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TEMPORAL OVERLAP, COMPETITION, AND PRIORITY
EFFECTS IN LARVAL ANURANS!

SHaroN P. LawLER® aND PETER J. MORIN
Department of Biological Sciences and Rureau of Biolagical Research, Neison Laboratories,
Rutgers University, Piscataway, New fersep 08855- 1059 USA

Abstract. Interspecific competitors often colonize communities at different times, but
few studies have experimentally tested whether the strength of interspecific campetition
hinges on the order or temporal separation of species® arrivals. We added hatchlings of
two sympatric anuran species (Hyla [= Pseudacris] crucifer and Bufo woodhousif) to artificial
ponds on three different dates to manipulate the order and temporal separation of their
arrival. Measurement of the growth and survival of each species in ponds where the second
species arrived simultaneously {day 0), or after a delay of 7 or 14 d, indicated whether
differences in the history af introductions affected interspecific competition. Other ponds
contained H. crucifer alone, introduced on the same three dates, or B. woodhousii alone,
introduced on the first or second date. These provided controls for seasonal differences in
performance in the absence of competition from the other anuran species.

Introductions of tadpoles at different times produced small differences in growth rates
and larval periods when each anuran species occurred alone. In ponds containing both
species, differences in the order and temporal separation of introductions had complex
effects on the intensity of interspecific competition. When Bufo preceded Hyla, Hyla had
prolonged larval periods and reduced mass and growth. When Hyia preceded Bufo, it was
unaffected by Bufo. Hyla had no effects on Bufo, whether its introduction preceded or
followed the introduction of Bufe.

Asymmetric pricrity effects were not easily explained as a simple size-dependent com-
petitive advantage of earlier arrivals. Early arrival increased the competitive impact of
Rufo on Hyla, but failed to generate a competitive effect of Hyla on Bufo. Bufo tadpoles
are more active than Hyla, and sa may consume resources at higher rates that cannot be
offset by a temporal advantage. Competition from Bufo was strongest when Hyla arrived
7 d later, suggesting that Hyla arriving 14 d after Bufo benefited from a longer period of
reduced competition after Bufo metamarphosed from the ponds. The natural pattern, where
Hyla breeds before or simultancausly with Bufo, permits Hyla to minimize competition
from Bufo, while Bufo suffers no measurable cost from the size advantage obtained by
competitively weaker Hyla tadpeles. Bufo may be prevented from breeding any earlier in
the season by physiological constraints acting on eggs or breeding adults.

Key words:  asymmetric competition, breeding phenalogy; Bufo woadhousii; competition among
larval anurans; Hyla crucifer; interspecific competition; priority effects; tempaoral averlap; temporal

partitioning.

INTRODUCTION

Some communities, such as temparary ponds, un-
dergo repeated periods of develapment as sets of spe-
cies vie far the use of ephemeral resources or seasonally
regenerated habitats. Interspecific interactions within
these communities, and the patterns of species com-
position that result, can depend on the histarical details
of community development {e.g., Sutherland 1974,
Sousa 1979, Dean and Hurd 1980, Robinson and Dick-
ersan 1987). Species arrive at communities in a se-
quence reflecting interspecific differences in hreeding
phenalagy. In turn, interspecific differences in breeding

* Manuscript received 22 February 1991; revised 8 Novem-
ber 1991, aceepted 11 March 1992, final version received 4
June 1962,

! Present address: Centre for Population Biology, Imperial
College at Silwood Park, Ascot, Berks SL3 7PY, England.

phenology can vary somewhat among years {Semlitsch
1985, Caldwell 1987). Within years, intraspecific vari-
ation in the timing of breeding (e.g., Harris 1980} can
also affect the amount of temporal separation among
species. Such variation can alter both the order of ar-
rival of species and the temporal separation between.
the arrivals of different species.

Manipulations afexperimental communities can test
whether interspecific interactions depend on the order
and temporal separation of the arrivals of species. Al-
thaugh differences in breeding phenology are often in-
terpreted as a strategy for reducing the intensity of
interspecific interactions {e.g., Crowley and Johnson
1982, Walda 1987), few experiments have directly test-
ed whether temporal separation affects the strength of

interspecies interactions. Similarly, the order ofarrival

of species during community development is often as-
sumed ta be adaptive (MacArthur and Wilson 1967),



January 1993

TaBLe 1. Breeding phenalogies of Hvia crucifer and Bufo
woodhousii in New Jersey Pine Barrens pands in 1986-
1988.*

Year Species st chorus 15t pair Last pair
1986  Hyla 19 March 19 March 30 April
Bufa 19 April 29 April 2 July
1987 Hpla 24 March 26 March 21 April
Bufe 20 April 20 April 10 Mayt
1988  Hyla 12 March 31 March 6 May
Bufo 4 April 6 May 23 June

* We visited 5- [0 pands (in which both species breed) every
4-10d during the breeding seasan {March—July), and recarded
hreeding activity. 1st charus = the first night on which we
heard males call, which signals the beginning of the breeding
seasan. Males call on same nights when females de not hreed,
so we present the dates on which the first and last breeding
pairs were found, to better delineate actual breeding periods.
MNote that the first H. crucifer pairs were found at least 2-3
wk before the first B. woadhousii pairs within each year.

T In 1987 we did not sample between 10 May and [ August,
and so probably missed any June or July breeding activity.

but manipulations of colonization order are rare (see
Drake 1990).

Interspecific differences in breeding phenology may
simply reflect individualistic responses by species to a
seasonally changing environment. Of course, pheno-
logical differences may also be responses to seasonal
interactions with other species of competitors or pred-
ators. We use the terms “seasonal effects™ and “priority
effects” 10 emphasize the distinction between individ-
ualistic and interactive causes of phenological differ-
ences. “Seasonal effects” refers to direct impacts of
seasonally varying abiatic factors on a species or on
the resources that the species requires. Far example,
seasonal variation in the primary production of the
algae cansumed by herbivorous tadpaoles could gen-
erate a seasonal effect on tadpole growth or perfor-
mance. In contrast, “prarity effects™ refers to inter-
specific interactions whose outcome depends on the
relative or absolute timing of the arrival, breeding, or
activity of the interacting species.

Intraspecific differences in the seasonality of breed-
ing can affect reproductive success and ultimately 1n-
fuence the evolution of breeding phenologies (Harris
1980, Morin et al. 1990). Few experiments have at-
tempted to separate the potential contributions of sea-
sonal effects and priority effects to seasonal variation
in reproductive success. Seasonal effects are best mea-
sured by introducing target species to competitor- and
predator-free communities over a range of times cor-
responding to the natural within-year variation in the
breeding season. Priority effects can be measured by
varying the order and temporal separation of the ar-
rivals of two or more species.

Experimental studies of seasonal community devel-
apment clearly support the existence of priority effects
among interspecific competitors (e.g., Dean and Hurd
1980, Alford and Wilbur 1985). The exact mechanisms
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responsible for the priority effects are less clear. Re-
source preemption before head-to-head competition
begins, or the duration of temporal overlap after the
arrival of the second species, may bath be impartant.
The first species entering the cammunity often retains
a size advantage over later arrivals during subsequent
periods of temporal averlap. Even when species are of
similar size, differences in arrival time can affect the
duration of direct head-to-head competition.

If initial size differences or the time available for
resaurce preemption determines the strength of pri-
ority effects, the performance of a given species should
decline as it is introduced increasingly later than its
competitor (Morin 1987, Alford 1989). If competition
occurs primarily during temporal overlap, and if there
is no size difference or size advantage, a species should
perform progressively better as its temporal overlap
with competitors decreases (Alford 1989). These mech-
anisms may also combine to produce intermediate pat-
terns. For example, an organism competing directly
against a small competitor during a long period of tem-
poral overlap might not grow as well as the same or-
ganism competing against a large competitor during a
shorter period of tempaoral overlap.

We explored the extent to which seasonal effects and/
or priority effects acting during larval development
could account for the breeding phenology of the an-
urans Hyla cructfer (= Pseudacris erucifer, Hedges 1986)
and Bufo woodhousii. Larvae of both species feed on
periphytan, phytoplankton, and detritus. Both species
have larval periods of similar duration, and frequently
breed in the same ponds in the New Jersey Pine Barcens
in early spring (late March through May ar Juoe ). H.
crucifer typically begins to breed earlier than B. wood-
housii (Table 1), perbaps because the adults can be
active on colder nights (John-Alder et al. 1988). A.
erucifer eggs can also develop at lower temperatures
than B. woodhousii egps. The result is that H. crucifer
tadpoles usually hatch and begin feeding well before
B. woodhousii. Because Bufo often begins breeding con-
siderably after the Hyla in the same pond, it would be
particularly intriguing to reverse the normal order of
arrival to test whether the normal order is optimal for
both species. Predaceous vertebrates can eliminate pri-
ority effects in some communities (Morcin 1984, 1987),
but we ignore the effects of predatars here because .
crucifer and B. woodhousii often breed in temporary
ponds without predatory salamanders or fish.

METHODS
Artificial ponds

We manipulated the order and temporal separation
of introductions of hatchling larvae of Bufo woodhousii
(spelling following Frost 1985; = B. woodhousei) and
Hyla crucifer (hereafter *Bufo” and “ Hyla™) into rep-
licated artificial ponds. Artificial ponds (similar to ones
described by Morin [1983]) were located in a field at
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TabBLE 2. Summary of the design of an outdoor tank experiment, showing the time of anuran species intraductions (200
hatchlings per species) in different numbered treatments. Early = § May, middle = 12 May, late = 19 May, --- = absent.
Treatments
Single species Both species
Hyla Bufo Hyla Bufo
Na. crucifer waodhousii Na. crucifer waodhotsit
Timing of 1. Early 6. Early Early
introductions 2, Middle 7. Early Middle

3 Late s 8 Early Late

4, o Early 9. Middle Early

3. Middle 10, Late Early

Hutcheson Memoaorial Forest (East Millstone, Somerset
County, New Jersey). We created pond communities
in 30 galvanized steel cattle-watering tanks, coated in-
side with epoxy paint. Ponds contained =1 m? of stream
water (pumped from nearby Spooky Brook through an
88-um mesh plankton net), 600 g of dry grassy litter,
50 g of Purina Trout Chow, six roated stems of Elodea,
and 400 mL of a2 mixed-plankton inoculum (plankton
were collected from a pand in. Greenwood Forest Wild-
life Management Area, Ocean County, New Jersey, and
from other artificial ponds}. The grassy litter provided
an =3-cm layer of cover on the tank borttoms, which
is similar to litter levels that we observe in natural
ponds in the New Jersey Pine Barrens. Trout Chow
supplied outrients that would normally be supplied by
decaying plant and animal material and from ground
cunaff during rainstorms. This method provided con-
ditions for tadpole growth that were at least as good
as conditions in natural ponds. In our collections from
natural ponds, recently metamorphosed Bufo wood-
housii ranged in mass from 42 through 260 mg, and
H. crucifer metamorpbs ranged from 39 through 272
mg. Mean masses of metamorpbs in our experiment
were at the high end of this range (see Table 3). We
therefore expect that any competitive effects found in
our experiment will be a conservative estimate of com-
petition in natural communities, where nutrients are
apparently mare limiting.

We added water and litter on 2 May 1989, plankton
and 235 g of the Trout Chow an 3 May, Elodea on 6
May, and the remaining 25 g of Trout Chow on 2 June.

Artificial ponds were uncovered for much af the ex-
periment to allow natural calanization by insects (such
as mosquitoes and chironomids). A variety of insects
oceur in natural temporary ponds and can have sub-
stantial competitive effects on larval anurans (Morin
et al. 1988). From 20 to 25 May we covered all tanks
with screen lids to prevent the local population of gray
treefrogs (Hyla versicolor) from ovipositing in the tanks.
Gray treefrags breed in very few Pine Barrens ponds
(only those on the edges of the Pine Barrens), so we
excluded them from this study. From 26 May to 6 June
we removed tank lids during the day and replaced them
at night to allow some colonization by diurnal insects
while excluding nocturnally breeding frogs. All tanks

remained continuously covered after 6 June to retain
metamorphosing anurans,

Tadpole additions

We added hatchling tadpoles to subsets of artificial
ponds on three dates: 5 May (*early™), 12 May (“mid-
dle™), and 19 May {“late). Densities used {200 hatch-
lings per species per tank) were within the abserved
natural range for these species. The full experimental
design consisted of five single-species treatments and
five two-species treatments, each replicated three times
(Table 2). The single-species treatments (hereafter
“controls™) were early, middle, or late introductions
of Hyla, and early or middle introductions of Bufo. We
did not include a late introduction of Bufo because of
a shartage of tanks. The twa-species treatments were
bath species arriving early, each species arriving early
while the other arrived 7 d (middle} or 14 d (late) later
(Table 2).

The introductions listed above allowed us to mea-
sure the effects of early arriving tadpoles of each species
on tadpales of the other species that arrived either
simultaneously {early—early treatment), or 7—14 d later
in community development. Two-species treatments
where Hyla arrived early represent different amaunts
of temporal separation seen in the natural breeding
phenalogy. Twa-species treatments where Bufo arrived
before Hyla gave us an opportunity to examine whether
the order of arrival of species not usually seen in nature
affected either species. Pronounced negative effects of
this contrived phenology on either species might in-
dicate why it is not usually ohserved in nature.

Intraductions of single anuran species into tanks at
different times allowed measurement of shart-term
seasonal differences in tadpole performance that were
not caused by priority effects exerted by other anuran
species. Such seasonal effects on growth or survival
could imply that breeding phenologies differ because
each species performs best at different times af the vear.
The maintenance of different breeding times to mini-
mize interspecific competition only becames plausible
ifthe two species compete less when their introductions
are temporally separated, and if differences in perfor-
mance that occur in the absence af the interspecific
competitor cannot accaount far the observed phenology.
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All introductions occurred within the natural range
of breeding dates for both species. We used a mixture
of approximately equal numbers of hatchlings from at
least four different clutches per species for all intro-
ductiaons so that anirmals introduced on different dates
had a mixture of genetic backgrounds. Clutch numbers
per introduction were 17 {early and middle Hyla), 13
(late Hyld), | 5 (early Bufo), 6 (middle Bufs), and 4 {late
Bufo). Hatchlings of both species are of similar size.

We were able to manipulate the introduction times
of hatchlings both by collecting breeding adults at dif-
terent times and by refrigerating eggs to slow devel-
opment and delay hatching. We collected amplectant
pairs of frogs from several temparary ponds in the New
Jersey Pine Barrens (Ocean County, New Jersey). Pairs
oviposited in water-filled, covered dishpans, and the
resulting eggs were aerated until they hatched. Cooling
one-half of the eggs from several clutches delayed their
development to yield new hatchlings for later intro-
ductions. We used eggs laid on 1 May for the early and
middle Hyla additions, and for the early Bufo addition.
Eggs for the late Hyla addition were laid on 6 May,
and the eges for the middle and late Bufo additions
were laid on 7 May.

Hatchlings used for the early introductions of both
species and for the middle Bufo introduction came
from unrefrigerated eggs. Hatchlings used for the mid-
dle addition of Hyfa and for the late additions of both
species came from refrigerated eggs. Bufo eggs devel-
oped slawed at 15°C until they were needed, when they
were returned to room temperature to hatch, Hyla epgs
were held in a 5°C cold room until needed (Hyla eggs
developed too rapidly at 15°C to use in our experi-
mental design). Hatchlings from refrigerated eggs looked
normal and behaved similarly to their unrefrigerated
siblings. Valpe (1953) reported normal development
in Bufo fowleri (= woodhousii) at 15°C.

The experiment ran until the last tadpoles meta-
morphosed on 18 July. We caollected metamorphosing
frogs daily. Metamorphs remained unfed for 1-2 d in
the laboratory until tail resorption was complete. We
then weighed each frog to the nearest milligram, and
recorded its date of collection. From these data we
determined survival to metamorphosis, mean mass at
metamorphosis, mean larval period, and mean growth
rate of each species in each tank. Growth rate was
estimated by dividing mean mass by mean larval pe-
riod. We released the frogs after their measurement.

STATISTICAL ANALYSIS

Multivariate analyses of variance (IMANQOVA) test-
ed whether the survival, mass at metamorpbosis, larval
period, and growih rate of each species exhibited sea-
sonal variation in single-species settings or priority ef-
fects in mixed-species treatments. The MANOVA,
which corrects significance levels for tests on multiple,
potentially correlated, variables, is an appropriate sta-
tistical test given our a prion interest in several vari-
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ables (see Morin [1983] for a detailed justification of
the approach). For example, mean mass is often neg-
atively correlated with survival in larval anurans {e.g.,
Marin 1986). We analyzed means for each tank be-
cause individuals within each population were not sta-
tistically independent. We angularly transformed sur-
vival and log-transformed mass before analysis.
Treatment means and standard deviations for all vari-
ables are listed in Table 3.

Where MANOVAs were significant (P < .05), we
used Banferrani tests to determine which variables dif-
fered among pairs of treatments. Any differences dis-
cussed below were significant at P < .05 in both the
MANOVA and the Bonferroni test, unless stated oth-
erwise. We sometimes discuss trends when the averall
MANGOVA was nonsignificant (f > .05) but the anal-
yses of variance (ANQOVAs) far single respanse vari-
ables indicated differences between treatments. Below,
we outline each null hypothesis and corresponding
analysis.

1. Seasonal effeces. —Date of introduction daes not
affect larval performance in the absence of anuran in-
terspecific competitors. Anafysis: Separate MANOV As
far each species on the single-species controls tested
far seasonal effects (Table 4).

2. Priovity effects of early-grriving Bufo on Hyla. —

(a) Early-arriving Bufo do not affect Hyla.

(b) Effects of early-arriving Bufo on Hyla do not
depend on temporal separation. Anafysis: To test for
effects of early Bufo an Hyla, we used a two-factor
MANOVA with the presence or absence of early Bufo
and the date of Hplg introduction as factors (Table 5a).

(c) The strength of the effect of early Bufo on Hyla
daes not change with Hpla time of arrival. An inter-
action between Bufo presence and Hyla timing in the
two-factor analysis indicated that the strength of the
effect of Bufo on Hyla depended on Hyla arrival time.
Analysis: Ta discaover whether early Bufo had a stranger
effect on early, middle, or late Hyla, we performed an
additional MANOV A on the differences between Hpla
cantrals and Bufo early treatments for each Hyla ar-
rival time {Table 3b). We corrected each variable for
possible seasonal effects by subtracting the mean of the
appropriate cantrols from each two-species competi-
tion treatment, and then we perfarmed a MANOVA
on these differences. For example, we estimated the
strength of the effect of Bufo on the mass of early Hyla
by first subtracting the mean of the three Hyla early
controls fram each of the three Hyla carly-Bufo early
replicates, and then analyzing the differences in a
MANOVA.

3. Priovity effects of early-arriving Hyla on Bufo. —

(a) Early-armiving Hyla do not affect Bufo. Analysis:
Lack of a late Bufo contral precluded use of a two-
factor MANOVA of the effects of Hywla presence/ab-
sence and the date of Bufo introduction. Instead, we
tested whether early-arriving Hypla affected Bufo with
a MANOVA of treatments 4-8 (both Bufo cantrals,
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Results of an outdoor tank experiment in New Jersey, USA, in which the arrival dates of hatchlings of two anuran

species were artificially manipulated. Treatment numbers match those shown in Table 2, A = absent, E = added 5 May,

M = added (2 May, L = added 19 May. Survival was angularly transfarmed.

Treatment Mass (mg} Larval period {d} Growth (mg/d) Survival (%)
Na. Hyla Bufo Mean = 1 sp Mean + 1 sp Mean + [ s Mean = | sp
a. Bufo woadhousi

4. A E 263.76 £ 58.96 40.68 + 207 653 = 1.69 43,34 + 2343

5 A M 280.03 = 31.71 36.96 = [ 48 7.58 £ 0.91 54.79 = 10.82

6. E E 2771 £ 27.44 41.77 + 0.72 5.20 = 0.56 49.76 + 14.50
7. E M 220.94 + 38.39 41.00 = 2.75 543+ 1.23 50.42 + 9.29
8. E L 295,59 = 23.23 34.02 £ 0.75 8.68 = 0.51 33.26 £ §.99

9. M E 19281 = 16.72 4244 + 092 4.54 £ 0.35 3521 £ 1499
10. L E 259.94 = 16.27 4150+ 1.20 6.25 £ 0.21 40.54 + 4,31

b, Hyla crucifer

L. E A 246,84 + |17.30 4591 = 3.51 540 £0.78 51.07 £ §.97
2. M A 269.16 = 12.94 3964 + 0.62 6.79 Q.42 5202 + 7.51
3. L A 261.46 = 10.34 36.92 £ 1.50 7.08 = 0.32 50.89 £ 7.54
6. E E 190.02 = 16.93 4530 + 0.89 4,19 = 0.42 57.01 = 8.56
1. E M 20963 £ 11.31 4566 = 2.13 4.59 £ 0.33 4298 + §.23
§. E L 228.21 = 24.60 44,18 = .31 5.15 = 0.42 52.62 £ 8.74
9. W% E L5770 £ 9.L5 4500 £ 2.17 3.50 £ 0.37 50.25 £ §.32

10, L E 226.73 £ 35.49 4350 £ 0.73 5.20 £ 075 42.67 £ 1278

plus Hyla arriving early with HBufo eatly, middle, or
late), with the five treatments considered as different
levels af a single factar (Table 6a).

(b} Effects of early-arriving Hyfa on Bufo do not
depend on temporal separation. Analysis: A separate
MANOVA tested whether early-arriving Hyfa had an
overall effect on Bufo using early and middle Bufo con-
trols and early and middle Bufo treatments with early
Hyla (Table 6b).

4. Later-arriving competitors have no effect on early-
arriving specles. — Analysis: We also tested whether ear-
ly-, middle-, and late-arriving tadpoles of each species
had any effects on early arrivals of the other species,
using single-factor MANOVAs with presence of the
later-arriving competitor as the single factor (Tables
Sc and Hce).

RESULTS
Seasonal effects

The date of introduction did not affect the overall
responses of Hyla crucifer in ponds without Bufo wood-
howsti, although larval periods decreased and growth
rates increased for animals introduced progressively
later in the season. While the overall analysis showed
no significant effects af the date of introduction an Hyla

TansLe 4.

in treatments without Bufo (Tables 2 and 4a), the
ANOVA for larval period within the MANOVA shawed
a seasonal effect (F = 12.73, df = 2,6, P < .007), and
a Bonferroni-adjusted 7 test showed that larval periods
of animals from the earliest introduction were 7-8 d
longer than for later introductions. This was also re-
flected in a trend toward lower growth rate in the early
group (ANOVA F= 8§38 df = 2,6, P < .02).

Seasonal effects on Bufo were alsa weak or absent.
Bufo showed no overall differences in performance be-
tween early and middle arrival times (Tables 2 and 4h),
although there was a trend toward a longer larval period
in the early group (ANOVA F=6.41,df =14, P <
.07). Even without the late Bufo control, the short larval
periods of late Bufo in treatments with early Hyla in-
dicate a continuing trend toward reduced larval periods
for animals introduced later in the seasan.

Effects aof Bufo on Hyla

Effects of early Bufa on Hyla. — Early Bufo depressed
the mean mass and growth rate of Hy/a, and the mag-
nitude of this competitive effect depended on when
Hyla was introduced (Tables 2 and 3a). Overall, Hyia
interacting with early Bufo weighed less and had longer
larval periods than Hyla in cantrals. These effects com-
bined to yield the lower growth rates of Hyfa in treat-

Summary of MANOVAs for seasonal effects {effects of date of introduction of anuran larvae to outdoor tanks)

occurring in the ahsence of interspecific competitors. Variables = survival, mass, larval period, and growth rate. Treatment

numbers are fraom Table 2.

MNumer- Denomi-
Treatment Source of ator natot Wilks'
Test no. vanation dr df Lamhda F P
a. Hyla timing 1,2,3 Timing R 6 0.068354 2118 1879
b. Bufo timing 4,5 Timing 4 l (.173985 L.186 L5894
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EFFECTS OF EARLY BUFO ON HYLA GROWTH
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FiG. }. Effects of early-arriving Bufo woadhousii on Hyla

crucifer growth in an outdoor tank experiment in New Jersey,
USA, in which the arrival dates of hatchlings of these two
anuran species were artificially manipulated. Letters above
hars indicate whether treatments showed growth-rate differ-
ences in Bonferrani-adjusted ¢ tests. Bars with the same letters
abave them are nat sighificantly different.

ments with Bufo (Fig. |, Table 3). Survival was vari-
able, and did not differ significantly among treatments.

The strength of competition {e.g., reduced growth)
caused by Bufo depended on when Hyla was intro-
duced {Tables 2 and 4a and b). When both species
arcived early, effects of Bufo an Hyla mass and growth
rate were negative, but nonsignificant. Early Bufo had
little effect an the larval period of early Hyla, but in-
creased Hylalarval periods by 5-6 d in both the middle
and late Hvla groups. Hyla that arrived 7 or 14 d after
Bufo displayed reduced mass and/or growth rates rel-
ative to controls. When Hyla arrived 7 and 14 d after
Bufo, Bufo correspondingly reduced Hyla mass by 111
mg and 34 mg, respectively.

Effects af early, middle, and lare Bufo on eariy Hyla.—
Bufo introduced 0, 7, and 14 d after Hy/a had negative
effects of decreasing strength an Hyla mass (ANOVA
F=15130,d4df = 3,8, P = .0264). Bufo introduced 7 and
14 d after Hyla had no overall effect on Hyla mass

TabLE 5.
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{Table 5¢). In geoeral, the negative effects of Bufe on
Hyla were reduced when Hyla entered the ponds before
or simultaneously with Bufo.

Priority effects af Hyla on Bufo

Effects of early Hyla on Bufo.— Bufo performance
differed among treatments (Table 6a), but Bonferroni
tests showed thar all significant differences were be-
tween the early Hyla-late Bufo treatment (for which
we lacked a late Bufo withaut Hyla seasonal control)
and others. In tanks with early Hpla, late Bufo showed
a higher mean mass apd growth rate than early- or
middle-arriving Bufo (Fig. 2). This result is consistent
with both temporal resource partitioning and seasonal
habitat improvement unrelated to competition, and we
cannot judge the relative impartance of these mecha-
nisms without the late Bufo control. There were no
significant differences in survival, which varied greatly
among replicates.

Early-arriving Hyla showed anly a trend toward an
overall competitive effect on Bufo when the Bufo late
wreaiment was excluded from the analysis (Table 6b).
Bufo mass and growth rates tended to be lower in treat-
ments with Hyla than in controls.

Effects of early, middle, and late Hyla on early Bufo. —
Hyla did not significantly affect Bufo when Hyla en-
tered the communities simultaneously, or 7 ar 14 d
after Bufo (Table 6¢).

Discussion

Trnterspecific competition and the
breeding phenology

Huyla crucifer usually breeds before Bufo woadhousil,
but we did not abserve interspecific differences in sea-
sonal optima for larval performance in the absence of
interspecific campetition (strictly seasonal effects) that
could readily account for this natural phenology. Sev-
eral measures of the performance of Hyla and Bufo
barely responded to a 14-d range of introduction times
when each species developed in the ahsence of the
other. If anything, the tendency for both species to
develop more slawly when added to the ponds on the
earliest date suggests that both species could benefit

Summary of MANQOVAs for effects of Buf woodhousii on Hyla crucifer in an outdoor tank experiment in which

the arrival dates of anuran hatchlings were artificially manipulated. Variables = survival, mass, larval period, and growth

rate. Treatment numbers are from Table 2.

Numer- Denom-

Treatment Saurze of ator  inatar Wilks’
Test no. vatriation df dar Lambda F 2

a. Effects of Hyla timing and early 1,2,3,6,9,10 Timing 8 18 0.068344 6.357 0004

Bufo on Hyia Bufa 4 9 0.131006  14.925 0005

Timing » Bufo 8 18 (0.097239 4,965 0023

b, Seasonal differences between a-1,9-2, Timing 8 a 0.000342 39817 0001
Bufa early and Hypla controls 10— 3 :

¢. Effects of early, middle, and 1,6,7,8 Bufa 12 13.5 0.119717 1.387  .2799

late Bufo on early Hyia
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Summary of MANOVAs for effects of Hpla crucifer on Bufo woodhousii in an outdoor tank experiment in which

the arrival dates of anuran hatchlings were artificially manipulated. Variables = survival, mass, larval period, and growth

rate. Treatment numbers are from Table 2.

Mumer- Denom-

Treatment Source of ator inator Wilks®
Test no. variation df df Lambda F P
a. Effects of Bufo timing and early 4,5, 6,7, 8  Treatment 16 22 0043184 2474 0249
Hyla on. Bufo
b. Qwverall effect of early Hvia an Bufa 4,567 Hyla 4 5 0.355788 2263 | 197|
Bufa timing 4 5 0.476615 1,373 3620
Interactian 4 5 0699846  0.336 7172
c. Effeets of early, middle, and late 4,6,9, 10 Hyla 12 13.5 0.123214  1.359 2917

Hyia on early Bufo

from breeding later, since both should then develop
faster. The prolonged development of larvae early in
the breeding season could result from direct negative
effects of low temperature on growth (Berven et al.
1979), or could reflect potential effects of low temper-
atures on algal productivity. It is difficult to attribute
the observed phenological differences between H. cru-
cifer and B. waoodhousii to the use of seasonal resources
that appear at different times, since both species re-
sponded similarly to our manipulations of breeding
phenology.

The consequences of altering the order of species
introductions offer more insight into possible reasons
far the natural breeding phenology. Hpla and Bufo did
not compete when Hyla preceded Bufo. Hawever, Rufo
had a clear competitive effect on Hyla when it preceded
Hyla. This pattern suggests that Hyla can minimize
competition with Bufo by breeding earlier, although it
may suffer some cost in prolonged development by
doing so. In contrast Bufa gains nothing by breeding
any earlier in the season, since it is largely unaffected
by Hyla. Other factors, including thermal constraints,
may oppose earlier breeding by Bufo. We ocbserved that
B. woodhaousii epgs incubated in a 5°C cold room died,
while H. crucifer eggs raised under the same conditions
developed slowly by normally. Others have shown that
Bufo waoodhousii eggs developed abnormally ar die at
temperatures below 10°C (Volpe 1953).

Although we have emphasized the potential role of
larval ecology in shaping the observed breeding phe-
nology, other factors, including thermal constraints on
adult locomotion, may be important. Adult Hyla cru-
cifer have exceptionally broad temperature tolerances
(John-Alder et al. 1988), and their unusual tolerance
for low temperatures may offset the poor competitive
ability of larvae (see Morin 1983, Morin and Johnson
1988) by permitting breeding to occur well before the
arrival of less eurythermal species that are otherwise
competitively superior.

The aptimal breeding phenology for most species
probably reflects an interplay among several abiotic
and biotic factors (e.g., Miller 1987, Evans etal. 1989).
Species using temperate, ephemeral ponds should breed
as early as possible, so that larvae have the longest

passible period in which to complete development. For
many amphibian species this time will occur shortly
after rain or snowmelt fills ponds, as long as temper-
ature and other abiotic factors are within the physio-
logical limits of the adults, eggs, and larvae. Amphib-
1ans that breed too early may risk loss of their entire
clutch through cold damage, or may themselves be
killed by low temperatures {Harris 1980). Breeding soon
after ponds fll ensures that the competitors and pred-
ators encountered by hatchling amphibians are small
in size and low in abundance.

Priarity effects, temparal separation, and the
intensity of competition

Our results suggest that asymmetnic campetition be-
tween Hyla and Bufo, and the priority effects resulting
from their different orders of introduction, are prob-
ably not a simple result of size-dependent advantages
{e.g., Wilbur 1984, Morin and Johnson 1988) or pre-
emption of resources by early arrivals (Wilbur and Al-
ford 1985, Morin 1987). A 14-d growth advantage,

EFFECTS OF EARLY HYLA ON BUFO GROWTH
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amounting to nearly 25% of its typical larval period,
did not make Hyia a significant campetitor of Bufo. In
cantrast, a similar initial growth advantage rendered
Bufo tadpoles even stronger competitors of Hpla. In-
terspecific differences in the ability to parlay an initial
period of competitor-free growth into enhanced com-
petitive effects an other species may depend on inter-
specific differences in behavior. High activity levels
have been linked to competitive ability in larval an-
urans (Morin 1983, Woodward 1983), and Bufo wood-
housii tadpoles are much more active than Hyla cru-
cifer tadpoles (Lawler 1989). We assume that Bufo
introduced into ponds after Hyla interacted with larger
but relatively ipactive Hypla tadpales, while Hyla in-
troduced into ponds after Bufe interacted with larger
and actively foraging Bufo tadpoles. Large, active Bufo
tadpoles might have a proportionally greater impact
on shared resources than equally large, sedentary Hyla,
if high rates of resource use are correlated with high
activity levels. We cannat exclude the possibility that
these interactions arise from differences in interference
unrelated te resource use, although there is little evi-
dence for interference among tadpoles under semi-nat-
ural conditions (Morin and Johnson 1988, Peiranka
1989).

The amount of temporal separation between the in-
troductions of Hyla and Bufo influenced the intensity
of the interactions. The competitive impact of Bufo on
Hyila (measured by mass at metamorphosis) decreased
as the temporal separation of their respective intro-
ductions increased, in ponds where Hyla tadpoles in-
troduced early in community development interacted
with Bufa introduced at the same time or later. Inter-
actions between Bufo tadpoles introduced early in com-
munity development and Hy/la introduced at the same
tithe or later were more complex. The competitive im-
pact of Bufo on Hyla was stronger for Hyla added 7 d
after Bufo than for Hyla added either simultaneously
with Bufo or 14 4 after Bufo. The apparent nonlinear
relation hetween the intensity of competition experi-
enced by Hyla and the amount of temporal separation.
between competitor introductions could reflect the
combined impact of different size advantages of early
Bufo acting over larval periods that overlapped for
different amounts of time. When Hpla were introduced
1 wk after Bufo, larval periods overlapped an average
of 35.4 d, while Hyla intreduced 2 wk later averlapped
with early Bufo by only 27.5 d.

Bufa tadpoles may depress phytoplankton and pe-
riphyton abundances (Morin et al. 1990}, and these
resources probably recaver to seme extent after tad-
poles metamorphose. Periphyton abundance begins to
recaver saon after tadpoles metamorphose from sim-
ilar artificial pond systems, but complete recavery of
this resource takes several days (Morin and Johnsen
1988, Morin et al. 1990). Priority effects might linger
unti] algae recover from grazing. This delay in resource
recovery may explain why Hyfa tadpoles that arrive 2
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wk after Bufo metamorphosis grow larger than Hyla
that arrive only 1 wk after it, since the later arrivals
enjoyed an average of 6.3 more days in the ponds
without larger Bufo. During this final period of growth
after Bufo have left, resource levels could increase fur-
ther from inputs of nutrients from rainfall (Cole and
Fisher 1979, Seale 1980).

Although the order and timing of species introduc-
tions affected competition between Bifo and Hyla, the
resulting priority effects were not strong enough to alter
community compasition (as measured by the survival
of either species). Our results should not be construed
as evidence for assembly rules or alternate community
states. The relatively subtle differences in growth, lar-
val period, and mass at metamorphosis that we ab-
served could eventually translate into differences in
community compasition, but much more research is
needed to demonstrate that this actually occurs. In-
stead, these differences could influence the evolution
af competitive ability or breeding phenology so that
neither competitor is excluded from the community.
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