., Connolly, N.M., 2000. Nutrient enhancement, food quality and 
community dynamics in a tropical rainforest stream. Freshw. Biol. 43, 31–42. 

Peig, J., Green, A.J., 2009. New perspectives for estimating body condition from mass/ 
length data: the scaled mass index as an alternative method. Oikos 118 (12), 
1883–1891. 

Peig, J., Green, A.J., 2010. The paradigm of body condition: a critical reappraisal of 
current methods based on mass and length. Funct. Ecol. 24 (6), 1323–1332. 

Pennington, M.J., Prager, S.M., Ealton, W.E., Trumble, J.T., 2016. Culex quinquefasciatus 
larval microbiomes vary with instar and exposure to common wastewater 
contaminants. Sci. Rep. 6, 21969. 

Pfennig, D.W., 1992. Polyphenism in spadefoot toad tadpoles as a locally adjusted 
evolutionary stable strategy. Evolution 46, 1408–1420. 

Porej, D., Hetherington, T.E., 2005. Designing wetlands for amphibians: the importance 
of predatory fish and shallow littoral zones in structuring of amphibian communities. 
Wetl. Ecol. Manag. 13 (4), 445–455. 

Qu, X., Brame, J., Li, Q., Alvarez, P.J.J., 2013. Nanotechnology for a safe and sustainable 
water supply: enabling integrated water treatment and reuse. Acc. Chem. Res. 46 (3), 
834–843. 

R Core Team, 2017. R: A Language and Environment for Statistical Computing. R 
Foundation for Statistical Computing, Vienna, Austria. https://www.R-project.org/.  

Ranvestel, A.W., Lips, K.R., Pringle, C.M., Whiles, M.R., Bixby, R.J., 2004. Neotropical 
tadpoles influence stream benthos: evidence for the ecological consequences of 
decline in amphibian populations. Freshw. Biol. 49, 274–285. 

Rebollar, E.A., Gutiérrez-Preciado, A., Noecker, C., Eng, A., Hughey, M.C., Medina, D., 
Walke, J.B., Borenstein, E., Jensen, R.V., Belden, L.K., Harris, R.N., 2018. The skin 
microbiome of the neotropical frog Craugastor fitzingeri: inferring potential bacterial- 
host-pathogen interactions from metagenomic data. Front. Microbiol. 9, 466. 

Reeder, A.L., Foley, G.L., Nichols, D.K., Hansen, L.G., Wikoff, B., Faeh, S., Eisold, J., 
Wheeler, M.B., Warner, R., Murphy, J.E., Beasley, V.R., 1998. Forms and prevalence 
of intersexuality and effects of environmental contaminants on sexuality in cricket 
frogs (Acris crepitans). Environ. Health Perspect. 106 (5), 261–266. 

Regester, K.J., Whiles, M.R., Lips, K.R., 2008. Variation in the trophic basis of production 
and energy flow associated with emergence of larval salamander assemblages from 
forest ponds. Freshw. Biol. 53, 1754–1767. 

Reyes-Contreras, C., Hijosa-Valsero, M., Sidrach-Cardona, R., Bayona, J.M., Becares, E., 
2012. Temporal evolution in PPCP removal from urban wastewater by constructed 
wetlands of different configuration: a medium-term study. Chemosphere 88, 
161–167. 

Richmond, E.K., Grace, M.R., Kelly, J.J., Reisinger, A.J., Rosi, E.J., Walters, D.M., 2017. 
Pharmaceuticals and personal care products (PPCPs) are ecological disrupting 
compounds (EcoDC). Elem. Sci. Anth. 5, 66. 

Richter-Boix, A., Llorente, G.A., Montori, A., 2006. Effects of phenotypic plasticity on 
post-metamorphic traits during pre-metamorphic stages in the anuran Pelodytes 
punctatus. Evol. Ecol. Res. 8, 309–320. 

Robinson, C.T., Gessner, M.O., 2000. Nutrient addition accelerates leaf breakdown in an 
alpine springbrook. Oecologia 122, 258–263. 

Robinson, S.A., Richardson, S.D., Dalton, R.L., Maisonneuve, F., Trudeau, V.L., Pauli, B. 
D., Lee-Jenkins, S.S.Y., 2017. Sublethal effects on wood frogs chronically exposed to 
environmentally relevant concentrations of two neonicotinoid insecticides, 36 (4), 
1101–1109. 

Rohr, J.R., McCoy, K.A., 2010. A qualitative meta-analysis reveals consistent effects of 
atrazine on freshwater fish and amphibians. Environ. Health Perspect. 118 (1), 
20–32. 

Rohr, J.R., Sager, T., Sesterhenn, T.M., Palmer, B.D., 2006. Exposure, postexposure, and 
density-mediated effects of atrazine on amphibians: breaking down net effects into 
their parts. Environ. Health Perspect. 114 (1), 46–50. 

Rosi-Marshall, E.J., Kincaid, D.W., Bechtold, H.A., Royer, T.V., Rojas, M., Kelly, J.J., 
2013. Pharmaceuticals suppress algal growth and microbial respiration and alter 
bacterial communities in stream biofilms. Ecol. Appl. 23 (3), 583–593. 

Rouse, J.D., Bishop, C.A., Struger, J., 1999. Nitrogen pollution: an assessment of its 
threat to amphibian survival. Environ. Health Perspect. 107 (10), 799–803. 

Ruiz, A.M., Maerz, J.C., Davis, A.K., Keel, M.K., Ferreira, A.R., Conroy, M.J., 
Lawrence, A.M., Fisk, A.T., 2010. Patterns of development and abnormalities among 
tadpoles in a constructed wetland receiving treated wastewater. Environ. Sci. 
Technol. 44 (13), 4862–4868. 

Sayadi, M.H., Kargar, R., Doosti, M.R., Salehi, H., 2012. Hybrid constructed wetlands for 
wastewater treatment: a worldwide review. Proc. Int. Acad. Ecol. Environ. Sci. 2 (4), 
204–222. 

Scholz, M., Lee, B.H., 2005. Constructed wetlands: a review. Int. J. Environ. Sci. 62, 
1–27. 

Scott, D.E., Casey, E.D., Donovan, M.F., Lynch, T.K., 2007. Amphibian lipid levels at 
metamorphosis correlate to post-metamorphic terrestrial survival. Oecologia 153, 
521–532. 

Semlitsch, R.D., Scott, D.E., Pechmann, J.H.K., 1988. Time and size at metamorphosis 
related to adult fitness in Ambystoma talpoideum. Ecology 69 (1), 184–192. 

Skelly, D.K., 2004. Microgeographic countergradient variation in the wood frog, Rana 
sylvatica. Evolution 58 (1), 160–165. 

Skelly, D.K., 2002. Experimental venue and estimation of interaction strength. Ecology 
83, 2007–2101. 

Smith, D.C., 1987. Adult recruitment in chorus frogs: effects of size and date at 
metamorphosis. Ecology 68 (2), 344–350. 

Smith, G.R., Burgett, A.A., 2005. Effects of three organic wastewater contaminants on 
american toad, Bufo americanus, tadpoles. Etoxicology 14, 477–482. 

Spieles, D.J., Mitsch, W.J., 2000. Macroinvertebrate community structure in high-and 
low-nutrient constructed wetlands. Wetlands 20, 716–729. 

Steinwascher, K., Travis, J., 1983. Influence of food quality and quantity on early larval 
growth of two anurans. Copeia 1983, 238–242. 

Stockhoff, B.A., 1991. Starvation resistance of gypsy moth, Lymantria dispar (L.) 
(Lepidoptera: lymantriidae): tradeoffs among growth, body size, and survival. 
Oecologia 88 (1991), 422–429. 

Storrs, S., Semlitsch, R., 2008. Variation in somatic and ovarian development: predicting 
susceptibility of amphibians to estrogenic contaminants. Gen. Comp. Endocrinol. 
156 (3), 524–530. 

Stottmeister, U., Wiessner, A., Kuschk, P., Kappelmeyer, U., Kästner, M., Bederski, O., 
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