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Invasive plants influence the quality of habitats they invade by transforming the physical structure of forests and changing the chemi-
cal composition of aquatic environments. Prey may accept higher predation risk as they manage lower quality environments caused 
by invasive plants. Leachates from invasive Amur honeysuckle cause American toad tadpoles to swim to the surface, which may 
alter typical antipredator freezing behaviors and expose tadpoles to detection by predators. We use a factorial laboratory experi-
ment to condition individual tadpoles to leaf leachates made from honeysuckle, native trees, or a water control followed by exposure 
to experimental arenas with one of 3 chemical cues (2 predator species or control water). Toad tadpoles increased their latency to 
move (freezing) and had a lower total movement to predator cues. In contrast, latency to move was faster in response to honeysuckle 
leachates, but leaf leachates had no influence on total movement activity. Tadpoles did not change surfacing frequency to predator 
cues but increased surfacing to honeysuckle leachate. The combined effect of predator cue and leachate treatment had no influence 
on behaviors. Although honeysuckle leachate is stressful to toad tadpoles, increased surfacing does not preclude the exhibition of 
typical antipredator behaviors (decreased movement). However, honeysuckle induced a risk-prone response of increased surfacing, 
even in the presence of predator cues. As tadpoles endure physiological costs from honeysuckle, they may suffer elevated exposure to 
detection by predators. Our work provides insight into how invasive plants may have indirect effects on native communities by altering 
animal behaviors.
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IntroductIon
One of  the most important contributors to human-driven environ-
mental change is invasion by nonnative species (Vitousek et al. 1997). 
Invasive species can cause significant changes in the environments 
they invade, altering the composition, diversity, and structure of  
native habitats (Mack et al. 2000; Levine et al. 2003; Orrock et al. 
2008). One of  the pathways by which environmental change caused 
by invaders may have widespread effects in native ecosystems is by 
modifying interactions among native species (White et  al. 2006; 
Orrock et  al. 2008; Vilà et  al. 2011). Reduction of  habitat quality 
may be one important mechanism whereby invasive plants alter 
interactions among native predators and prey, because, for example, 
prey that are stressed for resources often exhibit greater risk-prone 
foraging (Lima and Bednekoff 1999; Brown and Kotler 2004). Given 
the pervasive nature of  invasive plants, the primacy of  predator–prey 

interactions, and the importance of  stress for altering decisions by 
prey, it is important to examine how reduced habitat quality by inva-
sive plants alter antipredator behavior of  prey (Sih et al. 2011).

Invasive plants may reduce the quality of  native habitats by caus-
ing changes to the chemical environment (Vilà et  al. 2011). Many 
invasive plants contain chemicals that are distasteful or toxic to 
native consumers (Maron and Vila 2001), but invasive plants may 
also reduce the overall quality of  native habitats by causing more 
general changes to the chemical environment (Vilà et al. 2011). For 
example, in riparian zones or forest floodplains, invasive plants can 
change the chemical environments of  adjacent aquatic ecosystems 
by altering organic matter inputs and C/N ratios (Bottollier-Curtet 
et al. 2011; McNeish et al. 2012). Chemical changes caused by inva-
sive plants can negatively impact foraging, growth, and survival of  
aquatic organisms, including invertebrates (Canhoto and Laranjeira 
2007; Going and Dudley 2008; Leonard 2008), larval amphibians 
(Maerz et  al. 2005; Brown et  al. 2006; Leonard 2008; Watling, 
Hickman, Lee, et al. 2011; Watling et al. 2011), and fishes (Schultz 
and Dibble 2012).Address correspondence to C.R. Hickman. E-mail: calebhickman@gmail.com.

Behavioral Ecology (2014), 00(00), 1–6. doi:10.1093/beheco/art121

 Behavioral Ecology Advance Access published January 2, 2014
 at U

niversity of Florida on January 3, 2014
http://beheco.oxfordjournals.org/

D
ow

nloaded from
 

mailto:calebhickman@gmail.com
http://beheco.oxfordjournals.org/
http://beheco.oxfordjournals.org/


Behavioral Ecology

In addition to affecting growth and survival, the reduction in 
habitat quality caused by invasive plants can alter the behavior of  
larval amphibians. American toad tadpoles swim to the surface 
more frequently when reared in honeysuckle leachates (Watling, 
Hickman, Lee, et al. 2011). Although the precise mechanism is not 
known, some plant leachates disrupt gill lamella function (Temmink 
et al. 1989), suggesting that tadpoles in invaded habitats experience 
greater respiratory stress, and this stress prompts greater surfacing 
(Wassersug and Seibert 1975). Stress-induced surfacing may pose 
a dilemma for larval amphibian prey, as the increased movement 
associated with surfacing is in direct opposition to the most effec-
tive antipredator behavior, which is to exhibit reduced activity in 
response to predator cues (Lima and Dill 1990; Petranka and Hayes 
1998; Ferrari, Brown, et al. 2009; Ferrari Sih, et al. 2009). Without 
reducing activity, surfacing tadpoles may, therefore, be more easily 
detected and consumed by predators (Moore and Townsend 1998; 
McIntyre and McCollum 2000).

Although previous work has shown the potential for invasive 
honeysuckle to increases risk-prone behaviors by tadpoles (Watling, 
Hickman, Lee, et  al. 2011), these behaviors were documented in 
the absence of  predators, and it is unclear whether these behav-
iors would persist if  predators were present. Therefore, in this 
study, we use a factorial experiment to determine whether a behav-
ioral tradeoff exists between tadpole responses to invasive plant 
extracts and predator cues. We exposed native prey, American 
toad tadpoles (Anaxyrus americanus), to chemical cues from preda-
tors and leaf  leachates from an invasive shrub, Amur honeysuckle 
(Lonicera maackii). Native to Asia, honeysuckle shrubs have invaded 
forests throughout the Eastern and Midwestern USA (Luken and 
Thieret 1996), including much of  the range of  American toads. 
Honeysuckle releases chemicals from roots and leaves (Cipollini and 
Dorning 2008) and changes the chemical environment of  aquatic 
habitats (Poulette and Arthur 2012), where toad tadpoles develop. 
We hypothesized that because predation is a strong selective force 
shaping behaviors and invasive plants are a relatively novel pressure, 
animals would retain antipredator behaviors even when exposed to 
predators in honeysuckle leachates. We, therefore, expected to see 
a significant interaction between plant leachates and predator cues 
such that tadpoles increase movement rates and surfacing activity 
in invasive plant extracts when predators are absent, but not when 
they are present.

MaterIals and Methods
Preparation of plant leachates

To determine the effects of  honeysuckle on the behavior of  toad 
tadpoles, we prepared 3 leachates (honeysuckle, native, and water) 
by the same process described by Watling, Hickman, Lee, et  al. 
(2011). Leaf  material was collected from several locations at August 
A.  Busch Memorial Conservation Area (BMCA) in St Charles 
County Missouri, both from honeysuckle shrubs and from leaf  
litter in forest dominated by native trees (oaks, Quercus spp., and 
shagbark hickory, Carya ovata). Leaves were dried to constant mass 
and leachate was created by soaking 5 g leaves/1 L of  treated (we 
removed chlorine and chloramine with chemical treatment) water 
for 48 h. Leaves were then strained with cheesecloth from leach-
ate solution to remove potential food material and to decrease the 
likelihood of  decomposition effects of  leaf  material on dissolved 
oxygen (Canhoto and Laranjeira 2007; Earl et  al. 2012). A water 
control solution was prepared identically but without leaves.

Animal collection and maintenance

We collected and tested American toad tadpoles (A.  americanus) 
(N  =  63) at early developmental stages (Gosner stage 25 or less; 
McDiarmid and Altig 1999) from 5 roadside pools on 7 April–18 
May 2009, at BMCA. Toad tadpoles were exposed to leachate 
treatments in the lab by randomly assigning individual animals to 
1.8-L plastic rearing chambers holding 1 L of  leachate treatments 
for 21 days (see preparation of  plant leachates). We chose 21 days 
for rearing because toad tadpoles would have adequate exposure 
time to leachates but still be susceptible to predation at a smaller 
size when we test antipredator behaviors. We feel the rearing period 
is conservative because toad tadpoles do not develop lungs until 
nearly metamorphosed and should become more susceptible to 
leachates as time passes. While in rearing chambers, toad tadpoles 
were fed commercial algal (Spirulina spp.) discs ad libitum prior to 
transfer to individual testing chambers. Rearing and testing cham-
bers (see Experimental design) were stored in a climate-controlled 
room at 12:12 light:dark photoperiod at 15 °C. The purpose of  the 
rearing environment was to condition tadpoles to the honeysuckle 
leachates that may induce behavioral changes.

Central newts (Notophthalmus viridescens) are predators of  toad tad-
poles (Miller 1909; Petranka 1998), and late-stage larval green frogs 
(Lithobates clamitans) are intraguild predators that both compete with 
and consume other tadpole species (Petranka and Kennedy 1999; 
Altig et al. 2007; Schiesari et al. 2009), including consumption of  
toad tadpoles in the laboratory (C.R.H., personal observation). 
Adult newts (N  =  19; mean  =  1.88 g ± 0.58 standard deviation 
[SD]) and late-stage larval green frogs (N = 15; mean = 1.55 g ± 
0.66 SD) were collected at BMCA between 13 and 21 May 2009. 
To prevent diet cues from confounding response to predator-specific 
cues, we fed newts black worms (Lumbriculus variegatus) and green 
frogs algal (Spirulina spp.) discs ad libitum for approximately 72 h.

Preparation of predator chemical cues

To collect predator chemical cues, we housed newts and larval 
green frogs in 19.5-L aquaria filled with treated (dechlorinated 
and dechlorimined) water. Animals were kept together by species 
and not fed during chemical cue acquisition periods. To control 
for concentration of  chemical cues between predator treatments, 
we adjusted the amount of  water to wet mass of  animals at 5 g/L. 
After 48 h, animals were gently removed and any particulate mat-
ter (i.e., feces) filtered with cheesecloth. To preserve predator cues 
across multiple testing days, stirred solutions were poured into 
50-mL aliquots and stored frozen (−20 °C), which does not affect 
amphibian responses to chemical cues from predators (Mathis et al. 
2003; Hickman et al. 2004). We coded chemical cue aliquots, so the 
treatments were blind to a single observer (C.R.H.). We also tested 
toad tadpoles with a water control that was processed identically to 
predator chemical cues except without predators.

Experimental design

Because American toad and Amur honeysuckle ranges almost 
completely overlap in the Eastern and Midwestern United States, 
American toads are exposed to honeysuckle at large spatial scales. 
Because toad tadpoles breed during the first rains of  the Spring 
following thaw, their tadpoles are exposed to leachates created from 
leaves that become steeped in pools developed from Spring rains. 
Following tadpole conditioning to the leachate rearing environ-
ment for 21 days, we performed a fully factorial and randomized 
3 × 3 experiment with the leachate treatment that animals were 
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reared from (honeysuckle, native control, water control) crossed 
with a chemical cue (predator newt, predator frog, water control). 
We transferred individual toad tadpoles from rearing chambers 
into separate 500-mL plastic test chambers filled with 450 mL of  
leachate solution consistent with each tadpoles’ rearing environ-
ment. From preliminary observations, we determined that toad tad-
poles would acclimate to test chambers and begin foraging within 
300 s.  Following acclimation periods, we introduced a constant 
volume of  predator chemical cue (30 mL) into randomly selected 
test chambers at a rate of  ~1 mL/s by use of  syringe attached to 
polyethylene tubing, as in Hickman et al. (2004). We dyed chemi-
cal cue treatments with food coloring to assess the moment animals 
encountered predator chemical cues. Food coloring did not alter 
feeding on algae in previous observations, and 30 mL of  dyed pred-
ator chemical cue was a sufficient amount to disperse throughout 
the chamber. Following the introduction of  predator chemical cues, 
we video-recorded each tadpole for 300 s and later scored swim-
ming movement and surfacing behaviors.

Behavioral measures

In order to determine risk-prone responses to predators in honey-
suckle leachates, we measured behaviors that are known responses 
to predator chemical cues and honeysuckle leachate environments. 
Tadpoles are capable of  swimming directly to the surface with 
little overall movement. However, toad tadpoles must move before 
they can swim to the surface; therefore, honeysuckle leachates or 
predator cues could influence total movement activity through 
altered hesitation in movement (measured as latency to move) or 
more surfacing events. We defined swimming movement as forward 
propulsion following undulation of  the tail. To determine freezing 
responses, we measured latency to move as the time it took indi-
vidual toad tadpoles to initiate movement after contact with dyed 
predator cues, and total movement was calculated as the total sec-
onds of  continued movement within the 300 s observation period. 
We defined surfacing frequency as swimming movement to the top 
2 cm of  the chamber with subsequent surface scores counted when 
animals dropped below the top 2 cm and resurfaced (Moore and 
Townsend 1998; McIntyre and McCollum 2000). Within the 300 
s observation period, we also measured total movement time after 
the introduction of  predator chemical cues to determine how the 
honeysuckle leachate-by-predator chemical cue interaction would 
influence overall activity. Tadpoles that did not move were assigned 
a maximum score of  300 s.  We calculated behaviors from digital 
video to avoid disruption of  animals by the observer.

Data analysis

To determine interdependence between responses (latency to move, 
total movement, surfacing frequency) with unequal samples and 
nonnormal distributions, we conducted a multivariate, nonpara-
metric permutation analysis (PERMANOVA) (Anderson 2001; 
McArdle and Anderson 2001). Analyses were performed with type 
III sums of  squares and 9999 unrestricted permutations of  the 
raw data, with permutable units for the permutational ANOVA. 
Because all P values are obtained by permutation, unlike multi-
variate analysis of  variance, PERMANOVA makes no assump-
tions about distributions of  variables and performs well with 
nonlinear and extremely skewed data (Anderson 2001; McArdle 
and Anderson 2001). Given that behavioral measures were statisti-
cally independent, we performed univariate analyses to determine 
causes of  each altered activity. To test the effect of  the leaf  leachate 

environment and predator chemical cues on behavior, we used gen-
eralized linear mixed models (GLMMs). We used a GLMM with a 
Poisson error distribution (based on count data, and fit statistics did 
not indicate over-dispersion, residual χ2/df  ~1 for all response vari-
ables) and denominator degrees of  freedom (i.e., df) estimated with 
the Kenward–Rogers method (Littell et al. 2006). We modeled indi-
vidual tadpoles as random effects to account for variability between 
individuals (Bolker et al. 2009; Schielzeth and Forstmeier 2009). We 
examined main effects of  the leaf  leachates (honeysuckle, native 
control, water control) and predator cues (predator newt, predator 
frog, control), as well as their interaction. If  we found a significant 
treatment effect, we compared effects of  honeysuckle leachate and 
predator chemical cue treatments using simple linear contrasts. 
All mixed models were performed in SAS 9.2 (Littell et  al. 2006) 
and multivariate permutation analysis was performed in PRIMER 
6 (version 6.1.11) with PERMANOVA+ add-in (version 1.0.1; 
PRIMER-E Ltd Ivybridge, UK).

results
Multivariate analysis revealed a significant effect of  the honeysuckle 
leachate environment (F = 3.51, df = 2, P = 0.037) and predator 
chemical cue (F  =  3.89, df  =  2, P  =  0.026) but not a significant 
interaction between the 2 factors (F = 0.17, df = 4, P = 0.948).

Toad tadpoles increased activity by moving twice as soon when 
reared in honeysuckle leachates compared with animals in the 
water control (latency to move: t = −2.86, P = 0.006; Figure 1A). 
Animals reared in the native leachate had an intermediate latency 
to move compared with animals from the other leachate treat-
ments, a response that was not significantly different from that of  
toad tadpoles reared in the water control and honeysuckle leachate 
environments (Figure 1A). In contrast, toad tadpoles were motion-
less (freezing) over twice as long when presented with either preda-
tor chemical cue compared with the control cue (latency to move: 
both P < 0.025; Figure 1B). Toad tadpoles increased surfacing when 
raised in the honeysuckle leachate compared with either water con-
trol or native leaf  treatments (F2,52.32 = 3.30, P = 0.045; Figure 1C). 
Although there was a trend of  reduced surfacing frequency in 
response to predators, surfacing was not significantly different in 
response to either predator chemical cue compared with the con-
trol cue (F2,52.19 = 1.92, P = 0.157; Figure 1D). Total movement did 
not differ between toad tadpoles exposed to the honeysuckle leach-
ate compared with either the native leaf  or water control leachates 
(Figure 1E), but toad tadpoles reduced total movement in response 
to both predator chemical cues compared to the control (Figure 1F).

There was no evidence that the combination of  plant leach-
ates and predator chemical cues altered behavior (Table  1; 
Supplementary Figure). Because there was no honeysuckle leachate-
by-predator cue effect, our results indicate that alterations of  the 
chemical environment by invasive honeysuckle did not affect the 
antipredator responses of  toad tadpoles, either via changing surfac-
ing frequency or latency to move (Table 1; Supplementary Figure).

dIscussIon
Native organisms must increasingly contend with novel pressures 
caused by invasive plants, in addition to risk of  predation from native 
predators. In contrast to our predictions, our results provide evidence 
that larval amphibians engage in risk-prone behaviors induced by inva-
sive plants, even in the presence of  predators. When exposed to hon-
eysuckle leachates, tadpoles reduced their latency to move and elevated 
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surfacing frequency, 2 behaviors that are known to increase predation 
risk (Lima and Dill 1990; Moore and Townsend 1998; McIntyre and 
McCollum 2000). Tadpoles in our study engaged in these behaviors 
even in treatments that included chemical cues from predators. Total 

movement, in contrast, did not differ among leachates. There was no 
evidence for a behavioral tradeoff between responses to predator cues 
and environmental changes induced by invasive plant extracts. Our 
findings have several implications. First, despite activities induced by 

Figure 1
Panels show least square means (±1 standard error) that illustrate how treatment factors alter activity (latency to move: A, B; surfacing frequency: C, D; total 
movement: E, F). Total movement is a proxy for the combined changes in latency to move and surfacing. Activity is determined within each panel for separate 
factors compared with appropriate controls: predator chemical cues (control water, frog predator, newt predator), the honeysuckle leachate environment 
(water control, native, honeysuckle). Lines indicate no significant difference from pair-wise analysis. Sample sizes were the same across response variables.

Table 1
Analysis of  variance table for activity behaviors when raised in the leaf  leachate environment followed by exposure to predator 
chemical cues

Behavioral response Factor Numerator df Denominator df F P

Latency to move Leaf  leachate environment 2 46.61 4.09 0.023
Predator chemical cue 2 46.7 3.87 0.028
Leachate × predator cue 4 46.6 1.02 0.405

Surfacing frequency Leaf  leachate environment 2 52.32 3.30 0.045
Predator chemical cue 2 52.19 1.92 0.157
Leachate × predator cue 4 51.51 0.37 0.827

Total movement Leaf  leachate environment 2 52.01 2.51 0.091
Predator chemical cue 2 51.74 4.29 0.019
Leachate × predator cue 4 51.9 0.2 0.936

Bold indicates significant difference at α = 0.05. Symbol “×” indicates an interaction between 2 factors.
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honeysuckle leachates and predator chemical cues that seemed to be 
in direct opposition, tadpoles were capable of  maintaining previously 
identified responses to both honeysuckle plant leachates and predator 
chemical cues when exposed to the combination of  both pressures. 
Therefore, our results highlight how calculating a variety of  behav-
iors may provide insight into how animals reconcile the interplay of  
predation risk and stress created by invasive plants. Second, the risk-
prone surfacing behaviors induced by invasive plants may be impor-
tant under natural conditions with real predators. Finally, the altered 
behaviors demonstrated by American toad tadpoles in response to 
both predator cues and invasive plant-induced changes in habitat qual-
ity may translate to other costs such as reduced foraging time that may 
have important implications for tadpole ecology.

Perhaps the strongest implication of  our work is that, in nature, 
real costs are realized when tadpoles must surface in predator-rich 
ponds invaded by honeysuckle. In our experiment, even though tad-
poles exposed to predator chemical cues reduced movement, which is 
a known antipredator response for American toad tadpoles (Lawler 
1989; Petranka and Hayes 1998; Gallie et al. 2001; Smith and Awan 
2009), they did not decrease surfacing when exposed to predator cues. 
Thus, if  exposed to real predators in nature, tadpoles surfacing in areas 
invaded by honeysuckle may experience greater predation. There is 
evidence that short pulse experiments like ours may overestimate the 
intensity of  antipredator behavior expected under field situations or 
when chronic exposure to high risk situations occurs, especially when 
other costs like foraging are at stake (Lima and Bednekoff 1999). If  
antipredator behavior is magnified under experimental conditions, 
our results may imply even greater risk of  predation than indicated 
here. However, decisions to respond to predators and honeysuckle 
may vary under natural conditions and over longer time, which would 
require different metrics than we used to capture these interactions, 
and observations of  predator-prey dynamics in real ponds.

In addition to increasing predation risk, responding to both pred-
ator chemical cues and invasive plant leachates may have additional 
costs for tadpoles and related community members. Antipredator 
behaviors can reduce direct predation but cause strong noncon-
sumptive effects where changes in behavior, like reduced activity, 
can be energetically costly with lost foraging (Lima 1998; Werner 
and Peacor 2003; Creel and Christianson 2008). Similarly, tadpoles 
spending more time surfacing in response to the plant leachate 
environment may suffer energetic costs with lost foraging oppor-
tunities and additional energy expenditures from elevated surface 
swimming. In addition, because tadpole survival and development 
is altered by both predator chemical cues (McIntyre et  al. 2004; 
Relyea 2007) and honeysuckle leachate (Watling, Hickman, Lee 
et  al. 2011; Watling et al. 2011), there may be population, com-
munity, and ecosystem consequences for tadpoles contending with 
both predators and honeysuckle. Through altered foraging, migra-
tion, and metamorphosis, accelerated predation risk can reduce 
energy income and increase starvation (Preisser and Bolnick 2008) 
with consequences for population stability (Abrams 1990) and 
transfer of  energy between ecosystems (Schmitz et al. 2008; McCoy 
et al. 2009). From altering the quality of  native habitats, the honey-
suckle leachate environment may compound these costs. Therefore, 
it is probable that exposure to the combination of  predators and 
the honeysuckle leachate environment could lead to stronger non-
consumptive effects on tadpoles and related community members.

These results support a growing body of  work on the potential 
widespread effects of  invasive plants on native ecosystems through 
modified interactions among native species (White et  al. 2006; 
Orrock et al. 2008; Vilà et al. 2011). Sometimes invasive plants may 

induce prey to engage in risk-prone behaviors that they would nor-
mally forgo in the presence of  predators, as we demonstrate here. 
For example, with early leaf  flush, invasive shrubs cause American 
robins (Turdus migratorius) to exhibit risk-prone nesting behaviors by 
attracting them to lay eggs lower in the canopy where they are vul-
nerable to predators (Schmidt and Whelan 1999). In other cases, 
invasive plants may alter the environment in a way that favors 
predators, as when spotted knapweed (Centaurea maculosa) invasion 
facilitates building of  larger spider webs in native grasslands, result-
ing in elevated predation risk for native arthropods (Pearson 2009). 
Refuge-mediated apparent competition is another mechanism by 
which invasive plants may alter predator–prey interactions of  any 
organisms attracted to the structural changes caused by invasive 
plants (Orrock et  al. 2009; Dutra et  al. 2011). Our work expands 
on previous research that established a baseline for the possibility 
of  risk-prone behavior induced by invasive species (Nordby et  al. 
2008; Rodewald et  al. 2009; Watling, Hickman, Lee, et  al. 2011), 
but with experimental verification of  antipredator behaviors.

This study applies to a general theory of  indirect effects from 
anthropogenic pressures where impacts, like diversity loss, cannot 
be explained by direct predation or competition alone (White et al. 
2006; Staley et al. 2011; Preston et al. 2012). Therefore, our results 
highlight the importance of  designing behavioral studies to deter-
mine the potentially cryptic effects of  anthropogenic changes on 
environments. Similar to our work, other research seeking to under-
stand how human-driven environmental changes affect communi-
ties would benefit from experimentally including existing pressures 
and behaviors important for survival.

suppleMentary MaterIal
Supplementary material can be found at http://www.beheco.
oxfordjournals.org/
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