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Abstract. Stream fish often occur in tributaries at high densities, and dispersal between
tributaries must occur through the intervening river, whose attributes may differ from those
of the tributaries. In Trinidad, tributaries of the Guanapo River have high densities of a
killifish, Rivulus hartii, but the river also contains a strong piscivore that may affect the
quality of the river as a movement corridor linking the adjoining tributaries. We hypoth-
esized that R. hartii in the river, where they are scarce and confined to margins, would
show stress as predicted for an animal in transit through a hostile corridor. We predicted
that river fish would take in less food, grow more slowly, and contain fewer mature oocytes
than tributary fish. We tested these predictions by comparing R. hartii from paired tributary
and river sites for food intake, growth, and oocyte counts. We also asked whether R. hartii
could spawn successfully in shallow water, such as at the river margins. To determine
whether the river would satisfy criteriafor its use as amovement corridor (movement along
the river and movement in and out of tributaries), we marked 709 R. hartii in a 500-m
stretch of river and two adjoining tributaries and recaptured them on seven sampling dates
over a 15-mo period.

Contrary to our predictions, R. hartii in the river showed no stressin the form of reduced
food intake, growth, or suppressed reproductive output. Instead, we detected no difference
in food intake of R. hartii sampled from paired tributary—river sites, and river R. hartii
displayed a greater growth rate and contained more mature oocytes than did their tributary
counterparts. Laboratory and field studies also revealed that R. hartii can spawn viable
eggs in shallow water that does not cover their bodies.

The movement study confirmed that the river has a conduit function for communication
between tributaries, but the river also has a habitat function, as it contains resident indi-
viduals that grow and reproduce in the corridor. This means that movement of alleles and
recolonization of local extinctions can occur via offspring of dispersers, rather than require

successful movement of individuals directly between tributaries.

Key words:

biotic factors; conduit; connecting habitat; corridor function; courtship; emigration;

growth rate; Hoplias malabaricus,; oocyte production; Rivulus hartii.

INTRODUCTION

The regional distribution of a species is often mul-
timodal, consisting of patches of high abundance with
intervening, connecting habitats containing saddles of
low abundance or absence (Brown 1984). Genetic
structure (Allendorf 1983, Meffe and Vrijenhoek 1988,
Slatkin 1994, Mills and Allendorf 1996) and demo-
graphic structure (Kareiva 1983, Burkey 1989, Harri-
son 1991, Weins et al. 1993) among modes in such
populations will depend on movement rates through
the intervening habitat, and such movement will pre-
sumably depend on the properties of the intervening
habitat (Beier 1993, Fahrig and Merriam 1994). In ter-
restrial landscapes, habitat elements that exist between
larger patches may be strips that differ from their sur-
roundings, i.e., corridors (Harris and Scheck 1991),
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which serve as conduits for the movement of animals
between patches (Soule and Gilpin 1991). A corridor
may also function as habitat (Forman 1995). Whereas
the conduit function of intervening corridors has been
well documented (Bennett 1990, Dmowski and Ko-
zakiewicz 1990, Merriam and Lanoue 1990, Wegner
and Merriam 1990, Saunders and Rebeira 1991, Har-
rison 1992, LaPolla and Barrett 1993, Leung et al.
1993, Hill 1995, Lindenmayer and Nix 1993, Downs
et al. 1997), much less is known about the habitat func-
tion (Bennett et al. 1994, Forman 1995, Tiebout and
Anderson 1997).

Understanding the habitat function will be important
to models of regional population dynamics and gene
flow. For example, a corridor that is unsuitable for
feeding and reproduction may serve only as a conduit
for the movement of individuals between modes. In
this case, the probability of a successful recolonization
of a mode that has become extinct would depend on
the length of the corridor, or distance between modes,
and the difficulty of the intervening terrain, e.g.,
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TaBLE 1. A classification of corridors: S, survival; F, feeding;
G, growth; R, reproduction.

Feed in corridor?

Repro-
ducein Yes Yes
corridor? No (= maintenance) (> maintenance)
No S F G
Yes SR FR GR

breaks, predators, and so on. However, a corridor may
contain suitable habitat for both feeding and reproduc-
tion, and the corridor population, although at low den-
sity, may be a reproducing, self-sustaining local pop-
ulation, possibly even exporting individual s to and act-
ing as a source (Pulliam 1988) for the modal popula-
tions. In this case, the local extinction of a usually
modal site may be more readily recolonized from the
corridor habitat, and alleles can travel among modal
populations by incorporation into a corridor popula-
tion, with eventual dispersal into the adjacent modal
population.

For convenience, in Table 1 we designate the inter-
vening, intermodal habitat through which animals only
move, without feeding or reproducing, as S-corridors
(for survival only); those in which feeding also occurs,
but at levels not exceeding maintenance, as F-corridors;
and those in which positive individual growth occurs
as G-corridors. In addition, we designate those in which
reproduction occurs as R-corridors. Cross-classifying
the feeding category with the reproductive category
yields six designations (Table 1). Perhaps the most
common view of corridors in the ecological literature
is to assume that they are S- or perhaps F-corridors.
The existence of G-corridors could call for a different
view of population genetics and dynamics. It may not
be sufficient to account only for migration rates of in-
dividuals among sites, because the presence of growth
in the corridor raises the possibility that individuals
may arrive at one site from another at a larger body
size, which implies higher reproductive value if repro-
ductive value is positively related to body size. Thus,
the loss of mass of dispersers to predation can be ame-
liorated by a gain in mass by those that survive. Sim-
ilarly, reproduction in R-corridors ameliorates loss of
individuals and raises the possibility of communication
between modal patches via descendants of dispersers
rather than dispersers themselves.

With respect to fish, we lack a precise aquatic ana-
logue for the typical terrestrial corridor, e.g., a strip of
forest connecting two larger forested patches. This is
because a river that connects two tributaries of lower
order will normally be wider and contain a greater vol-
ume of water than either tributary. For the purposes of
this paper, we refer to ariver connecting tributaries as
a corridor that can function both as a conduit for the
movement of individuals and as habitat for the pro-
duction of individuals. In previous studiesweidentified
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amultimodal distributional pattern (Gilliam et al. 1993,
Fraser et al. 1995), in which the tributaries (modes) of
a dendritic drainage basin contained high abundances
(1-12 individuals/m?) of a prey fish, the killifish Ri-
vulus hartii (Rivulidae), whereas the main, connecting
river (corridor), contained very low densities of the
prey fish (0.07 R. hartii/m?).

We determined that the presence of the predator fish,
Hoplias malabaricus (Erythrinidae), in the main river
can cause many of the prey to leave the river site, and
that the remaining individual s are confined to river mar-
gins (Fraser et al. 1995; Power et al. 1985 found a
similar shift to river margins in a temperate system),
or sometimes shallow locationsin elevated riffles. Long
gaps (e.g., 50—200 m) between individual prey fish
along river margins often occurred, especially in the
vicinity of walled *“canyon’ pools in which shallow,
cobbled edges were lacking. Further, manipulations of
the predator in experimental streams showed that such
severe intimidation by the predator resulted in reduced
reproductive output and growth; the presence of the
predator even shifted adult R. hartii growth from pos-
itive to negative values (Fraser and Gilliam 1992).

These observations suggest that the river habitat may
be an S- or F-corridor, i.e., that chronic predation threat
in the river habitat precludes growth and reproduction,
and that all fish found there are in transit. In this view,
transients may either successfully moveinto apredator-
free tributary, or fail to transit the predator-threatened
habitat, where they either remain or suffer predation.
In this study we assessed (1) movement of R. hartii
within the river habitat and movement into and out of
tributaries, and (2) the quality of the river habitat re-
vealed by comparison of R. hartii in the predator-threat-
ened river with those in the predator-released tributar-
ies, i.e., those in the modal patches. We asked the fol-
lowing questions: (1) Do Rivulus exhibit all three
movements necessary for the river to act as a corridor
for movement between tributaries, i.e., movement from
tributary to river, movement along the river, and move-
ment from river to tributary? (2) Is the incidence of
empty guts greater in the river fish than the tributary
fish? (3) Doriver and tributary fish differ in the amount
of food in their guts? (4) Does positive growth occur
in the predator-threatened river habitat, and is it de-
pressed relative to tributary growth? (5) Do mature
oocytes occur in river fish? (6) Do R. hartii perform
courtship and spawn viable eggs in extreme shallow
margins or edges to which they are restricted in river
habitat?

The hypothesis that the river functions as a corridor
would be supported by a positive answer to Question
1. The hypothesis that predator-threatened river R. har-
tii are stressed relative to predator-released tributary R.
hartii is addressed by the remaining five questions,
which also appraise whether the river corridor isan S
or F-corridor.
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METHODS
Study site

The study was done in the Heights of Guanapo wa-
tershed on the southern versant of the Northern Range
Mountains of Trinidad. The watershed contains a major
drainage, the fourth-order Guanapo River, with nu-
merous connecting lower order tributaries. Our move-
ment study was done in a 500-m stretch of river and
the lower stretches of two connecting tributaries, here
designated Tributary 1 and 2. The lower sections of
each tributary differed from one another with respect
to the location of the first waterfall blocking the up-
stream movement of H. malabaricus. Tributary 1 con-
tained a 110-m section from below its first barrier wa-
terfall to its confluence with the main river, and we
found that H. malabaricus occasionally invaded this
section (from none to two H. malabaricus were found
in Tributary 1 on each of the sampling dates of the
study). Tributary 2 contained several barrier waterfalls
within 20 m of the main river and was predator-free
on each sampling date of the study. R. hartii were abun-
dant in both tributaries. For the food and oocyte studies,
additional river—tributary pairs were sampled from the
3-km stretch of river downstream of the movement
study.

Movement

To assess movement (Question 1), we marked R.
hartii in the 500-m stretch of river and two adjoining
tributaries, starting in January 1996, and at ~2-mo in-
tervals thereafter, through March of 1997, for a total
of seven sampling dates during which marked fish were
recaptured. In all, 709 R. hartii were marked over this
period. We searched for R. hartii after dark, between
1830 and 2400. R. hartii were dipnetted, anesthetized
in tricane methanesulfonate (M S222), measured for to-
tal length, and marked by injecting with a small dot
(~1 mm diameter) of elastic polymer that fluoresces
under ultraviolet illumination (Northeast Marine Tech-
nology Incorporated, Shaw Island, Washington, USA).
We used seven body positions and five colors (red,
orange, green, blue, and yellow) to generate a three-
dot code that uniquely marked each fish. We marked
fish >32 mm total length (TL) using 3 mL tuberculin
syringes with 29-gauge needles.

Using recaptured fish, we estimated per capita em-
igration from tributaries to river (E;) and emigration
from river to tributaries (Eg) for each of the seven
recapture periods. Per capita emigration was cal culated
asn/(N + n), where n = number of recaptured fish that
had left the source during the period, and N = number
of recaptured fish still present in the source at the end
of the period. In calculating E;, we pooled the number
that emigrated from Tributaries 1 and 2 (n) and also
pooled the number that remained in Tributaries 1 and
2 (N) to calculate a single estimate for each date. We
used a paired t test on log-transformed data to test H,:
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E; = Eg. Some R. hartii were recaptured more than
once, and in such cases we used only the first recapture
interval in statistical analysis and figures regarding
movement and growth.

Stomach contents

To assess stomach contents (Questions 2—3) we col-
lected 8-9 R. hartii from each of six paired tributary
and river sites in January 1995, and 15 R. hartii from
each of four additional tributary—river paired sites in
January 1997. A paired site consisted of a short stretch
of tributary (10-50 m) above the downstream-most
barrier waterfall, and a section of the main river in the
vicinity of the tributary mouth. Collections were made
by dipnetting during early evening, when R. hartii feed
actively. R. hartii were killed immediately by anesthe-
sia(MS222), measured for TL, and preserved. Contents
of stomachs were examined under a dissecting micro-
scope. Each prey item was identified to taxonomic
group and its average width and maximum linear body
dimension measured to the nearest 0.1 mm. Thevolume
of each prey item was calculated by treating it as a
cylinder. This method excludes appendages and only
approximates the true volume, but we considered it to
be adequate for the purpose of comparing river with
tributary sites. We calculated the total volume (cubic
millimeters) of food in each stomach by summing the
individual prey volumes. The percent occurrence of a
given taxon in the diet of tributary or river fish was
calculated as follows. First, the percent occurrence of
taxon i at each of the 10 replicate sites (k = 1, .. .,
10) was calculated as P, = n, /N, X 100%, where n,,
= number of stomachs containing taxon i at site k, and
N, = number of stomachs examined at site k. Second,
the mean percent occurrence of taxoni (P, = X P, /10)
and its standard error were calculated from those 10
values.

We calculated the diversity of prey items for each
tributary and river site using the Shannon-Weaver in-
dex of diversity, H' = —X plIn p,, where p, is the pro-
portion by number of prey in category i and the sum-
mation is taken across prey categories. We used a two-
tailed, paired t test to compare the 10 paired tributary—
river Shannon-Weaver indices.

We compared the volume of food, the dependent
variable, in stomachs of the tributary and river fish by
a two-way ANCOVA with the covariate being fish
length and the independent variables being location
(tributary vs. river, treated as a fixed effect) and block
(tributary—river pairs 1-10, treated as a random effect).
Differences among the 10 tributary—river pairs might
reflect a variety of sources of variation, e.g., position
along river, or the year the sample was taken. Accord-
ingly, we use the paired structure to control for such
variation among the tributary—river pairs (block effect
treated as a random factor), and we tested for the lo-
cation effect (river vs. tributary) using the location X
block variance as the error term (error df = 9, derived
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from the N = 10 pairs). Stomach volumes were log
transformed for analysis.

Growth

To assess growth rates in tributary and river sites
(Question 4) we did two growth experiments, a short-
term experiment in Tributary 1, and a subsequent long-
term experiment in Tributary 2 using the recapture data
from our movement study. The short-term experiment
was done in July 1995 in Tributary 1 above the barrier
waterfall at 110 m. We marked R. hartii in two pools,
separated by a riffle (pool 1: N = 15, mean TL (*1
sp) = 46.5 = 6.9 mm; pool 2: N = 13, mean = 45.1
+ 9.6 mm). In the river site we marked 20 R. hartii in
a 100-m stretch of river (mean = 42.1 * 11.9 mm).
We used the same marking procedures as in the move-
ment study. We recaptured fish 16 d later.

The long-term experiment (15 mo) used the fish that
we used in the movement study, comparing growth in
the predator-free Tributary 2 to growth in the 500-m
stretch of river. We had initially intended to replicate
this study by including Tributary 1. However, the pred-
ator H. malabaricus appeared in the lower section of
the tributary on the second recapture date, precluding
its use as a predator-free tributary.

We analyzed Experiments 1 and 2 separately. We
compared the instantaneous per day growth rate
[IN(TL ecap) = IN(TL i)/ (Grecap — diniia)] 1N the tributary
Vs. river using a one-way, fixed-effects ANCOVA de-
sign in which fish length was the covariate and location
(river, tributary) the independent variable.

Oocytes

To assess oocytes (Question 5), we used the same
fish from the 10 paired tributary—river sites used for
stomachs, but made an additional collection in March
1997 of 10 female R. hartii from each of four additional
paired sites. Thus, in al, we sampled R. hartii from 14
paired tributary—river sites. All ovaries contained oo-
cytes in various stages of maturity. Because oocytes
are spawned at 1.75 mm diameter (D. F Fraser, un-
published data), we operationally treated those >1.75
mm in diameter as being spawnable, as measured under
a dissecting microscope fitted with an ocular micro-
meter.

To compare the number of mature oocytes in the
tributary and river fish, we used an ANCOVA design
with fish length as the covariate and the independent
variables location (tributary vs. river, fixed effect) and
block (tributary—river pairs 1-14, random effect). As
with the stomach analysis, we used this design to con-
trol for variation between the tributary—river pairs
(block effect). Oocyte counts were log transformed for
the analysis.

Spawning in shallow water

To determine whether R. hartii can spawn and pro-
duce viable eggs in shallow water (Question 6), such
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as in river margins, and, if so, whether there is a re-
duction in number or in viability of eggs, we did tests
first in laboratory aquaria and then in a natural stream
in Trinidad. In preliminary tests in aquaria, we readily
determined that R. hartii would attempt to spawn in
water shallower than the depth of their bodies. Because
R. hartii in predator-released habitats, unlike those in
predator-threatened habitats, have access to both deep
and shallow water, we further evaluated their spawning
behavior by doing a series of choice experiments in
which R. hartii, collected from various localities in
Trinidad, were given a choice between spawning in
shallow vs. deep water. We also tested for the effect of
light vs. dark on the behavior by doing the tests both
in daylight and at night.

We divided a 30 X 80 cm aquarium into shallow and
deep halves of equal length and surface area, but with
one half 30 cm deep and the other 1 cm deep. The
shallow half was made by raising a plexiglass floor to
create the desired water depth. We found that R. hartii
will readily deposit eggs in the frayed ends of a manila
rope, 2.5 cm diameter, 10 cm long, and seem to prefer
this to alternative sites such as sponge filters, substrate
gravel, and glass walls of the aquaria. We searched any
alternative sites, but rarely found eggs deposited out-
side of the spawning ropes. Hence, the ropes were a
convenient tool for assaying egg production. Each half
of the test aguarium contained one spawning rope
placed on the bottom.

Subjects were seined from tributaries in three dif-
ferent drainages in the Northern Range Mountains:
Marianne, Arima, and Guanapo. Prior to testing, the
fish were maintained in the laboratory under a 12:12
(L:D) h cycle with artificial lighting, at a water tem-
perature of 20°C. The fish were fed a mixture of com-
mercial flake food, chopped beef liver, and canned tuna.

Twenty-four hours prior to testing, one male and one
female were moved to separate holding tanks, the
choice of subjects being arbitrary, as all were even-
tually tested. After 24 h of separation, the sexes were
brought together again in the test tank. Courtship and
spawning usually started within a few minutes. The
spawning ropes were then periodically checked during
the remainder of the day or night.

Field tests were done in the third-order Ramdeen
Stream (Fraser and Gilliam 1992) and one of its first-
order tributaries during July and August 1994. We
chose five pools in each stream based on the criteria
that each pool contained a shallow beach and that it
contained at least five mature female R. hartii. Because
our previous work (D. F Fraser and J. E Gilliam, un-
published data) has shown that mature, unthreatened
R. hartii remain in home pools for extended periods
(weeks), we made no attempt to restrict movement of
subjects by screening. However, we did modify pools
by removing organic debris and rocks to minimize the
number of alternative spawning substrates. Six spawn-
ing ropes, held in position by a stone placed on one



March 1999 CORRIDOR HABITAT QUALITY 601
A. River residents (0—15 m move)
— $o ; $ oo pdo o, : L "! S,
500 450 400 350 300 250 200 150 100 50 0
B. River moves (>15 m move along river) 36 30— P
- 49 -9 51 % 47°@—> -~—@ 5279
S0 @
-9 507 53 @——>
—————@ 482 44 F @~
— &S0 497
520 @ -0 64 J - 48T
485 @ 502
®51°
— t } t } t t { t |
500 450 400 350 300 250 200 150 100 50 0
C. Moves between river and tributaries
65¢ @ ®50°
60 @ ® 727 je—————® 50
610 @———>] le——————— @727
58 7@———m 5928
®61? 470‘05452
9485 @ 465
L 1 40? 1 1 1 1499 1 ]
500 450 400 I I350 300 250 200 150 100 I I 50 0
Tributary 1 Tributary 2
Upstream (21 residents (77 residents Downstream
recaptured > 1 times) recaptured > 1 times)
River distance (m)
Fic. 1. Movement of marked fish in the Guanapo River study area. Each dot represents a single fish. For individuals

recaptured more than once, only the first recapture is plotted. (A) R. hartii that stayed within 15 m of initial capture site.
(B) R. hartii that moved >15 m from initial capture site; arrow shows beginning and end of move. (C) R. hartii that moved
into or out of Tributaries 1 and 2; numbers of fish recaptured that stayed in each tributary are given for that tributary below
the x axis. In (B) and (C), total length (mm) of fish at time of recapture is given at the beginning of each arrow. The figure
shows that three criteria for corridor function were satisfied: movement along river, movement into tributaries, and movement

out of tributaries.

end, were set in the shallow beach, 0.5-3.0 cm deep,
with most of the rope exposed above the water level,
and six were placed in the deeper part of the pool,
usually the middle, which varied in depth from 8 to 20
cm. We checked the spawning ropes for eggs prior to
sunrise, 0430—0530, and prior to sunset, 1630—1730,
for a period of 14 d.

We evaluated the laboratory experiments comparing
the diurnal vs. nocturnal proportion of eggs laid shal-
low by R. hartii derived from threelocations (Marianne
River, Ramdeen Stream and the Guanapo River), using
a 2 X 3 ANOVA, with proportion laid shallow, the
dependent variable, arcsine square root transformed
prior to analysis. In the field experiments we combined
the results from the two small streams and analyzed
the proportion of eggs laid shallow using at test.

REsuULTS
Movement

Fig. 1 shows that three criteria for demonstrating
corridor function were satisfied. The study yielded 119
R. hartii for which the original capture or recapture or
both occurred in theriver. Of these 119 fish, 27 (22.7%)
made moves >15 m along the river (Fig. 1B), while
another 16 (13.4%) entered or left tributaries (Fig. 1C).
However, the study also indicated that, in addition to
functioning as a corridor, the river also functions as a
habitat, because the remaining 70.6% of the fish re-
mained in the immediate vicinity, within 15 m, of their
original capture (Fig. 1A), indicating that the river con-
tains individuals that can be considered residents. Fig.
1C shows that some of the 14 fish that entered tribu-
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Fic. 2. Regressionsof food volumein stom-
achs of R. hartii on fish total length, from river
(N = 112) and tributary (N = 117) collections
made in 1995 and 1997 (shown in key). The
analyses revealed no differences between river-
dwelling and tributary-dwelling fish in either
food volume or the proportion of stomachs that
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river and tributary sites (not shown individu-
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Statistical analysis was restricted to fish <67
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taries moved from somewhat distant locations along
the river to enter tributaries, e.g., a 65-mm female
moved 225 m downstream to enter Tributary 2, while
6 R. hartii entered tributaries from nearby river sites
at or close to the tributary—river junction.

Of the 16 recaptured R. hartii moving into and out
of tributaries, 14 entered tributaries while only two
moved out. Converting these data to per capita rates
for each sampling period yields estimates of tributary
emigration (mean = 1 se = 0.006 = 0.004 fish) and
river emigration (mean = 0.081 = 0.023). These es-
timates are not adjusted for any unestimated differences
in mortality rates among sites, but suggest that theriver
may be a net exporter of R. hartii (t = —3.19, df = 6,
P = 0.019). We note that three fish >70 mm TL were
foundin theriver, of which two subsequently emigrated
to the tributaries, suggesting a behavioral basis for the
paucity of large fish in the river.

Stomach contents

Sampling of the 10 paired tributary and river sites
confirmed a pattern that we had previously reported
(Gilliam et al. 1993): The maximal length of the trib-
utary-dwelling R. hartii is greater than the maximal
length of theriver-dwelling fish. Below, wewill restrict
our statistical analysis to the range of fish collected in
the river in the diet study; i.e.,, <67 mm TL. Although
we excluded the larger tributary-dwelling fish from the
statistical analysis, we include them in Fig. 2 for com-
pleteness. Also, for simplicity and clarity in Fig. 2, we
do not show separate symbols and regressions for each
of the 10 paired sites; we depict the two sampling times
(1995 and 1997), while using the full paired design in
the statistical analyses.

Contrary to our initial hypothesis, river fish showed
no higher incidence of empty stomachs than tributary
fish: 9 of 112 river fish stomachs were empty, vs. 5 of
117 tributary fish stomachs (Yates corrected x 2 = 0.83,
df = 1, P = 0.36). Also contrary to our initial hy-
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pothesis, analysis of stomach volumes revealed no def-
icit in the mean amount of food taken by river-dwelling
R. hartii, relative to those in the tributaries (Fig. 2).
The stomach volumes of river fish did not differ sig-
nificantly from those in the tributaries (F,, = 0.43, P
= 0.53). The block effect was significant (Fg 15, = 3.16,
P = 0.001), with no significant interaction between
location and block (Fg .4, = 1.63, P = 0.110). The
amount of food increased with fish length (length as a
covariate, F,; ;5; = 14.11, P = 0.0002). Over all sites,
the slopes of food volume regressed on length did not
differ significantly between tributary and river sites
(Fy, 190 = 3.15, P = 0.08). Retrospective power analysis
(Steidl et al. 1997) estimated the power to detect the
observed-effect size for the river—tributary comparison
to be 0.07. Adjusted means (+1 se) were 0.915 + 0.062
in the river and 0.848 = 0.061 in the tributaries (the
means reflect the log,o(X + 1) transformation), sug-
gesting that a difference between river and tributary
sites, if it exists but was undetected, is most likely to
reflect higher mean food in the river, if the covariate
is assumed to be homogeneous. However, we also note
that higher sample size might reveal anonhomogeneity
in the covariate, since the data (Fig. 2) suggest that
differences in mean intake, if present but undetected,
may also be size specific.

Fig. 2 shows our 1995 and 1997 collections sepa-
rately, but a separate analysis showed no significant
difference between years (F; », = 1.57, P = 0.21). All
assumptions of the ANCOVA, homogeneity of slopes
and variances, were met for this analysis. Tributary
siteswere all under closed forest canopy, whereasriver
sites tended to be more open, with canopy at the river
edges. Tributary fish were observed foraging at all
depths and distances from shore, but river fish were
confined to river margins. Yet in both tributary and
river fish aquatic dipteran larvae, ants, and winged in-
sects (primarily dipterans) were the most frequent items
by percentage occurrence in stomachs (Fig. 3). The
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Fic. 3. Dietary itemsfound in the stomachs of R. hartii from river and tributary locations. Diets were qualitatively similar,
and diet diversity, as measured by the Shannon-Weaver Index, did not differ between river- and tributary-dwelling fish.

diversity of taxa consumed, calculated by the Shannon-
Weaver index (H'), was similar for the 10 tributary
(mean H" = 1 s = 1.57 = 1.39) and river (1.59 =
0.07) sites (paired t = —0.19, df = 9, P = 0.86).

Growth

Contrary to the hypothesis that the river isan S- or
F-corridor in which individual fish fail to show positive
growth, the river fish showed positive mean growth
over much (Fig. 4, Experiment 1) or al (Fig. 4, Ex-
periment 2) of the range of fish lengths occurring in
the river corridor. Hence, we operationally classify the
river as a G-corridor, while noting that the classification
is most confidently applied to all but the largest fish
found (Fig. 4). Further, mean growth of corridor fish
was not depressed relative to the mean growth of trib-
utary fish. Specifically, in Experiment 1, the ANCOVA
yielded a significant main effect of location (F;,, =
22.12, P < 0.001), but the slopes were not homoge-
neous (F,,, = 5.03, P = 0.036), and the assumption
of equal variances could not be met owing to the lack
of variance in estimated growth rates of the tributary-
dwelling fish (Fig. 4, Experiment 1). Hence, we also
examine the 95% confidence interval for mean growth
in the river, and we note that the confidence interval
excludes zero growth for fish <52 mm TL. We con-
clude that mean growth of fish <52 mm TL intheriver
was greater than zero and greater than tributary fish.
In Experiment 2, sample sizes were much larger and
taken over a longer time period. In that experiment,
the ANCOVA vyielded a significant effect of location
(F1 37 = 55.36, P < 0.0001), the covariate was not

significant (F, 5,; = 0.28, P = 0.600), and slopes were
judged homogeneous (F; 3 = 1.93, P = 0.166). In-
spection of the 95% confidence intervals for mean
growth indicates that mean growth was positive in both
locations over the full range of lengths found, and that
the 95% confidence intervals for river and tributary
fish do not overlap for fish length <67 mm. From Ex-
periment 2, we conclude that river fish show positive
mean growth at all sizes found, and that their mean
growth exceeds the mean growth of tributary fish for
TL <67 mm.

Oocyte counts

As with analyses for food, statistical analyses for
oocytes were restricted to fish <67 mm TL. Fig. 5
shows each collection period separately, while the full
paired structure (14 river—tributary pairs) is used in the
statistical analysis.

Contrary to our initial predictions, Fig. 5 shows that
river R. hartii produced mature oocytes. Moreover, the
ANCOVA on oocyte counts revealed that river fish
contained significantly more oocytes than did tributary
fish (Fy 15 = 6.93, P = 0.021). Oocyte counts increased
with body size (F, ;0 = 60.33, P = 0.001), and the
slopes did not differ significantly between river and
tributary locations (test for parallelism, F; ¢, = 0.00,
P = 1.00). Fig. 5 shows our 1995 and 1997 collections
separately, but a separate analysis revealed no differ-
ence between the 1995 and 1997 collections (F,, 150 =
0.13, P = 0.87). The proportion of fish with no mature
oocytes did not differ between river and tributary sites
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Fic. 4. Regressions of growth of R. hartii in the Guanapo River study area on fish total length. Dashed lines are 95%
confidence limits for the regression line. Top: short-term study (Experiment 1) done in the river study site and in its paired
Tributary 1 site above barrier waterfall. Bottom: long-term study (Experiment 2) done in the river study site and in its paired
Tributary 2 site above barrier waterfall. Contrary to our initial hypothesis, the river fish did not show less growth than the
tributary fish, and river fish <52 mm (Experiment 1) or <67 mm (Experiment 2) had higher mean growth than their tributary

counterparts.

(29 of 93 with no mature oocytes in river, 36 of 103
in tributary, Yates corrected > = 0.17, P = 0.68).

Ability to spawn in shallow water

The oocyte counts above establish that river fish can
produce mature oocytes, but they do not address the
issue of whether they can lay the oocytes successfully
in the very shallow water of river margins where we
often observe R. hartii. The laboratory results showed
that R. hartii readily deposited their eggs in shallow
water. They were indiscriminate with respect to depth
during daytime spawning (proportion shallow, mean +
1se = 0.59 = 0.05), but at night R. hartii almost always
spawned at the shallow site (proportion shallow = 0.98

+ 0.02) (Fig. 6). In addition, this significant time effect
(Fi7 = 67.75, P < 0.001) was consistent across all
three drainages (location effect, F,,, = 0.14, P = 0.87;
interaction effect, F,,, = 0.59, P = 0.56).

The results from the field study were similar to the
laboratory experiments (Fig. 6), even though we had
little control over what was happening in the test pools,
e.g., we could not control which fish were spawning
eggs, nor did we know how many pairs were respon-
sible for the eggs that we obtained from the ropes. As
in the laboratory, the field fish were indiscriminate dur-
ing the day (mean proportion spawned shallow = 0.49
+ 0.03), but spawned almost exclusively in the shal-
lows at night (1.00). The proportion of eggs laid in
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in key). River fish had higher mean oocyte
counts than did their tributary counterparts
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shallow habitat in daytime was significantly different
from the proportion at night (t = 5.05, df = 18, P <
0.001). Assays on a subset of the eggs laid in shallow
and deep water sites revealed that fertilization was suc-
cessful in both sites (Fig. 6, 100% fertilization in each
site).

Our field experiments were in predator-released
zones of Ramdeen Stream and its tributary, and one
may now ask if R. hartii spawns eggs in the predator-
threatened Guanapo River, where the stomach and oo-
cyte analyses were done. R. hartii eggs are difficult to
find in nature, even in tributaries, but we have now
occasionally found eggs in root masses and leaf packs
along the Guanapo River. We reject the hypothesis that
restriction of R. hartii in predator zones to the shallow
river margins precludes successful spawning.

DiscussioN

The results of this study indicate that theriver habitat
connecting tributaries serves both as conduit for the
movement of R. hartii between tributaries and as hab-
itat for the growth and reproduction of R. hartii. Al-
though the density of R. hartii is low in the river rel-
ative to the tributaries, often with gaps of many meters
between any two individual fish, the river population
of R. hartii includes growing individuals capable of
reproduction, and thus represents a potentially self-sus-
taining river population, rather than simply transients,
as we initially hypothesized based on previous work
(Fraser and Gilliam 1992, Gilliam et al. 1993).

We can now operationally classify theriver asa GR-
corridor (growth and reproduction), rather than a S- or
F-corridor (Table 1). We also recognize that spatial and
temporal variability in predation intensity, food avail-
ability, and other variables within the river are likely
to produce corresponding spatial and temporal varia-
tion in growth and reproductive activity, so a classi-
fication on a fine spatial or temporal scale could pro-
duce a shifting mosaic of corridor classificationswithin
subdivisions of the river. However, we lack sufficient
data to detail such within-river differences.

Given that the river contains R. hartii with positive
individual growth and the capability of reproducing,
and is not used solely as an S- or F-corridor, we should
modify our view of its role in affecting the genetic
structure of the tributary populations. If the river were
an S- or F-corridor, the genetic isolation of a specific
tributary could simply depend on the rate of arrival of
individuals directly from other tributaries (Slatkin
1994, Forman 1995), where biotic and abiotic factors
such as predators, habitat structure, and disturbances
could affect movement rates and mortality through the
corridor (Doak et al. 1992, Knappen et al. 1992, Gus-
tafson and Gardner 1996). Similarly, regarding regional
population dynamics, if the river were an S- or F-cor-
ridor, recolonization of atributary after alocal extinc-
tion could only occur by arrival of at least one male
and one female born in other tributaries. However, giv-
en our finding, emigrants from tributaries may join re-
producing river populations, resulting in these being
mixtures of genotypes from many tributaries; genetic
communication can occur viaoffspring of tributary em-
igrants, and recolonization can occur via the repro-
ductive output of the river corridor itself. A more ac-
curate general view may be to treat the system as an
island—mainland model (mainland = river), albeit an
unusual case, because the central mainland has a much
lower density than the peripheral islands. The con-
necting river can be viewed both as a corridor among
population modes, and as a central mainland that con-
tains the genetic diversity of joining tributary popu-
lations, and in which predation threat may act as a R.
hartii *‘pump,” as R. hartii leave the river due to pre-
dation threat (Fraser et al. 1995). The movement study
suggeststhat theriver may be anet exporter of R. hartii,
but characterization of the river population as a source
or sink would require measurement of four vital rates
(births, deaths, immigration, and emigration; Pulliam
1988), and, as argued by Watkinson and Sutherland
(1995), its classification may be difficult to discern.

The presence of reproductive R. hartii in predator-
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threatened habitat and the elevated growth rates of R.
hartii in the river over those in the tributaries would
not be readily predicted by our previous finding that
the presence of H. malabaricus could severely impact
demographic rates and the behavior of R. hartii. H.
malabaricus suppressed reproductive output and re-
tarded the growth of adult R. hartii, but not juveniles
(Fraser and Gilliam 1992). The experiments in Fraser
and Gilliam (1992) emphasized the short-term behav-
ioral suppression of growth and reproduction following
a predator invasion of a site, and were designed to
imitate predator effects in small headwater streams
without a safe refuge. In contrast, the complex edge
areas of rivers may offer relatively safe refugia where
R. hartii may resume their normal daily activities.

We found higher oocyte counts in the river fish than
the tributary fish, but interpretation of the result re-
mains speculative. Higher counts do not imply higher
daily production; they may indicate accumulation of
oocytes, perhaps due to a lack of spawning opportu-
nities due to predation threat in the river (e.g., sparse-
ness of mates or safe spawning sites). Although we
have no direct information on the availability of mates
or spawning substrates in the river, the former may be
the more severe constraint on spawning, because our
shallow-water breeding experiments demonstrated that
R. hartii can readily spawn in shallow refugia along
the river margins. We also note that guppies, Poecilia
reticulata, in high-predation sites in Trinidad evolve
higher reproductive output than those in low-predation
sites (Reznick et al. 1997), but we do not know whether
R. hartii do the same.

Since the predator induces a spatially fragmented
pattern of abundance (high tributary and low river pop-
ulation density when the predator isin theriver; Fraser
et al. 1995), an immediate hypothesis might have been
that the predator also fragments the tributary popula-
tions dynamically, i.e., that there will be less gene flow
and population-dynamic linkage among the tributaries
when the predator occupies the river. However, spatial
fragmentation by the predator might not imply dynam-
ical fragmentation in this system. The predator might
induce greater movement when spates flood shallow
refuge pools within cobbled edges and raised riffles,
inducing the prey to seek new, safe sites, relative to
movement by the prey if the predator is absent from
that section of the river (i.e., above the predator’s up-
stream limit at a barrier waterfall in the river). Drying
of such temporary refuge pools may have the same
effect of greater movement by displaced prey if pred-
ators are present. Also, as we have already found in
experimental mesocosms (Fraser et al. 1995), we can
hypothesize that predators will increase the probability
of river-to-tributary shifts. Thus, we can list two ways
in which the predator may be aretarding forcein move-
ment of fish and/or alleles among tributaries: The pred-
ator can eat some of the potential dispersers, and it can
discourage movement along the river (i.e., “‘longitu-
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dinal”” movement along the river, as through steep-
walled canyon pools). We can also list two ways in
which the predator may act as a promoter of movement
among tributaries: The predator may increase move-
ment by inducing longitudinal movement by prey oc-
cupying side pools obliterated by flooding or drying
(the prey may scatter along theriver rather than remain
in the now-exposed site), and the predator may increase
the probability that R. hartii at the base of a tributary
make shifts from the river into the tributary (*‘lateral”
movement).

Townsend and Crowl (1991; see also Crowl et al.
1992, Flecker and Townsend 1994 for discussion) did
a broad survey of the fish of New Zealand streams.
They suggested that predation by non-native brown
trout, Salmo trutta, was the principal agent of spatial
fragmentation in the distribution of anative stream fish,
Galaxias vulgaris, but found no evidence for predator
escape mechanisms in the native species, which they
attributed to their historical lack of contact with pred-
ators. In such a case we might expect that the predator
induces both spatial and dynamical fragmentation. In
contrast, our earlier mesocosm experiment (Fraser et
al. 1995) compared the between-tributary movement
by R. hartii in the presence and absence of H. mala-
baricus, a native predator, and found that the retarding
effect of the predator (some potential disperserskilled)
was outweighed by its inducement of greater distance
moved by surviving dispersers, including facultative
lateral shifts into tributaries by the prey. The effect of
the predator in producing spatial fragmentation of R.
hartii is clear, but the net effect of the predator in
decreasing or increasing dynamical fragmentation
among tributaries in nature remains unknown.

ACKNOWLEDGMENTS

We thank Jeena Akkara, Laura Bucellato, Brian Baksh,
Edward Emmons, Carl Fitz-James, Allison Freeman, Thomas
Schlepko, Elizabeth Tarlton, and Trevor Yip-Hoi for their help
in the field. We thank Boysie and Faye Ramdeen of Verdant
Vale, Trinidad, for permission to use their estate for our
spawning studies, and thank Ronnie Hernandez of the Wil-
liam Beebe Research Station (Simla) and Gerard and Oda
Ramsawak of the Mount Saint Benedict Guest House for
logistical support in Trinidad. We thank Cavell Brownie for
statistical advice. The study was supported by grants from
the National Science Foundation.

LITERATURE CITED

Allendorf, E W. 1983. Isolation, gene flow, and genetic dif-
ferentiation among populations. Pages 51-65 in C. M.
Schonewald-Cox, S. M. Chambers, B. MacBryde, and L.
Thomas, editors. Genetics and conservation: a reference
for managing wild animal and plant populations. Benjamin/
Cummings, Menlo Park, California, USA.

Beier, P 1993. Determining minimum habitat areas and hab-
itat corridors for cougars. Conservation Biology 7:94—-108.

Bennett, A. E 1990. Habitat corridors and the conservation
of small mammals in a fragmented forest environment.
Landscape Ecology 4:109-122.

Bennett, A. F, K. Henein, and G. Merriam. 1994. Corridor
use and the elements of corridor quality: chipmunks and



March 1999

fencerows in a farmland mosaic. Biological Conservation
68:155-165.

Brown, J. H. 1984. On the relationship between abundance
and distribution of species. American Naturalist 124:255—
279.

Burkey, T. V. 1989. Extinction in nature reserves: the effect
of fragmentation and the importance of migration between
reserve fragments. Oikos 55:75-81.

Crowl, T. A,, C. R. Townsend, and A. R. Mclntosh. 1992.
The impact of introduced brown and rainbow trout on na-
tive fish: the case of Australia. Reviews in Fish Biology
and Fisheries 2:217-241.

Dmowski, K., and M. Kozakiewicz. 1990. Influence of shrub
corridor on movements of passerine birds to a lake littoral
zone. Landscape Ecology 4:99-108.

Doak, D. F, P C. Marino, and P M. Kareiva. 1992. Spatial
scale mediates the influence of habitat fragmentation on
dispersal success: implications for conservation. Theoret-
ical Population Biology 41:315-336.

Downs, S. J., K. A. Handasyde, and M. A. Elgar. 1997. The
use of corridors by mammals in fragmented Australian eu-
calypt forests. Conservation Biology 11:718-726.

Fahrig, L., and G. Merriam. 1994. Conservation of frag-
mented populations. Conservation Biology 8:50-59.

Flecker, A. S., and C. R. Townsend. 1994. Community-wide
consequences of trout introduction in New Zealand
streams. Ecological Applications 4:798-807.

Forman, R. T. T. 1995. Land mosaics. Cambridge University
Press, Cambridge, UK.

Fraser, D. F, and J. F. Gilliam. 1987. Feeding under predation
hazard: response of the guppy and Hart’s rivulus from sites
with contrasting predation hazard. Behavioral Ecology and
Sociobiology 21:203-209.

Fraser, D. F, and J. FE Gilliam. 1992. Nonlethal impacts of
predator invasion: facultative suppression of growth and
reproduction. Ecology 73:959-970.

Fraser, D. F, J. E Gilliam, and T. Yip-Hoi 1995. Predation
as an agent of population fragmentation in a tropical wa-
tershed. Ecology 76:1461-1472.

Gilliam, J. F, D. E Fraser, and M. Alkins-Koo. 1993. Struc-
ture of atropical stream fish community: a role for biotic
interactions. Ecology 74:1856—1870.

Gustafson, E. J.,, and R. H. Gardner. 1996. The effect of
landscape heterogeneity on the probability of patch colo-
nization. Ecology 77:94-107.

Harris, L. D., and J. Scheck. 1991. From implications to
applications: the dispersal corridor principle applied to the
conservation of biological diversity. Pages 189-220 in D.
A. Saunders and R. J. Hobbs, editors. Nature conservation
2: the role of corridors. Surrey Beatty & Sons, Chipping
Norton, New South Wales, Australia.

Harrison, R. L. 1992. Towards a theory of inter-refuge cor-
ridor design. Conservation Biology 6:293-295.

Harrison, S. 1991. Local extinction in ametapopul ation con-
text: an empirical evaluation. Biological Journal of theLin-
nean Society 42:73-88.

Hill, C. J. 1995. Linear strips of rain forest vegetation as
potential dispersal corridors for rain forest insects. Con-
servation Biology 9:1559-1566.

Kareiva, P 1983. Local movement in herbivorous insects:
applying a passive diffusion model to mark—recapturefield
experiments. Oecologia 57:322-324.

Knappen, J. P, M. Scheffer, and B. Harms. 1992. Estimating

CORRIDOR HABITAT QUALITY

607

habitat isolation in landscape planning. Landscape and Ur-
ban Planning 23:1-16.

LaPolla, V. N., and B. W. Barrett. 1993. Effects of corridor
width and presence on the population dynamics of the
meadow vole (Microtus pennsylvanicus). Landscape Ecol-
ogy 8:25-36.

Leung, L. K. P, C. R. Dickman, and L. A. Moore. 1993.
Genetic variation in fragmented populations of an Austra-
lian rainforest rodent, Melomys cervinipes. Pacific Conser-
vation Biology 1:58-65.

Lindenmayer, D. B., and H. A. Nix. 1993. Ecological prin-
ciples for the design of wildlife corridors. Conservation
Biology 7:627—-630.

Meffe, G. K., and R. C. Vrijenhoek 1988. Conservation ge-
netics in the management of desert fishes. Conservation
Biology 2:157-168.

Merriam, G., and A. Lanoue. 1990. Corridor use by small
mammals: field measurements for three experimental types
of Peromyscus leucopus. Landscape Ecology 4:123-131.

Mills, L. S., and E W. Allendorf. 1996. The one-migrant-
per-generation rule in conservation and management. Con-
servation Biology 10:1509-1518.

Power, M. E., W. J. Matthews, and A. J. Stewart. 1985. Graz-
ing minnows, piscivorous bass, and stream algae: dynamics
of a strong interaction. Ecology 66:1448-1456.

Pulliam, H. R. 1988. Sources, sinks and population regu-
lation. American Naturalist 132:652—661.

Reznick, D. N., E H. Shaw, F H. Rodd, and R. G. Shaw.
1997. Evaluation of the rate of evolution in natural pop-
ulations of guppies (Poecilia reticulata). Science 275:
1934-1937.

Saunders, D. A., and C. P. de Rebeira. 1991. Values of cor-
ridors to avian populations in a fragmented landscape.
Pages 221-240 in D. A. Saunders and R. J. Hobbs, editors.
Nature conservation 2: the role of corridors. Surrey Beatty
& Sons, Chipping Norton, New South Wales, Australia.

Slatkin, M. 1994. Cladistic analysis of DNA sequence data
from subdivided populations. Pages 18-34 in L. A. Real,
editor. Ecological genetics. Princeton University Press,
Princeton, New Jersey, USA.

Soule, M. E., and M. E. Gilpin. 1991. The theory of wildlife
corridor capability. Pages 3-8 in D. A. Saunders and R. J.
Hobbs, editors. Nature conservation 2: therole of corridors.
Surrey Beatty & Sons, Chipping Norton, New South Wales,
Australia.

Steidl, R. J,, J. P Hayes, and E. Schauber. 1997. Statistical
power analysis in wildlife research. Journal of Wildlife
Management 61:270-279.

Tiebout, H. M., Ill, and R. A. Anderson. 1997. A comparison
of corridors and intrinsic connectivity to promote dispersal
in transient successional landscapes. Conservation Biology
11:620-627.

Townsend, C. R., and T. A. Crowl. 1991. Fragmented pop-
ulation structure in a native New Zealand fish: an effect of
introduced brown trout? Oikos 61:347-354.

Watkinson, A. R., and W. J. Sutherland. 1995. Sources, sinks
and pseudo-sinks. Journal of Animal Ecology 64:126—130.

Wegner, J., and G. Merriam. 1990. Use of spatial elements
in a farmland mosaic by a woodland rodent. Biological
Conservation 54:263-276.

Weins, J. A., N. C. Stenseth, B. Van Horne, and R. A. Ims.
1993. Ecological mechanisms and landscape ecology. Oi-
kos 66:369-380.



