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Synergistic effects of multiple mechanisms drive priority
effects within a tadpole assemblage
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Mounting evidence suggests that the history of species arrival to a locality can have important effects on species perfor-
mance but the mechanism(s) through which priority effects are produced is not always clear. Differences in the develop-
mental time of frog tadpoles provide an opportunity to examine mechanisms through which priority effects may influence
fitness components of a late arriving taxon. Specifically, tadpoles of the southern leopard frog (Rana) can often require
more than a year to complete metamorphosis so they overwinter in a pond and compete with newly deposited tadpoles
in the spring. We conducted an experiment in artificial ponds to evaluate mechanisms through which overwintering Rana
tadpoles influence fitness components of southern toad (Bufo) tadpoles deposited into ponds during the spring. We found
that overwintered Rana reduced Bufo performance while newly hatched Rana that enter a pond simultaneously with Bufo
did not. The production of this priority effect was primarily the result of Rana depleting algal resources in a pond during
the winter prior to Bufo arrival. The performance of Bufo did not correspond with variation in the abundance of algae pres-
ent in a pond during the spring and we found evidence to indicate that, in the absence of resource exploitation during the
winter, overwintered Rana do not compete strongly with Bufo during the spring when both species co-occur. When Rana
deplete algal resources during the winter, however, interactions between Rana and Bufo during the spring became much
more important as both the development rate and survival of Bufo was reduced to a greater extent than what would have
been predicted by resource exploitation alone. Our results demonstrate that priority effects can result from eatly colonists
depleting resource availability prior to the arrival of other species which can intensify behavioral/physical interactions

between species when they co-occur.

A vast amount of research has demonstrated that both biotic
and abiotic processes can play an important role in control-
ling biodiversity (reviewed by Dunson and Travis 1991,
Wellborn et al. 1996, Chase 2003), but a growing amount
of work has demonstrated that a system’s history can also be
important (Chase 2003, 2010, Fukami 2004, Louette and
De Meester 2007). For example, the order in which spe-
cies colonize can have a profound impact on the diversity
and relative abundances of taxa within a system and on fit-
ness components of constituent species (Alford and Wilbur
1985, Wilbur and Alford 1985, Robinson and Dickerson
1987, Almany 2003, Chase 2010). The dependency of a sys-
tem’s (or species) properties on the order of species arrival to
a particular site is called a priority effect (Alford and Wilbur
1985). Variation in the order in which species arrive to a
particular locality could result from stochastic variation in
arrival time, or interspecific differences in dispersal rates or
breeding phenology (Benke and Benke 1975, McCauley
etal. 2008, 2010). Although a number of studies have dem-
onstrated the occurrence of priority effects in a number of
different ecological systems (Shorrocks and Bingley 1994,
D’Antonio et al. 2001, Almany 2003, Stoks and McPeek
2003, Farris-Lopez et al. 2004), the mechanisms through
which these effects are produced are seldom evaluated. An

investigation of the mechanisms through which historical
phenomena affect ecological systems is imperative if we are
to better predict how a system’s history will affect its prop-
erties. Some possible mechanisms through which priority
effects can be produced include: 1) size-based competition,
in which early arriving taxa grow to a larger size that give
them competitive superiority over late arriving taxa; 2) habi-
tat manipulation, in which early arriving taxa alter the habi-
tat in a way that makes it less suitable for late arriving taxa
(e.g. depleting the availability of resources); and 3) density-
dependent effects, in which late arriving taxa are forced to
share resources with more individuals.

We investigated the potential for priority effects and
the mechanisms through which they could be produced
in a model system involving larval anurans. Priority effects
involving larval anurans have been reported in a number of
studies (Alford and Wilbur 1985, Lawler and Morin 1993),
but very few have involved overwintered tadpoles (i.e. tad-
poles that complete metamorphosis after spending the winter
in a pond) or directly evaluate mechanisms associated with
the production of priority effects. We focused our study on
potential priority effects produced by overwintered south-
ern leopard frog Rana sphenocephala tadpoles entering ponds
before tadpoles of southern toad Bufo terrestris. Eggs of these
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two species can often be oviposited into ponds at the same
time (early spring to early fall) and the two species co-occur
(Morin 1983, Lanoo 2005) but the larval period of these
two species is very different. Bufo completes metamorpho-
sis within 1 or 2 months and never overwinters while Rana
requires >2 months to complete metamorphosis (Martof
et al. 1980, Lannoo 2005) and often needs to overwinter in
a pond prior to completing metamorphosis (Caldwell 1986,
Gibbons and Semlitsch 1991). Consequently, Bufo may be
oviposited into ponds during the spring that 1) contain
no Rana tadpoles, 2) contain newly deposited Rana tadpoles,
3) contain overwintered Rana tadpoles, or 4) contained over-
wintered Rana during the winter but the Rana completed
metamorphosis prior to the arrival of Bufo in the spring.
Thus, this study system provides an excellent opportunity to
examine mechanisms through which the historical presence
of a species in a community affects species that arrive later in
assembly process.

We believe that the ability of Rana sphenocephala to over-
winter will exert a more negative effect on Bufo tadpoles
than R. sphenocephala tadpoles hatched at the same time as
Bufo because studies with other overwintered Rana species
(Rana catesbeiana and Rana clamitans) have demonstrated
the occurrence of a priority effect by overwintered Rana
on spring tadpole cohorts (Kupferberg 1997, Boone et al.
2004, Walston and Mullin 2007, Mackey and Boone 2009).
Although these studies were very useful in documenting the
occurrence of a priority effect, their experimental design did
not allow for an evaluation of various mechanisms that could
produce priority effects. Studies that manipulate the particu-
lar time that overwintered Rana are present in ponds, the
size of Rana tadpoles present, and the density of tadpoles
in a pond are necessary to evaluate mechanisms that could
cause priority effects. Our goal was to conduct an experi-
ment that included these manipulations in order to better
understand mechanisms associated with the production of
priority effects.

We expect that there are at least two reasons why the par-
ticular time during community assembly that Rana enters
a pond will affect Bufo performance. First, we expect that
an overwintered cohort of Rana could exert a greater nega-
tive effect on spring oviposited Bufo than spring oviposited
Rana because overwintered cohorts of Rana are composed of
dramatically larger individuals (often >1 g) than individu-
als within a cohort of newly hatched Rana (often <0.01 g).
Werner (1994) demonstrated that size advantage played an
important role in identifying which of two Rana species will
be competitively dominant over the other. Second, we could
also expect newly hatched Rana to have a different impact on
Bufo than overwintered Rana because newly hatched Rana
are more abundant than overwintered Rana. The impor-
tance of population density on the intensity of competitive
interactions involving larval anurans is well documented
(reviewed by Alford 1999). Scaling relationships between
metabolic rate and body size and between body size and
population abundance suggest that populations composed
of many smaller individuals can have impacts as large as or
even greater than populations composed of larger but fewer
individuals (Chalcraft and Resetarits 2004).

Competition is an important mechanism through
which larval anurans interact and any priority effect caused
by variation in the time at which Rana enters a pond
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during the community assembly process would be the
result of variation in the intensity of competitive interac-
tions. Resource exploitation is often thought to be the most
important mechanism through which competition occurs
between larval anurans but there is evidence to also indi-
cate that larval anurans compete via interference competi-
tion (reviewed Alford 1999, Wells 2007). For example, larval
anurans can suppress growth and enhance mortality of other
larval anurans by intimidating them and reducing their for-
aging success or by producing growth inhibitors that sup-
press the growth of other larval anurans (Faragher and Jaeger
1998). Consequently, variation in the time at which Rana
enters a pond can be very important as overwintered Rana
have a longer time to suppress algal resources and they are
more likely to directly interact with Bufo in a manner that
suppresses Bufo performance than newly hatched Rana that
enter the pond contemporaneously with Bufo.

Material and methods

To examine the influence through which overwintered Rana
affects Bufo tadpoles, we conducted an experiment in 30
artificial ponds (modified 1100 liter cattle watering tanks) at
East Carolina University’s West Research Campus in Green-
ville, NC, USA. The use of artificial ponds such as these have
been useful in advancing our understanding of the ecology
of larval anurans (reviewed by Wilbur 1997, Alford 1999)
and processes that have been found to be important in arti-
ficial ponds have also been found to be important in natural
ponds (Scott 1990, Resetarits and Fauth 1998, Loman 2004,
Rubbo et al. 20006).

We evaluated the effects of Rana on 250 spring ovipos-
ited Bufo by manipulating the time, size, and density at
which Rana enter artificial ponds. Our experimental design
included 6 treatments that are summarized in Fig. 1. Four
treatments contained 250 spring oviposited Bufo and dif-
fered in the particular time at which 20 overwintered Rana
were present (not present, present during the winter but not
spring, present during the spring but not winter, and pres-
ent during both winter and spring). Although natural ponds
never have overwintered Rana present in the spring that were
not present during the winter, the inclusion of this treat-
ment as part of the factorial design facilitates the evaluation
of the total effect of overwintered Rana on Bufo, the effect of
overwintered Rana on Bufo that is the result of overwintered
Rana changing the quality of the environment prior to Bufo
arrival, and the effect of overwintered Rana on Bufo that is
due to contemporary interactions between larger overwin-
tered Rana and spring hatched Bufo. To determine if over-
wintered Rana have a different impact on Bufo than newly
hatched Rana that enter ponds at the same time as Bufo, we
included a treatment where 250 newly-hatched Rana and
250 newly-hatched Bufo were added to a pond at the same
time during the spring. Although this treatment increased
the number of Rana present in a mesocosm, the higher
abundance of newly hatched than overwintered Rana reflects
the fact that newly hatched Rana are both more abundant
and smaller than overwintered Rana in natural ponds. We
also included a sixth treatment with 500 Bufo added to a
mesocosm in the spring. The purpose of this treatment was
to evaluate whether the addition of Rana had an impact on



Treatment Time
Winter Spring
1) 250 Bufo
2) 20 OW Rana |
250 Bufo
3) 20 OW Rana |
250 Bufo
4) 20 OW Rana |
250 Bufo
5) 250 hatchling Rana ]
250 Bufo
6) 500 Bufo

Figure 1. Experimental treatments, showing numbers and type of
tadpoles added to mesocosms, and time of introduction to meso-
cosms. Black bars indicate presence of overwintered (OW) or
hatchling (new) Rana, grey bars indicate presence of Bufo.

Bufo that was different from merely increasing the density of
tadpoles present. All tadpole numbers added to mesocosms
fall within the range of densities found in nature (0-7659
tadpoles m~2; Morin 1983, Alford 1999).

We used a blocked design, in which a block consisted of
six mesocosms spatially clustered together, and each treat-
ment was randomly assigned to one mesocosm within each
block. There were five blocks for a total of 30 experimen-
tal units. All methodological procedures applied to meso-
cosms were always conducted on a block by block basis. This
approach was done to minimize random variation within
blocks (Chalcraft and Resetarits 2003).

Mesocosms were filled with water to a depth of 50 cm on
22 November 2008 and covered with screening to prevent
colonization by unwanted organisms and escape of study
organisms. Two days later, we added 1 kg raked loblolly pine
straw (Pinus taeda) to each mesocosm to provide a natural
substrate and source of nutrients representative of the loblolly
pine forests characterizing much of the southeastern Coastal
Plain. On 3 December 2008 all mesocosms were inoculated
with a constant volume of concentrated algae and zooplank-
ton collected from ponds in the Croatan National Forest,
NC. Twelve days later, a second inoculation was made to
ensure adequate establishment.

Overwintering Rana sphenocephala tadpoles were col-
lected from flooded tire ruts in the Croatan National
Forest, NC and added to mesocosms designated to contain
overwintered Rana during the winter (two treatments) on
9 December 2008. Removal of all Rzna from mesocosms des-
ignated to contain Rana during the winter but not during the
spring was accomplished by intensive minnow-trapping from
29 March to 9 April 2009. Overwintered Rana tadpoles were
again collected from the same tire ruts in the Croatan National
Forest on 10 April 2009 and added to mesocosms designated
to contain overwintered Rana during the spring only.

Newly deposited eggs of Rana sphenocephala and Bufo
tervestris were collected from the same stormwater deten-
tion pond on 29 March 2009 and hatched in the laboratory.
Tadpoles were pooled from six Bufo clutches and three Rana
clutches in such a way that the proportion of individuals
from each clutch was uniform across mesocosms, in order
to equalize genetic diversity as much as possible. Tadpoles
were assigned to lots of 250 each. Tadpole lots were then
randomized, and added to the mesocosms on 5 April 2009 as
follows: 250 hatchling Rana and 250 Bufo to each mesocosm
designated as the hatchling Rana treatment; 500 Bufo to each
mesocosm designated to be the high-density treatment that
contains no Rana; and 250 Bufo to each mesocosm for all
other treatments.

Mesocosms were checked daily and each mesocosm was
provided with a floating platform to allow emerging meta-
morphs to leave the water. All metamorphs, defined as the
emergence of at least one forelimb, were removed from a
mesocosm and held in the lab until tail resorption was com-
pleted, then weighed. After being counted and weighed, all
metamorphosed animals were released at their location of
initial capture. We destructively sampled each mesocosm
on 22 June 2009 because it appeared that all surviving Bujfo
had completed metamorphosis. All remaining tadpoles were
identified, counted and weighed and then released at the
location from which they were collected.

To assess the amount of algal resources present, we placed
two weighted white strips of flagging tape (approx. 3 X
12 cm) on the bottom southeast corner of each mesocosm
to serve as a substrate for algal growth. One strip of flagging
was removed on 5 April 2009, just prior to adding Bufo, and
the second was removed on 20 May 2009, just after peak
metamorphosis had passed but before algal stocks could
recover from the exit of tadpoles. Algae was scraped from the
surface of one side of the flagging (surface area of scraping
was measured) and the resulting slurry was filtered for pig-
ment analysis. Periphyton samples were frozen for later chlo-
rophyll extraction using the spectrophotometric methods
for chlorophyll described by Clesceri et al. (1998). Resource
availability was represented by the sum of the chlorophyll a
and phacophytin content as tadpoles graze both living and
decomposing algal matter (reviewed by Alford 1999).

Statistical analyses

Mass at metamorphosis, larval period, and survival of Bujfo
were the primary response variables because these are impor-
tant fitness components in anurans (Wilbur 1972, Smith-
Gill and Gill 1978, Smith 1987). Analyses on mass at
metamorphosis and larval period were performed on average
values for a mesocosm because different individuals within
a mesocosm are not independent data points. Geometric
mean was used for mass as the mass of individuals within
a mesocosm are lognormally distributed. Arithmetic mean
was used for larval period. Survival in a mesocosm is the pro-
portion of Bufo added to a mesocosm that metamorphosed.
Residuals for all analyses involving these response variables
did not differ from a normal distribution and variances were
homogeneous so no additional transformations (beyond the
derivation of the geometric mean for mass at metamorpho-
sis) were necessary.
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We conducted four analyses to evaluate four families of
hypotheses pertaining to Bufo performance. Each hypoth-
esis family focused on a different conceptual question and
included responses from different sets of treatments. As such,
each hypothesis family was analyzed separately as recom-
mended by Hochbeg and Tamhane (1987) and Quinn and
Keough (2002). We maintained the family-wise error rate
within each hypothesis family at 5% and adjusted the per
comparison error rate within each hypothesis family using
the REGWQ pairwise comparison procedure if necessary
(e.g. the overall hypothesis of no difference among treat-
ments within a particular hypothesis family is rejected).

The first hypothesis family (HF1) focused on whether
variation in the natural timing of Rana arrival into a pond
(overwintered Rana present during the winter and spring,
overwintered Rana present during the winter but leaves
before the spring, or newly hatched Rana that arrive in the
spring) produces a priority effect on Bufo performance. We
tested this hypothesis with ANOVA and used Dunnett’s
procedure to determine whether Bufo performance differed
in ponds with newly hatched Rana from ponds in which
overwintered Rana were present during the winter or in
which overwintered Rana were present during the winter
and spring.

The second hypothesis family (HF2) pertained to the
independent and interactive effects on Bufo performance
that were associated with variation in the particular time of
overwintered Rana presence. We examined these hypotheses
with a factorial ANOVA that compared responses in all treat-
ments with overwintered Rana and the treatment containing
a low abundance of Bufo. The factorial ANOVA specified
the main and interactive effects involving the factors 1) over-
wintered Rana presence/absence during the winter and
2) overwintered Rana presence/absence during the spring.
The factorial ANOVA allows us to identify the critical time
at which the presence of overwintered Rana exerts its effect
on Bufo and it also evaluates whether the continued presence
of overwintered Rana through the winter and spring exerts
an effect on Bujfo that is greater or less than that expected by
the sum of the winter effect and the spring effect.

The third hypothesis family (HF3) addressed whether
overwintered Rana exert a stronger effect on Bufo perfor-
mance than newly hatched Rana independent of historical
effects produced by overwintered Rana. We used a t-test to
evaluate this hypothesis by comparing Bufo responses in the
treatment where overwintered Rana were only present dur-
ing the spring to the treatment where newly hatched spring
Rana were present. A statistically significant t-test here
would indicate that differences in performance are due to
either variation in Rana size (with overwintered Rana being
larger) or abundance (with newly hatched Rana being more
abundant).

The fourth hypothesis family (HF4) pertained to whether
Bufo performance was altered by intraspecific and interspe-
cific variation in the abundance of tadpoles present. To test
these hypotheses, we conducted a single factor ANOVA
comparing Bufo responses in treatments with only 250 Bujo,
250 Bufo + 250 newly hatched Rana, and 500 Bufo. We
would have conducted pairwise comparisons of means
among these treatments with REGWQ if the F-test of the
overall ANOVA were statistically significant.
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To determine whether overwintered Rana altered the
abundance of algal resources prior to the addition of Bufo
we used a t-test to compare algal resource levels measured
in April. The t-test compared algal levels in the mesocosms
containing overwintered Rana during the winter (two treat-
ments) to mesocosms with no tadpoles present during the
winter (four treatments). We employed this t-test compar-
ing two groups of mesocosms during the winter rather than
an ANOVA that considers each of the six treatments as six
different groups of mesocosms because the only difference
among all experimental units during the winter was whether
or not overwintered Rana were present or absent. Due to
the fact that mesocosms differed in two ways as the result of
experimental manipulations during the winter but six ways
during the spring, it was not possible to perform a repeated
measures ANOVA on algal data because the repeated mea-
sures approach enforces the spring treatment labels on meso-
cosms during the winter even though these labels have no
meaning during the winter. Enforcing the spring treatment
structure on the analysis of data collected during the winter
reduces the statistical power associated with actual treatment
effects during the winter which is our most crucial hypothesis
test to determine if overwintered Rana reduce algal resources
during the winter.

We compared algal abundances measured during the
spring by employing the same family of hypotheses and anal-
yses as used for assessing Bufo performance. We employed
the same family of hypotheses on algal abundances mea-
sured during the spring as used for assessing Bufo perfor-
mance because 1) all six treatments were in place during the
spring and 2) we were interested in examining variation in
the abundance of algal resources within the context of how
treatments produce variation in Bufo performance. One per-
iphyton sample from a mesocosm containing only 250 Bufo
was lost from the late sampling date. Algal data were log
transformed to homogenize variances.

We present all results with no block effects included in
the statistical analyses because block effects never explained
a substantial amount of variation and their inclusion did not
alter the interpretation of our results.

Results

Rana survival was relatively high in treatments containing
overwintered Rana (range from 70% — 100%) and in the
treatment with newly hatched Rana (56%). A very small
number (<1 individual/mesocosm on average) of overwin-
tered Rana metamorphosed prior to the time of peak Bufo
metamorphosis and the sampling of algae in the spring (May
20) and the first newly hatched Rana did not metamorphose
until June 6. Consequently, the majority of Bufo interacted
with Rana during their entire time in mesocosms. All sur-
viving overwintered Rana completed metamorphosis by the
end of the experiment except one individual but only 4%
of newly hatched Rana metamorphosed by the end of the
experiment.

Variation in the natural timing at which Rana enters
a pond affected Bufo performance (mass: F,,, =7.53,
p = 0.008; larval period: F, , = 10.57, p = 0.002; sur-
vival: F, , =78.64, p <0.001). Dunnet’s procedure



indicates that the early arrival of Rana during the winter
produced a priority effect because the presence of overwin-
tered Rana in a pond during the winter and spring caused
Bufo to have lower survival, and metamorphose later and at
a smaller size than would be observed in ponds where Rana
enter in the spring as newly hatched larvae (all adjusted
p < 0.005; Fig. 2, treatments associated with HF1). When
overwintered Rana were present in a pond during the winter
and left before Bufo arrived in a pond, however, the prior-
ity effect was weaker as Dunnet’s procedure indicates that
Bufo survival was comparable to that observed in ponds
with newly hatched spring Rana (adjusted p > 0.99; Fig.
2b, treatments associated with HF1). Nonetheless, Bufo
had a tendency to metamorphose later (adjusted p = 0.06)
and metamorphose at a smaller size (adjusted p = 0.03) in
ponds where overwintered Rana were present during the
winter but left before the spring than ponds containing
newly hatched Rana in the spring (Fig. 2a, c; treatments
associated with HF1).

The effect of overwintered Rana on Bufo performance
depended on the particular time(s) that overwintered Rana
were present in a pond. The presence of overwintered Rana
during the winter suppressed Bufo mass at metamorphosis
(F, s = 12.34, p = 0.003) but their presence during the
spring did not (F, ¢ = 0.42, p = 0.525) and the effect of
the presence of overwintered Rana during the winter was
not altered by the presence of overwintered Rana during the
spring (F, |, = 0.02, p = 0.898; Fig. 2a, treatments associ-
ated with HF2). Furthermore, the presence of overwintered
Rana during the winter prolonged the larval period of Bufo
(F, 16 = 24.26, p < 0.001) and this effect was enhanced fur-
ther when overwintered Rana was also present during the
spring (F, o = 4.57, p = 0.048; Fig. 2c, treatments asso-
ciated with HF2). The occurrence of overwintered Rana
during the spring by itself, however, had no effect on the
larval period of Bufo (F,,; = 1.57, p = 0.228). Although
Bufo survival varied in a statistically meaningful way in
response to either the presence of overwintered Rana dur-
ing the winter (F, ;= 34.72, p <0 .001) or during the
spring (F, ;= 44.12, p < 0.001), the observed responses
(Fig. 2b; treatments associated with HF2) and the highly
significant interaction between the winter and spring effect
(F, 16 = 33.06, p < 0.001) indicates that it is the continued
presence of overwintered Rana during the winter and spring
that causes a biologically meaningful reduction in Bufo
survival.

The effect of overwintered Rana did not appear to be
driven by the fact that overwintered Rana are larger than
newly hatched Rana (HF3) because none of the Bufo per-
formance measures differed between the treatment with
overwintered Rana present during the spring only and the
treatment containing smaller, newly (spring) hatched Rana
(mass: tg = 0.280, p = 0.79; survival: t; = 0.14, p = 0.89;
larval period: t; = 0.28, p = 0.783; Fig. 2). Furthermore,
the effect of Rana on Bufo does not appear to merely be the
result of Bufo competing with more tadpoles (HF4) because
the performance of Bujfo did not vary among treatments dif-
fering in the abundance of newly hatched (Rana or Bufo)
tadpoles present during the spring (mass: F,,; = 0.28,
p = 0.76; larval period: F,,; = 0.37, p = 0.70; survival:
F, ¢ = 0.33, p = 0.72; Fig. 2).
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Figure 2. Mean (*SE) (A) mass at metamorphosis, (B) survival,
and (C) larval period of Bufo represented by the six treatment con-
ditions included in the experiment. Numbered superscripts follow-
ing the treatment name corresponds to 1 of 4 hypothesis families
outlined in the methods section. Comparisons among treatments
within the same hypothesis family are the most relevant compari-
sons as each hypothesis family focuses on a different conceptual
question pertaining to the occurrence of priority effects. Statistical
results for each family of hypotheses are presented in the results
section.

The presence of overwintered Rana during the winter
tended to reduce the amount of periphyton (t,q = 1.82,
p = 0.08) present in a pond by the time Bufo entered a pond
(Fig. 3a). Variation in the natural phenology of Rana, how-
ever, did not account for a statistically significant amount
of variation in the amount of periphyton present in May
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(F, 14 = 2.12, p = 0.16) but there was a tendency for ponds
with overwintered Rana present during the winter to have
less algae than ponds with newly hatched Rana (Fig. 3b, treat-
ments associated with HF1). The effect of overwintered Rana
on the amount of periphyton present during May, however,
depended on the time periods in which overwintered Rana
were present (winter effect: F, ;5 = 1.82, p = 0.19; spring
effect: F, ;5 = 2.10, p = 0.17; winter X spring interaction:
F, |5 = 4.46, p = 0.05). Specifically, spring algal abundance
was enhanced by overwintered Rana present during the
spring when overwintered Rana were absent during the win-
ter but not when overwintered Rana were present during the
winter (Fig. 3b, treatments associated with HF2).

Variation in Rana size does not appear to be an impor-
tant contributor to the amount of periphyton present in
May because treatments with overwintered Rana present
during the spring only had a similar amount of periphyton
present in May as the treatment with newly hatched Rana
(t,3 = 1.07, p = 0.31; Fig. 3b, treatments associated with
HF3). Furthermore, variation in the abundance of newly
hatched tadpoles did not account for a significant amount of
variation in the amount of periphyton present (F, ;, = 2.39,
p = 0.14; Fig. 3b, treatments associated with HF4).

Discussion

In nature, local communities differ in their assemblage histo-
ries as both deterministic and stochastic processes influence
the relative timing at which species arrive to a community.
Important and current issues in ecology include understand-
ing the extent to which differences in a communities’ assem-
bly history affect community structure and the performance
of taxa (Chase 2003, 2010). We found that the history of
assembly affects how well species perform in a community.
In our case, Bufo performance was lower when Rana entered
a pond during the year prior to Bufo arrival (i.e. overwin-
tered Rana are present) than when Rana entered a pond
contemporaneously with Bufo (i.e. newly hatched Rana).
Although our study is not the first to demonstrate the occur-
rence of priority effects (Alford and Wilbur 1985, Wilbur
and Alford 1985, Morin 1987, Lawler and Morin 1993),
our study provides novel insight into the actual mechanisms
that produce priority effects. Specifically, we demonstrate
that multiple kinds of interactions between taxa are involved
in the production of priority effects, these mechanisms oper-
ate at different times during the community assembly pro-
cess, and these mechanisms interact in a synergistic manner
that enhances the overall effect of early arriving taxa on late
arriving taxa.

Resource exploitation by early arriving taxa is a com-
monly proposed mechanism to explain the production of
priority effects; this is especially true of studies involving
larval anurans even though resource levels were not quanti-
fied in these studies (Alford and Wilbur 1985, Wilbur and
Alford 1985, Morin 1987, Lawler and Morin 1993). Our
study confirms the important role of resource exploitation
as a mechanism contributing to the production of a priority
effect because overwintered Rana depleted the availability of
algal resources in a pond prior to the arrival of Bufo which
resulted in Bufo metamorphosing at a smaller size. None-
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Figure 3. Mean (* SE) concentration of periphyton (ug Chl a +
Phaeophytin m~2) at (A) the end of the winter and (B) during the
spring at the time of peak Bufo metamorphosis. At the end of the
winter there were effectively only two treatments: overwintered
Rana present or absent. During the spring, all six treatments applied
in the experiment were in effect. Numbered superscripts following
the treatment name corresponds to 1 of 4 hypothesis families out-
lined in the methods section. Comparisons among treatments
within the same hypothesis family are the most relevant compari-
sons as each hypothesis family focuses on a different conceptual
question pertaining to how overwintered Rana may cause priority
effects in Bufo performance by altering the abundance of algae pres-
ent. Statistical results for each family of hypotheses are presented in
the results section.

theless, resource exploitation that occurs during the time in
which early and late arriving taxa co-occur does not appear
to be important. Despite tremendous differences in Bujfo
performance between the treatment with overwintered Rana
present during the winter and spring and the treatment with
a low abundance of Bufo (Fig. 2), algal resource levels at the
time of peak Bufo metamorphosis was comparable between
these treatments (Fig. 3). Consequently, resource exploita-
tion prior to the arrival of Bufo, and not during the time
where Bufo and Rana co-occur, is the primary mechanism
through which a priority effect was produced.

One of the most interesting findings of our work is that
the effect of resource exploitation prior to the colonization of
late arriving species augmented the impact of direct interac-
tions that operate between early and late arriving taxa when
both species are present in the community together. We



observed that Bufo survival and larval period was reduced
to a greater extent when overwintered Rana was present in
a pond during both the winter and spring than when over-
wintered Rana was only present in a pond during the winter
(Fig. 2). If no processes were operating during the spring
the performance of Bufo should have been the same in the
treatment with overwintered Rana present during the win-
ter and spring and the treatment where overwintered Rana
was only present during the winter. The absence of an effect
of overwintered Rana on Bufo performance when overwin-
tered Rana are only present during the spring suggests that
mechanisms operating during the spring are not sufficiently
strong to affect Bufo performance in the absence of mecha-
nisms (resource exploitation) imposed by overwintered Rana
during the winter.

Potential mechanisms through which overwintered Rana
could directly interact with Bufo during the spring include
interference competition (via the production of growth
inhibitors or aggressive behavior) and predation. Faragher
and Jaeger (1998) conducted short term studies in the lab
and found that Rana sphenocephala influence newly hatched
Hyla cinerea tadpoles (a summer breeding species) via preda-
tion, aggressive behavior and production of growth inhibi-
tors. We do not believe that predation by overwintered Rana
augmented the overall effect of overwintered Rana on Bufo in
our study. Predation generally reduces survival and acceler-
ates the larval period of anurans (Wilbur 1987). If predation
is an important mechanism operating during the spring we
would have expected the larval period of Bufo to be shorter
when overwintered Rana were present but we observed that
overwintered Rana tended to increase the larval period of
Bufo. Reductions in survivorship and larval development
rate are more consistent with competition so we believe that
overwintered Rana compete via interference competition
during the spring. Unfortunately, we were not able to iden-
tify the particular manner in which interference competition
occurred because the depth and murkiness of the water in
our experimental units made it very difficult to make behav-
ioral observations and we did not quantify the production
of growth inhibitors, in part, because it is not clear what the
actual nature of the growth inhibitor is. Proposed inhibitors
include metabolic waste products, some unknown chemical
compound, and different kinds of parasites (e.g. particular
species of yeast and algae, reviewed by Alford 1999).

Laboratory work supports our suggestion that the early
arrival of Rana entering a pond can enhance the intensity
of interference competition by depleting the availability of
resources prior to the arrival of Bufo. Both Steinwascher
(1978) and Beebee and Wong (1992) reported that the pro-
duction of growth inhibitors is greater when the amount of
food resources supplied to larval anurans is reduced. Con-
sequently, depression of algae by overwintered Rana during
the winter may have stimulated the production of growth
inhibitors by overwintered Rana during the spring. Although
Petranka’s (1989) survey for larval anuran growth inhibitors
in 11 natural ponds concluded that the production of lar-
val anuran growth inhibitors was uncommon outside of lab
conditions, he did find evidence that growth inhibitors were
important in a pond which contained overwintered Rana
sphenocephala but not in ponds with younger Rana spheno-
cephala. These observations support our contention that the

effect of growth inhibitors produced by Rana is greatest when
larval Rana are present in a pond during the winter. We do not
know of any evidence to indicate that larval anurans increase
their aggressive behavior when food resources are lower but
studies of other organisms have found an increase in aggres-
sion with a reduction in food availability in some cases
(Feinsinger 1976, Ducey and Heuer 1991, Hodge et al. 2009)
but not others (Ovaska 1993, Rychlik and Zwolak 2006).

The ability to grow to a larger size by arriving early did
not appear to allow overwintered Rana to have a competi-
tive advantage over Bufo during the time in which Rana
and Bufo co-occur. Bufo performance was comparable when
they interacted with overwintered Rana that were only pres-
ent during the spring to when they interacted with newly
hatched Rana during the spring. We maintained abundances
of each size class of Rana at levels that Bufo would likely
encounter in nature but we do not believe that the lack of a
size effect was due to the fact that newly hatched Rana were
more abundant than overwintered Rana because 250 newly
hatched Rana had no impact on Bufo performance in com-
parison to the treatment where Bufo occurred alone. Fur-
thermore, the absence of a change in Bufo performance when
Bufo abundance is increased by 250 individuals and when
Bufo competed with 250 newly hatched Rana suggests that
overwintered Rana will not likely reduce Bufo performance
due to density-dependent processes. Despite the absence of
size and density-dependent effects in our study, we believe
that variation in the size and density of overwintered Rana
that are present during the winter (two factors that we did
not manipulate) could be important factors in determining
the extent of resource exploitation during the winter and
could regulate the intensity of interference mechanisms that
operate during the spring.

Our work sheds light on mechanisms that may gener-
ally produce priority effects involving organisms other than
frogs. Many studies of priority effects either lack sufficient
information to describe the mechanism(s) producing pri-
ority effects or they present a singular mechanism through
which a priority effect is produced. Our work demonstrates
that priority effects can be the product of multiple mecha-
nisms that operate at different times in the community
assembly process and that these mechanisms can operate in
a synergistic manner. Resource exploitation by early arriving
taxa is clearly an important contributor to the production
of a priority effect but the stressful conditions imposed by
low resource levels can enhance the magnitude of processes
that may otherwise have unimportant effects had resource
exploitation not occurred. We expect that such a synergy
may be important in the production of priority effects for a
diverse array of taxa because resource exploitation is a com-
monly reported mechanism of interspecific competition for
a diverse array of taxa in a number of different ecological
systems (Schoener 1983) and species rarely all arrive at a site
simultaneously.

The importance of historical context in biology is very
clear in evolution and there is an increasing amount of work
to demonstrate that the history of community assembly has
important effects in ecological time as well (Robinson and
Dickerson 1987, Chase 2003, 2010, Fukami 2004, Fukami
et al. 2010). We believe that an increased attention toward
synergistic interactions of mechanisms that operate between
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taxa at different times in the colonization process will bet-
ter allow us to understand how historical contingencies have
such important effects on ecological systems. For example,
such detailed focus on mechanisms may better allow us to
manage landscapes where the early arrival of invasive taxa
may convey a competitive advantage over native taxa. Reduc-
ing the abundance of early arriving taxa early in the assem-
bly process may be especially critical as resource exploitation
during this time may increase the sensitivity of late arriv-
ing taxa to other stressors. Although the vagaries of species
arrival order does introduce stochasticity into the trajectory
of future community development, a focus on understand-
ing the mechanisms through which priority effects occur will
better allow us to predict community responses to stochastic
events when they do arise.
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