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Abstract

Zooplankton were sampled on transects across Lake Lanao, a large tropical lake, on
five different dates representing the full range of annual conditions. The sampling sta-
tions ranged in depth between 25 and 80 m. Regression analysis showed that abundance
is linearly related to depth for almost all species and developmental stages and that the
relation is quite stable through time. Herbivorous cyclopoid nauplii, copepodids, and
adults showed a strong positive relation between abundance per unit area and depth, as
did carnivorous Chaoborus larvae of all instars. All other herbivores, including calanoids,
cladocerans, and a rotifer species, showed negative depth-abundance relationships, and
thus decreased in areal abundance toward midlake. The gradients ranged in intensity
but were especially strong for cladocerans. The hypothesis is formulated that herbivore
abundance gradients are created and maintained by predation through Chaoborus, the
dominant primary carnivore. The feeding rates, abundance-depth relation, and feeding
selectivity of all four Chaoborus instars were used to calculate potential predation losses
as a percentage of the stock of each prey type, assuming an average community structure.
These losses were then regressed against depth and proved to have significant slope, thus
yielding predation gradients for individual prey species. The predation gradients were
compared to abundance gradients and showed a significant negative relationship. The
evidence for maintenance of abundance gradients by predation is thus very strong. This
mechanism is apparently responsible for maintenance of an unexpected amount of pat-
tern in the zooplankton community structure of the limnetic zone, and for spatial diver-
sification of the zooplankton.

It is now well established that competing few comprehensive studies of invertebrate

species partition environmental resources,
and that this partitioning is accomplished
in large part by dietary, spatial, or temporal
segregation (e.g. MacArthur 1958; Schoener
1974, 1975; Cody 1974; Roughgarden
1974). Mechanisms and strategic bases for
separation of many kinds of organisms re-
main to be worked out, however. The major
focus thus far has been on vertebrates and
higher plants (Whittaker 1967), although a

groups are also available (e.g. Green 1971;
Lane 1975).

Mechanisms for partitioning of resources
among plankton species have been of special
interest since Hutchinson (1961) first pointed
out the heuristic value of analyzing resource
partitioning in a community which occupies
an unstructured habitat. For phytoplankton,
the mechanisms most likely to facilitate re-
source partitioning include temporal separa-
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tions based on varying optima and tolerances
for resource supply and attrition factors
{e.g. Hutchinson 1967; Allen and Koonce
1973; Grenny et al. 1973; Titman 1976;
Lewis 1977a), and spatial separation based
on ephemeral horizontal spatial patchiness
and possible vertical spatial variation as well
(Margalef 1958; Richerson et al. 1970; San-
dusky and Horne 1978). The relative impor-
tance of these mechanisms and their interac-
tion have not yet been well established. For
the zooplankton, which are capable of exten-
sive vertical movement, there is evidence
that vertical spatial separations interacting
with temporal separations facilitate resource
partitioning (Sandercock 1967; Miracle 1974;
Lane 1975; Makarewicz and Likens 1975).
Horizontal spatial patchiness has also been
documented (e.g. Hutchinson 1967; Wiebe
1970; Mullin and Brooks 1976 ; Lewis 1978a),
but its relative importance in separation of
zooplankton species is not obvious at present.

The present study gives evidence for sta-
ble horizontal spatial gradients in the relative
abundances of euplanktonic zooplankton
species in a large lake. Horizontal spatial var-
iation can be subdivided into a fixed com-
ponent and an ephemeral component. In
terms of an analysis of variance model, the
fixed component is 2 main effect caused by
differing average conditions between stations,
whereas the ephemeral component is a space-
time interaction resulting from patchiness of
changing character caused by moving water
masses. The separation of these components
in Lake Lanao has been discussed elsewhere
(Lewis 19784). The separation technique
showed that in Lake Lanao ephemeral hori-
zontal spatial variation generally exceeds
horizontal spatial variation in magnitude.
Fixed horizontal variation will be the focus
of the present discussion, however, because
fixed variation proves to be of special inter-
est in connection with zooplankton commu-
nity structure in Lake Lanao. The relation of
the fixed component of variation to other
components is shown schematically in Fig. 1.

Fixed horizontal variation in a plankton
population must be based on fixed features
of the planktonic habitat. Two general
kinds of fixed features seem to be worthy
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Fig. 1. Schematic organization of components
of variance for plankton abundance in lakes.

of consideration: physicochemical gradients
created and maintained by a point source
of heterogeneity, such as a river, and depth.
In the open ocean, both of these sources of
variation are ordinarily absent (depth is
functionally infinite), hence one would ex-
pect fixed spatial variation to be nil except
over regions so large that climatic differences
come into play. In lakes, persistent horizon-
tal physicochemical gradients emanating
from point sources are frequently not well
developed, particularly if the flushing rate
of the lake is low. Depth, however, provides
a universal fixed gradient in lakes. In fact
the depth gradient creates two major com-
munities in lakes, the littoral and the limnetic.
It is well known that these two communities
differ in composition, complexity, and func-
tion from each other. The present study con-
siders only the plankton community in the
limnetic zone. The depth gradient extends
across the limnetic zone, but crosses no
obvious plankton ecozones, hence it is com-
mon to visualize the plankton zone as having
essentially no stable community structure
gradients. The qualitative composition of
plankton is in fact typically uniform over
the limnetic zone if ephemeral patchiness is
averaged through time. The question to be
tested here is whether the depth gradient in
the limnetic zone is in fact associated with
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subtle but important quantitative changes in
the relative abundance of species. This line
of inquiry is a logical extension of recent
studies which have shown that horizontal
gradients in morphology of species popu-
lations can be quite striking in some cases
(Green 1967; Zaret 1972a; Kerfoot 1975).
The same kinds of forces which maintain
polymorphisms in species might also main-
tain community structure gradients, even
in the largely unstructured limnetic zone.

Data collection and study area

The study of spatial variation was con-
ducted on Lake Lanao, Philippines. Lanao
is ideal for the study of fixed spatial varia-
tion associated with depth because it is
large (360 km?), contains a substantial
depth gradient (maximum depth, 112m;
mean, 60 m), and lacks any detectable
chemical gradients arising from point sources
(flushing time, 6.5 yr). The physicochemical
features and plankton biology of the lake
have been thoroughly described (Frey 1969;
Lewis 1973, 1974, 1977b). Herbivorous zoo-
plankton in the limnetic zone include one
cyclopoid copepod species, one calanoid
copepod species, three cladoceran species,
and seven rotifer species (Table 1). The pres-
ent analysis excludes the six least abundant
rotifer species, as these did not provide a
firm statistical basis for analysis. The only
planktonic carnivore is Chaoborus, which is
represented by large populations of a single
unnamed species (Eckstein Form 1; Lewis
1975).

Heterogeneity studies were made on five
different dates spanning the full range of
annual conditions (Table 2). On each date,
samples were taken at eight stations, 2.5 km
apart along two transects representing most
of the lake inside the 10-m contour. The
station depths ranged from 25 m to 80 m.
Duplicate tows were taken at each station
on each date with a calibrated metered net.
The tows were later corrected for filtration
efficiency using the meter readings. The
transect was run in reverse order on alternate
dates. A detailed comparison of metered
net samples with Schindler-Patalas trap
samples using a 35-um net showed that los-
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Table 1. List of euplanktonic zooplankton in
Lake Lanao and mean abundances (entire water
column, 0-45 m) at main sampling station (N = 52
weeks).

Mean abundance

Species/Stage indiv. liter
Copepoda
Thermocyclops byalinus
Adule 10.88
Copepodid 25.97
Nauplius 88.87
Tropodiaptomus gigantoviger
Adult 2.13
Copepodid 4.04
Nauplius 3.56
Cladocera
Diapbanosoma (modigliani/sarsi) 4.79
Moina micrura 0.43
Bosmina fatalis 1.50
Rotifera
Conocbhiloides dossuarius 17.48
Hexarthra intermedia 4.27
Polyarthra vulgaris 0.81
Keratella procurva 0.68
Keratella cochlearis 3.96
Trichocerca brachyurum 0.26
Tetramastix opoliensis 4.33
Diptera
Chaoborus (Eckstein 1) 0.160

ses through the net meshes for species dis-
cussed here were negligible (Lewis '1979).
Samples were preserved in the field with
Lugol’s solution and counted later with a
dissecting scope.

Analytical methods

For each species or developmental stage,
the relation between abundance per unit
surface area and depth was tested with a
linear regression analysis. Potential compli-

Table 2. Conditions in Lake Lanao on the five
sampling dates (data for main station in 45 m of
water).

Net

production Mixed O, at Zoo-

Date mg layer 35m plankton

(1971) C/m?/day (m) mg/liter indiv./liter
25 Feb 1,190 60 4.18 130
15 Apr 1,440 25 5.08 280
13 May 770 15 4.15 190
10 Jun 1,940 15 2.50 150
8 Jul 2,530 30 3.00 310
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Table 3. Relation of water depth to mean population size per unit area. Column 1 gives
correlation coefficient derived from model I regression of abundance (No./m?) and depth.
Column 2 gives probability associated with regression slope. Column 3 gives numbers of in-
dividuals at a station 25 m deep, as determined by regression analysis. Column 4 gives ex-
pected slope of regression on assumption that each added meter of depth adds 1/25 of num-
ber at a station 25 m deep. Column 5 gives observed slope. Column 6 shows observed slope

as a percentage of expected.

(1,2 (3) 4 (5) (6)
Abundance  Thousands
vs. depth indiv./m? Expected slope Observed slope Obs./Exp.
Species/Stage r P @25m thousands indiv./m* /m depth x 100(%)
Herbivores
Cyclopoids—Thermocyclops byalinus
Nauplii 0.24 0.02 3,888 155.5 37.0 23.8
Copepodids  0.52 0.00 959 38.3 24.1 62.8
Adult? ¢ 0.45 0.00 112 45 5.63 125.9
Calanoids—Tropodiaptomus gigantoviger
Nauplii -0.19 0.05 336 13.5 -2.46 -18.2
Copepodids 0.09 0.21 - - - 0.0
Adult? @ -0.33 0.00 91 3.63 -0.83 -23.0
Cladocera
Diaphanosoma
modigli-
ani* -0.26 0.01 355 13.8 -3.14 -22.7
Moina mic-
rura -0.31 0.00 34 1.36 -0.42 -31.9
Bosmina
fatalis -0.17 0.07 109 4.34 -1.22 -28.1
Rotifers
Conochiloides
dossuarius -0.15 0.09 1,080 43.2 -6.81 -15.8
Predators
Chaoborus
Instar 1 0.37 0.00 0.161 0.0064 0.0081 125.8
Instar 2 0.42 0.00 0.150 0.0060 0.0036 60.0
Instar 3 0.33 0.00 0.128 0.0051 0.0035 68.0
Instar 4 0.54 0.00 0.000 0.0000 0.0302 -

* Includes some D. sarsi.

cations were checked as follows. 1. Non-
linearity. A depth-abundance relation might
exist in nonlinear form, so the analyses
were repeated after semilog and log trans-
formations. The transformations did not
substantially change the results. The sim-
ple linear model was therefore retained.

2. Time-space interactions. As the analysis
extended over five different dates, it would
have been possible for depth-abundance re-
lations to be time-dependent. Multiple re-
gression controlling for time showed that
this was not the case, so the simple regres-
sion was retained.
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Results

Table 3 lists the species and stages included
in the study and the results of regression
analysis for each. The first column in the
table gives the Pearson product-moment
correlation coefficient abundance vs. depth
as derived from the regression slope (model
I regression: Sokal and Rohlf 1969) and the
second column indicates the significance
level of the regression slope. The depth-
abundance relation is highly significant for
most species and stages. No relation could
be conclusively demonstrated for calanoid
copepodids, and this group will be considered
to show no relationship (it is quite likely
that § error in the analysis is responsible for
the failure of the demonstration here, in
view of the demonstrated relationship in
both younger and older stages). The rela-
tions for Bosmina and Comochiloides are
borderline but will be retained for further
analysis.

The relations in Table 3 leave much
variance unaccounted for, even though they
are for the most part significant statistically.
This is because the ephemeral component of
spatial variance (Fig. 1), which typically
accounts for a major portion of total spa-
tial variance (Lewis 19784) is intentionally
excluded from the analysis and thus appears
as part of the error variance.

One important aspect of the regres-
sions is that the cyclopoid groups all have
positive slopes, indicating an increase in
numbers per m? with increasing depth,
while all other herbivore species show neg-
ative or zero slopes, indicating the opposite
trend or no trend. The predator Chaoborus
shows a trend similar to the cyclopoids.

Column 3 of Table 3 gives the average
numbers of organisms at a station 25 m
deep. These were computed from the re-
gression lines (X = depth, Y = indiv./m?)
and compare closely in all cases with the
mean numbers of organisms actually ob-
served at the shallowest stations (25 m).

The fourth column in Table 3 is the ex-
pected slope of the depth-abundance rela-
tion. Expectation is based on the assumption
that each meter of depth beyond the 25-m
station will contribute 1/25 of the abundance
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per unit area at the 25-m station. Expecta-
tion here provides a null hypothesis and
not a prediction of reality, as will become
apparent. Since the euphotic zone falls
within the top 25 m (1% light = 9-18 m,
depending on date), the expected slope ba-
sically assumes that a 1-m layer from the
nonproducing zone of the lake is equivalent
in its support capacity to a 1-m layer from
the producing zone.

The observed slopes of depth vs. abun-
dance, as derived from the regression analy-
sis, are given in column 5 of Table 3. As
might be anticipated, they are always lower
than the expected slopes of column 4. The
negative values for all species except Ther-
mocyclops are counter-intuitive, however, as
they suggest that addition of 1 m to the non-
producing zone detracts substantially from
the support capacity of the producing zone
(support capacity refers to the sum of growth
and mortality control factors).

The last column in Table 3 shows the
ratio of observed to expected slopes ex-
pressed as a percentage, which facilitates
comparisons between species and stages.
There are four possible results, all of which
are shown in the table,

1. Percentage > 100% (cyclopoid adults,
Chaoborus instars 1 and 4). This indicates
that the addition of a meter of depth to the
nonproducing zone increases the support
capacity of the water column for this par-
ticular species or stage by more than an
equal amount of depth in the producing
zone. The remarkable avoidance of shal-
lower water by large Chaoborus (zero
abundance at 25 m) has been documented
elsewhere (Lewis 1975) and appears to
result from downslope movement neces-
sitated by fish predation or by elimination
of large individuals due to fish predation.

2. Percentage > 0 and < 100% (cyclo-
poid nauplii, copepodids, Chaoborus in-
stars 2 and 3). Abundance per unit surface
increases with addition of depth below 25 m,
but only by a fraction of the amount ex-
pected from a straightforward extrapolation
of numbers at the 25-m station.

3. Percentage 0% (calanoid copepodids).
Adding depth below 25 m is inconsequential
to the support capacity of the water column.
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4. Percentage < 0% (all cladocerans,
rotifers, two stages of calanoids). Adding
depth below 25 m reduces the support
capacity of the upper 25 m.

Discussion

The analysis shows that a fixed and
temporally stable horizontal spatial varia-
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tion in the limnetic zone is statistically
detectable for almost all species and devel-
opmental stages, that the fixed spatial
variation can be expressed in terms of
linear relationships between abundance
per unit surface area and depth, and that
the nature of the fixed spatial variation
is quite different between the coexisting
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Fig. 2. Abundance gradients with depth in Lake Lanao shown as percentage of maximum abundance.
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species. Figure 2 illustrates the spatial
gradients that were detected in the analy-
sis. In order to facilitate comparison, the
abundance of each species in Fig. 2 is ex-
pressed as a percentage of its abundance
at the depth where abundance is maximum.
The changes shown in Fig. 2 take the form
of clinal gradations in relative abundance of
species rather than sharp transitions in
abundance.

Simple ecological explanations for the
herbivore gradients in Fig. 2 could be based
on corresponding gradients of either the
phytoplankton food resource or predation.
Extensive studies of primary production and
phytoplankton composition and distribution
(Lewis 1974, 1978b) show that no compa-
rable fixed gradients exist in the food
resource. Thus predation is the most likely
mechanism by which the gradients are
maintained.

Chaoborus is by far the most important
zooplankton predator in Lanao. The fish
fauna is largely endemic and does not in-
clude efficient first-order planktivores of
great abundance in the pelagic zone. The
feeding habits of the Chaoborus popula-
tion are known in considerable detail (Lewis
1977b, 1979), so it is possible to convert
the Chaoborus abundance gradients of Fig.
2 to gradients of attrition for all prey spe-
cies. This was done as follows.

1. The average dietary composition was
obtained for each instar from a previous
study (Lewis 1977b). This dietary compo-
sition reflects considerable feeding selec-
tivity. Cladocerans and copepod copepodid/
adults are major components of the diet.
The cladocerans in particular are eaten
in amounts far exceeding their relative abun-
dance in the plankton.

2. Feeding rates were obtained for each
Chaoborus instar by cohort analysis of the
Chaoborus abundance data over an 18-month
interval and approximations of growth ef-
ficiency (Lewis 1979). The food intake
computed on this basis varies between 33
and 90% of body wt day™', depending on
the age of the predator. These estimates
were independently confirmed by measure-
ments of herbivore loss rates.
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3. The total potential loss of each food
type to predation in terms of weight per
unit surface area was calculated as follows:

4
z
Ly z=i=1 LiWiz Pi

where Lp , is the predation loss of prey
type k at’a station in water of depth z to
Chaoborus of all instars (mg/m?/day, as-
suming initial community structure is as
given in Table 1), I, is the food intake rate
of Chaoborus of instar i (fraction of body
weight per day), W; , is the weight per unit
area at a station of depth z of Chaoborus
instar i (mg/m?), and P; p, is the proportion
of prey type k in the diet of Chaoborus of
instar 1.

4. The predation loss of each prey type
was then expressed as a percentage of the
total stock of prey available (again assuming
initial community structure as given in Table
1) to obtain relative loss:

RLk,z = (Lk,z/Bk) N 100

where L is the absolute daily loss as
defined above, RL} , is the relative daily
loss of prey type k at a station of depth 2
(%/day), and By, is the stock of prey type &
(mg/m?).

5. The values of RL, , were then tested
for linear regression with'z. All relationships
were highly significant (Fig. 3a). A regres-
sion line was obtained for each prey type
and these are shown in Fig. 3a.

It should be noted that these computa-
tions leading to Fig. 3a are not intended to
represent actual loss rates, but rather poten-
tial rates based on an average community
structure as set forth in Table 1. In actuality
the community structure responds to these
predation gradients and thus the relative
abundances are adjusted away from the
average according to predator abundance
and composition of a particular site. Figure
3a merely shows how this adjustment could
be maintained by predation. In a situation
approaching equilibrium, predation pressure
on certain species and stages in excess of
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herbivores.

their growth capacity will cause drastic
decline in abundance of these forms until
the predator reduces its selectivity for them
(Lewis 1977b).

The analysis leading to Fig. 3a omits
Moina and Conochiloides. Moina is such a
small proportion of the available prey that
a predation analysis on the species is not
possible, even though the abundance data
are sound. Comochiloides lacks distinctive
skeletal parts resistant to maceration in the
crop of Chaoborus so that predation data
based on crop analysis are not comparable
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to the data for other species. In addition,
the copepodid and adult stages are combined
in Fig. 3a because they could not be dis-
tinguished in the crop analysis.

Figure 3a shows that considerable pred-
ation gradients exist in Lake Lanao and that
the severity of the gradients varies greatly
between species and stages. There is an
overall increase in the severity of predation
toward deep water, coincident with the in-
crease in numbers of all Chaoborus instars
toward deep water (Fig. 2). Because of the
selective feeding on cladocerans, especially
in larger Chaoborus instars, the gradients
are very steep for Diapbanosoma and Bos-
mina. Nauplii of both copepods, by contrast,
are seldom eaten by Chaoborus and thus
experience very limited gradients.

If predation gradients (Fig. 3a) establish
and maintain abundance gradients (Fig. 2),
then the two should be quantitatively re-
lated. The relation will not be linear because
the effect of a given predation gradient on a
species will depend on the average pro-
duction rate of the species and all other
sources of mortality besides Chaoborus
predation. The relationship is shown in Fig.
3b in a semilog format, which condenses
the great range of predation gradients. It
is clear that the predation and abundance
gradients are related. The correlation of
points shown in Fig. 3b is significant at
P = 0.05 and accounts for 51% of the total
variance in gradients (r = 0.77, > = 0.51).
The circumstantial evidence for mainte-
nance of the abundance gradients by pred-
ation is therefore very strong.

Figure 3b has two general implications
for the organization of the plankton com-
munity. First it is evident that a physically
and chemically unstructured plankton en-
vironment can support an unexpected de-
gree of stable pattern in community struc-
ture. While several cases of fixed horizontal
pattern in a single species based on pred-
ation have been documented (Green 1967;
Zaret 1972a; Kerfoot 1975). The existence
of predation-maintained fixed patterns in
the structure of entire limnetic zooplankton
assemblages has apparently not been demon-
strated.

It is presently clear that predation ac-
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counts for many differences in herbivore
composition between lakes (e. g. Hrbatek et
al. 1961; Brooks and Dodson 1965; Brooks
1968; Dodson 1970; Zaret 1972b). The
Lanao data suggest that predation plays a
similar role within lakes, except that the in-
fluence is more subtle and affects the rel-
ative abundance of species rather than the
species composition.

A second implication of the analysis is
that predation helps maintain complexity
in the lake zooplankton. While some general-
ized arguments and experimental evidence
support this notion for some communities
(Paine 1966), no demonstration has ever
been given for lake zooplankton. The fixed
predation gradients in Lake Lanao could
easily account for the persistence of species
that would be eliminated if predation were
uniform or randomly variable over the lake.
It thus seems possible that the gradients en-
hance the overall biotic diversity of herbiv-
ores.

If predation gradients can reasonably ac-
count for herbivore abundance gradients,
then a second step toward the mechanistic
explanation for fixed patterns in community
structure would involve an analysis of the
factors controlling the distribution of pri-
mary carnivores. Such an explanation would
involve fish predation on Chaoborus. The be-
havior and distribution of Chaoborus both
suggest that deep water offers refuge from
predation, largely because of the daily re-
treat of larvae to water of low oxygen con-
tent (Lewis 1975, 1977b). Organization of
the zooplankton thus in large part seems to
be determined in a stepwise manner from
the top trophic levels. Although one should
not overlook the certainty that other mech-
anisms will affect the other components of
variation (Fig. 1), the separation of variance
components seems to simplify mechanistic
approaches to community structure.
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