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Preface

N _/

This book is based on the premise that the study of ecological communities
should he a composite analysis of system properties (community structure,
community energetics) and population properties (life history patterns,
adaptive strategies) backed by a thorough understanding of the physical—
chemical environment. Too frequently community ecology takes a much
narrower focus. This may partly be the result of perceived antagonisms
between schools of thought in ecology. Despite their rather separate origins,
the multiple theoretical and methodological tools that now exist must be
applied synthetically to real communities if the progress of the past two
decades is to continue into the next two.

This book has a case history format, which increases the opportunity
for detailed analysis, although 1 have attempted to maintain the general per-
spective of a community ecologist and to draw extensively from the literature
whenever it seems profitable to do so. The case history data are for Lake
Lanao, a large tropical lake. The main zooplankton data base used in the
analysis is entirely original and unpublished, although the detailed support-
ing data on the physical~chemical environment and the phytoplankton com-
munity have been presented in numerous journal articles and are thus
abstracted or used selectively to meet the needs of zooplankton community
analysis.

Since the case history is a tropical one, the elementary data themselves
may be of greater interes( than they might otherwise be. I have tried to antici-
pate the probable interest of readers in temperate—tropical comparisons
and to draw on whatever additional meager information is available on
tropical freshwater zooplankton communities, including my own work on
tropical lakes other than Lanao.
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The community analysis relies heavily on an hypothesis-testing approach,
with attendant use of simple and multivariate statistical procedures. 1 have
often chosen the simplest possible statistical approaches, however, in the
belief that complex procedures frequently offer little additional information
but cause great difficulty for the reader in making an independent rational
evaluation of the data. 1 have also placed considerable emphasis on the
analytical value of some simple derived variables, such as rates of change,
that I believe 1o be of great use in community analysis.

[ am indebted 1o a number of persons and institutions for support or assist-
ance in the preparation of this work. Professor D. G. Frey sponsored and
supported my initial plankton community studies and first directed my
attention to tropicai plankton communities. | owe & great deal to the National
Science Foundation for its support of my plankton community work over
an extended period on several different lakes. Numerous competent and
dedicated individuals have worked with me and thus have contributed to
the completion of this work. T am most indebted to Mr. Rodrigo Calva,
Mr. James T. Hunter, and Miss Lili Silva in this regard. I have on several
occasions called upon the taxonomic expertise of Professors B. Pejler,
B. Bérzing, F. Kiefer, U. Einsle, V. Kofinek, and Mr. J. F. Saunders, who
generously provided me with their expert opinions. I spent a short but ex-
tremely profitable time with Dr. D. W, Schindler at the very beginning of my
work which has unquestionably affected my outlook and methodology ever
since. My wife Cornelia has on many occasions helped me without credit
or pay, for which I am grateful. I must also mention Professor M. C. Grant,
who has provided me with valuable intellectual stimulation and a broad range
of consultation services ranging from statistics to ecological theory, and
Dr. Robert Epp for his insights into metabolic characteristics of inverte-
brates. For my Philippine field work, on which so much of this book is based,
1 am indebted to Mindanao State University, and particutarly to Mila Medale
of the Biotogy Department and President Mayaug Tamano for use of facilities
and to the Manila Office of the Ford Foundation for valuable logistical sup-
port. Miss Lynn Weatherwax has made the struggle of manuscript prepara-
tion as easy as it ever can be, for which 1 am grateful. All of the figures were
expertly prepared by Mr. J. R. Tolen. The University of Colorado provided
essential supplementary computer funds which have greatly facilitated my
work.

Boulder, Colorado William M. Lewis, Jr.
August 1979
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Chapter 1

introduction

. /

Lindeman’s (1942} presentation of the trophic dynamic concept was fol-
lowed, after some initial resistance (Coock, 1977), by a surge of interest in
energy flow as a unifying concept in ecology. Studies inspired by the trophic
dynamic concept were often broad in scope and more likely to demonstrate
trends than mechanisms. More exacting studies of single species obtained
better resolution but sacrificed the community perspective inherent in Lin-
deman’s original work. Subsequently, new theoretical work dealing with
community structure and the adaptive strategies of species populations to a
large extent undermined the specific focus of ecology on energetics. These
events are nicely summarized by Hutchinson (1978).

Freshwater ecology has not been precisely in phase with other branches of
ecology in these trends. General interest in freshwater community structure,
for example, lagged about 10 years behind the theoretical advances in this
field. Also there was in the late 1950s and 1960s a sudden rejuvenation of
interest in energy flow at the first trophic level following the technical mno-
vations associated with the use of carbon-14. There is no guestion, however,
that interest in energy flow, particularly in herbivores and higher trophic
levels, has now to a large extent been displaced by interest in the structure
and adaptive patterns of freshwater communities. Studies of community
structure and adaptive strategy have successfully drawn attention away
from encrgy flow pastly because they have often proven to be a rich source
of mechanistic detail which is especially satisfying to those who wish to
understand the interspecific interfaces which shape communities.

As studies of community structure progress, however, we begin 10 see
new requirements for detailed information on enerpgy flow through the higher
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trophic levels (e.g., see Rigler and Cooley, 1974). Information on energy
flow is extremely usefu for a complete evaluation of community structure
and species adaptation, as energy provides a powerful means for comparison
of species, both within and between trophic levels. Moreover, such phenom-
ena as predation and competition, which determine community structure,
are in large part evolutionary exercises in energy allocation as accomplished
by adaptation.

A great potential exists for composite studies of community structure, en-
ergy flow, and adaptation in aquatic communities and especially in the
plankion, where the problems of measuring the relevant variables are most
tractable. The data requirements are very great but certainly not impossible.
Unlike studies more explicitly concerned with energy flow, such composite
studies obviously cannot focus on one or fwo important species on the basis
that these species account for the bulk of energy flow through a given trophic
level. On the contrary, composite studies must deal with the entire species
complex in order to demonstrate why certain demographic strategies, mor-
phologies, and adaptive patterns are successful in accounting for large por-
tions of production or biomass while others are not. Similarly, composite
studies are more demanding of data than are studies more explicitly con-
cerned with community structure or adaptation, as the analysis of energy
flow requires a firm grasp of dynamics. Nevertheless, there is much overlap
in the data requirements for the different approaches, and the additional ef-
fort required to obtain a data base that will support a composite approach is
likely to be repaid by much additional insight.

The present work attempts to combine the strengths of community analy-
sis from the perspectives of structure, energy flow, and adaptive strategy.
The analysis deals specifically with Lake Lanao (Philippines), but the
findings are put into a more general context whenever possible. For several
reasons, Lake Lanao is especially advantageous for the purpose at hand.
Physical and chemical factors are not so tightly coupled to biological pro-
cesses as they might be in a temperate lake (Lewis, 1974), and thus the sta-

tistical exploration of mechanisms is much more feasible than it would be for

a temperate lake. In addition, the plankton community is relatively simple,
so that the demographic analysis of individual species is tractable. The large
size of the lake is also favorable because it ensures the existence of a true
pelagic plankton community that will not be easily confused with the adja-
cent littoral community, vet the lake is not so large that the plankton of open

water cannot be dealt with as a unit. Rinally, continuously favorable weather

allows steady data collection and ensures high biological activity as well,
both of which facilitate the development of a detailed and revealing data
base.

T ™
Chapter 2

General Description of
Lake Lanao

. /

Lake Lanao is located in the southern Philippines on the Island of Min-
danao (8°N, 124°E) (Fig. 2—1). The lake was formed by lava blockage of a
tectonically formed basin (Fig. 2-2). Although good estimates are not yet
available, Lanao is apparently very old, perhaps dating back as far as the
Tertiary (D. G. Frey, personal communication). The lake contains a swarm
of 20 or more endemic cyprinid species (Myers, 1960; Kosswig and Vill-
wock, 1964), but there appears to be only limited endemism among other ele-
ments of the fauna.

Physical characteristics of Lake Lanao are summarized by Frey (1969).
The lake has a maximum depth of 112 m, a mean depth of 60.3 m, an area of
357 km?, and a replacement time of 6.5 years. The elevation of the lake sur-
face is 702 m asl. The shores are for the most part steeply sloped, which
greatly restricts the extent of the littoral zone, The littoral zooplankton,
which differs somewhat in composition and dynamics from the pelagic zoo-
plankton, will not be considered here.

The watershed of Lake Lanao is sparsely populated and the rivers flowing
into the lake carried very low nutrient loads when the lake was studied in
1970--71. Nutrient budgets and water chemistry have therefore probably
changed little over the last several thousand years. Changes will unquestion-
ably occur in the future as timber is cut and popuiation density increases.

Lanao is a warm monomictic lake (Lewis, 1973a). An annual circulation
period occurs during January and February, when the entire water column is
approximately 24°C: The seasonal cooling is caused by reduced daily insola-
tion resulting from heavy cloud cover at this time of year. The lake is strati-
fied the rest of the year, with hypolimnetic temperatures at or just above
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Figure 2-1. Map showing the sampling stations and 50- and 100-m contour lines of

Lake Lanao.

Figure 2-2. Lava dam which blocks the south end of the Lake Lanao basin. Fore-
ground shows gillnet suspension device of Muslim fishermen.
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24°C and epilimnetic temperatures about 2°C higher except very near the
surface where temperatures may reach 29°C or more in calm weather.

Important nonseasonal variations in the depth of mixing occur during the
stratification period in Lake Lanao (Lewis, 1973a). The epilimnion of the
lake is very thick (40—60 m), mainly because the maximum possible density
difference between layers is lower than it would be in a typical temperate
situation, so a given wind strength will drive the thermocline deeper. The
thickness of the epilimnion is established during windy weather near the
beginning of the stratification season. Later, during extended periods of
moderate to light winds and high insolation, there is an accumulation of heat
in the uppermost portion of the epilimnion. Since the wind energy at such
times may be insufficient to mix this heat to the full depth of the epilimnion,
a relatively stable secondary thermocline is likely to form within the epilim-
nion. In fact it is not uncommon for two such secondary thermoclines to
form, one above the other. I have argued that this phenomenon will prove to
be common in tropical lakes deep enough to stratify stably (Lewis, 1973a),
and recent work on Lake Valencia in Venezuela tends to support this idea
(Lewis, in preparation), as does the work of Richerson et al. (1975) on Lake
Titicaca.

When a thick epilimnion is split by a thermocline, the upper and lower
portions diverge chemically. The lower portion serves as a nutrient trap,
while primary production is limited to the upper zone. The secondary ther-
mocline persists until windy weather comes, which for Lake Lanao may be
from 1 to several weeks (Fig. 2-3). When the entire epilimnion is homoge-
nized again, nutrients are returned to the surface from the compartment
below the secondary thermocline, stimulating primary production. I have
called this nonseasonal remixing process ‘‘atelomixis’” (Lewis, 1973a) and 1
have hypothesized that it contributes in a major way to the high primary pro-
duction of Lake Lanao, which is not particularly rich in nutrients. If mixing
to the primary thermocline occurred continuously, phytoplankton would
suffer light deprivation, and if mixing to the shallower secondary thermo-
cline occurred continucusly, phytoplankton would suffer marked nutrient
depletion. Alternation of deep and shallow mixing provides a more pptimal
average resource environment and thus boosts primary production.

Primary production in Lake Lanao is limited by sunlight during periods of
deep mixing, especially during complete circulation, and at other times by
nutrients, specifically inorganic nitrogen (Lewis, 1974). The overall primary
production of the lake is very high (annuval mean, 1.7 gC/m? - day net, 2.6
gC/m? - day gross). Inorganic nitrogen is frequently undetectable (<1
pg/liter) in the upper water column, whereas molybdate-reactive phos-
phorus is always above 10 ug/liter. The solids content and major ionic
ratios are unexceptional (105 umho/cm at 25°C; methyl orange alkalinity, 51
mg/liter). Average 19% light level occurs at 12 m.

There are two fundamental physical-chemical contrasts between Lake
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Figure 2-3. Multiple thermoclines and thermocline displacement during the stratifi-
cation season in Lake Lanao. Storms on 24 July and 6 August displaced the higher
thermocline and then fused it with the lower one.

Lanao and most temperate lakes. First, the average amount of incident light
and average temperature of the water column are both higher in Lake Lanao
and other lowland tropical lakes than in temperate lakes. Constantly high in-
cident light provides sufficient energy for extremely rapid photosynthesis
whenever the water column is not circulating so deeply as to remove phyto-
plankton from the lighted zone, and provided that nutrients are available in
sufficient amounts. Constantly high temperatures prevent thermal de-
pression of metabolic activity either seasonally or vertically in the water col-
umn. It is important but still difficult to bear in mind for those whose experi-
ence with lakes is entirely temperate that the temperature below the
thermocline in a lowland tropical lake is extremely high (24°C in Lake
Lanao). Temperature in the tropical plankton environment appears to be al-
most negligible as a source of biotic variation. This is highly desirable from
the viewpoint of ecological analysis and also has considerable implications
for the adaptive strategies of species and the rates of biologically mediated
processes such as decomposition.

The second physical-chemical contrast between lakes such as Lanao and
most temperate lakes has to do with variation in biologically critical vari-
ables. The question of variation is most easily considered in two parts: (1)
seasonal variation and (2) nonseasonal (aperiodic) variation. In general it can
be shown that tropical Iakes have seasonal patierns and that the biological
effects of this seasonality are remarkably similar to those one sees in temper-
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ate lakes. In contrast, surprisingly critical differences exist between Lake
Lanao and most temperate lakes in the nature and biological effects of non-
seasonal variation.

Temperate lakes show a very pronounced annual cycle in essentially all
variables because of the drastic seasonal weather changes. It is now becom-
ing obvious, however, that most tropical lakes show a very similar tendency
toward annual patterns. Although we do not vet have enough information to
make definitive statements, it seems increasingly probable that seasonality
associated with an annual circulation period will be suppressed only in tropi-
cal lakes which are not deep enough to stratify (i.e., less than about 15 m for
small lakes). The widely used scheme of lake type distributions proposed by
Hutchinson and Loffler (1956) prior to the availability of much comprehen-
sive tropical lake data is therefore misleading because of its emphasis on the
existence of significant numbers of lakes of the so-called oligomictic type,
which stratify but lack an annual circulation pattern because they circulate
at irregular intervals longer than 1 year. Such lakes appear to be quite rare.
Even in lakes which are not deep enough to stratify, other factors such as
seasonal changes in flushing rate will often impose an annual pattern (e.g.,
Lake Chad; Iitis and Compere, 1974).

Although temperature does not vary much in Lake Lanao, seasonal tem-
perature changes are sufficient to cause an annual breakdown in thermal
structure followed by complete mixing. Complete mixing deprives phyto-
plankton in the water column of light and thus suppresses growth. This in
turn affects the higher trophic levels. Until some thermal stability is re-

‘stored, there is a seasonal depression of primary production, phytoplankton

biomass, and herbivores. In this sense the annual cycle of Lake Lanao and
probably many other tropical lakes is surprisingly similar to the familiar tem-
perate cycle.

Nonseasonal or aperiodic changes are imposed on seasonal cycles in all
lakes. Because of its strong tendency to develop temporary secondary ther-
moclines, Lake Lanao shows a large amount of nonseasonal variation under
the influence of temporary and irregular weather changes. This is not as true
of temperate lakes, in which the density barrier to mixing seldom changes
radically once it is established during the warm season. The phenomenon
which is perhaps biologically most comparable in temperate lakes to the rad-
ical nonseasonal changes in depth of mixing in Lake Lanao is the occasional
escape of nutrient-rich water from the hypolimnion into the epilimnion when
an internal wave of oscillation brings the hypolimnion to the surface. Such
an event is either so unusual or so temporary in its effect that it does not
result in the frequent major changes of nutrient availability and phytoplank-
ton growth that one sees in Lake Lanao as a result of secondary thermocline
formation. A more or less steady decline in nutrient availability during strati-
fication in temperate lakes contrasts with the numerous irregular sequences
of nutrient enrichment and nutrient depletion in Lanao. These frequent
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changes in the tropical lake are extremely important in reducing environ-
mental predictability, in interrupting phytoplankton succession, and in in-
creasing the overall potential of the lake for synthesizing biomass at the first
trophic level by promoting more effective nutrient recycling. Counterintui-
tively to our general notions of the tropics, critical physical -chemical condi-
tions for the primary producers in Lake Lanao are more irregular during the
growth season than in most temperate lakes that have been studied.

Chapter 3

The Phytoplankton Community

o /

Community Composition

The phytoplankton community of Lake Lanao is composed of 70 euplank-
tonic species, including Cyanophyta (12), Euglenophyta (4), Chlorophyta
(44), Chrysophyceae (1), Bacillariophyceae (4), Dinophyceae (3), and Cryp-
tophyceae (2) (Fig. 3—-1). Composition similar to this appears to be very
widespread in tropical lakes that are not highly saline or extremely shallow
(Lewis, 1978a). The data that are currently available indicate that tropical
lakes in general contain between 50 and 100 euplanktonic autotroph species
which reach detectable abundances (greater than 1/ml) at least once per
year. In Lake Lanao, approximately half of the species can be found in an
integrated sample of 1 ml taken at any time of the year.

Neither Lake Lanao nor tropical lakes in general show any evidence of
being richer in phytoplankton species than lakes of the temperate zone
(Lewis, 1978a). In fact the avaijlable evidence indicates that the reverse is
true, as the Chrysophyceae, which are almost absent in tropical plankton,
become an increasingly important component of phytoplankton communi-
ties at high latitude and enrich the species composition. Certainly phyto-
plankton communities show no evidence of the increased species richness at
fow latitudes which is characteristic of some other community types. The
multiple hypotheses commonly used to account for latitudinal gradients in
lizard, bird, and tree diversity (summarized by Pianka, 1978) are difficult to
evaluate for phytoplankton communities but might easily be considered to
provide a priori grounds for expecting latitudinal gradients in phytoplankton
species richness which are not in fact observed. Hypotheses based on equi-




10 The Phytoplankton Community

Figure 3—~1. Common phytoplankton species in Lake Lanao. (A} Chroococcus min-
utus; {B) Aphanothece nidulans; (C} Dactylococcopsis fuscicularis; (D) Anabagna
spiroides; (BY A. sphaerica; (F) Lynghya limnetica; (G) Tetraedron minimam; ()
Qocystis submarina; (L, I) Chodatella subsalsa (showing extremes of seasonal varia-
tion); (K} Dimorphococcus lunatus; (L) Coelastrum cambricum; (M) Scenedesmus
sp.; (N)Y Nitzschia baccata; (O} Melosira granulata; (P) Rhodomonas minuta, Scale
marks are 10 um long.

librium conditions may be irrelevant to phytoplankton communities,
however, because of the rapid pace of physical—chemical changes in plank-
ton communities at all latitudes. The general relevance of nonequilibrium
conditions stressed by Connell (1978) is likely to be especially great for phy-
toplankton communities and will probably be the basis for satisfying expla-
nations of community species richness.

Moast of the species which are important in Lake Lanao are very widely
distributed. The overlap at the generic level between tropical lakes, even on
different continents, is extremely high (Table 3-1). Overlap in species com-
position is also very high but is more difficuit to quantify because of the un-
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Table 3~-1. Phytoplankton Community Comparisons between Lake Lanao
and Other Lakes®

Standard
Mean Deviation
Number of genera
Lake Lanao 42 —
10 Tropical lakes, mean® 21 5
10 Temperate lakes, mean 36 16
Generic overlap (%)
Lanao with 10 tropical lakes, mean 79 1t
Lanac with 10 temperate lakes, mean 45 5
Biomass (mg/m?, wet)
Lake Lanao 24,000 -—
11 Tropical lakes, mean 14,000 13,500
11 Temperate lakes, mean 7,500 3,810

« Summarized from Lewis (1978a).
¢ Probably somewhat underestimated because of small number of samples from
each lake.

certainty of species assignments in some taxa. In fact the overlap is suffi-
ciently high that it seems justifiable to characterize most tropical
phytoplankton communities as part of a pantropical phytoplankton assem-
blage that does not appear to be affected significantly by geographic barriers.

In addition to the large taxonomic overlap between tropical phytoplankton
¢ommunities in different lakes, there is also a surprising amount of overlap
between tropical and temperate phytoplankton communities (Table 3—1).
The overlap is less, however, than the overlap within the tropics. Although
there may be much hidden biochemical diversity in these taxa, the phyto-
plankton do not show much evidence of isolation and evolutionary diver-
gence,

Biomass

Because the mixed layer of Lake Lanao is generally quite thick, even when a
secondary thermocline is present, growing phytoplankton biomass is effi-
ciently dispersed through the upper portion of the water column. Thus even
though the water is relatively transparent, summation of phytoplankion bio-
mass under a unit area shows a very high standing crop. As indicated in
Table 3-1, the algal standing crop of Lake l.anao may be above the average
for tropical lakes-{polluted, shallow, or saline lakes are excluded {from
consideration here). The average for tropical lakes reported in Table 3-1 is
probably fow, however, because one group of these lakes was sampled only
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during the circulation period when biomass was likely to have been con-
siderably below the annual average (Lewis, 1978a). The Lake Lanao figure is
an annual average. The averages in Table 3~1 are, of course, intended to be
indicative rather than definitive, especially in view of the wide scatter within
latitudinal zones, as indicated by the standard deviations.

Tropical lakes in general may have a substantially higher average standing
stock of phytoplankton than temperate lakes, although the ranges definitely
overlap. Lower standing stock in temperate lakes is partly accounted for by
severe winter depression of phytoplankton biomass in the temperate zone,
but average phytoplankton biomass also appears to be lower in temperate
lakes even when when averages are computed from the ice-free season only
(Lewis, 1978a).

Even though the phytoplankton biomass of Lake Lanao is divided among
seven major taxa, three of these account for most of the total biomass (Cyan-
ophyta, 19%; Chlorophyta, 35%; Bacillariophyceae, 37%). Dominance of
these three taxa is typical of tropical lakes which are not saline or extremely
shallow (Lewis, 1978a). Very shallow and saline lakes tend to be dominated
more exclusively by the Cyanophyta.

Succession

Succession of the phytoplankton community in Lake Ianao occurs in epi-
sodes of variable length (Lewis 1978b). An episode is initiated when the
upper portion of the water column is enriched by the breakdown of tem-
porary stratification, by the lowering of the primary thermocline, or by sea-
sonal mixing. A nutrient pulse (10-50 pg/liter NO,—N) resulting from one
of these events leads to dominance by diatoms and cryptomonads as soon as
deep mixing is reduced enough to allow the average cell to stay in the lighted
zone long enough for significant net photosynthesis. As nuirients are de-
pleted and turbulence is reduced during calm weather, diatoms and crypto-
monads tend to be replaced by green algae. The greens are replaced by blue-
green algae and finally by dinoflagellates as the trend continues toward the
extremes of nutrient depletion (<< 1 pg/liter NO,—N) and minimal turbu-
lence (Fig. 3-2). The sequence is roughly the same as that which is thought
to occur in temperate lakes (see Reynolds, 1976). The sequence may be in-
terrupted or various phases of it may be squeezed or lengthened according to
the specific conditions of a particular episode. In addition, individual species
do not show perfect fidelity to their division or class (Lewis, 1978b).
Underlying the successional sequence are relationships between the sur-
face :volume ratio of biomass units for individual taxa and the position of
these taxa on gradients of nutrient availability and turbulence (Lewis,
1978b). In early succession, when sinking rates are low and nutrient availa-
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Figure 3-2. Diagrammatic representation of the phytoplankton succession se-
quence and associated physical—chemical changes in Lake Lanao (slightly modified
from Lewis, 1978b).

bility is high, species characterized by low surface:volume ratios are fa-
vored. During periods of nutrient depletion and minimal turbulence, species
with high surface : volume ratios tend to predominate, presumably because
of their superior ability to scavenge scarce nutrients. Although this trend is
unquestionably valid for Lake Lanao, it runs counter to the generalizations
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formulated by Margalef (1967), who suggests that cells with high surface to
volume ratio will predominate early in succession because of their more
rapid response capability to improved conditions. Preliminary indications
from Lake Valencia in Venezuela indicate that it will conform to the Lake
Lanao pattern rather than the pattern proposed by Margalef. Additional ex-
amples are needed before generalizations on this subject will be very mean-
ingful,

The taxonomic pattern in the successional sequence for Lake Lanao is
partly related to a difference in average surface: volume ratio of the biomass
units in the different major taxa. The bluegreen algae, for example, have
much lower surface : volume ratios than the diatoms.

The major contrast between succession in Lake Lanao and succession in
familiar temperate lakes is that the number of successional episodes in a sin-
gle stratification season is much greater in Lake Lanao. This has been dem-
onstrated quantitatively in a comparison between Lake Lanao and Lake
Erken (Lewis, 1978b). In Lake Lanao, significant pulses of nutrients at
the surface of the lake set succession back to the early stages more fre-
quently and thus sustain the community in the younger phases of succession
for a greater percentage of the growing season. The quantitative comparison
with Lake Erken indicated that Lanao was set back to stage one of
succession (diatoms) three times as often as Lake Erken, but that the two
lakes reached the penultimate stage (bluegreens) equally often. This implies
more numerous successional sequences of shorter average duration in
Lanao. It follows that frequent successional setbacks lead to extremely com-
ilex demographic patterns for individual phytoplankton species in Lake

ANAO,

- ™
Chapter 4

Description of the Zooplankton
Community

N S/

Community Complexity

The complete list of zooplankton species is given in Table 4-1 and Figure
4..1 shows the species and developmental stages on a common scale. The
number of species is surprisingly small, particularly by comparison with
some familiar temperate lakes. For example, Nauwerck (1963) lists 36 rotifer
species, 16 cladoceran species, and 12 copepod species for Lake Erken,
Sweden. The great majority of these species are quantitatively insignificant,
however. In small Jakes such as Erken, species lists may be deceptively long
due to the greater likelihood of inclusion of littoral species in the list. This
and other factors make comparisons difficult.

For the 15 lakes on Java, Sumatra, and Bali visited by the Sunda expedi-
tion, Ruttner’s (1952) entire species list contains only 23 rotifers, 13 clado-
cerans, and 6 copepods, despite the considerable taxonomic expertise that
was brought to bear on the samples. Mean numbers of rotifer, cladoceran,
and copepod species per lake in these I5 lakes were 7.2, 1.6, and 2.0, respec-
tively. This compares closely with the numbers in Lanao (7, 4, and 2). The
zooplankton fauna of Lake Mainit, another large Philippine lake, is of similar
or even simpler organization (Lewis, 1973b). The Lanao assemblage is thus
not unusual among tropical lakes.

Pennak (1957) has compared the mean number of species at an instant in
time with the composite number over a year in a number of temperate lakes.
In 27 Colorado Lakes, the average numbers of rotifer, cladoceran, and cope-
pod species at an instant in time were 4.8, 1.6, and 1.3, respectively. For
other scattered temperate lakes, the means were 5.5, 2.8, and 2.7. These fig-
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{continied)

Tabie 4-1.

Description of the Zooplankton Community

Mean total

Mean biomass

Mean

Number
counted
per week

Mean
individual /m?

biomass
(ug/liter. wet)

per individual

length
(pem)

Mean
individual /liter

(,ug, Wet)

(1000s)

Species/stage

0.56

0.13

486

650

194.85

4.33
0.49

Tetramasiix opoliensis

0.04

6.082

74

22.05

Ege

Diptera

52.16

326.0
1,809.0

3,528
6,000

7.2 360

0.160

Chaoborus (Eckstein 1)

Shrimp

6.87
0.23

306.48

8.5

0.17

0.00380

Fish larvae

1,520.0

0.34 5,000

26,843

0.007
7.828.0

0.00015

174.0

Total herbivores

52.39

360

7.2

0.160

Total carnivores

a Includes some D. sarsi as well.
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Figure 4~1. Zooplankton of Lake Lanao, drawn on a common scale. Primary cai-
nivores include the four instars of Chaoborus. Herbivores include two Kerateliu spe-
cies (1,2), Polvarthra (33, Hexarthra (4), Teframastix (8), Conochiloides (6), Tricho-
cerca (7, Thermocyclops nauplius (8), Tropodiaptomus nauplivs (9), Bosmina (10},
Thermocyclops copepodid/adult (11), Diaphanosoma (12), Moina (13), and Tropo-
diaptomus copepodid /adult (14),

ures are very close to the numbers for Lake Lanao and for the Sunda lakes.
The species numbers of copepads and Cladocera obtained by Patalas (1971),
who examined 45 Ontario lakes for crustaceans atf a single time of year, are
close to Pennak’s figures (mode, 9 species; range 4~ 14 species of Copepoda
plus Cladocera). Patalas found a definite increase in number of species with
lake size, and, in another study (Patalas, 1975), documents considerably
higher species richness in very large lakes. These large lakes appear to owe
their richness in species at least partly to size.

Pennak observed that the composite number of species is at least double
the total for a singiée sample. This increase for samples taken at several times
of the year is not typical of Lake Lanao. These comparisons, which are stil
only approximate, indicate that the number of reasonably abundant species in
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tropical plankfon environments at an instant in time is no greater and may
even be less than in comparable lakes at higher latitude, and that the com-
posite annual numbers of species which reach detectable abundance may
well be considerably greater in temperature lakes than in tropical ones, This
may be attributable to the greater suitability of the temperate lacustrine habi-
tat for temporal separation of species.

The relation of community complexity to latitude is discussed by Green
(1972), but Green’s analysis clearly includes species which are not euplank-
tonic. This increases the apparent complexity at any given latitude and intro-
duces other complications related to the size of lake and location of sam-
pling. The average number of euplanktonic species in tropical lakes is
probably quite low, as in Lake ILanao, but a satisfactory overview is difficult
at present.

Copepods

The first zooplankton samples from Lake Lanao were taken by Woltereck
{1941) during the Wallacea Expedition in 1932. The cyclopoids were exam-
ined by Kiefer (1938), who found Thermocyclops hyvalinus in large numbers.
T. hyalinus is distributed throughout the Asian, American, and African trop-
ics as well as temperate Europe (Kiefer, 1929; Coker, 1943). There is con-
siderable size variation within the species. Females from temperate lakes are
as much as 50% longer than females from tropical lakes (Kiefer, 1938).
Einsle (1970) has shown that {females from European populations of T. hya-
linus average 821 pm in length (tip of first segment to tip of urosome, dis-
counting caudal rami), whereas females of six African populations average
668 wm. The females from Lake Lanao average only 597 um (Table 4-1),

In addition to T hyalinus, Kiefer also found a small number of specimens
of a slightly smaller but very similar species, which he named 7' wolterecki.
T. wolterecki is presumably endemic to Lanao, although it has not been stud-
ied since Kiefer's description. The adult females in Kiefer's samples
averaged 10-20% shorter than 7. Avalinus. The two species differ morpho-
fogically only with regard to length ratios in the furcal spines and the absence
of the minute teeth on the connecting plate of leg 4. T. wolterecki thus ap-
pears to be a sibling species of T. hvalinus or possibly even just a morpho-
type. The presence of a copepod species of very limited distribution together
with one of cosmopolitan distribution is not uncommon (Kiefer, 1938;
Hutchinson, 1967), although the ecological reasons for this remain unclear.

. U. Einsle kindly compared a mixed sample taken in 1970 from Lake
Lanao with Kiefer’s original material. He found onty T. hyalinus in the 1970
sample but confirmed the presence of T wolterecki in Kiefer's original sam-
ple, and is of the opinion that it is a valid species. Samples from various
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times of the 197071 period were examined but T. wolterecki was consist-
ently rare or undetectable. The maximum percentage of 7. wolterecki among
adult females occurred in January, when about 209 seemed to be T wol-
terecki. The present study does not distinguish between the two species be-
cause T. wolterecki apparently constitutes less than 5% of the total and is so
close to T. hyalinus that dissection is required for identification.

Lanao also contains the calanoid Tropodiaptomus gigantoviger, which
was described by Brehm (1933) from samples taken during the Wallacea Ex-
pedition and is evidently endemic to Lanao. Since calanoids tend to be very
localized in distribution (Hutchinson, 1967), the presence of an endemic cal-
anoid is not particularly remarkable. Professor F. Kiefer personally con-
firmed that the species collected in 197071 was in fact the same as that col-
lected by the Expedition in 1932,

Although the vast majority of tropical lakes contain at least one cyclopoid
species, the calanoids are much more irregular in distribution and are miss-
ing in many large lakes that appear to provide suitable conditions. Even on
Mindanao, the large Lake Mainit, which is similar to Lake Lanao in general
water quality and plankton composition, lacks a calanoid (Lewis, 1973b). Of
the 15 Sunda lakes visited by Ruttner (1952), all but Lake Toba lack cala-
noids. The presence of a calanoid thus distinguishes the zooplankion of
Lake Lanao from many other lakes where these large planktonic grazers are
absent.

Rotifers and Cladocera

Woltereck (1941) reports only Conochiloides, Brachionus forficulata, and
Keratella valga in the Lanao samples taken by the Wallacea Expedition.
Curiously, B. forficulata and K. valga never turned up in the 197071 sam-
ples. The rotifers which did appear in 1970-71 were identified by B. Bérzing
and B. Pejler and are listed in Table 4—1. All of these species are widely dis-
tributed.

The midlake samples taken by the Wallacea Expedition contained Dig-
phanosoma modigliani, which was also present in the samples from 197071
according to taxonomic work done on my samples by Dr. V. Kofinek.
Kofinek also found D. sarsi, but the two Digphanosoma species are not dis-
tinguished in the demographic studies. D. sarsi was not reported by Woi-
tereck (1941), but this could well have been an oversight due fo the simijarity
of the species. A Moina species was also present in the samples from 1932
and 1970-71. Kofinek identifies this as M. micrura. Woltereck also found
this species but lists it as M. makrophthalma, a synonym {Goulden, 1968).
Woltereck found Bosminopsis dietersi and Bosimina longirostris in the pela-
gic zone, but Korinek found only Bosmina faialis in the 1970-71 samples,
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and this is almost certainly identical with Woltereck’s B. longirostris. The
absence‘ of Bosminopsis in the 197071 samples could possibly be due to a
change in species composition since 1932.

Miscellaneous Zooplankton

Lana:o also‘contains a large population of Chaohorus comprised of only one
species which is, according to an tdentification made for me by Dr. J. Stahl
identical to the species which was partly described by Eckstein (1936} but,
never named and which 1 will refer to as Eckstein Form 1 {Lewis, 1975).
The large plankton trap that was used (45 liters) also captured small fish
fry and shrimp. The fish fry belong to several species including the native
cyprmids and the introduced goby (Glossobius giurus), but are not distin-
gu:shed by species here, The prawn Caridina nilotica is very common in the
littoral zone and is probably the species which appears most often in the
Qlankton trap at midlake. F. Chace (persona) communication) has also iden-
tified the large palaemonid Macrobrachium latidactylus from nearshore

samples taken by the Albatross Philippine Expedition (1907-1910)
however., ’

Chapter 5

Methods

\— S/

Sampling

Poor sampling design has been perhaps the most sericus defect in studies of
secondary production. An excellent review of the problem is given by
Prepas and Rigler (1978). The Lanao sampling was specifically designed to
dvoid any serious weaknesses in the primary data base which might greatly
reduce the scope for data interpretation.

The zooplankton samples were taken between September 1976 and No-
vember 1971 as part of a comprehensive study of the Lake Lanao plankton
system. The zooplankton sampling program included the following: (1) A
weekly vertical series of samples (5-m increments) taken at the index station
(station 1, see Fig. 2-1). (2) A weekly series of three vertical tows, also
taken at station I, and an identical series of tows at station 2, 1 km distant
(Fig. 2-1). (3) Monthly transects including duplicate tows at each of nine
stations 1 km apart as indicated in Figure 2—1. (4) Special sampling pro-
grams to test particular hypotheses as needed.

The vertical series samples were taken with a self-closing, transparent
Schindler—Patalas sampier (Schindler, 1969) equipped with a 35-um mesh
net. A very large trap was used (45.3 liters) to minimize escape of highly mo-
tile species and to provice sufficient numbers of rare species for counting.
The trap was retrieved at a fast, constant speed with a motorized winch o
prevent reopening, the major problem with traps of this type.

The vertical towswere taken with a metered townet calibrated each time it
was used. The counts were individually corrected for filtration efficiency.
Efficiency averaged very near 50% for the entire study period.
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Since one of the townet sample series was always taken at the same time
and place as the vertical series with the Schindler—Patalas (S—P) trap, a sta-
tistical comparison of the two sampling methods is possible. The vertical se-
ries samples are summed over all depths and the mean number per liter of
each zooplankton type is obtained. This is compared with the mean of the
replicate vertical tows at the same station, If both methods are good, then
correlation between the vertical series and vertical tow means should be
strong and the relationship between them should be essentially the same for
all zooplankton types.

Scatterplots of abundance measured by townet versus abundance mea-
sured by S—P trap showed that a clumping of abundances in the lower ranges
would require log transformations in many cases prior to correlation analy-
sis. Log transformation was satisfactory to normalize the data whenever
transformation was needed.

Table 5-1 lists some major zooplankton types and the results of the corre-
lation analysis on these types. Except for calanoid adults and Chaoborus, all
abundances required log transformation. All correlations are very strong and
suggest that the slight departure from perfect correlation can be mainly ac-
counted for by counting variance and expected replicate variance at a single

Table 5-1. Correlation Coefficients () and
Slopes (a) for Best Linear Fit to the Relation-
ship between Abundance in a Vertical Tow
{X) and Abundance in a Vertical Series (})
When the Tow and the Series Are Taken at
the Same Time and Place

Species/stage r a
Cyclopoids

Nauplhii 0.93 [.02

Copepodids 0.83 0.94

Adults 0.82 0.97
Calanoids

Naupli 0.91 0.85

Copepodids 0.93 0.86

Adults 0.8¢ 1.85¢
Conochiloides 0.94 0.94
Diaphanosoma 0.85 0.91
Bosmina 0.94 0.88
Chaoborus 0.71 1.60%

¢ Non-normal variables were log transformed
prior to analysis. All variables except two (see
footnote £) required transformation. All relation-
ships are highly significant (# << 0.01, # = 53).

¥ Value. for untransformed variables, not ¢om-
parable 1o other o vales.

Counting 25

sampling site on the lake. The only possible exception to this is Chaoborus,
which is much more motile than the other species.

The slopes (¢) for best linear fit to the transformed variables are very
nearly uniform (== 0.95), suggesting that all species are captured with equal
effectiveness by the two methods. The standard error of the transformed
sfopes is always about 0.04. Table 5-1 provides some basis for speculation
that a detectable but small percentage of calanoids successfully avoids the
§~P trap. The effect is not large enough to be of any interest, however, The
value of & for untransformed variables should be very near 2.0, which corre-
sponds to the mean filtration efficiency of 50% as measured by the meter on
the townet, or to an a value of about 1.0 on transformed variables. The deter-
mination of best fit does produce the expecied o values, except for Chao-
borus, and this confirms the impression that escape in addition to that antici-
pated by the measure of townet filtration efficiency did not occur.
Chaoborus produces an a value slighty lower than expected, and the stan-
dard error of the slope (0.10) indicates that this is not a chance variation. The
implication of the lower ¢ value for Chaoborus is that the 5P trap is 80%
efficient on Chaoborus. This is probably explained by the escape of some
Chuaoborus through the bottom of the S-P trap before the lower door closes.

In the computations of abundance the S-P trap is assumed to be 100%
efficient for ali species and stages except Chaoborus, for which it is assumed
to have 80% efficiency. The townet is assumed to have 100% efficiency for
the volume of water actually filtered as indicated by the meter on the net.
These assumptions arc well strengthened by the foregoing analysis.

Counting

All samples were preserved immediately with Lugol’s solution. At the time
of counting, the sample was brought to constant volume (90 or 45 cm?,
depending on densities) and subsampled (1 em?®) with a4 wide-bore automatic
pipet which was filled and emptied vigorously several times prior to sam-
pling in order to disperse the specimens in the sample. Compatisons of the
numbers of zooplankton in a subsample with the total number in a sample
showed that the subsampling technique produced an unbiased estimate of
the mean and could therefore be considered a representative random sample
{Cassie, 1971). This was true for all species except Chaoborus, small shrimp,
and fish fry, which did not subsample adequately. Consequently abundances
of these ilems were always estimated on the basis of total counts rather than
subsamples.

The subsamples were placed in a tray with slots of exactly 1 em? capacity.
Counting was done with a stereomicroscope at 100x for small species and
64 x for larger ones. No fewer than two subsamples were ever counted for
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any species or developmental stage. For a species or developmental stage
whose count had not exceeded 100 by the end of the tabulation on the sec-
ond subsample, additional subsamples were counted up to a total of four. On
occasions when the calanoid adults were rare, the entire sampie was counted
for them, but this was not practical for the smaller species.

Table 4-1 gives a complete list of the species and stages that were distin-
guished in the counts. The table also shows the mean abundance of each spe-
cies and stage over the study period and the number of individuals counted
in an average week to obtain the abundance estimates for that week. Separa-
tion of stages differed some between the taxa according to life history pat-
terns. Major differences were as follows.

1. Copepods

As indicated in Table 4-1, it was possible to separate all of the
developmental stages of both the copepod species. This is usually
impossible due to the similarity of the developmental stages among
cyclopoids or calanoids of different species. Since only two very different
species needed to be distinguished in this case, there was no possibility of
interspecific confusion. Even so, distinctions between naupliar stages of a
given species were difficult to make and required construction of keys based
on animals reared in the laboratory. Although it was not possible to rear
either species all the way through development, the keys for both species
were verified through nauplius 5, which includes the most difficult stages.

In temperate lakes, advanced copepodid stages of cyclopoids often
undergo diapause in the mud (Hutchinson, 1967). This can create sampling
bias. In Lake Lanao, copepodids were never found in the mud. This is
consistent with findings for other warm lakes in which cyclopoids remain
planktonic throughout the life cycle (Ravera, 1954; Fryer, 1957a; Burgis,
1971). The counts are thus assumed to represent all developmental stages
fairly.

Adults of both species were distinguished on the basis of number of
urosomal segments and secondary sexual characteristics. By these criteria,
adult males always outnumber females, but this does not necessarily imply
that the sex ratio of actively breeding individuals is similarly out of balance.
There may be a difference between sexes in speed with which phenotypic
evidence of sex first appears.

2. Cladocera

No distinction was made between Diaphanosomea modigliani and D. sarsi in
the counts. For all cladocerans, eggs and embryos were tabulated separately
but are usually merged in the data analysis because the duration of
development is very short.

Size and Biomass Measurements 27

3, Rotifers

All adults were distinguished in the counts, as were the eggs of the two
Keratella species and Tetramastix. The eggs of Conochiloides, Hexarthra,
Polvarthra, and Trichocerca were not distinguished because of their
similarity and their tendency to become detached from the adult. The
number of eggs attributed to each of these four species is always assumed to
be proportionate to the relative abundance of adults. Because of the strong
numerical dominance of Conochiloides among these four species, the pooled
egg approximation does not have significant adverse effects on the data
analysis.

4. Chaoborus

Individual Chaoborus were always measured to the nearest 100 um. A
size-frequency distribution therefore supplements the total abundance data
on all dates.

Size and Biomass Measurements

Volumes were computed for all of the species and developmental stages
listed in Table 4-1. Mean length measurements, which exclude antennae
and setae, are recorded in Table 4—1. From the mean lengths and other mean
dimensions, clay scale models were constructed, and the volumes of these
models were determined by water displacement. The results are listed in
Table 4-1.

For both calanoids and cyclopoids, certain groups of stages proved to
have common length-weight relationships which are useful in the conver-
sion of individual lengths to weights. The equations describing these rela-
tionships are shown in Table 5-2. The equations predict the volumes of
scale models within about 5% of the measured volumes. It is clear from the
equations that the cyclopoids change shape between N6 and ClI, as might be
expected. The nauplii are rounder and thus increase in weight faster for a
unit of length. The N1 stage does not fit the general pattern, and a separate
slope for N1 cannot be calculated due to its narrow range of lengths, so this
stage is omitted from the equations. The NI stage is slimmer than other
stages as it emerges from the egg, and this accounts for its divergence from
the Iine. The male cyclopoid also has a slbmumer shape than the female and
the copepodids, and thus is omitted from the general equations for ¢cyclo-
poids.

Tropodiaptomiud nauplii have a shape very similar to Thermocyclops nau-
plii. The N1 stage is not divergent, however. As with Thermocyclops, a
change in shape occurs between N6 and CI, but the lengthening process ex-



28 Methods

Table 5-2. Relation of Wet Weight 1o Body Length in
the Developmental Stages of Cyclopeid and Calanoid
Copepods from Lake Lanao

Relation of length (m)

Taxon/stage to wet weight (ug x 109)
Thermocyclops

N2-N6 log (¥Y) = 2.416 fog x + 0.361

C1-Cs5, ¢ log (V) = 2,188 log x + .803
Tropodiapiomus

NI-N6 Jog (¥ = 2,304 fog x + 0.612

C1-C3 log (¥y = 1.086 log x + 3.84

C4-C5, &, ¢ log (¥} = 2.374 log x + 0.295

tends over three stages (CI-CIII) rather than one. The last copepodid stages
and adults are uniformly more rounded and the male is not markedly diver-
gent in shape,

The length—weight relation for Chaoborus was already known (Lewis,
1975). Table 4—1 reports mean total length for the year. Because Chaoboris
varies so greatly in size (4-300 ug wet weight), the mean weight in Table
4-1 is computed as the average of all individual weights rather than as the
weight of an individual of average length.

8
Chapter 6
Spatial Distribution of the
Zooplankton

The analysis in the chapters which follow is conducted as if the zooplank-
ton community in the vicinity of stations 1 and 2 (Fig. 2—1) were typical of
the entire plankton environment of Lake Lanao. As indicated in Chapter 5,
the extended time series of weekly samples is an average from two stations
I km apart in order to minimize the effect of tocal horizontal spatial varia-

‘tion. In addition, multiple samples were taken at each station each week to

minimize any effect of patchiness on very small distance scales. The final
averages on which all the dynamic analysis is based thus typify specifically
that portion of the lake near the 50-m contour where stations 1 and 2 are
located (Fig. 2—1). The extent to which this portion of the lake is representa-
tive of the entire plankton environment can be judged on the basis of the
following summary of spatial analyses which have been developed more ex-
tensively in previous publications (Lewis, 1975, 1977a, 1978c¢, 1979). In addi-
tion, the vertical distribution of the zooplankton is worthy of some brief
treatment here.

Vertical Distribution

In the vicinity of stations 1 and 2 at least some depletion of oxygen concen-
trations below a depth of about 20 m is quite common during the stratifica-
tion season, especially when the development of temporary thermoclines re-
stricts active mixing to the uppermost part of the water column (Fig. 6--1).
Complete oxygen depletion is of course most likely near the mud-water in-
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Figure 6-1. Variation in the oxygen concentration near the bottom of Lake Lanao
at station i, near the 50-m coniour, showing the changes in suitability of the lower
water column for oxygen-requiring zooplankton (1970-71).

Table 6-1. Weighted Mean Position in the Water Column of Lake Lanao Zoo-
plankton from Station 1 Near the 50-m Contour*

Weighted
mean depth (m)

Species/stage Day Night Day-night (m)
Copepods
Thermocyclops nauplii 21.6 18.6 3.0
Thermocyclops copepodid /aduit 19.2 16.6 2.6
Tropodiaptomus nauplii 18.5 [6.0 2.5
Tropodiaptomus copepodid fadult 21.6 17.6 4.0
Cladocera
Diaphanosoma 19.8 13.4 6.4
Moina 1.0 18.7 0.3
Bosmina 20.5 14.2 6.3
Rotifers
Conochiloides 16.5 14.2 2.3
Hexarthra 19.3 12.2 7.1
Polyarthra 16.8 16.4 0.4
Keratella procurva 16.8 11.2 5.6
Kerarella cochlearis 20.3 19.0 1.3
Trichocerca 17.2 [3.3 39
Tetramastix 16.8 16.8 10.0
Chaoborus
Instar [ 21.7 [7.6 4.4
I 31.8 211 10.7
11 40.3 16.8 23.8
JAY 42.6 19.9 22.7

@ Data are averages based on vertical profiles taken weekly between September 1970 and
October 1971, Daytime samples were taken between 0930 apnd 1130/ and night samples were
taken between 1900 and 2000 4.
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terface. Because of the potential for oxygen depletion and drastically re-
duced phytoplankton abundances below the circulating layer (Lewis,
1978e}), the deeper portion of the water column is unsuitable as a permanent
habitat for zooplankton herbivores in Lake Lanao. Most of the zooplankton
species do show some tendency to seek deeper water during the day,
however, as indicated in Table 6-1. Vertical migration is of course ex-
tremely widespread among the freshwater zooplankton (Hutchinson, 1967),
and a general tendency toward nocturnal upward movement such as that in-
dicated in Table 6-1 is by far the most common pattern.

The difference in migration amplitudes between zooplankton species and
developmental stages imparts a definite vertical spatial organization to the
zooplankton community which probably is of some ecological significance.
For example, the Chaoborus population is vertically arranged during the
daytime in a remarkably uniform pattern resulting from a close relationship
between mean depth in the water column and body size (Fig. 6-2). This day-
time pattern probably results from a balance between the advantage of seek-
ing highest prey densities toward the middle and upper portions of the water
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Figure 6-2. Weighted mean annual depth on the water column of Chaoborus larvac
as a function of sizeDaylime data are based on 47 weekly or biweekly abundance-
depth profiles and nighttime data are based on 20 biweekly profiles. Instar divisions
are shown on ihe upper abscissa, Standard length times 2.0 equals total length.
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colamn and the advantage of seeking the best refuge from fish predation in
the lower portion of the water column (Lewis, 1975, 1977a). Since the largest
organisms are subject to more intense predation from fish, the balance of
these two pressures would dictate a distribution of size with depth similar to
that shown in Figure 6-2. At night the Chaoborus spatial structure breaks
down, as indicated in Figure 6-2, presumably because of the reduced danger
from predators that rely on visual cues.

The herbivore species all have migration amplitudes which are less than
that of large Chaoborus, but most do show a considerable difference
between day and night distributions (Table 6-1). There is some variation
through time in the migration amplitudes of individual species and stages.
The daytime position of Chaoborus, for example, is statistically related to
the oxygen profile (Lewis, 1975). The basic migratory pattern indicated in
Table 61 persists, however, despite some variations in amplitude and dis-
persion.

Multiple factors probably account for daily redistribution of the commu-
nity. Predation is strongly indicated in a number of studies as a general evo-
lutionary cause for migration (Zaret and Suffern, 1976). Predation is relevant
to vertical distribution of Lake Lanac herbivores because of the heavy
losses of herbivores to Chaoborus. Similarly, the losses of Chaoborus to fish
predation must be related to vertical distribution of Chaoborus. Vertical sep-
aration enforced by resource-based competition of the type discussed by
Lane (1975) may also contribute to the differing vertical distributions and mi-
gration amplitudes, but this is difficult to demonstrate. Vertical spatial segre-
gation of species is not very greal among the herbivores (Table 6-1), and
herbivores show little evidence of taxing the food supply, as will be demon-
strated in the analysis of community dynamics.

Horizontal Variation: Fixed Patterns

Horizontal spatial variation can be divided into a fixed component and an
ephemeral component. These components have been separated for the Lake
Lanao zooplankton by analysis of variance procedures (Lewis, 1978¢). The
fixed component of horizontal spatial variation is associated with temporally
stable differences between stations. Such temporally stable differences
might result from fixed abundance gradients of various kinds or from fixed
patches. In contrast, the ephemeral component of horizontal spatial varia-
tion {so named by Platt and Filion, 1973) is a spacc-time interaction, i.c.,
ephemeral horizontal variation is horizontal patchiness which changes ran-
domiy through time.

Because Lake Lanao does not have any major point sowrces of pollution
or other important kinds of externally enforced heterogeneity, the fixed
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component of spatial variation is considerably less than the ephemeral com-
ponent. A statistically detectable and quantifiable fixed component of spatial
variance does exist, however. A quantitative examination of this fixed com-
ponent of horizontal spatial varjation for Lake Lanao showed that it is
caused by temporally stable trends in the species composition of the zoo-
plankton community related to depth of the water column (Lewis, 1978c).
Although these trends are moderate in magnitude, they are biologically sig-
nificant and are also revealing of the processes which control community
structure in Lake Lanao.

The trends which showed up in the studies of zooplankton horizontal spa-
tial distribution are expressed in relative terms in Figure 6-3. Cyclopoids of
all developmental stages show a strong positive relationship between abun-
dance per unit area and depth of the water column, as do all four instars of
the primary carnivore Chaoborus. All of the other zooplankton, including

Primary
Carnivores Herbivores
{Chavborus)
B — Instar iV —=— +20 —
% per 10 m

- ]6 —

P 12 -
Instar [ — <— Cyc Adult
tnsfar II, 11l —| 8 .| Cyc Copep
< Cyc Naup

Abundance increasing B 4 7]

toward midiake
—_— 0 <— Cal Copep
Abundance decreasing
toward midlake L 4 Conochiloides
. <J,Ccl Naup
- - Cai Adult,
< Diaphanosoma
B 12 N Bosmina
N 6 Moina
— L. ._20 -
%Y per 10m

Figure 6-3. Temporally stable abundance gradients in major Lake Lanao zooplank-
lon species and stages. Species and stages are arranged on a scale of percentage in-
crease or decrease in abundance per unit area for each 10-m change in the depth of the
water cofumn between the 25-m contour and midiake (110 m). Herbivore gradients
can be explained on the basis of primary carnivore gradients,
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calanoids, cladocerans, and rotifers, show negative depth—abundance rela-
tionships (i.e., they decrease in areal abundance toward midlake). The abun-
dance gradients range in intensity but are especially strong for cladocerans
{Fig. 6-3).

Since no temporally-stable nufritional gradients exist for herbivores in the
limnetic zone, moriality mechanisms are implicated as causes for the gradi-
ents. The main herbivore mortality is attributable to Chaoborus. The feeding
rates, abundances, and feeding selectivities of all Chaoborus instars were
used to calculate potential predation losses as a percentage of the stock of
each prey type assuming an average community structure for the herbivore
prey. These computed losses had a significant slope when regressed against
depth, indicating the existence of predation gradients for individual herbi-
vore species and developmental stages (Lewis, 1979). The predation gradi-

ents showed statistically significant negative relationships to the observed |

abundance gradients of herbivores. Strong evidence was thus established for
the maintenance of herbivore abundance gradients by predation. The preda-
tion of primary carnivores {Chaoborus) on herbivores appears to be respon-

sible for an unexpected amount of fixed pattern in zooplankton community

structure.

If patterns in community structure of herbivores can be explained on the :
basis of patterns in primary carnivore distribution, some explanation must .
be sought for patterns in the distribution of primary carnivores. As will be .

shown in subsequent chapters, Chaoborus mortality is extremely heavy and
can be accounted for almost entirely by fish predation. As one moves from

the edges of the plankton environment in some 20 m of water toward the -

middle of the lake where the water column is over 100 m deep, the extent
and quality of the deep-water refuge for Chaoborus becomes greater. In
shallower water, an anoxic or low-oxygen refuge that might be difficult for
fish to exploit is present only over short portions of the year. More central
portions of the lake offer such a refuge from fish predation for a greater por-
tion of the year and also offer water of greater depth, which may itself be
valuable protection from fish. The gradient of conditions appears to be
especially critical for the largest Chaoborus. Instar 1V Chaoborus are ex-
tremely rare as one approaches the littoral zone and there is a generally in-
creasing abundance of all Chaoborus instars toward midlake (Fig. 6--3). It
seems highly likely that this pattern is established and maintained by fish
predation, which falls most heavily on advanced Chaoborus stages.

In summary, fixed horixontal spatial variations do occur in the structure of
the zooplankton community in Lake Lanao. The year-round average struc-
ture at any particular location in the lake will thus depend on the depth of the
water column at that location. A dynamic analysis based on samples taken
around the 30-m contour is typical only in the strictest sense of events which
occur approximately midway along the gradient of community structure
with depth. The factors affecting community structure and energy flow mid-
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way along the community structure gradient are likely to be in principle the
same throughout the community, however,

Horizontal Variation: Ephemeral Patterns

The ephemeral component of spatial variation has been generally empha-
sized in plankton biology because the establishment of moving water masses
with discrete chemical and biological characteristics seems intuitively to be
the most likely source of variation in the horizontal plane. In Lake Lanao,
ephemeral horizontal variation is indeed more important quantitatively than
is the fixed component of variance, but it remains to be seen whether the
biological significance of the ephemeral component is really greater.

The most intuitively meaningful expression of ephemeral variation is a rel-
ative one. Table 6~2 shows ephemeral horizontal spatial variation in the
abundance of zooplankton herbivores in relation to temporal variation as de-
termined by a components of variance procedure (Lewis, 1978c). The com-
ponents of variance procedure merely uses analysis of variance methods to
split up the total variance in a space-time data matrix into (1) variance
through time, (2) spatial variance that is stable (fixed) through time, (3) spa-
tial variance that is changing (ephemeral) through time, and (4) error vari-
ance. Table 62 simply reports the ratio of ephemeral spatial variance (com-

Table 6-2. Ratio of the Ephemeral Component of Hori-
zontal Spatial Variation to Total Temporal Variation®

Ratio of ephemeral
spatial variance to total

Species/stage temporal variance

Copepods

Thermocyetops nauphi 0.13

Thermocyclops copepodids 1.02

Thermaocyclops aduits 1.33

Tropodiaptonus nauplii 0.74

Traopodiaptomus copepodids 0.56

Tropodiaptonus adults 0.67
Cladocerans

Diaphanosome 2,43

Moinc 3.97

Bosmina 0.25
Rotifers

Conochiloides 0,48

“ Variange components were computed from numbers of
organisms per unit area in samples taken over the entire range of
annual conditions af multiple stations transecting the lake.




36  Spatial Distribution of the Zooplankion

ponent 3} to temporal variance (component 1} to show the relative
importances of the two.

Ephemeral spatial variation is considerably less than total temporal varia-
tion for most Lake Lanao herbivores. The large cladoceran species (Dia-
phanosoma, Moina) are a striking exception, however, as the extent of
ephemeral variation is much greater in these species. The differences
between species in relative importance of ephemeral spatial variation may
be related to differences in adaptive strategies for existence in the plankton
zone (Lewis, 1978c¢).

Replicate sampling at each of two stations 1 km apart provides the basis
for dynamic analysis, as indicated in Chapter 5. Use of weekly averages
from such a sample set reduces the interference of ephemeral spatial varia-
tion in the analysis of dynamics. In addition frequent sampling over an ex-
tended time interval reduces the relative importance of ephemeral spatial
variation in obscuring temporal trends. Ephemeral spatial variation does add
to the background noise in the data set, however, and may thus obscure very
weak temporal trends,

Overview of Horizontal Variation

So little quantitative information on horizontal spatial variation is available
that it is difficult to generalize about the relative importance of horizontal
spatial variation in the Lake Lanao zooplankton community as compared
with other temperate and tropical plankton communities. Clearly the lake is
large enough to develop some significant patchiness but not so large that dis-
crete water masses with lengthy independent histories are routinely estab-
lished, as they often are in marine environments (Parsons et al., 1977). The
action of wind on the upper water column maintains a plankton environment
of surprisingly great homogeneity in Lake Lanao.

The fixed horizontal pafterns in community structure within the plankton
zone were unexpected but provide a welcome means for independent confir-
mation of the important role of predation in controlling community struc-
ture, as will become evident in later chapters. Several cases of fixed horizon-
tal pattern in a single species based on predation have been documented
(Green, 1967; Zaret, 1972; Kerfoot, 1973), but temporally stable gradients in
the structure of entire communities based on water column depth and main-
tained by predation have apparently never been quantitatively demonstrated
in other lakes, although numerous investigators may have suspected their
existence.

Hphemeral variation, although studied to a much greater extent in various
community types (Margalef, 1958; 1967; Platt et al., 1970; Platt and Denman,
1975; Powell et al., 1975; Wiebe, 1970}, varies enormously according to the
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physical and chemical characteristics of the habitat and thus resists general-
ization. Certainly many freshwater and marine systems are patchier in an
ephemeral sense than Lake Lanao simply because the conditions in Lake
Lanao act against the development of enduring isolated subsystems in the
plankton zone. The exact biological importance of ephemeral spatial varia-
tion in the Lake Lanao system or in zooplankton communities in general is
extremely difficult to judge even on the basis of quantitative information. It
seems likely, however, that both herbivores and predators are adapted to the
existence of patchiness in plankton environments and that evidence will
eventually be found of such adaptations in the demographic characteristics,
morphology, or behavior of zooplankton organisms.
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Chapter 7

Zooplankton Abundance Trends

. Y

Figures 7-1 and 7-2 give an overview of temporal abundance patterns in
Lake Lanao zooplankton. Figure 7—1 shows how the three major trophic
levels respond to major seasonal and nonseasonal variations in abiotic fac-
tors.

Total phytoplankton biomass as shown in Figure 7-1 is very closely cor-
related with phytoplankton production, which is in turn under the control of
nutrient availability, light availability, and turbulence. The seasonal circula-
tion period is unfavorable for phytoplankton because of the depth of circula-
tion, which limits light availability. The seasonal biomass depression is
evident in Figure 7—1. At other times of the year (e.g., June 1971} declines in
phytoplankton biomass are associated with depletion of inorganic nitrogen
(Lewis, 1974). 1t is clear from Figure 7-1, however, that the degree of an-
nual fluctuation in total phytoplankton biomass is much less than would be
expected in temperate lakes and that substantial amounts of phytoplankton
biomass are present even under the worst conditions of light limitation or
nutrient depletion.

Figure 7-1 also shows that total herbivore biomass seldom exceeds total
phytoplankton biomass. The annual mean ratio of phytoplankton to zoo-
plankton biomass (P/Z ratio) is 1.47. This is in the upper portion of the range
reported by Ruttner (1937) for a series of Alpine lakes (06.07-2.1).

An extended series of phytoplankton—zooplankton comparisons was done
by Nauwerck (1963} on Lake Erken, Sweden. The mean P/Z ratio he reports
(0.18) is far below the ratio for Lake Lanao, suggesting some major contrasts
with Lanao. Actually the differences are probably not nearly so great as they
appear, as Nauwerck’s values for zooplankton biomass seem to be overesti-
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Figure 7--1. Abundance of phytoplankton, total herbivores, and primary carnivores
at weekly intervals in Lake Lanao. Primary carnivore curve has been slightly
smoothed (moving average of 14 days).

mates. Eudiaptomus graciloides, which accounts for more than half the
standing crop in Erken, is estimated at 2 x 102 pwm?® per adult, or 200 ug wet
weight, by Nauwerck. Although the lengths are not given, the same species
in Lake Esrom ranges between 575 and 625 um (head and thorax only,
Bosselmann, 1975). Assuming an average of 600 um for adults, the curves

‘of Bottrell et al. (1976), which agree with the data of Table 4—1, would indi-

cate a wet weight of only about 35 ug for E. gracileides, or about one-sixth
of the value Nauwerck used in his estimates. Nauwerck’s copepodid and
cladoceran weights seem similarly high, so the true P/Z ratio is probably
much higher than his estimate. Unfortunately, too few exhaustive studies
of the type done by Nauwerck on Erken arc available to show whether the
P/Z ratio of Lanao is unusual or not.

Figure 71 shows that the ratio of phytoplankton to herbivore biomass in
Lake Lanao is only infrequently less than 1.0. In addition, phytoplankton
biomass turnover always exceeds herbivore turnover by a wide margin. To-
gether these facts suggest that L.anao herbivores may leave major portions of
the phytoplankton uneaten. Approximations of grazing rates of Lanaoc herbi-
vores {Lewis, 1978b) have in fact shown that the herbivores probably do not
eat more than 109 of the total annual primary production. There is neverthe-
less some correspondence between the amount of herbivore biomass and the
amount of phytoplankton biomass, suggesting that phytoplankton density or
quality affects herbivore growth even though the herbivores do not ingest
the majority of primary production. This matter will be considered in some
detail in chapters dealing with the growth control of herbivores.

Although changes in herbivore abundance tend to be less abrupt than
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Figure 7-2.  Abundance of all berbivore species exceptl the rarest rotifer species
(Trichocerca) at weekly intervals over the study period. Lines run just above estima-
tion limit marker when individuals were counted in such low numbesrs as to make
abundance estimation unreliable. Complete absence of a species from samples is indi-
cated by termination of its line at the estimation limit,
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changes in phytoplankton abundance owing to the greater amount of inertia
in the herbivores, the suboptimal conditions of the seasonal circulation
period are definitely reflected in the herbivores as well as in the phytoplank-
ton (Fig. 7-1). This is not so true, however, of the periods of nutrient deple-
tion, which place the phytoplankton community under great stress but do
not always result in a reduction of herbivore biomass.

The primary carnivore level in the open water plankton communify of
L.ake Lanao is limited almost entirely to Chaoborus. Figure 7—-1 shows the
variation in abundance of Chaoborus in comparison with the abundance of
its herbivore food items. There is no identifiable relationship whatever
between the abundance of Chaoborus and herbivores, suggesting that carni-
vores are not particularly sensitive to variation in food abundance. This also
will be considered in some detail later.

Figure 7-2 gives more detailed information on the temporal trends in her-
bivore species. All the Lake Lanao species except the rarest rotifer (7richo-
cerca) are represented in the figure.

It is clear from Figure 7-2 that the two copepod species have closely re-
lated ecological reguirements. The cyclopoids in particular maintain a
remarkably steady biomass over the course of the year. The exact reasons
for peaks and declines in either species are not obvious and will require sta-
tistical evaluation, however.

All of the major rotifer species are in general adversely affected by the
onset of seasonal circulation, but Conochiloides, which is easily the domi-
nant rotifer, shows full recovery immediately following full circulation
whereas the other species do not. There is a pronounced instability in the
Conochiloides population immediately following recovery from circulation,
however, which is not characteristic of the population the rest of the year.
All of the major rotifer species thrive during periods of severe nutrient deple-
tion when phytoplankton biomass is on the decline.

Among the rare rotifers, Keratella cochlearis 1s anomalous in failing to
show an immediate negative response to seasonal circulation. The popula-
tion patterns of the Keratella procurva are considerably different despite its
morphoelogical similarity to K. cochlearis.

Among the cladocerans, Diaphanosoma is unique in its ability to maintain
relatively high abundances at all times of the year except during the circula-
tion period. The other two species pass through extended periods of extreme
rarity but at certain times of the year show pronounced abundance peaks.

As described in Chapter 3, the phytoptankton community passes through
a successional sequence several times per year in connection with changes
in depth of mixing. The complexity of the biomass variations in herbivore
species is such that it is impossible to tell by simple inspection of Figure 7-2
whether there is any corresponding successional trend in zooplankton herbi-
vores. Statistical analysis of the factors which control growth and reproduc-
tion will allow consideration of successional sequences.
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Chapter 8

Zooplankton Development
Rates

- J

Cyclopoids

Burgis (1970, 1971) has studied the development time for eggs of Thermaocy-
clops hyalinus from Lake George, Uganda, in considerable detail. Since
pilot experiments on the development of eggs from Lanao indicated very
little difference between the Lake Lanao and Lake George populations in
this respect, no comprehensive experiments were necessary. Six indepen-
dent faboratory determinations based on the observation of groups of three
ovigerous females i graduate cylinders indicated a mean development time
of 47.7 h at 23°C for the Lanao population. Given the mean development
rate reported by Burgis (1970) and the linearity of the time reciprocal with
temperature over the range 20-30°C, the Lake George population would be
expected to show a development time of 44,6 h under similar conditions, and
the generalized relationship given by Schindler (1972) would predict a de-
velopment time of 51.5 h. These estimates are in sufficiently close agree-
ment that the differences could easily be due to experimental techniques.
The temperature—development rate relation of Burgis is therefore adopted
here.

‘The variation of temperature with depth and time has been a serious
source of error in studies of zooplankton production (Prepas and Rigler,
1978). Fortunately, Lake Lanao varies little in temperature. The mean tem-
perature of the water column at station 1, excluding the top 2 m, in which
there is a large diel heat exchange, ranged over the study period between
24.3°C (March 1971) and 26.5°C (September 1970). Although the animals mi-
grate through a thermal gradient at some times of the year, the gradient is
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typically less than 2°C and is most often less than 1°C (Lewis, 1973a). This
yertical gradient will be ignored in the calculations as it is unlikely to cause
an error of more than 5% in the development rate calculations. The seasonal
maximum and minimum temperatures averaged over the water column cor-
respond to egg development times of 40.0 and 34.3 h. Thus a development
time of 37 h based on annual mean temperature would be in error by less
than 10% at the extreme, and can be used in all computations.

The mean egg size reported in Table 4-1 (57 um) suggests that the eggs of
the Lanao population were smalley than those of the Lake George popula-
tion (76 um, Burgis, 1971). This difference is only apparent, as the Lanao mea-
surement is based on the diameter of the yolky portion of the egg. The outer
membrane separates from the yolk (also noted by Burgis, 1970}, and thus
increases the apparent diameter of the egg. If the membrane is measured
rather than the yolk, then the mean for the Lanao population is 72 um, which
is much closer to the diameter reported by Burgis for Lake George.

Laboratory rearing of T. fivalinus was possible for short periods but not
for long periods, Even if rearing were possible, it would provide an unreli-
able estimate of development times for the instars because realistic condi-
tions are almost impossible to maintain. A cohort analysis was therefore
adopted as the means for estimating the length of developmental stages be-
yond the egg. The analysis was done by a method similar to that of Rigler
and Cooley (1974), as follows.

. L. Distinctive cohorts were identified (Fig. 8-1). Only cohorts spanning
several weeks were used so that the sampling interval would have mini-
mum effect on the analysis.

2. The temporal “‘center of mass” for a cohort {(i.e., its time average
weighted by abundance) was determined as follows:

! !
T =% aplinl 3 i
i=f =t

where f is the number of the first time interval spanned by the cohort at
stage k (1 interval = 7 days), { is the number of the last mterval
spanned by the cohort at stage &, 4, 1s the abundance of stage & in in-
tervali, ;. is the number of the ith interval spanned by stage &, and T,
is the location along the time axis of the center of mass for the cohort.

3. The time between midpoints of developmental stages was computed as
the difference between T for various values of k.

4. Rigler and Cooley made separate calculations of the duration of cach
instar. For the Lanao data, instars were grouped as follows for pur-
poses of calculation: N1-3, N4--6, CI-I11, C1V-V. This is more prac-
tical due to the fast pace of development and sharpness of peaks of
Lanao populations. The differences in 7, values for two of these com-
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posite groups is taken as the time required for development from the
temporal midpoint of one composite to the temporal midpoint of the
next. Thus if &k = 1 represents composite N1-N3, and k = 2 represents
N4-N6, then I, — T, is an estimate of development time over the in-
terval N2.5 — N3.5, whose midpoint is the beginning of instar N4. The
interval is 3 instars long, thus the duration of instar 4 is computed as
(Ty ~ T}/3. This assumes that adjacent instars require similar develop-
ment times. The more complex iterative procedure of Rigler and Coo-
ley avoids this assumption to some extent, but introduces other prob-
lems arising from uneven mortality. Since it can be shown in the
laboratory that adjacent developmental stages do in fact generally have
very similar development times, the simplification seems justified.

Development time is plotted against instar number (Fig. 8-2} and a

smooth curve is drawn through the points. Development times of all
instars can be read from this curve. Because instar N1, which does not

Cyclopoids
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Figure 8-2. (A) Devé]opmen[ time plotled against instar for cyclopoid copepods.
Separate curves are drawn for three cohorts representing different portions of the
study period. (B} Growth rate per day plotled against instar.
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feed, often has a development time much shorter than other naupliar
stages (Comita, 1972; Rigler and Cooley, 1974), newly hatched N1 cy-
clopoids were observed in the lab so that a separate estimate could be
made for this instar. Development time averaged 0.9 days, and this is
added to the graph in Figure 8-2.

As indicated by Rigler and Cooley, the computations are subject to certain
errors, particularly if mortality is uneven through time for a particular co-
hort. The method nevertheless provides the most rational reconstruction of
the life history of copepod field populations.

The general life history pattern of Thermocyclops in Lanao is similar to
that of the same species in LLake George insofar as the naupliar stages are
shorter than the copepodid stages (Burgis, 1971). The developmental pattern
for the Lanao population is also very similar to the one documented by Rey
and Capblancg (1975) for Mixodiaptomus in a coldwater lake, as the stages
are of nearly equal duration until CIII.

Burgis (1971) reports development times for Thermocyclops in Lake
George of approximately half those given in Figure 8-2 for the Lanao popu-
lation. Individuals from the Lake Lanao population are 5 to 109 shorter and
weigh at least 209% less than Thermocyelops from the Lake George popula-
tion (Table 4-1 and Burgis, 1974), so the differences in development rate
cannot be explained on the basis of size differences. Thus while the life his-
tory pattern for Thermocyclops appears to be rather standard, development
rates seem to differ considerably even between lakes of similar temperature.

Burgis determined development rates by two techniques. Animals were
reared in the laboratory to provide one estimate, and a second estimate was
derived from the ratios of numbers of individuais in various stages using the
assumption that mortality was uniform across stages. Both methods could
be questioned, but their agreement tends to confirm her estimates. Cohort
analysis was not possible for Burgis because the population was too stable.
In Lake Lanao, the assumption of equal predation across instars is
impossible owing to marked selection of copepodids over nauplii by Chao-
borus, the dominant predator (Lewis, 1977a). In fact the ratio of nauplii to -
copepodids is approximately 4: 1 in Lanao, whereas Burgis reports a ratio of .
approximately 1:1 in Lake George. The predation pressures on the Thermo-
cyclops populations in these two lakes thus appear to be very different and
require different approaches in the determination of development rates.

Slower development of Lanao Thermocyclops probably cannot be attrib-
uted to temperature even though l.ake George is slightly warmer than
Lanao. Food is one possible explanation, and a second is the operation of :
selective pressures to mold the life cycles to the individual characteristics of
the lakes, thus causing divergence. These factors cannot be separated here.

Development times of the three Thermocyclops cohorts shown in Figure
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§--2 differ considerably. Although zooplankton development rates are for
purposes of calculation commonly assumed to be stable through time, varia-
tions in development rate are quite likely to occur in nature as conditions
change in a lake, Some portion of the variation between cohorts in Figure
8--2 may be due to inaccuracics in the assumptions and calculations, but the
curves do not cross each other and are thus internally consistent and sugges-
tive of actual changes in development rates between cohorts rather than a
random pattern of inaccuracies caused by calculation errors.

The differences between cohort development rates will be assumed real
and will thus be carried into the production computations. The three cohorts
do not cover the entire study period, so some extrapolation is required. The
study period is divided into three major growth periods (Fig. 8-2), and each
cohort is assumed to typify the period within which it lies.

Given the duration of each instar (Fig. 8—2) and the mean weight of orga-
nisms in the instar (Table 4—-1), it is possible to compute the growth rate of
each instar for the three cohorts. The assumption is made that within each
instar, individual growth is exponential (a satisfactory approximation for a
short time interval). Thus for a time interval r (days),

_InW -InW,

¥ /

where W, is the weight of an average organism at the end of the interval r, W,
is the weight at the beginning, and g is the instantaneous growth rate (pro-
portion per day).

" Values of g were determined from time intervals and weight changes cor-
responding to the spans between midpoints of adjacent developmental
stages. Adjacent values of ¢ were then averaged to obtain an approximation
of the growth rate of the instar spanned by the two adjacent time intervals.
The values of g, expressed as percentage/day, are shown in Figure 8~2. The
calculations were separate for each cohort because the development times
differ between cohorts. A smooth curve was drawn through the points.
Growth rates used in later computations will be taken from this curve. The
scatter of points about the curve is due principally to variance in weight esti-
mations, especially within the smallest instars.

The computations involve several sources of error, Aside from the errors
ittherent in the determination of instar durations, the use of average weights
ignores possible weight differences in a given instar on different dates, and
any asymmetrical distributions of weight or weight gain within instars.
Marked seasonal changes occur in the weights of given instars in temperate |
lakes, particularly if one cohort overwinters (e.g., Bossehmann, 1973). No
marked body size changes occurred in the Lanao populations, however,
hence assumption of constant weight for given instars is not as misleading as
it would be for some temperate lakes.
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Figure 82 shows that growth rate declines substantially in older instars,
as might be expected, and levels off at about 109 per day.

Calanoids

The development time of Tropodiaptomus eggs was studied in the laboratory
by a method identical to that used for Thermocyclops. The mean develop-
ment time of the eggs at 23°C was 50.0 h. No extensive studies are available
of the relationship between development time and temperature in tropical
freshwater calanoid species. It will be assumed for present purposes that the
relationship between development time and temperature is identical to that
used for Thermocyclops. Given this assumption, the development time for
calanoid eggs at mean lake temperature would be 38.6 h. This figure will be
used in all the computations. The summary curve presented by Bottrell et al.
(1976, Fig. 13) for composite calanoid data from the literature predicts a de-
velopment time of 41 h and is thus in good agreement with the assumptions.

The duration of the developmental stages was determined by cohort anal-
ysis identical to that used for Thermocyclops. Figure 8-3 shows the three
cohorts that were used in the analysis. Figure 8—4 shows the development
times for all instars as obtained from the cohort analysis. The development
time of the N1 stage was determined in the laboratory (0.7 days).

The points for cohorts I and 2 fit smooth curves whose shapes are much
the same as the curves obtained for Thermocyclops (Fig. 8-2). Cohort 3,
however, is irreguiar, and thus creates some problems in constructing the
curve. The final approximation assumes that the curve shape is similar to
that of other cohorts.

The development of Tropodiaptomus is anexpectedly rapid by compari-
son with the development of Thermaocyelops. Tropodiaptomus is consider-
ably larger, but nevertheless matures as rapidly or more rapidly than Ther-
mocyclops. Although comparisons with other tropical calanoid populations
are not possible, Tropodiaptomus in Lake Lanao develops at only a slightly
faster pace than Endiaptomus in Lake Erken (Nauwerck, 1963). Since Tro-
podiaptomus in Lake Lanao is smaller than Eudiaptomus in Lake Erken,
and since Tropodiaptomus is growing at a considerably higher temperature,
it is not unreasonable that the development time should be shorter. The
rapid development of Tropodiaptoruis in Lake Lanao is thus consistent with
development of certain temperate populations. The ecological explanation
for shorter development times in Tropodiaptomus than in Thermocyelops is
not obvious.

Figure 8-4 shows that the calanoid growth rates decline with size, as do
those of Thermocyclops, but the decline is not so steep and the curve shape
differs, as there is a considerable drop in growth rate in the last instar. The
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Tigure 8-3. Changes in abundance with time of developmental stages of Tropodiap-
fomus gigantoviger in Lake Lanao. The three cohorts selected for fife history analy-
sis are indicated with vertical dashed lines,
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Tigure 8-4. {A) Development time plotted against instar for calanoid copepods.
Separate curves are drawn for three cohorts represeating different portions of the
study period. (B) Growth rate per day plotted against instar.

growth rates of the youngest instars are below those of the same cyclopoid
instars, but growth rates of the later instars equal or exceed those of the cy-
clopoids.

Chaoborus

The development rates of the four instars of Chaoborus larvae were deter-
mined by a cohort analysis similar to that used for copepods. Figure 8-5
shows the seasonal patterns of abundance in the four instars and the three
cohorts that were identified for analysis. It is clear from Figure 8~5 that the
abundance patterns are much more irregular than for copepods. This is
caused by large fluctuations from week Lo week in the egg-laying success of
emerging adult Chaoborus (cf. McGowan 1974).
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Figure 8-5. Changes in abundance with time of developmental stages of Chaoborus
in Lake Lanao. The three cohorts selected for life history analysis are indicated with
vertical dashed lines.

The Chaoborus were measured individually, so it would have been
possible to plot the abundance of 53 different size classes as a function of
time. This is not a productive approach for cohort analysis, however, since
the pace of development is quite rapid and the abundance patterns conse-
quently vary radically from one week to the next. The population is instead
split into instars based on size. The relationship between length and size for
the various instars’is discussed in detail elsewhere (Lewis, 1975).

The cohort analysis vields estimates of Ty, the temporal center of mass for
kth instar. The method by which the duration of instars was obtained from
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the 7, values is slightly different than in the copepod cohort analysis because
only four instars are involved. The approximations are as follows:

D,=T, T,
D, = D, + (é:; - 1)
py=Detaz 1o
Dy=T, ~ T,

where D, indicates the development time of instar k. If the duration of in-
stars increases toward the terminal instar, this method will tend to overesti-
mate [, and underestimate ,. The data will show, however, that the instars
do not differ greatly in duration, so the effect of the error is not great.
Figure 86 shows the development time for the four instars of the three
cohorts identified in Figure 8-5. It was not possible to identify the fourth
instar of cohort 1 with any certainty because of the low abundances of instar
four during late 1970, so the fourth point is omitted for cohort 1. In general,
the development times of the three cohorts are surprisingly simifar and show
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Figure 8-6. {A) Development time plotted against instar for Chaoborus. Separate
curves are drawn for three cohorts representing different portions of the study period.
(B) Growth rate per day plotied against instar,
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simitar trends. There is a tendency for the development time of the first and
Jast instars to be slightly higher than for the intermediate instars.

The weight change in the course of cach instar is known from the length-
weight relationship for Chaoborus {(Lewis, 1975). Given this relationship and
the data in Figure 8-6, it is possible to approximate the instantaneous
growth rate per day on the assumption that growth rate within instars is ex-
ponential. The result of this calculation is shown in Figure 8--6. The points
for the three cohorts are so close together that a single curve will be used to
represent all three cohorts. The curve shows that the relative growth of the
first instar organisms is considerably more rapid than that of later instars.

Few studies are available which might serve as a basis for evaluating Fig-
ure 8—6. Studies done by Cressa (1971} on a tropical Chaoborus population
suggest development times of approximately 30-45 days, and MacDonald’s
(1956} data for Lake Victoria are similar (47—62 days). The data of Comita
(1972) suggest complete development of a temperate Chgoborus population
over a period as short as 14 days. Unpublished studies by J. F. Saunders
{personal communication) on Lake Valencia, Venezuela, suggest develop-
ment times of only a few weeks. The development rates given in Figure 8--6
thus seem generally similar to development rates of other populations that
have been studied.

Quite a number of laboratory feeding rate studics or field studies based on
confinement have been done on Chaoborus (summarized by Lewis, 1977a).
These studies all suggest food intake rates of less than 15% of body weight
per day, and the average is only a few percent per day. As noted by Lewis
{1977a) and Pastorok (1978), these percentages are low by comparison with
other carnivores, Such feeding rates could not sustain the growth shown in
Figure &8-6. Unfortunately, none of the students of feeding rates, including
Lewis (1977a), has noted that the feeding rates determined n the lab are
completely incompatible with observed development rates in field popula-
tions, either in temperate or tropical populations. For purpose of illustration,
let the range of larval weights be about 4 to 3400 pg/individual (wet), as in
Lanao. Most populations mature in 30 to 60 days of growing season (dis-
counting overwintering), either in temperate or tropical lakes. Thirty-day
maturation with exponential growth would require growth rates of about
25% per day, and 60-day maturation would require growth rates of about
129 per day. Even with high assimilation rates and growth efficiencies, in-
take must be four to five times as high as growth. Chaoborus populations
must therefore routinely ingest amounts of prey ranging from 50% to more
than 100% per day of the total population weight, much more than suggested
by laboratory studies. Confinement apparently reduces intake rates and thus
produces very misleading estimates of intake. Part of the discrepancy may
be explained by the focus of most investigations on the last instar, which has
the lowest growth rate (Fig. 8—6), but suppression of normal feeding behav-
ior is almost certainly involved as well, One can only hope that the extensive
laboratory studies of electivity are not similarly biased. The computations of
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the present analysis will rely entirely on field measurements not involving
confinement.

Rotifers and Cladocera

Development times for rotifer eggs were not studied ifi the laboratory. Suffi-
cient numbers of development times have been measured and reported in the
literature to allow a reasonably confident prediction of development time for
eggs in the Lanao populations (Table 8—1). The values in the table have been
corrected to 25°C, the temperature of Lake Lanao, by use of Krogh's curve
{Winberg, 1971).

It is also possible to approximate the development time for eggs from field
data given certain assumptions, although such an approach has apparently
never been reported in the literature. The procedure is as follows.

1. For each rotifer species, the change in population size (N,—N,} is com-
puted for each week in the study.

2. The assumption is made that growth for any 1-week period is exponen-
tial. Thus the rate of increase each week is computed as follows:

L In(Vy) = (V)

(2"'!1

where r is the instantaneous rate of increase in the population and N is
the population size at time ;. It will become evident that this assump-
tion need he true only when the population is growing quite rapidly for
the method of computation to be valid.

3. On occasions when the population is growing very rapidly, the instan-
taneous growth rate (¢) will be considerably farger than the instantane-
ous death rate (). These periods of rapid increase give us a means of
estimating b, since r = b — d and b >> d, so that r = b,

4. The development time for eggs (D) is computed from the egg ratio ()
and # as follows.

b= In(B + )
B =t -1
B = E/D

D = FE/ed — 1)

The conversion of finite birth rate (B) to an instantaneous rate (b}, as
shown here, actually involves a certain degree of error because of mor-
tality over the estimation interval (Caswell, 1972; Edmondson, 1972).
Alternatives have been proposed (Edmondson, 1968; Caswell, 1972;
Paloheimo, 1974}, but these will probably not be superior under all con-

Egg Development Times and Mean Egg Ratios for Rotifers of Lake Lanao®

Table 8-1.

Egg ratios (eggs/female)

Ege development, days —25°C

Coefficient of variation

Used in
computation

From
field data

From
literature

100

(s/%) -

1

Mean

Species

34

49

0.28

ol

1.2

E_zh

Conochiloides dossuarins

Hexarthra intermedia

oo

— et

o
—

Polvarthra vulgaris

0.9¢

81

0.26
0.18

1.0

1.1

Keratella procurva

53

25

1.2

0.9¢

Keraitelia cochiearis

1.2
1.0

Trichocerca brachyurum

51

0.12

1.0

Tetramastix opoliensis

= Deveiopment times from the literature are corrected to 25°C and are compared with values computed from fieid data by the method described in

the text. Bgg ratios were computed over ali dates meeting statistical criteria specified in the text.

» Makarewicz {1973)
¢ Edmondson (1965).

Rotifers and Cladocera
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ditions. These points are of minor concern here because the method
focuses on time periods when births greatly exceed deaths.

The most serious pitfall connected with this method of estimates occurs in
the selection of periods when the value of r is high. The very lowest rotifer
abundances have a high error variance because of the counting procedures
on which the abundance estimates are based. Thus these estimates may re-
sult in spuriously high values of r, which must be screened out prior to the
time any computations are made. For the Lanao data, the number of orga-
nisms counted each week is known (Table 4—1), hence an estimate can be
made of the error variance to be expected for the abundance estimates each
week. The criterion is adopted that abundance estimates for days on which
the error variance attributable to counting would generate a coefficient of
variation [(s /%) - 100] greater than 109 should not be included in the analy-
sis. The & values remaining after this screening process are tabulated in de-
scending order and the top 10% of these are selected for use in the computa-
tion of D.

The development times for eggs obtained from the field data as outlined
above are reported in Table 8—1. It was not possible to make estimates for
some of the rarer species owing to the small number of dates on which these
species reached detectable abundances. The numbers reported in Table 8-1
are in good agreement with development times obtained from the literature.
This inspires confidence in the method and in the development times to be
used in further analysis.

Development times for Cladocera eggs were obtained from field data by a
procedure identical to that used for rotifers. The development times are re-
ported in Table 8-2.

Surprisingly little information exists on the development times of non-
daphnid Cladocera eggs. Keen (1973) has shown that the development time
for eggs of four littoral species of Cladocera is about 1.7 days at 25°C. The
literature review of Bottrell et al. {1976, Fig. 11) suggests that the mean de-
velopment time at 25°C for eggs of Cladocera other than Daphinia will be
slightly in excess of 1 day. These figures are in good agreement with Table
8-2.

Table 8-2. Egg Development Times as Determined from Field Data and Mean Egg
Ratios for Cladocerans in Lake Lanao

Figg vatios (cpgs/female)

Egg development, Coefficient of variation

Species days-—25°C Mean »n {s/5) - 100
Diaphanosoma modigliani .50 0.31 37 30
Maoina micrura 2.15 0.53 3 63
Bosmina fatalis 1.42 022 9 56

—
Chapter 9

Secondary Production

. iy

Computations: Copepods and Chaoborus

For calanoid and cyclopoid copepods and for Chaoborus the production of
each developmental stage was computed separately as follows (Edmondson,
1971; Winberg, 1971):

_ N, Aw,

).
Pi=""p

where P, is the production of stage i, N, is the numerical abundance of stage
i, Aw; is the change in weight over stage /, and D; is the development time for
stage /. The values of ), were obtained from the cohort analysis, which has
already been discussed. The values of P, were summed as required to obtain
the production of groups of developmental stages or of the entire population.

Computations: Rotifers

Rotifers iack the multiple developmental stages of copepods and Chaoborus
and develop to maturity very rapidly. A cohort analysis followed by summa-
tion of production over developmental stages is therefore impossible for ro-
tifers. Computations of rotifer production are usually based on estimates of
the birth rate obtained by the egg ratio method of Edmondson (Edmondson,
1968, 1971). This method, which modifies the method of Elster (1954, 1955)
by using exponential rather than linear equations, allows the computalions
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to reflect changes in the field population because the egg ratio (eggs per fe-
male) which is used in the computation of birth rate is taken from ficld popu-
lations. Although an estimate is also required of egg development rate, egg
development is principally sensitive to temperature and thus can be pre-
dicted without continuous field measurements, especially since rotifers are
not so inclined as copepods and cladocerans to migrate across a broad tem-
perature range.

The egg ratio technique as generally applied for production estimates
poses some difficulties in connection with the growth which occurs between
the egg and the adult. This difference will be referred to here as ‘‘postinduc-
tion growth,’’ meaning the increase in size from the beginning of cleavage to
maturity. The term *‘postembryonic growth’ is sometimes used in this con-
text but is less definite because of the uncertainty of the termination of the
embryonic phase.

Postinduction growth is typically ignored in application of the egg ratio
method. The postinduction growth of rotifers is much lower than that of
other major zooplankton categories, but the change of size in rotifers after
hatching is by no means trivial (Table 4-1). Although the cell number of indi~
viduals does not change after cleavage is complete (Ruttner-Kolisko, 1974),
the increase in size of individual cells can be substantial and of course con-
tributes to the growth in biomass of the population.

As an alternative to the egg ratio method for rotifers seme authors (e.g.,
Makarewicz, 1974) have used the method of Galkovskaya (1963, as cited in
Winberg, 1971) based on generation time, which is actually very similar to
the method used by Stross et al. (1961) (Edmondson, 1971, p. 311). The com-
putation is:

P o= B/G

where P is daily production, B is the total biomass of the population, and G
is the generation time in days. The generation time method avoids the as-
sumption that postinduction growth is negligible. The difficulty is that the
generation time ((7) is typically determined in the laboratory or at least under
controlled conditions of some kind. The final estimate is therefore not apt to
reflect the true changes in vigor of the field populations. While laboratory
estimates seem defensible for egg development on grounds that eggs do not
feed and are thus mainly affected by temperature, laboratory estimates for
egg synthesis and postinduction growth cannot be defended as easily be-
cause the growing animals will be affected in very unpredictable ways by the
quality and quantity of their food resource.

In summary, the egg ratio method seems unsatisfactory because if as-
sumes negligible postinduction growth, and the generation time method
seems unsatisfactory because it assumes that laboratory estimates of genera-
tion time will reflect field conditions. Coneepts from both methods are use-
ful, but it would be desirable to combine the virtues of the two methods.
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Such a combination is actually guite feasible. Consider the equation for pro-
duction of a single developmental stage of one of the copepods according 10
the standard method used earlier on copepods:

. Ni' A\‘l)i
D,

[

P

If the organism in question (a rotifer) can be considered to consist of a single
developmental stage ( = 1) incorporating synthesis of egg protoplasm plus
postinduction growth, then D, is the generation time, N, is the total number
of individuals (eggs + adults), and Aw; is the total pre- and postinduction
growth, Recognizing that only one stage is involved, we have:

NW,
G

where W, is the weight of a fully grown animal. Production will be computed
from this equation. The egg ratio will be used to estimate the generation time
of field populations and the generation time for a given week will then be
combined with the abundance of the population and adult weight as shown in
the equation. The implementation of this method will require (1) the egg
ratio, (2) the development time for eggs (Chapter 8), and (3) a rationale for
obtaining generation times {from egg ratios.

The determination of egg ratios from field data is subject to a number of
errors (Edmondson, 1971). Escape of adults or eggs through the meshes of
nets (Likens and Gilbert, 1970; Doohan, 1973; Bottrell et al., 1976) and
rhythmicity in oviposition (Edmondson, 1965) are the two most serious
errors, Escape of organisms through the nets was not a problem in the pre-
sent study (see Chapter 5), so only rhythmicity in oviposition need be con-
sidered here.

The time of zooplankton sampling alternated between mid-morning and
evening throughout most of the study. The alternating samples provide a
means for detecting rhythmicity in the population. ¥ the egg ratio is not sig-
nificant]ly influenced by time of day, then the average egg ratio for night sam-
ples will be the same as the average egg ratio for day samples. Night samples
and day samples for all species were compared statistically and no differ-
ences were found at the 5% level (Sign test, Sokal and Rohlf, 1969). For
Conochiloides, the most common rotifer species, the mean egg ratio for
night samples is 0.26 whereas the mean egg ratio for day samples is 0.30.
Although the data fail to show a pronounced rhythmicity in oviposition, they
do not rule out the possibility of an irregular diel variation in egg ratios or a
rhythmicity that changes with the seasons. Such irregular variations would
not bie as strong a source of bias in the final production estimates, however.

The next problem is to obtain an estimate of the generation times of field
populations from their egg ratios. For an individual organism, the generation
time based on number of individuals (G,) and the generation time based on

I)
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biomass (G),) are both equal to the amount of time required fo pass com-
pletely through the life cycle one time. For a population growing exponen-
tially, the generation fime based on individuals is:

. in(2)

G; = P

The variable & is the instantaneous birth rate and can be approximated from
the egg ratio (I£) and egg development time (D) by the equation:

b = In@E/D + 1).

Assumptions inherent in the conversion of finite to instantaneous rates and
in the use of the exponential equation to predict the behavior of a population
over a short interval have been dealt with at length by Edmondson (1971).

For a population, the variable (7| in the above equation is equal to G|, if the
age structure of the population is unchanging. ; may differ from ¢, how-
ever, if the age distribution of individuals is not constant. For rotifer popula-
tions, it is convenient to recognize two separate problems in this connection.
The first of these derives from the possibility that the synthesis of protoplasm
incorporated in the egg may not occur at the same rate as the synthesis of pro-
toplasm during postinduction growth. The second problem is that the egg does
not increase in biomass while it is developing, so that the presence of a large
number of eggs may actually decrease the turnover time of biomass.

No published information exists on the first problem, so it can be dealt
with only by the assumption that pre- and postinduction growth rates are
similar. The second problem severely biases the estimate only if the ages of
eggs are not randomly distributed at a given time. Since evidence has al-
ready been presented which suggests that no persistent rhythmicity exists in
the production of eggs by the Lanao populations, the assumption of ran-
domly distribuied egg ages will be acceptable unless some kind of strong sea-
sonally alternating rhythmicity exists, which seems unlikely. For these
reasons, ; will be considered equal to ), so that either of these is equal to the
generation time ({¥) in the production equation.

Since the generation times are computed for each week from the egg ratios
and the foregoing equations, the generation times will differ from week to
week. On some weeks, however, reliable measurement of the egg ratio is not
possible owing to low abundance of a species. Particular care must be taken
to rule out time periods for which the counts are not reliable, as the incor-
poration of two different abundance estimates (eggs and females) in a ratio
will magnify counting error. This difficulty is of course not unique to the pre-
sent method but arises whenever statistics are taken from field populations.
To reduce distortion, a statistical screening criterion identical to that which
has already been described for computation of D is carried through to the
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production calcuiations. Egg ratios are computed for those time periods rep-
resenied by counts which have a coefficient variation of less than 10%.
When it is not possible to compute an egg ratio for a particular period, that
period will be considered to have an egg ratio equal to the mean egg ratio on
all periods for which computations were possible.

Table 8—1 summarizes the mean egg ratios for time periods meeting the
statistical criterion for each of the species. The amount of variation in the
egg ratios over the course of the study period is surprisingly low. For exam-
ple, the egg ratios of Conochiloides, the most common rotifer species, all fall
between 0.20 and 0.47, with one exception. The egg ratios of temperate pop-
ulations that have been studied appear to vary considerably more (Edmond-
son, 1965).

Computations: Cladocera

Cladoceran populations would ideally be divided info size classes and the
production would be figured by methods similar to those used for copepods.
Cladocerans are a more minor element of the zooplankton in Lake Lanao
than copepods and were not individually measured, so they cannot be di-
vided into size classes, Production computations are therefore done by the
same method as used for rotifers. The method is less ideal for Cladocera
than for rotifers because of the larger amount of postinduction growth which
occurs in the Cladocera. The larger size range of individuals makes differen-
tial growth and mortality much more probable than in rotifers. The clado-
ceran species of Lake Lanao are extremely small (Table 4-1), however,
which to some extent minimizes these difficultics. Bosmina in particular
grows so little between the egg and age of first reproduction that it is more
similar to rotifers than to copepods in this respect (Kerfoot, 1974).

The cladoceran populations were checked for rhythmicity in oviposition
by a technique identical to that used for rotifers. No significant differences
between day and night samples exist for the egg ratio of any of the three spe-
cies. For Diaphanosoma, the most common of the cladoceran species, the
egg ratio in night samples is 0.29 and for day samples it is 0.36. Since this
difference is not statistically significant, it will be assumed that no persistent
rhythmicity exists in the laying of eggs. The mean egg ratios for each species
are shown in Table 8-2.

Resulis: Copepods and Chaoborus
Table 9-1 summarizes the total production of Thermocyciops and the refa-

tive contribution of ali of its developmental stages. The productivities of in-
dividual stages, with the exception of NI and CV, are surprisingly equal in
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64 Secondary Production

magnitude. The total production in the naupliar stages is about the same as
the total production in the copepodid stages. Egg production is a very small
proportion of total production for the species. This is not atypical for cope-
pods. Rigler and Cooley (1974}, working with Eichhorn’s (1937} data on Titi-
see (Mixodiaptomus lacinatus), showed that egg production accounted for
only 3.5% of total production for the specics. The same authors showed a
comparable figure of 7.0% from Elster’s (1936) data (Heterocope borealis)
and about 10% for their own data (Skistodiaptomus oregonensis).

Figure 9-1 shows the seasonal production patterns for Thermocyclops.
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Figure 9-1.  Production as a function of time for cyclopoid copepods, calanoid cope-
pods, and Chaoborus (wet weight). Phytoplankton biomass in the euphotic zone is
also shown for comparative purposes. The arcas under the curves for both cyclopoid
and calanoid copepods have been divided 10 show the relative contribution of nauplii,
copepodids, and eggs Lo the total production of the population.
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Although there are considerable surges in production, a significant amount
of production is sustained throughout the year.

Tropaodiaptomius s numerically less abundant than Thermocyclops and
accounts for a smaller proportion of the total production (Table 9-1). The
production is distributed much less equally between developmental stages in
Tropodiaptomus than in Thermocyelops. Naupliar stages account for con-
siderably less of the total production than copepodid stages. Egg production
is a more important component of total production than for Thermocyclops,
but is still only a small proportion of total production for the species. Total
variation in production is less than for Thermocyelops and does not show
such pronounced seasonality (Fig. 9-1).
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Figure 92, Produciion as a function of time for rotifers and Cladocera in Lake
Lanao (wet weight). The two-letter codes are derived from the first fetter of the genus
name and the first letter of the species name.
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The production of Chaoborus is also shown in Figure 91 as a function of :
time. By comparison with copepod production, Chaoborus production is .

more irregular and shows no evidence of seasonality. Table 91 shows that
the bulk of production occurs in the larger instars. Chaoborus production,
which is nourished entirely from the herbivore production, is 18% of total
herbivore production.

Results: Rotifers and Cladocera

Rotifers account for a very small percentage of the total secondary produc-
tion in Lake Lanao (Table 9-1). Corochiloides dossuarius is the dominant
species in terms of production. There is a pronounced seasonal pattern in the
production of all species, but the seasonal pattern is distinct from patterns
observed for Cladocera and copepods {Fig. 9-2).

The Cladocera account for a significant percentage of total production but
are much less important than copepods in this respect {Table 9-1). Diaphan-
osoma is by far the dominant cladoceran in terms of production. For Dig-
phanosoma the minima in production are similar in timing to those observed
for copepod populations, but details of variation are considerably different.
Variations in populations of Moina and Bosming are even more irregular
than for Diaphanosoma (Fig. 9-2).

- ™
Chapter 10

Similarities in Zooplankton
Abundances and Productivities

. /

The seasonal patterns in abundance and productivity of individual species
are too complex fo permit much generalization concerning the differences
and similarities between species. A more rigorous approach is possible using
correlation matrices derived from the variation in population properties with
time. Four different comparisons are possible with the population statistics
that have been developed up to this point,

1. Populations can be compared with respect to their variation in abun-
dance through time. In terms of a correlation matrix, it is inconsequen-
tial whether abundance is measured as numbers or biomass. In the pre-
sent analysis, interpretation is based on the correlation matrix for
numerical abundance through time for all species, which will be re-
ferred to as the N matrix. The N matrix integrates the past history of a
population over an indefinite time period. This is illustrated in Figure
10-1. For populations with very low turnover, the effective integration
extends back further in time than for populations with very high turn-
over. This inhibits the usefulness of the N matrix for any analysis
which attempts to compare populations over successions of equal time
intervals. Thus the principal value of the N matrix is in {a) description
of community composition, and (b) analysis of the use of zooplankton
populations as a resource (e.g., by predators).

2, 1t is also possible to compute for each species the change in abundance
{AN) for each’week in the study period. This gives rise to the AN ma-
trix. The AN matrix is based on an approximation of the first derivative
of abundance with respect {0 time, and thus requires a completely dif-
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Figure 10-1. Diagrammatic iliustration of the factors affecting variables used in the
discussion of similaritics between species (N, AN, P, AP). Symbols are as follows:

imilarities in Zooplankton Abundances and Productivities
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N, abundance; P, production; G, growth; L, loss; &, time interval,

ferent interpretation from the N matrix. As indicated elsewhere in con-
nection with the analysis of phytoplankton communities (Lewis,
1977b), the AN matrix has considerable analytical power with regard to
the ecological similaritics between species.

The magnitude of AN over a fixed time interval is a composife mea-
sure of the response of the species to the entire complex of environ-
mental effects, including both growth control and loss control factors
(Fig. 10-1). Thus over a long succession of time intervals the similarity
in values of AN is a measure of overall ecological similarity of species
or stages within a given trophic level. Obviously an interpretation of
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predator-prey correlations {i.e., Chaoborus with any of the other spe-
cies) must be made on a different basis, however.

. It is also possible to compule a matrix of correlation coefficients based
on the production of individual species through time (P matrix). This P
matrix is, like the AN matrix, based on a first derivative of abundance
with respect to time. The AN matrix, however, integrates the effects of
attrition and growth over the course of a time interval, whereas the P
matrix is an instantaneous estimate of the synthesis of new individuals
or new protoplasm, inchuding that which is destined to be eaten or lost
to other sources of attrition (Fig. 10—1). A population may sustain high
production without increasing its numbers or biomass and the value of
AN can thus be 0 even though the value of 7 is high. From an analytical
viewpoint, AN is more revealing with respect to overall ecological sim-
ilarity, as it provides an estimate of the success of a species in increas-
ing its abundance in the environment, whereas P is more useful in eval-
uating simitarity of species with regard to growth control mechanisms,
including any feedback effect of mortality on growth and the secondary
effect of loss rates on N, but not loss control factors directly. Moreover,
the P matrix, because it is strongly dependent on N, has a strong his-
torical component as does N itself and thus is not so well suited as AN
for comparisons between populations with different turnover rates.
The £ matrix is ideal, however, as an indication of similarities in de-
mands on food resources within a given trophic level.

. Similarities between species in change of productivity (AF) from one
week to the next can also be expressed in terms of a correlation matrix
(AP matrix). Since P itself is based on a first derivative of biomass with
respect to time, AP is based on a second derivative of biomass with
respect to time. AP is more similar in its analytical implications to AN
than it is to . Since AP over a fixed time interval integrates the re-
sponse of a pepulation to conditions over that time interval, it provides
a good means of comparing the overall ecological similarity of species.
The critical difference from AN is that AP, like P itself, is more directly
influenced by the mechanisms that control growth than by the mecha-
nisms that control mortality, whereas AN is unbiased in this respect
(Fig. 10--1). The value of AP is of course not entirely independent of
factors affecting attrition, since changes in population density or age
structure have a feedback effect on P. The linkage between AP and fac-
tors which control mortality is nevertheless more indirect than between
AN and factors which affect mortality. This means that the interpreta-
tion of the AN and AP matrices must be made separately.

In summary, overall ecologicai similarity between species is best mea-
sured with the AN matrix, but the N matrix is still useful for indicating the
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copepodid, and egg stages of copepods showed that the N and P values fora
given species or stage are always distributed with a strong positive skew,
This s also typical of phytoplankton populations (Lewis, 1977c). The AN
and AP values are distributed symmetricatly but with strong leptokurtosis,
In general, the P and AP values differ more from normality than the N and
AN values. Across species, distributions of all variables for copepods, Te-
tramastix, Diaphanosoma, and Chaoborus show the least departure from
normality. Departure of the frequency distributions from normality may af-
fect the correlation coefficients and thus is of some concern with regard to
the analysis of the correlation matrices. For purposes of comparison, the
matrices were all recalculated using the Spearman Rank Correlation Coeffi-
cient (Conover, 1971}, which makes no assumptions about the normality of
the data. The pattern of significant correlations in the matrices of Spearman
Rank Coefficients was essentially the same as the pattern in the matrices of
Pearson Product—-Moment Coefficients. The Pearson Preduct—Moment
Coefficients were therefore used in the cluster analysis and in the final inter-
pretation of data.

The N Matrix

The N Matrix contains 128 unique pairings of organisms or stages, of which
35 (27%) produce significant correlations. With one exception, all of these
statistically significant coefficients are positive. Since the significance levei
is 0.05, only six significant correlations should appear in the matrix as a re-
sult of chance alone, or perhaps slightly more than this number if autocorye-
lation is responsible for producing some spurious incidences of statistical
significance. Thus most of the significant correlations are likely to underlie
some actual biological relationship between the abundances of the orga-
nisms involved.

It is clear from Table 101 that the significant correlations are grouped in
certain portions of the ¥ matrix. The numerical abundances of calanoid and
cyclopoid copepods through all stages show strong interrelationships indi-
cating much coincidence in the peaks and troughs of abundance in the two
species. The abundances of Diaphanosoma and Bosmina also overlap
strongly with the abundances of copepods of all stages. Conochiloides and
Trichocerca overlap strongly with cyclopoids but not with calanoids. The
other four species of rotifer, Moina, and Chaoborus 2l show abundance pat-
terns which bear no strong relationship with the abundance patferns of other
species in general,

The cluster analysis for the N matrix (Fig. 10-2) breaks the community
ito four major groups. The first group contains two cladocerans (Bosmina
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and Diaphanosoma) plus about half of the copepod stages; the second group
contains three rotifer genera (Conochiloides, Trichocerca, and Tetramastix)
plus the remaining copepod stages; the third group contains the remaining
four rotifer species, which are all relatively rare, and Moina, the rarest of the
cladocerans; and Chaoborus clusters by itself as the fourth group. These
groups are defined as might be expected on the basis of the distribution of
significant correlations in the N matrix. The only point which might appear
puzzling is the relationship between Tetramastix and the organisms of the
second chuster. Although Teframastix does not show any strong relationship
in abundance with copepod stages, its abundance is highly correlated with
that of Conochiloides, which brings it into the second cluster.

The AN Matrix

Of the 128 unique pairs of species or stages in the AN matrix, 30 (23%5) pro-
duce statistically significant correlations. Approximately six of these could
be accounted for by chance alone.

The distribution of statistically significant correlation values in the AN
matrix is different from that of the N matrix. As with the N matrix, there is a
tendency for significant correlations to occur between the copepod stages
among both cyclopoids and calanoids, however. Another similarity with the
N matrix is that the rotifer genus Conochiloides correlates in several cases
with copepod stages, as does the cladoceran genus Diaphanosoma. In con-
trast to the N matrix, the overall relationship of Bosmina to copepods is
much less pronounced. Also the changes in abundance of the genus Chao-
borus show a strong positive relationship to the changes in abundance of cy-
clopoid copepods (but not calanoids) and to the rotifer genus Polyarthra,
whereas in the N matrix there were no significant relationships for Chao-
borus. As in the N matrix, the rarer rotifer species show little overall rela-
tionship to other groups of zooplankton, but in the AN matrix there is a more
pronounced tendency for these species to show significant relationships to
each other. Particularly notable is the significant negative correlation of AN
values for the two Kerarella species, which showed no significant relation-
ship to each other in the N matrix.

The cluster analysis (Fig. 10-2) looks entirely different from the N matrix
cluster analysis. At the bottom of the diagram, a group of five rotifer species
including not only the dominant Conochiloides but also a number of rare
species breals away from the other zooplankfon species. The other zoo-
plankton species and stages are thoroughly mixed in the upper clusters of the
diagram and do not'show any evidence of pervasive taxonpomic patterns such
as those which appeared in the N matrix.
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The P Matrix

In the P matrix, 30% of the correlations are significant (Table 10-2). As with
the other two matrices, virtually all of the significant refationships are posi-
tive.

As might be expected from Figure 10--1, the overall pattern of significant
relationships in the P matrix is intermediale between those observed in the
N and AN matrices. There are strong interrelationships between copepod
stages of both species, between copepods and the rotifers Conochiloides and
Trichocerca, and to some extent between copepods and the two cladocerans
Diaphanosoma and Bosmina and the genus Chaoborus. The rarer rotifers
and Moina show only a few significant reiationships.

The P cluster diagram can for purposes of discussion be divided into three
groups of organisms. Toward the bottom, the rare rotifer species and Moina
cluster together much as they did in the N matrix. Two cladocerans, one rare
rotifer, and one copepod cluster together in the middie group, and the bulk
of the copepod stages cluster together in the top group along with the preda-
tor Chaoborus, the dominant rotifer Conochiloides, and the rotifer Tricho-
cered.

The AP Matrix

In the AP matrix (Table 10-2), 28% of the correlations are significant. The
proportion of significant negative correlations (5/36) is much greater than in
any of the other three matrices, but still positive coefficients predominate.

As with all the other matrices, the copepods account for a substantial
number of the significant correlation coefficients. Copepods show strong re-
lationships to each other, to the rotifer genus Conochiloides, and to the dom-
mant ¢cladoceran, Digphanosoma. As in the AN cluster, Chaoborus shows
strong relationships specifically with cyclopoid copepods. A substantial
number of relationships also appear in the matrix between calanoid cope-
pods and the rarer species of rotifers.

The AP cluster analysis (Fig. 10-2) groups all of the copepods close 1o-
gether toward the uppermost portion of the diagram. This cluster suggests
great similarities between the different stages of a copepod species and thus
tends to segregate the species cleanly. Chaoborus and Bosmina, along with
Polyarthra, are grouped with the copepods. Two of the bottom-most clus-
ters account for ali but two of the rotifer species, and an infermediate cluster
accounts for two of the cladocerans and one relatively rare rotifer species.
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Summary of Similarities

Table 103 summarizes the various kinds of ecological coherence that have
been discussed above. The table is organized taxonomically to facilitate dis-
cussion. The number of groups into which the community can be divided is
to some extent arbitrary but is generally based on the cluster diagrams (Fig.
10-2), Within any group in the table, copepods (if any) are always listed
first, cladocerans are listed second, and rotifers are listed last. Rotifers are
represented by a two-letter code derived from the first letter of the genus
name and the first tetter of the species name (Table 4~ 1),

It is reasonable to hypothesize that the various developmental stages of
copepods should be dissimilar ecologically because of the great change in
size and morphology of these species. There is a carryover of influence from
one stage to another within a species, however, which cannot occur between
species. In effect the carryover of biomass from one stage to another as de-
velopment occurs forces a certain amount of ecological continuity between
the stages despite adaptations of a physiological or morphological nature
which tend to have the opposite effect. Table 10-3 shows that cyclopoid
nauplii, copepodids, and adults show more similarity to each other in the
timing of their demands on food resources and in their composite responses
to growth and mortality factors than they do to any other single species or
group of species. Thus in the context of community dynamics (AN, P, AP
matrices), the developmental stages are tightly linked. Calanoid copepods
show similar tendencies but are slightly more fragmented in their affinities
than cyclopoids. Coherence between copepod stages does not extend to
community structure, however (N matrix)., The abundance peaks of the
stages tend to be separated in time sufficiently to cause the stages to group
with different species of zooplankton rather than with each other.

The affinity of the two copepod species is alsa of interest in view of their
close taxonomic relationship and potential sharing of critical resources. In
the three comparisons which have the greatest significance in terms of popu-
lation dynamics (AN, P, AP matrices), the two copepod species have a defi-
nite tendency to segregate into different but adjacent groups, suggesting that
they share some requirements but are still segregated from each other by
some combination of adaptation and competition. When an overlap does
occur in these groupings, it is between the cyclopoids and the latest develop-
mental stages of calanoids. Since the largest calanoids do not overlap in size
with any of the cyclopoids, this grouping pattern is suggestive of some kind
of ecological exclusion of the small calanoid stages from the cluster occupied
by cyclopoids. In terms of community structure, the species do not segre-
gate at all clearly, which emphasizes the necessity of considering structure
and dynamics on different bases.

The Cladocera are related in a complex manner io other species. In terms
of community dynamics, however, the species have a strong tendency to
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group with each other or to occupy adjacent groups. The differences in the
groupings when the emphasis is shifted from growth plus mortality (AN ma-
trix) to growth more exclusively (AP matrix) are particularly interesting.
The predator Chaoborus shows a very strong preference for cladocerans in
Lake Lanao (Lewis, 1977a), which would provide a foundation for the hy-
pothesis that these species are particularly affected by the timing of preda-
tion mortality. Table 103 shows that the inclusion of mortality as a basis for
grouping radically shifts the grouping affinities of the cladoceran species. It
would thus appear that in the absence of strong selective predation on Cla-
docera, the cladocerans would have a strong affinity with rotifers and late
developmental stages of calanoids.

The first entry of Table 10-3 shows that the cladocerans are temporally
well separated in terms of their availability to predators. This may well be
adapfive in the sense that it reduces the aggregate number of cladocerans at
any given time. Chaoborus in Lake Lanao reduces its selectivity for Clado-
cera when the density of Cladocera is low (Lewis, 1977a).

The rotifers are a remarkably coherent group both in community dy-
namics and community structure. Polyarthra vulgaris is most unusual in
terms of dynamics, as it shows a tendency toward affinities with calanoids
and cladocerans rather than with other rotifers. In comparing the similarities
based first on growth plus mortality and then more exclusively on growth, it
is apparent that there is little difference with regard to rotifers in the group-
ing pattern, which suggests that growth control mechanisms are of overrid-
ing importance in determining rotifer dynamics. It is interesting that the
dominant rotifer, Conochiloides, shows no similarity whatever to cyclopoid
copepods in terms of growth control mechanisms and yet its timing in the
exploitation of algal resources is very similar to that of cyclopoid copepods
(P matrix}., This is most logically explained by the vast difference in re-
sponse and turnover times for the two species. In terms of community struc-
ture, association of rotifer species with other species is minimal.

The groupings that have been discussed here allow only minimal identifi-
cation of mechanisms that might be separating the groups. These mecha-
nisms will be the principal concern of the subsequent analysis.




Chapter 11

Zooplankton Mortality Rates

. )

Approximations were made of the mortality rate for each species and de-
velopmental stage in the Lake Lanao zooplankton community. The method
of computation differs somewhat between species as indicated below.

Computations: Copepods

Copepod mortality was determined from a computer simulation incorporat-
ing the egg ratios and development rates that have already been docu-
mented. The simulation is as follows.

1. The sampling period (7 days} is divided into 70 equal time intervals of
0.1 day each, and the life history of the copepod is divided mto age
classes of 0.1 day (approximately 500 age classes). The mortality of the
population is determined separately for each of the 0.1-day age classes
and each of the 0.1-day time intervals. Determination of mortality over
these short time intervals approximates without significant error (less
than 5%90) the instantaneous mortality,

2. The population abundance and age structure at the beginning of any
0.1-day interval are determined from the sampling data at the beginning
and the end of the 7-day sampling period within which the 0.1-day inter-
val falls. Age structure and abundance for a particular 0.1-day interval
are computed as the time-weighted average of known values for the
beginning and end of the appropriate 7-day sampling period,

1 —
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3. The effect of development over any 0.I-day inferval is determined for
the entire population simply by advancing the age of all organisms in
the population by 0.1 day (including developing eggs, a proportion of
which will hatch). This represents the theoretical abundance and age
structure without mortality. The difference between this simulated
population and the actual population at the end of the 0. -day interval
is due to mortality over the interval. The actual abundances and age
structure are computed as time-weighted averages of samples at the
beginning and end of the 7-day period within which the 0.1-day interval
lies. Mortality from a total of 70 0.1-day computations is accumulated
over the period of 7 days spanning two samples to give the total mortal-
ity in each age class for the week.

4, The number of organisms entering the population as a result of repro-
duction over any of the 0.1-day intervals is determined from the birth
rate, which is computed from the ratio of eggs to females in the popula-
tion and the development rate of eggs. The birth rate is not assumed to
be constant over the 7-day period between samples, but is assumed fo
vary in a linear fashion between the observed birth rate at the beginning
of the period and the observed birth rate at the end of the period.

5. The mortality rates for each 7-day period are expressed as numbers of
organisms per liter per day and also as percentage mortality per day.

Since the procedure is based on estimates of development rate and abun-
dance, errors may result from any inaccuracy in either of these variables.
The procedure can even yield negative mortality rates. This is particularly
likely when the true mortality rate is very low, as any slight underestimation
of the development rate or overestimation of the population size at the end
of the time interval might easily exceed the actual mortality and thus indicate
a negative mortality. Thus while negative mortality rates are impossible in
nature, they are an expected by-product of the simulation procedure on a
statistical basis and should not be arbitrarily eliminated. The analysis will
focus on trends and averages rather than the specific mortality rate for any
particular week, hence negative mortality rates are retained wherever they
are produced by the estimation procedure. Results of the computations are
summarized in Table 111 both in terms of absolute mortality (individual
per liter per day) and relative mortality (percentage per day).

Computations: Chaoborus

Chaoborus mortality was computed by a procedure identical to the one used
for copepods. Approximation of the number of organisms entering the popu-
lation by means of reproduction is more difficult for Chaoborus, however,
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Table 11-1. Mean Absolute Mortality Rates and Weighted Mean Relative Montality
Rates of Lake Lanao Zooplankion over a 65-Week Period, and Their Modified
Coefficients of Variation (CV')

Mortality :
(ndividual — coegficien  MOMAlilY  coefficien;
per liter of variation (% per of variation
Species/stage per day) (%) day) %)
Copepods
Thermocyclops
Naupli 1.43 34 1.6 43
Copepodids 5.18 98 i5.6 53
Adults 0.57 45 5.0 48
Tropodiapiomus
Nauplii 0.66 64 18.5 52
Copepodids 0.21 29 9.6 39
Adults 0.18 53 8.0 51
Rotifers
Conochiloides 4.61 1By 26 16
Hexarthra 0.66 203 15% —_
Polyarthra 0.14 263 17% —
Keratella procurva (.18 170 26% -
K. cochlearis 0.71 152 18% —
Trichocerca 0.04 263 15% —
Tetramastix 0.54 123 12 136
Cladocera
Diaphanosoma 0.97 93 20 26
Moina 0.11 184 26% o
Bosmina 0.24 267 16% —_
Diptera
Chaoborus
Instar I 0.00200 84 2.2 118
Instar I 0.00140 46 5.4 35
Instar 111 0.00126 40 4.5 57
Instar 1V 0.00073 31 5.6 5

@ Asterisks, subject 1o special interpretation (see text).

because adults and eggs were not counted. Pupa and egg development were
assumed to require 1 day each (Juday, 1921; Berg, 1937, Parma, 1971). Al-
though much longer development times may occur in cold water (Parma,
1971), the warmth of Lake Lanao promotes very rapid development. Pupae
were present only in very low numbers, suggesting that the estimate of 1.0
day for pupal development is quite reasonable. Each female Chaoborus was
assumed to lay 400 eggs. Parma (1971), who has made the most careful study
of egg numbers, found that the average number of eggs laid by Chaoborus
flavicans in a Dutch pond was 449,
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Adults can live as long as 6 days (Parma, 1971} but probably complete re-
production quickly in nature. For simulation purposes, adults were assumed
to lay eggs within 24 h of emergence. The number of adult female organisms
which had not vet laid eggs at the beginning of any particular time interval
was approximated from the observed number of larvae in the last instar of
development and from the known development rate and mortality rate of
that instar.

The estimates dealing with adults, eggs, and pupae are obviously very ap-
proximate by comparisen with the estimates dealing with Jarvae. The issue is
further complicated by the tendency of Chaoborus to move over long dis-
tances prior to depositing eggs. Berg (1937) mentions that adult Chacborus
have a tendency to lay eggs around the shoreline, but Parma (1971) notes
that this is not always true. Adult Chaoborus in Lake Lanao swarm heavily
around the shoreline, and Lewis (1975) has documented a definite trend in
age distribution of organisms which suggests that more eggs hatch in the
near-shore areas than in the open waters of the lake. As a result, the esti-
mates of mortality in adults and of individuals entering the population are
only rough approximations, but the estimates of larval mortality are much
more reliable.

Computations: Rotifers and Cladocera

Mortality estimates for rotifer and cladoceran populations were obtained by
a method similar to that used for copepods and Chaoborus. The simulation
was identical except that (1) only two developmental stages (egg and adult)
were recognized rather than the more numerous stages of copepods and
Chaoborus; and (2) egg ratios were set to the annual average when the popu-
lation reached such low levels that counting error produced an expected
coefficient of variation greater than 10%.

Some special limitations must be placed on the interpretation of refative
mortality rates in these species characterized by only two distinguishable de-
velopmental stages. As indicated in the discussion of calculation methods,
the egg ratio on a given date for a given rotifer or cladoceran species is set to
the annual mean egg ratio if on that date insufficient numbers of organisms
were present to give better than 10% expected coefficient of variation due to
counting error. This restriction was not applied (o copepods because their
life history is much longer and is divided into more stages so that inaccura-
ctes in the egg ratios do not bias the estimate much, and because targe num-
bers of copepods were always available for counting. Furthermore, the re-
striction had virtually no cffect on the estimates of mortality for
Conochiloides, Tetramastix, or Diaphanosomea {the three most abundant
species of rotifer and Cladocera), which were almost always present in suffi-
cient abundance to meet the 10% criterion. The remaining five rotifer species
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and two cladoceran species, however, were rare enough on many occasions
to require use of the mean egg ratio rather than the egg ratio at the time of
sampling.

The reason for the restriction, of course, 1s to minimize distortions in the
apparent cgg ratio on dates when too few eggs and females are available for
accurate counting. Absolute mortality rate is only partially affected by use of
an average egg ratio, as the absolute mortality rate is dependent on both the
abundance at the time the mortality rate is estimated and upon the egg ratio
from which the birth rate is estimated. The relative mortality rate, however,
is greatly influenced by the use of a mean egg ratio insofar as estimated rela-
tive mortality is entirely dependent upon the estimated birth rate, which is in
turn dependent upon the egg ratio. For a species which is rare most of the
vear, the egg rafios are often set to a fixed value equal to the mean value for
the year. This means that the variation in relative mortality rates of rare spe-
cies cannot be studied with any great degree of confidence. Consequently
the coefficients of variation for relative mortality in these species are not
given in Table 11-1. Also the mean relative mortalities are marked with an
asterisk to indicate they are estimated from a smaller data base than for
other species. Although the restrictions are less binding on the absolute mor-
tality rates, the relative mortality rates are much more likely to reveal mor-
tality mechanisms and must be used in mortality analysis.

Measurements of absolute and relative mortality in Table 11-1 are in most
cases accompanied by a relative measure of variation derived from the coef-
ficient of variation. The coefficient of variation is not a good measure of rela-
tive variation when a variable fluctuates about 0, since in this case it will be
unduly influenced by any minor changes in the mean. Theoretically this is
not a problem with mortality rates, since mortality rates must always be pos-
itive. In actuality, mortality rates which are close to § may sometimes be
estimated as a negative value due to the presence of error variance in the
estimates. For this reason, the coefficients of variation were computed as
follows:

CV!' = [s/(F + k)] - 100
where k is exactly Jarge enough (o make 95% of the values of x positive. This
correction makes the coefficients of variation more fruly comparable
between species.

Copepod Mortality Rates

For cyclopoid copepoads, the mortality rate changes substantially from one
developmental stage to another. Figure 11~1 shows the weighted average
percentage mortality rate throughout the iife history. Poinfs on the graph
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Figure 11-1. The mortality of Thermocyclops hyalinus in Lake Lanao throughout
the developmental cycle (weighted average over a 65-week period).

represent the mean mortalities for eggs, nauplii, copepodid stages 1-111, co-
pepodid stages V-V, and adults. Although the nominal resolution of the
data was actually much finer than this, computations of mean mortality for
very brief periods of the life history are unduly influenced by sampling errors
and errors in the estimation of development time, so the interpretation is
based on mean mortality over more extensive periods of the life history dur-
ing which the organisms vary little in morphology.

Mortality rate for cyclopoid eggs is nearly zero. Chaoborus does eat adult
cyclopoids, but the eggs are so rapidly synthesized (because of small size)
and develop so quickly that relative impact of predation on the eggs
themselves is low. Lewis (1977a) has shown that ovigerous females are no
more vulnerable than males or copepodid stages of cyclopoids and may even
be less vulnerable than some of these stages. Copepod eggs are ingested
along with female copepods but cannot be successfully macerated by Chao-
borus. Eggs may thus remain viable after regurgitation from a Chaoborus
crop, although this has not been tested experimentally. Figure 111 also im-
plies that sources of mortality such as disease and parasite invasion do not
affect significant numbers of eggs in the field popuiations.

The mortality of naupliar stages is extremely low, but the mortality of co-
pepodids is quite high. Mortality among copepodids tends to decline with
size and reaches a minimum in adult copepods. As will be demonstrated
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more fully in connection with the analysis of predation, the shape of the -
curve in Figure 11-1 is easily explained on the basis of differential vulnera.
bility of developmental stages to predation. The nauplii practice a cryptic |

swimming behavior which renders them all but immune to predation by
Chaoborus (Lewis 1977a, Gerritsen 1978). The swimming behavior of the

copepodid renders it highly vulnerable to predation, but as the copepodid |
increases in size an increasingly smaller percentage of the predator popula-

tion is able to capture, hold, and ingest it. This accounts for the decline in

mortality of copepodid stages with age, and particularly for the low mortality -

of adult males and ovigerous females, which are the largest individuals in the
population.

Figure 112 shows the change in mortality during the life history of cala-
noid copepods. The pattern is completely different from that of cyclopoids.
Mortality is low in the egg stage by comparison with other life history stages,
probably for reasons similar to those already given for cyclopoids. In con-
trast to cyclopoids, however, the nauplii suffer very high mortality. The nau-
plii thus either do not possess or do not profit from a cryptic swimming be-
havior simiiar to that of cyclopoids. The reduced losses of copepodid stages
may be accounted for by their large size, which renders them less available
to small Chaoborus, orv to behavioral escape mechanisms.
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The mortality of Trepodiaptomus giganioviger in Lake Lanao

throughout the developmental cycle (weighted average over a 65-week period).
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The difference in percentage mortality through comparable stages of cy-
clopoid and calanoid copepod populations in Lake Lanao is evident not only
in the mortality calculations but also in the population structures
themselves. The cyclopoids show a very high ratio of nauplii to copepodids
{Table 4-1), whereas the calanoids show a much lower ratio of nauplii to
copepodids despite their very similar life cycle and development schedule.

Chaoborus Mortality Rates

Chaoborus mortality is summarized in Tabte 11-1 and Figure 11-3. Instan-
taneous mortality rates are generally not so high as for copepods or other
zooplankton, but the duration of development is considerably longer, Mor-
tality rate in instars 11-IV is very constant, but mortality rate in instar I is
only about half of that observed in later instars. The increase in mortality
rate of larger instars could well be due to selective feeding by vertebrate
predators on larger organisms, as fish predation is the major source of larval
mortality, The adult and egg stages experience much higher relative mortal-
ity than the largest larval stages, as would be expected. The adult in effect
sacrifices itself in order to lay eggs.
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Figure 11-3. The mortality of Chaoborus in Lake Lanao throughout the develop-
mental cycle {weighted average over a 65-week period).
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Rotifer and Cladoceran Mortality Rates

The absolute mortality rates for rotifer populations vary in relation to the
abundance of the species, as expected (Table 11-1}. The relative mortality :
rates are not nearly so variable as one might expect. Despite the small size of
the rotifers, their weighted average relative mortality rates do not greatly ex- |
ceed those of the more vulnerable developmental stages of copepods. Few !
annual average relative mortalities from field populations are available for '
comparison. Rey and Capblancq (1975) showed average loss of 14% per day

for Polyarthra vulgaris, which is very close to the average for rotifers in
Table 11-1.

Cladoceran mortality rates are on a relative basis very similar to rotifer
mortality rates (Table 11.-1). The two larger cladoceran species sustain '

somewhat greater relative mortality than the small Bosmina.

Overview of Mortality Rates

Higher coefficients of variation for absolute mortality than for relative mor-
tality in a given zooplankton category would be evidence of substantial den-
sity dependence in mortality. This is the case for some categories and not for
others. Mortality in copepods, for example, does not appear to be markedly
density dependent except perhaps for Thermocyclops copepodids, but mor-
tality for the rotifer Conochiloides appears to be highly density dependent.

Among copepods, those stages which are characterized by the highest rel-
ative mortality rates show the highest coefficients of variation for both abso-

Table 112, Average Percentage of Organisms
Surviving from Birth to the End of Given De-
velopmental Stages in the Three Zooplankton
Species with Extended Life Histories

Percentage surviving to end

Species/stage of developmental stage
Cyclopoids
Nauplins 6 86
Copepodid V [1
Calanoids
Naupiius 6 27
Copepodid V 10
Chaoborus
Instar 11 50

Instar IV 17
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Jute and relative mortality. This is probably because the mortality of these
stages is principally caused by predation, which is unevenly distributed
through time.

Relative variation in the mortality of the predator Chaoborus is lower than
variation in most of the herbivore categories when mortality is expressed in
absolute terms. When mortality is expressed in relative terms, the relative
variability of Chaoborus mortality is in the same range as the relative vari-
ability in herbivore mortality.

Table 11-2 shows the combined effect of relative mortality and duration
of development on survival to age of first reproduction for the three species
with extended periods of development (cyclopoids, calanoids, and Chao-
horus). The percentage of surviving copepods at the time of the last molt is
remarkably similar in the two copepod species (ca. 10%). These figures are
also very similar to the ones obtained by Bosselmann (1975) for Eudiap-
tormus in Lake Esrom (ca. 10%). Broader investigation of mortality rates
might well show general similarities among copepod populations in this re-
spect.




Chapter 12

Zooplankton Mortality
Mechanisms

4 ™
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Mortality among zooplankton can be broken down into two large catego-
ries: (1) predation, and (2) all other causes, including disease, physical
stress, parasitism, starvation, and senescence. Quantification of the relative
importance of these two categories of mechanisms for the various stages and
species included in the Lake Lanao zooplankton is possible because the
rates of predation can be computed.

Predation Mortality

All predation on zooplankton in Lake Lanaoc must be atiributed either to
fish or to Chaoborus, since all of the other zooplankton species are herbiv-
orous. Lake Lanao is populated by a species swarm of endemic cyprinids
phus some introduced fish species, including predominantly the pisci-
vorous white goby, Glossegobius giurus. The lake lacks a significant popula-
tion of fish adapted to feed on herbivorous zooplankton in the pelagic
zone, Juvenile fishes and some of the smaller cyprinid species which are
zooplanktophagic are limited in distribution primarily to the littoral areas,
where they probably have a significant impact on zooplankton populations.
The abundance of juvenile fish and the smaller cyprinid species in open
water is so low, however, that this source of predation is not significant for
herbivorous zooplankton in mid-lake. Some of the larger cyprinid species,
which are not subject to intensive predation by the piscivorous goby, are
found in open water but do not appear to be effective zooplankton feeders
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except on Chaoborus, which appears in large numbers in the stomachs of
SOMe Species.

From these generalizations il is possible to make some simplifying as-
sumptions concerning the impact of fish on the zooplankton community.
Chaoborus larval mortality is almost certainly accounted for entirely by fish
predation. Chaoborus shows no evidence of significant cannibalism in Lake
I.anao (Lewis, [977a), although cannibalism does occur in at least some tem-
perate populations (Parma, 1971). Given the small amount of fish predation
on zooplankton other than Chaoborus, mortality of herbivorous zooplank-
ton must be accounted for entirely by Chaoborus predation or by factors
other than predation. The feeding habits of Chaoborus have been studied in
detail, so it is possible to compute predation and thus separate predation
losses from other losses for the herbivorous zooplankton.

Computation of predation mortality for herbivores requires knowledge of
the feeding rate of all Chaoborus instars on all herbivore categories. There is
a diel rthythm in electivity values for Lanao Chaoborus (Lewis, 1977a),
hence the calculations must be made separately for day and night. The elec-
tivity values for diurnal and nocturnal feeding across all Chaoborus instars,
when combined with the abundance matrix for herbivores, can be used to
compute the percentage by number or biomass of each herbivore category in
the Chaoborus diet for each of the 65 weeks.

Given the percentage composition of the Chaoborus diet for each week,
total predation mortality of each herbivore category can be computed if the
feeding rate is known throughout development for Chaoborus. The feeding
rate for Chaoborus can be computed from (1) the growth rate, which is
known (Fig. 8—6), and (2) the growth efficiency. Swift (1976) reports an as-
similation rate of 65% for Chaoborus, which will be used here. Relationship
of growth to assimilation has not been studied in any Chaoborus species, but
it seems reasonable to adopt the percentage determined by Cummins et al.
(1969) for the zooplankton predator Leptodora (30%). These two percent-
ages are applied to the age-specific growth curve to obtain the age-specific
feeding rates expressed as a percentage of Chaoborus body weight. The size
—~abundance—time matrix for Chaoborus incorporating all 65 weeks of the
study period and all 52 separate Chaoborus size categories is then applied 1o
the category—abundance—time matrix for herbivores to yield the predation
tosses of all herbivores. Results are expressed in absolute terms (individ-
uals/liter/day) and in relative terms (percentage/day).

The computations are subject to all of the errors that have already been
mentioned for estimates of abundance and growth. In addition, two other
sources of error should be mentioned. (1) Electivity values for Chaoborus in
the Lake Lapao community vary according to the relative abundance of
availabie foods, evén for a specific stage in the Chaoborus life cycle at a spe-
cific time of year. Lewis {19774) has shown that Chuoborus lowers its clec-
tivity for preferred foods when such foods reach very low density, presum-
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ably because it becomes counterproductive to seek or wait for the food
ulnder these circumstances. It is not known, however, whether this relaxa-
tion of preference occurs suddenly or slowly. The use of average electivities
could thus cause some inaccuracy. (2) Additional potential inaccuracies in
tf}e calculations arise from the use of a single estimate of assimilation effi-
ciency and of the assimilation-growth relationship. The true percentages
are likely to vary some according (o the type of food being consumed and the
age of the predator.

_ The results of the computations are listed in Table 12—1. The computa-
tions were made for the 16 herbivore categories listed in the generalized
mortality summary (Table 11-1) except that immature copepodids and adult
copepods were combined because they could not be distinguished in the diet
of Chaoborus. Fourteen herbivore types were thus considered. Of these
fourteen, five, all of which are rotifer specics, are never found in the diet of
Chaoborus (Lewis, 1977a). Obviously the mortality due to Chaoborus pre-
dation in these five categories is 0, hence all of their mortality must be ac-
counted for by other means. These categories are omitted from Table 12-1 R
which shows only the nine herbivore categories that are subjected to detect-
able predation by Chaoborus even though the total predation loss may be
very minor (cyclopoid nauplii).

Table 12-1 shows that the total daily mortality of herbivores which are
known to serve as Chaoborus food (32 pg wet weight/liter/day) very
closely matches the total computed Chaoborus food requirements (34pug
wet weight/liter/day). Since these two estimates are entirely independent of

T gble 12-1. Mean Mortality of Herbivores Attributable to Chacborius Compared
with Mean Total Mortality

Predation mortality Total mortality

. (ng/liter/day) {pg/liter/day)

Species/staget {wet) (wet)
Cyclopoid nauplit 0.05 0.43
Cyclopeid copepodid/adult i2.83 [8.39
Calanoid nauplii (.44 1.12
Calancid copepodid /adult 13.75 6.44
Keratella cochlearis 0.15 0.05
Keratella procurva 0.01 . 0.02
Diaphanosama 5.20 3.88
Moina 0.35 (.66
Bosmina 1.34 0.58
Total 34.13 31.57

i .‘;pecm\s and stages which experience neghgible monality due to Chaohorus predation are
excluded from the table.
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cach other, the close agreement confirms that (1) sources of predation other
than Chaoborus are not important for herbivorous zooplankton species, and
(2) predation is by far the most important source of mortality for the nine
categories which are listed in Table 121 and probably accounts for virtually
all loss of biomass in these categories. The close agreement of estimates fur-
thermore supports the validity of the estimates of Chaoborus feeding rates
and growth rates as well as the overall mortality computations for herbivore
populations.

Tor individual herbivore categories in Table 12.-1, the agreement between
predation mortality and total mortality is acceptable but not nearly so close
as for the total. The major source of inaccuracy is undoubtedly the estimate
of electivities for Chaoborus of various sizes, as the mean electivity values
are unquestionably subject to numerous sources of variation which could
not be well quantified. Furthermore, the analysis of Chaoborus foods, which
was based on studies of crop contents, could not be nearly so precise as the
analysis of total mortality rates because the exact size of organisms within
Chaoborus crops could not be determined. These sources of error tend to
balance in the totals, but are a source of variation in the estimates of preda-
tion loss rate for individual herbivore categories.

The herbivores can be divided into two major groups according to the im-
portance of predation in explaining mortality. The first group is composed of
all the species listed in Table 12--1. Predation seems to account satisfactorily
for all mortality in these species. Within this group, the exact mortality rate
caused by predation varies enormously according to the variation in electiv-
ity of Chaoborus for various food items. This is in turn refiected in the varia-
tion of mean relative mortality rates in Table 11-1. The second major group
of zooplankton herbivores consists of the five rotifer species which do not
appear at afl in the diet of Chaoborus and which nevertheless sustain rela-
tively high mortality rates.

The existence of five herbivorous zooplankton species in which mortality
must be accounted for entirely by mechanisms other than predation is re-
markable and deserves further consideration. For zooplankton species
which have a very low average numerical abundance, it is possible that an
amount of mortality which was significant to the species in question did not
appear in the dietary analysis of Chaoborus simply because the percentage
of such items in the food is very low. An example would be the rotifer 7ri-
chocerea. For at least two of the species, however, the evidence that sub-
stantial mortality must occur by mechanisms other than predation is very
definite. The abundances of Conochiloides and Tetramastix are so high
(Table 4-1) that these items could not be overlooked if they were truly in-
cluded in the diet of Chaohorus in significant numbers.
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Mechanisms of Mortality Other Than Predation

Although five rotifer species suffered significant mortality that cannot be ac-
counted for by predation, no direct observational evidence is available to
suggest mechanisms for this unexplained mortality. Mechanisms might in-
clude disease, parasitism, inadequate food supply, physicochemical stress,
or senescence, ali of which are difficult to document. There was no evidence
of disease or parasitism, so the role of these factors will be tentatively con-
sidered minimal. It is possible to test for relationships between mortality and
(1) the quality and quantity of the food resource, (2) physicochemical stress,
and (3) hidden predation by large herbivores which might feed occasionally
on small herbivores.

The basis for analysis of mortality mechanisms is the mortality —time ma-
trix, where mortality is expressed in relative terms (percentage /day). Of the
five rotifer species which should be analyzed for unexplained mortality, only
two (Conochiloides, Tetramastix) are sufficiently numerous to support de-
tailed analysis.

1. Mortality versus Food Supply

Weekly abundance estimates are available for each of the 70 phytoplankton
species found in the limnetic zone, as described elsewhere (Lewis, 1978b).
The data can be expressed either in terms of plankton unijts per ml (plankton
units are independent biomass units, or individuals), or in terms of biomass
per ml of water (as computed from cell volume). These abundance
measurements for individual phytoplankton species and aggregates of
species were compared with the mortality rates for Conochiloides and
Tetramastix.

In all of the statistical comparisons, the abundance of phytoplankton
species or species aggregates for a given week was obtained by summing the
abundance data for the beginning and the end of the week and dividing by
two. The general hypothesis guiding the analysis in all cases is that
unexplained herbivore mortality is statistically related to the availability of
critical food resources within the phytoplankton, The analysis was
conducted in several separate stages as described below.

A. Relationship between Zooplankton Mortality and Total
Phytoplankten Abundance

Pearson Product—Moment Correlation Coefficients were obtained between
total phytoplankton abundance and the relative mortality rates of Conochi-
loides and Tetramastiv. Initially none of the variables was transformed. A
causal relationship between herbivore mortality and a nutritionally critical
minimum of total phytoplankton would be indicated by a negative relation-
ship between herbivore mortality and iotal phytoplankton abundance (al-
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though this relationship need not be linear, of course). No such relationship
was found. The test was repeated after log transformation of the variables
and again showed no significant negative correlations. The test was also
repeated with incorporation of time lags of 1 and 2 weeks between phyto-
plankton abundances and zooplankton mortality and the result was the
same. The test thus provided no evidence for connection between total phy-
toplankton abundance and the unexplained mortality in herbivores. This is
not surprising, since the total phytoplankton abundance in Lake Lanao is
extremely high throughout the year (Fig. 7-1), which would suggest that any
deficiencies in the food supply must derive from the fact that part or all of the
algal biomass is undigestible or non-nutritious at certain times of the year.

B. Relationship between Herbivore Mortality and the Abundance of
Various Taxonomic Groups of Phytoplankton

The phytoplankton can be grouped at the class or division level into the fol-
lowing major categories: Cyanophyta, Chlorophyta, Bacillariophyceae, Din-
ophyceae, and Cryptophyceae. The phytoplankton actually contains two
other groups (Euglenophyta and Chrysophyceae), but both of these are com-
prised of only a few very rare species,

The abundance of each of the five major taxonomic groups, expressed in
terms of plankton units per ml, was tested for correlation with mortality in
Conochiloides and Tetramastix. The tests were done with and without log

Table 12-2. Relationships between Indicators of Food Quality or Quantity and
Mortality Rates of the Two Abundant Rotifer Species Showing Significant Mortality
Unexplained by Predation

Relative mortality —percentage /day

Resource supply indicator Conochiloides Tetramastix
I. Total phytoplankton abundance  None None

{pe® /ml or plank units/ml)
2. Abundance of major algal taxa Greens, dinoflagel- Dinoflagellates (++)

{um®/ml or plank units/ml} lates, cryptomonads

(“Jf,.)a
3. Abundance of specific algal size
fractions
a, Volume per biomass unit 60~120, 320-800 () None
{® /ml)

b, GALD (um) 1.0--6.5, 12.5-22.0 (+)  None
¢. SGALD (um) 2.2-4.5, 11.5=-27.0(+) None
4. Abundance of individual algai Greens 13, crypto- None
species ) monads 2, other
divisions 3 (4}

* Plus indicates positive correlaiion.
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transformation of variables and with and without 1-week time lags. The re-
sults were qualitatively similar in all cases, but log transformation appears
most justifiable in view of the frequency distributions, so interpretation is
based on the transformed data,

There are no significant negative correlations (Table 12-2}, but relative
mortality of both species is positively related to dinoflagellate abundance

and Conochiloides mortality is positively related to abundance of greens and

cryptomonads as well.

C. Relationship between Zooplankton Mortality and Abundance of
Phytoplankton Groups Based on Size

Since phytoplankton size is one factor which might affect its availability to a
given herbivore, size was used as a criterion for aggregating phytoplankton
species. The entire list of 70 species was split into 6 groups containing 11 or
12 species each. The groups were based on the size of an average biomass
unit (um?®/ml} for each phytoplankton species. Data on the size of average
biomass units for all species were available from another study (Lewis,
1978a). The species span a volume range of 2 to 50,000 wm? per plankton unit,
but 90% of the species had volumes between 3 and 2500 gm?® per plankton unit.
The volume of an average plankton unit for the entire 70 species was about
75 um?.

A correlation analysis of the six different size groups of phytoplankton -

with the mortality rates of the two herbivore categories showed no signifi-
cant negative correlations and two significant positive ones, both involving
Conochiloides (Table 12-2), Repetition of the tests after log transformation
and with the incorporation of I-week lags did not result in any meaningful
increase in the number of significant correlations.

The entire analysis was repeated on the basis of linear dimensions rather
than volume as a criterion for categorizing the phytoplankton. Once again
the 70 species were split into six groups, but this time on the basis of greatest
axial linear dimension (GALD, Lewis, 1976) of average biomass units for
each phytoplankton species. The results were very similar to those obtained
on the basis of volume per plankton unit (Table 12-2).

A third and final kind of size grouping of the phytoplankton was based on
the second greatest axial linear dimension {SGALD) for each of the 70 spe-
cies. The rationale Tor this separation was that the ingestibility of elongate
biomass units might be more dependent on their greatest width than their

length. The results, however, were essentially the same as in the grouping

based on GALD,

The analysis of phytoplankton size fractions using any of the three criteria
is on the whole not very revealing. In ail three cases, two significant positive
correlations appear for Conochiloides but these are with noncontiguous size
groups of intermediate dimensions. If size is truly an important feature in
itself, one would expect significant correlations to appear with contiguous
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size groups, particularly those groups of extreme size at one end or another
of the spectrum. Furthermore, there are no significant correlations for Tetra-
mastix at all. The resulis thus suggest that the significant correlations which
were observed are the result of the operation of some factor other than size.

D. The Relationship between Zooplankton Mortality and Abundance of
Individual Phytoplankton Species

Tests were also made for significant relationships between mortality of Con-
ochiloides and Terramastix and the abundance of the 70 individual phyto-
plankton species. As with the previous tests, the results were obtained with
or without log transformation and time lags of one week. The analysis based
on log transformation of all variables and no time lag seemed best justified
from frequency distributions and general strength of correlations, hence the
interpretation is made on this basis.

One additional problem occurs in connection with the analysis of individ-
ual species insofar as a large number of individual correlation tests will pro-
duce a small number of significant results even if no relationship exists in the
data. These spuriously significant results can increase in number under some
conditions if there is a large amount of autocorrelation in the data, as pre-
viously indicated i connection with the analysis of species similarities. The
phytoplankton abundance data show a relatively low amount of autocorrela-
tion, however (Lewis, [978d). Without any major autocorrelation effects, a
series of 70 correlations of phytoplankton abundance with the mortality
rates for one of the zooplankton species would be expected to produce
0.05 x 70 = 3.5 significant resuits by chance alone, half of which would be
positive and half negative, if there were no relationship whatever between
the variables. We must therefore assume that there is a background leve] of
approximately two positive and two negative significant correlations for
each of the two zooplankton species. Interpretations must{ obviously not be
made unless the number of significant correlations is substantially above this
background level.

As with most of the previous tests, Tetramastix showed no evidence of
significant positive or negative correlations with phytoplankton abundance
exceptl as woukd be expected by chance alone. Table 12-2 thus indicates no
relationships for this species.

For Conochiloides, the most abundant rotifer species, the number of nega-
tive relationships is not above the background level, but the number of posi-
tive relationships is substantially above the background level (18). As indi-
caled in Table 12-2, mosi of these positive relationships involve the
Chiorophyta. It is also noteworthy that although there are only two crypto-
phyte species, both show a positive relationship to refative mortality of Con-
ochiloides. The remaining few relationships are scattered and are difficult to
separate from background. The pattern of positive correlations thus rein-
forces the result obtained in the analysis of phytoplankton taxonomic
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groups. Abundance of cryptophytes and green algae coincides with unfavor
able conditions for Conochiloides, as indicated by high relative mortality -

rates.

Table 12-2 summarizes all of the attempts to relate unexplained mortality |
in Conochiloides and Tetramastix to quantity and quality of food supply. For

Conochiloides, there does appear 1o be a significant relationship between

certain categories of algae (greens, cryptomonads, and possibly dinoflagel- -

lates) and high relative mortality rates. A simiiar relationship between Tefrg-
mastix and the dinoflagellates could not be confirmed by the analysis of indi-
vidual phytoplankton species. Although no absolute proof is possible on the
basis of this information, the data do suggest strongly that food resources are
qualitatively inadequate for these rotifers at certain times in the successional
cycle when the phytoplankton is dominated by groups of species which are

either difficult to capture or have poor food value for these rotifers. 1t will be -

possible to reinforce these conclusions on the basis of additional information
from the section on growth control mechanisms.

2. Mortality versus Physical- Chemical Stress

Physical—chemical stress is a second possible source of unexplained
mortality. Good documentation is available on the physical and chemical
variables affecting the plankton community over the period of study (Lewis
1973a, 1974, 1978b), so it should be possible to detect any important
relationship between unexplained mortality and physical or chemical
stresses. It is difficult to advance an interesting null hypothesis, however,
because the degree of variation in most of the physical and chemical
variables is so slight that it would be extremely unlikely for any such
variations to result directly in mortality of zooplankton organisms.

Only one possibility seems worthy of testing. The considerable seasonal
variation in amount of turbulence in the water column might affect the
rotifers in particular insofar as it could prevent these species from
maintaining an optimal position in the water column or could demand large
amounts of energy for the maintenance of position. This hypothesis was
tested by comparison of the relative mortality rates for Conochiloides and
Tetramastix with the depth of mixing over successive weeks in the study
period. Linear, log-transformed and time-lagged correlations were
computed. These gave qualitatively similar results. The log-transformed
correlations seem to be best justified on the basis of the frequency
distributions. Table 12-3 summarizes the results.

Table 12-3 shows that depth of mixing is significantly related to mortality
rates in Conochiloides. The sign of the relationship between these two
variables is the opposite of the sign expected on the basis of the initial
hypothesis, however. The negative relationship between moriality and
mixing depth for Conochiloides suggests that these species experience
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Table 12-3, Pearson Product-Moment Correlation Coefficients between
Measures of Potential Hidden Sources of Mortality and Relative Mortality
(Percentage,/Day) for Herbivore Categories Showing Significant Amounts
of Unexplained Mortalily

Relative mortality —percentage /day

Potential source of mortality Conochiloides Tetramastix
Depth of mixing —0.26¢ NS¢
Abundance of other herbivores

Cyclopoid nauplii NS NS
Cyclopoid copepodid/adult NS NS
Calanoid nauplii NS NS
Calanoid copepodid/aduit NS NS
« P < 0.05.

b Not significant.

minimal mortalities when mixing is pronounced. The original idea is
therefore rejected and the results do not suggest any simple alternative
hypothesis. A significant negative relationship may be due to correlation of
mixing with controlling variables that have not yet been identified or may
signify some unexpected mechanism by which minimal mixing directly
increases mortality. Even if such a mechanism does exist, its importance in
accounting for variations in relative mortality is not very great since the
intensity of the relationship is unimpressive.

Since the only reasonable hypothesis involving physical or chemical stress
does not appear to explain any significant amount of the unexplained
mortality in the rotifers, the influence of physical and chemical factors as a
whole on unexplained mortality must be considered minimal on the basis of
the available evidence.

3. Hidden Predation from Large Herbivores

One additional possible reason for unexplained mortality in the rotifers
derives from the possibility that the larger herbivores, particulatly cyclopoid
copepodid/adults and calanoid copepodidfadults, might ingest rotifers i
sufficient amounts to affect population dynamics. Although the examination
of gut contents of the two copepod species from lake Lanao shows
unequivocally that they are herbivorous, and the mouthpart morphologies
confirm this conclusion, it is not impossible that such herbivorous species
ingest small heterotrophs in significant amounts. The relationship between
abundance of cyclopoid nauplii, cyciopoid copepodidfaduilts, calanoid
nauplii, or calanoid copepodid/adults with the votifer species showing
significant amounts of unexplained mortality was therefore studied by
correlation procedures.
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The analysis revealed no significant relationships between the two sets of
variables (Table 12-3). The evidence thus indicates that the large herbivoreg
do not play any role in determining the unexplained mortality of rotifers.

In summary, the three separate attempts to explain the mortality of
rotifers which cannot be explained by Chaoborus predation failed to suggest
other mechanisms by which mortality might occur except in connection with
food quality. It does appear that the mortality of Conochiloides, the most
abundant rotifer species, is directly related to the presence of large amounts
of algal biomass belonging to the Chlorophyta, Dinophyceae, or
Cryptophyceae. Comparable evidence for Tetramastix is not strong. The
data on relative mortality rates of Tetramastix are of considerably lower
quality than the data on relative mortality rate of Chaoborus, however, as
Tetramastix is much less abundant. Thus the failure to demonstrate such a
strong relationship for the mortality of Teframastix could in part be
accounted for by the much greater amount of noise in the data for this
species.

In the comparison of species similarities in Chapter 10 (Table 10-3), the
rotifers showed a tendency to segregate from other herbivores when growth
and mortality were the basis for comparison (AN matrix). It is likely that the
distinctive (nonpredation) mortality control mechanisms in rotifers, such as
the apparent nuftritional mechanism indicated for Conochiloides in this
analysis, are in part responsible for this segregation.

/

Chapter 13

Community Trends in Mortality

Given the information which has been developed in the preceding chap-
ters, it is possible to test some general hypotheses relating mortality rates to
measurable properties of zooplankton species. Mortality statistics available
for testing inchude (1) absolute total mortality (individuals per day), (2) rela-
tive total mortality (percentage/day), and (3) relative predation mortality
(percentage /day). The one quantifiable property common to all developmen-
tal stages and species is size, which can be expressed either in terms of wet
weight or length. The general hypothesis to be tested here is that definite
statistical relationships exist between the various measurements of mortality
rate and the size of herbivores.

Prior to the analysis, some decision must be made about the inclusion of
the rarest species in the analysis. The discussion of errors in mortality rate
estimates would suggest that inclusion of the rarest species could be mis-
leading, and that the relative mortality rates are more sensitive to distortion
than the absolute ones. For these reasons, the rare rotifers with indistin-
guishable eggs are eliminated from the analysis of absolute mortality (Hex-
arthra, Polyarthra, Trichocerca), and the categories with substantial num-
bers of weeks below the 10% errvor criterion are additionaily eliminated in
the relative mortality analysis and predation mortality analysis (the three ro-
tifers already named plus Keratella, Bosmina, Moina). The broad
conclusions would be qualitatively the same with or without these exclu-
sions, however.




102 Community Trends in Mortality

1. Absolute Total Mortality versus Size

The copepods are treated as species rather than as stages, as the analysis
attempts to identify trends across species. A Spearman Rank Correlation
analysis shows that absolute mortality is related to average wet weight per .
individual (r, = 0.64, P < 0.05). Since average total mortality must be .
closely balanced with average total production, the trend implies a corollary ¥
significant relation between production and size. The significance of the
trend is best discussed in terms of production and will thus be deferred to the :

analysis of production trends in the community,

2. Relative Total Mortality versus Size

The relationship between relative mortality and length or wet weight is °
shown in Figure 13- 1. For copepods, the major developmental stages are *
separated so that the variable operation of mortality mechanisms within :
species can be included in the analysis. The figure is constructed on the basis -
of mortality vs length, but it is also possible to show wet weight on the same

graph with a reasonable degree of accuracy because of the close relation

between length and weight. The line indicated in Figure 131 is the best

Wet weight — uqg per individual
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Figure 13--1, Rel_aiionship between the total relative mortality (weighted mean) of
zooplankton herbivores in Lake Lanao and their length (nm) or wet weight (g,
wel},
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linear fit to the mortality ~length relationship as follows:
Y =241 - 0.019%

where Y is the mean total relative mortality {percentage/day) and X is the
mean length of the organism (wm). The relationship is significant (P = 0.02).
Length explains about 55% of the variance in relative mortality. The analysis
excludes cyclopoid nauplii, which show a mortality highly divergent from
the trend for unique reasons explained below.

The relationship between total relative mortality and wet weight is similar
to the total relative mortality -length relationship, but is not quite so strong
(P = 0.10). The equation is:

= 16.5 - 0.33X

where Y is identical to the previous equation and X is the wet weight of an
average individual {(ug).

Figure 13-1 and the accompanying statistical analysis demonstrate a
pervasive and significant trend toward higher average mortalities in smaller
species and developmental stages. While factors other than size are
unquestionably significant and contribute to the scatter of points, the
existence of a simple relationship between size and mortality in a natural
community over an extended period of time has important implications for
its organization and function.

3. Predation Mortality versus Size

The last comparison involves predation mortality and the length and weight
variables that have already been used in the other comparisons. The relation
depicted in Figure 13-2, which is statistically significant (# = 0.05), is as
follows:

Y = ~4.00 + 0.033%

where ¥ is the loss to predation (percentage/day) and X is the length of an
average individual (um). The length of herbivores explains about 45% of the
variance in their relative loss to predators. As in Figure 13-1, Figure 13~2
shows the scale of wet weights on the abscissa as well as the scale of lengths,
although the locations of the points themselves are based on length. The
relationship to weight is also significant (P = (.04) and the line of best fit is:

Y = 2.50 + 2.39%

where Y is as in the previous equation and X is the weight of an average

individual (ug). The trend is remarkably uniform within the copepods but

the rotifers and Cladocera follow the trend much less closely. Although size
is clearly important, the identity of the species is obviously important as well
(cf. Lewis, 1977a).

The significance of a general relationship between body size and predation
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Eigurc 13~2. Relationship between predation mortality of zooplankton herbivores
in Lake Lanac and their length (um) or wet weight {ug).

mortality in the context of plankton community structure has received a
great deal of recent attention (reviewed by Brooks, 1968; Zaret, 1975; Hall et
al., 1976; Macan, 1977). Several kinds of empirical evidence suggest that
larger zooplankton organisms (or organisms of larger apparent size: O’ Brien
et al, 1976) are subject to substantially greater predation pressures from
vertebrate planktivores. Some evidence also suggests that invertebrate
predators have the opposite effect (reviewed by Hall et al., 1976), but the
supporting data are less comprehensive.

The potential basis for community order related partly to size in plankton
systems is well iHlustrated by Allan’s (1976) analysis of life history features
as clements of adaptive sfrategies in zooplankton. Allan concludes, largely
on grounds of capacity for increase, that the order of opportunism among
zooplankton should be rotifers > Cladocera > copepods. As a corollary to
this, he reasons that predation stress will follow the same order. In Lake
Lanao the total relative mortality follows roughly this order, although
developmental stages within species may vary enormously (Fig. 13-1). The
mortality trend is not, however, due to higher predation stress on smaller
organisms. In fact the opposite is true {Fig. 13-2). The major taxa may still
be ranked as suggested by Alan with respect to opportunism, but factors
other than predation must enforce this ranking, at least in Lanao. The
identity of some of these factors will become evident in the analysis of
growth control mechanisms.
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The ifotal predation Josses of a relatively complex community of
zooplankton organisms have seldom been quantified over any considerable
pertod of time, so comparisons must be made with caution. Figure 13-2 runs
counter to the general notion that increased size results in a significantly
fower risk of predation from invertebrate planktivores, but the data are
taken from a community in dynamic equilibrium with regard to species
composition, whereas much of the theory relating predation loss to body
size applies to nonequilibrium conditions, i.e., it explains how species
composition is established but does not necessarily explain the relative
abundance of species at equilibrium. It is also clear from Figure 132 that
factors other than size have considerable influence, as indicated by the
scatter of points and the uniquely low total mortality of cyclopoeid nauplii.

Because the cyclopoid nauplius is outside the general trend of total
mortality in the community, it is of special interest. Cyclopoid nauplii
obviously suffer very low mortality from Chaoborus predation even though
cyclopoid nauplii are extremely abundant. Chaoborus is a lurking predator
whose success may be markedly affecied by the average movement rate of
the prey organisms (Gerritsen and Strickler, 1977). Gerritsen (1978) has
recently shown that the Josses of varous cyclopoid stages to Chaoborus vary
greatly because of differences in swimming patterns. Cyclopoid nauplii
move very little and are consequently less likely to encounter a predator or
to atfract its attention. This confirms earlier speculation that the very low
electivity of Chaoborus for nauplii may be due to special escape or cryptic
behavioral mechanisms not shared by copepodids and adults (Lewis, 1977a).
" Figures 13-1 and 13-2 show that the low vulnerability of cyclopoid
nauplii to predation does not really provide the entire explanation for
unigueness of cyclopoid nauplii with regard to community trends in total
relative mortality. The rotifer Conochiloides also experiences very low
predation losses, and yet experiences sizable total mortality, as would be
expected from the community trends. The failure of cyclopoid nauplii to fit
the community trends derives from very low total mortality, which is only
partly explained by its immunity from predation. The contrast in total
relative mortality between cyclopoid nauplii and Conachiloides is explained
very simply by a critical biological difference between the two. Cyclopoid
nauplii never reach maturity (they merely become copepodids) and thus are
not subject to mortality mechanisms which specifically affect mature
organisms. Conochiloides, on the other hand, does mature at a smali size
and in the absence of significant predation experiences mortality from other
sources. The divergence of the cyclopoid naupiii from the trend in Figure
13-2 is thus understandable. Calanoid nauplii, although equally immune to
mortality affecting mature organisms, are subject to significant predation
and thus fit the community pattern, unlike cyclopoid nauplii. It is the
combined immunity from predation and senescence that gives the cyclopoid
nauplii their special position in Figure 13--2.




106 Community Trends in Mortality

The analysis has shown that both total mortality and predation mortality
are significantly related to herbivore size in Lake Lanao, but the trends run
in opposite directions. Although there is a steep increase in predation losses
with body size, the increase is more than compensated by the existence of
mechanisms of mortality other than predation which take an exceptionally
heavy toll of the smallest organisms.

The production of the smallest herbivores, in which predation is a minor
loss, for the most part follows two pathways. If energy is incorporated in a
small herbivore which is incapable of growing large (rotifer), then the energy
will flow according to nonpredation mortality mechanisms, which will lead
to microbial—detrital channels. If the energy is incorporated in a small
herbivore capable of growing large (cyclopoid nauplius), then mortality is
minimal until sufficient growth occurs to bring the body size into the range of
significant predation. These patterns are illustrated in Figure 13-3.

The complete diversion of some energy away from primary carnivores and
toward the microbial—detrital channel would seem to provide some evidence
of inefficiency in the primary carnivores. This impression is somewhat
misleading because of the small amount of production attributable to the
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Figure 13-3,  Fate of herbivore secondary production in all of the herbivore catego-
ries of Lake Lanao. Note that production of the smallest herbivores either flows away
from the primary carnivores channels into microbial ~detrital channels or is shunted
into larger herbivore size categories before flowing to the primary carnivores.
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herbivores whose preduction flows into microbial -detrital channels (Fig.
13-3). The entire rotifer component accounts for only 3.5% of herbivore
production (Table 9-1), hence the failure of primary carnivores to exploit
this component fully is not very significant from the cnergetics viewpoint.
The production of small nauplii, which also avoid predation, eventually is
shunted to the primary carnivores anyway, as the harvesting is merely
deferred until the organisms are larger (Fig. 13-3). Thus the primary
carnivores do intercept about 95% of herbivore production even though they
do not prey effectively on the smallest herbivores.




Chapter 14

Control of Zooplankton
Production by Food Quantity
and Quality

M

Analytical Methods: Herbivores

Zooplankton growth and reproduction, which are measured here in terms of
secondary production, are potentially affected by quality and quantity of the
food resource. The following analysis attempts to identify and quantify this
influence on Lake Lanao herbivores. Mortality mechanisms are potentially
confounding to the analysis because mortality exercises some feedback con-
trol over total growth and reproduction through its alteration of the numeri-
cal base to which growth rates apply. It would seem that the influence of
mortality on secondary production {P) could be minimized by expressing P
on a relative basis (P/B). Although this method of expressing production
would reduce the influence of the numerical base, it would not be defensible
because of the manner in which P is estimated. The estimate of secondary
production is dependent partly upon the number of individuals and partly
upon their age distribution. Since the ratio of P to B is dependent on the age
structure of a population as well as the conditions for growth, changes in age
structure might cause substantial alterations in the ratio of P to B even when
there is no change in growth control mechanisms {¢cf. Edmondson, 1965).
The analysis of growth control mechanisms must therefore be based on P
rather than P/B. The potential confusing effect of mortality on the analysis
can be reduced, however, by examination of lag effects. Time lags allow for
compensatory growth to alter the numerical base in response to changes in
growth control mechanisms.

The relationship of zooplankton production to the phytoplankion food re-
source is analyzed here in stages from the following variable sets: (1) abun-
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dance of five major phytoplankton taxonomic groups, (2) abundance of six
major phytoplankton size groups, and (3) abundance of 50 individual phyto-
plankton species. The analyses are based on correlation matrices derived
from the production of the herbivore categories over successive weeks and
the concurrent abundances of phytoplankton species or phytoplankion
groups. It is important to note that this analytical approach, while based on
biomass of food, is sensitive to the variation in biomass of food in relation to
variation in herbivore production, and not to the mean values for these vari-
ables. The basic assumption is that variation in a critical food resource,
regardless of its mean availability, should be manifest as corresponding vari-
ation in the consumers.

As explained in connection with the production computations, the produc-
tion of a given herbivore category over week &k was obtained from the aver-
age demographic characteristics of the population at the beginning and the
end of the week, or from a numerical model of popuiation change assuming a
linear alteration in demographic features between the beginning and the end
of the week. The basis for the present analysis is the zooplankton production
over week & and the phytoplankton abundance over the time period immedi-
ately preceding this (week &-1). Four kinds of correlation matrix are used:
(1) Pearson Product—-Moment correlation coefficient matrix on untrans-
formed variables, (2) Pearson Product—Moment correlation coefficient ma-
trix on log-transformed variables, (3) Spearman Rank correlation coefficient
matrix, and (4) Pearson Product—-Moment correlation coefficient matrices
incorporating different time lags.

" Log transformation of variables and Spearman Rank correlation always
yielded essentially identical interpretations, but these differed from interpre-
tations that would be obtained from a Pearson Product-Moment correlation
coefficient matrix on untransformed variables. Examination of the underly-
ing frequency distributions showed that conclusions drawn from untrans-
formed variables would be unreliable as a result of a small number of outly-
ing points which distort the frequency distributions. For this reason, the
log-transformed variables were used throughout the analysis. A I-weck lag
is inherent in the correlations to allow the numerical base affecting P to re-
spond to algal food guality. Examination of the correlation coefficient ma-
trices incorporating additional time lags of 1 or 2 weeks or a negative l-week
lag that would make the food and production data exactly coincident showed
that the interpretation would be essentially the same for no additional lag,
for a T-week additional lag, or for a negative l-week lag, but that the number
of significant correlations and intensity of correlations would be reduced
with a 2-week lag. The data analysis is therefore based on correlation of pro-
duction week & with phytoplankton abundance week k-1 as initially pro-
posed. :

An important distinction between ingestion and nutrition must be made
before the results are evaluated. Correlations between secondary production
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and food abundances are affected by factors other than the ingestion rate of °

the food by the herbivore. Ingestion of substantial quantities of a given phy-

toplankton species may not result in a higher secondary production if the
phytoplankton species is not digestible or nutritious. Thus the correlations

test for the total nutritional effectiveness of phytoplankton species, inchud-
ing ingestion, digestion, and nutritive value,

Importance of Major Phytoplankton Taxonomic
Groups as Herbivore Foods

Figure 141 shows the results of correlation analysis comparing the produc-
tion of zooplankton herbivores and the abundance (measured as biomass) of
the five major groups of phytoplankton that could serve as food sources for
herbivores. All of the relationships indicated in Figure 14-1 are significant at
P < 0.01.

Interpretation of Figure 14—1 must be made with caution, as each of the
major taxonomic groups of phytoplankton is composed of a number of spe-
cies which may differ in usefulness to herbivores. In addition, an association
between herbivore production and the abundance of a particular phyto-
plankton group provides only circumstantial evidence that the phytoplank-
ton group is important to the nutrition of the herbivore. The problem of spu-
rious correlation will be considered briefly here and in greater detail subse-
quently with the analysis of individual species.

Cyclopoid production shows strong evidence of association with abun-
dance of diatoms and of bluegreen algae. As the abundances of these two
major food sources are not correlated with each other (Lewis, 1978b), the
correlations must be explained by separate affinities of the zooplankton her-
bivores with the diaioms and bluegreen algae. The results thus indicate that
one or more of the major species in each phytoplankton group is an
important resource for all of the developmental stages of cyclopoid cope-
pods. The diatom flora is strongly dominated by Nitzschia baccata, which is
therefore likely to be important in explaining the relationship of diatom bio-
mass to cyclopoid production. The bluegreen algae are represented in Lake
Lanao by several filamentous and coccoid species of high abundance, and
Figure 14--1 does not indicate which of these would be most important in
explaining the association with cyclopoid production. The adult cyclopoids
also show a significant association with cryptomonads that is not shared by
the younger developmental stages.

The calanoids do not show the general affinity for bluegreen algae that is
characteristic of the cyclopoids, but do share the affinity for the diatoms.
The diagram thus suggests that the cyclopoids use a broader range of food
resources than the calanoids. The cladocerans all show a remarkable affinity
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Figure 14-1.  Association of herbivore production (ue/liter/day) with abundance of
five major phytoplankton taxonomic groups (biomass}. Each line joining an herbivore
category with a phytoplankton taxon indicates a highly significant positive correlation
between herbivore production and phytoplankton (P < 0.01).

for the cryptomonads and no significant affinity for the diatoms or bluegreen
algae.

Rotifer production is associated with four of the five major phytoplankton
groups, but individual species differ considerably in their associations. The
affinitics are particularly strong with the biuegreen algae and secondarily
with the cryptomonads and dinoflagellates. The diatoms play a much smaller
role than with the copepods.

The average percentage biomass composition of the Lake Lanao phyto-
plankton, as given by Lewis (1978a), is as follows: Cyanophyta, 19%:
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Chlorophyta, 34%; Bacillariophyceae, 37%; Dinophyceae, 2%; Cryptophy-
ceae, 8%. In terms of species composition, the Chlorophyta are by far the
most diverse, followed by the Cyanophyta with medium diversity and the
other three groups with only two to four species each.

Strong association of herbivore production with diatom abundance is to be
expected in view of the high proportion of phytoplankton biomass accounted
for by diatoms and the generally high food quality and digestibility of dia-

toms. Strong association of herbivore production with the abundance of i

bluegreen algae is considerably more surprising, since the bluegreen algae
are often considered to provide an inferior food source for herbivores {e.g.,
Burns, 1968; Hargrave and Geen, 1970; Bosselmann, 1975). The use of blue-
green algae by herbivores would not really be inconsistent with the litera-
ture, however, as some zooplankion populations are known to subsist
largely or entirely on bluegreen algal foods. The most relevant example in
this case is the subsistence of Thermocyclops hvalinus in Lake George on
Microcystis (Moriarty et al., 1973). Infante (1978) has also shown that cyclo-
poids and calanoids in Lake Valencia, Venezuela, ingest and digest large
amounts of Lyngbya limnetica, which also occurs in Lake Lanao. Since the
peak abundances of bluegreen algae are entirely out of phase with peak
abundances of diatoms and cryptomonads (Lewis, 1978b), it would be un-
likely that an association of major zooplankton herbivore production with
the abundance of bluegreen algae could occur by spurious correlation
through some other variable. Occurrence of high herbivore production in
connection with the high levels of bluegreen algal biomass could scarcely be
explained by a mechanism other than the use of bluegreen algal biomass as
food, since significant amounts of alternative food sources are not available
when bluegreen algae occur in great numbers.

The complete absence of significant relationships between herbivore pro-

duction and abundance of green algae (Fig. 14-1) is quite unexpected in -
view of the large contribution of green algae to the total algal biomass. 1t will |

become clear later in the analysis that some of the green algal species are in
fact suitable as herbivore food, but that most are unsuitable, and the result-
ing mixture of contributions from suitable and unsuitable species to the total
pool of green algal biomass prevents any general correlation between herbi-
vore production and the abundance of green algae.

The cryptomonads show an unexpectedly large number of significant as-
sociations with herbivore production in view of their low species diversity
and generally low biomass. The cryptomonads do become very significant
elements of the phytoplankton community at certain times of the year, and
are evidently very good food sources for certain herbivores, notably the Cla-
docera and some rotifers. Specialization of certain rotifers on cryptomonads
is documented in the literature {(e.g., Polyarthra, Edmondson, 1965; Pour-
riot, 1965; Fairchild et al., 1977; Keratella, Nauwerck, 1963).

The dinoflagellates are even less abundant than the cryptomonads, but
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nevertheless show significant associations with some of the rotifer species.
Rotifers are usually assumed to feed for the most part on very small particles
(Edmondson, 1965; Hutchinson, 1967}, Recent evidence indicates, however,
that rotifers may use different feeding mechanisms to accommodate for
variation in food particle size and shape (Gilbert and Starkweather, 1977,
Starkweather and Gilbert, 1977). A general affinity for flagellates as food is
apparent in the rotifer literature, and small planktonic rotifers are known to
be able to capture relatively large flagellates (e.g., Pourriot, 1963). Green et
al. (1976) record the ingestion of Peridinium by Brachionus in an Indonesian
lake. Since the dinoflagellates show significant growth only under very ex-
treme conditions (Lewis, 1978b), spurious associations are extremely un-
likely except possibly through some of the bluegreen species. These ques-
tions will be considered in greater detail in connection with the analysis of
individual species.

The relationships depicted in Figure 14-1 indicate that the successional
sequence of phytoplankton taxa (Diatom/cryptomonad —» Green — Blue-
green — Dinoflagelate; Fig. 3-2) will not be translated into simple zoo-
plankton successional sequences. Dependence of production in a given her-
bivore species on the abundance of algal taxa not adjacent to each other in
the successional sequence greatly increases the possible variety in herbivore
sequences. This is compounded by the greater inertia of herbivore popula-
tions, particularly those which show extended development. Furthermore, it
is clear from the mortality analysis that primary carnivores exert strong con-
trol over herbivore composition and abundance but are essentially indepen-
dent of the phytoplankton sequence. The temporal ordering of phytoplank-
ton taxa on environmental gradients (Lewis, 1978b) is thus not reflected in
any simple way by herbivore populations.

Bacteria and detritus are potential supplementary foods for herbivores,
but are not likely to be quantitatively important in the Lake Lanao system.
Detritus is present in extremely small amounts (< 5% of total particles).
This is partly explained by the large size and great depth of the lake, which
minimize the transfer of sedimented material and allochthonous material
into the plankton environment. In addition, large tropical lakes generally
may have smaller amounts of nonliving organic particulates in the plankton
zone because of the rapid degradation of organic particulates at high tem-
peratures (Lewis, 1974).

Bacteria counts with oil immersion phase optics showed an annual aver-
age of about 800,000 bacteria celis per ml in Lake Lanao. These were mostly
very small, with an average volume of about 0.1 m? /cell. Such small average
sizes for bacterial cells in freshwater systems are evidently not unusual.
Hobbie and Rublee (1975), for example, used an average carbon content per
celt for bacteria of an arctic pond which would correspond to a cell volume
of about 0.3 ran®. Possibly many of the very small cells are metabolically inac-
tive (J. Hobbie, personal communication). Even assuming all are active, and
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allowing for the standard increase in QO, with cell size, which would indj-*
cate metabolic rates 26 times higher than for Lanao phytoplankton (Lewis,
1974, Table 11), the bacteria of Lake Lapao would be expected to show g:
maximum production of only about 5% that of the phytoplankton. Even this :
maximum figure would not sustain herbivore production. Thus if bacteriy
are an herbivore food source in the Lanao system, they are probably very

secondary to the phytoplankton.

Importance of Different Phytoplankton Size Fractions
as Herbivore Foods

Filter-feeding zooplankion have the ability to select certain size fractions
and reject others (e.g., Wilson, 1973; Berman and Richman, 1974; Friedman
and Strickler, 1975}, and in some cases are constrained to the filtration of
particles in a certain size range by the physical nature of their filtration appa-

ratus. Raptorially feeding herbivores are limited by similar constraints but.
for different reasons. The Lake Lanao zooplankton community is principally

composed of filter-feeding species, but the copepods are probably capable of
switching between filter feeding and raptorial feeding (McQueen, 1970; Lam
and Frost, 1976), as are some of the rotifers (Hutchinson, 1967).

The hypothesis to be tested here is that herbivore production is associated
with the abundance of phytoplankton particles of specified size. As in the
analysis of mortality mechanisms in a previous chapter, the phytoplankton
community is divided into six size categories, each containing approxi-
mately 11 phytoplankton species. The numerical abundance of phytoplank-
ton particles in each of these categories is then determined by summation of
the abundances of the species within the group. The abundances of phyto-
plankton size groups expressed in this manner are then compared with the
productivities of the 16 herbivore categories.

The analysis is repeated three times. The first time, the separation of phy-
toplankton species is made on the basis of the average volume of a plankton
unit (individual) for each of the 70 species. The ranges of volumes for the
size categories are shown in Table 141, The second analysis is based on the
greatest axial linear dimension (GALD) of average plankton units for each of
the 70 species. The size ranges are indicated in Table 14~ 1. The third analy-
sis is based on the second greatest axial linear dimension (SGALD), the im-
portance of which might derive from the effect of width on food particle in-
gestibility.

The analysis based on biomass (i.e., volume) of average plankton units ap-
pears first in Table 14-1. All herbivore categories show significant relation-
ships with one or more phytoplankton size fractions. Close examination of
the results shows, however, that there is Hitle meaningful pattern to the sig-

Summary of Correlation Data Between Zooplankton Secondary Production in 16 Herbivore Categories and the

Abundance of Various Size Fractions of Phytoplankton?

Table 14-1.

Importance of Different Phytoplankton Size Fractions as Herbivore Foods
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nificant relationships. For example, phytoplankton size fractions 2, 4, and 6.
are associated with production of cyclopoid adults, whereas fractions inter-

mediate in size between these are not. Results of this type would strain any
interpretation based on a strictly physical separation of particles by volume,

it will become clear in the analysis of individual species that the correlations

are in fact mostly accounted for by the chance distribution of important phy-
toplankton specics between the various volume fractions.

The volume of a plankton unit might be considered a poor basis for analy-
sis because herbivores are likely to be more sensitive to the dimensions of a
particie than to its volume. Although the dimensions of a particle could be
correlated with its volume, the shape of phytoplankton organisms varies
enormously, which would partly mask any such correlation. The relation-
ship between herbivore production and phytoplankton size categories is
therefore reconsidered on the basis of greatest axial linear dimension
(GALD), as shown in the second portion of Table 14~1. The results for

GALD are more coherent than the results based on particle volume. The cy--

clopoids show a definite affinity for plankton units with very high GALD
values. Such plankton units are usually filaments (e.g., Lyngbya, Anabaena)
or elongate uniceils (e.g., Nitzschia). Since the cyclopoids account for over
half of the total herbivore secondary production (Table 9--1), this is a very
important feature of herbivore grazing. A completely different analysis
based on phytoplankton demographic data confirms that filaments are partic-
ularly vulnerable to grazing in Lake Lanao (Lewis, 1977¢).

The size analysis based on GALD also indicates that the Cladocera, in
contrast to cyclopoids, prefer particles with low to moderate GALD values,
No overall trends are evident in the rotifers, which appear to prefer particles
with a wide range of GALD values, nor in the calanoids, which show scat-
tered affinities. Some individual developmental stages and species from
among the calanoids or rotifers do show evidence of affiliation with particu-
lar GALD size ranges, however. Calanoid copepodid production shows

strong association with particles of low GALD, Trichocerca production with |

particles of moderate GALD, and Kerafella spp. with particles of high
GALD. Others show only scattered relationships.

The final analysis is based on second greatest axial linear dimension
(SGALD), which might be particularly relevant to the ingestion of particles
with elongate shapes. The results compare favorably in coherence with the
results for GALD. The cyclopoids show a strong affinity for minimum
SGALD values, indicating in view of the GALD results a preference for
slim, elongate particles. This in turn fits with the taxonomic analysis of foods
suggesting a dependence of the cyclopoids on the diatoms and bluegreens,
many of whose species are elongate filaments or unicells. The calanoids
show some evidence of association with low SGALD. The rotifers show no
universal tendencies. Conochiloides, K. procurvea, Tetramastix, and Tricho-
cerca show association with fow SGALD to varying degrees of certainty,
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while Poivarthra and K. cochlearis show the opposite tendency. Praduction
of the dominant cladoceran (Diaphanosoma) is associated with particles of
moderate SGALD, suggesting together with the GALD data a preference for
small to medium-size particles of round or oblong shape.

In general, the analysis suggests that size is an important quality of foods,
especially in certain herbivore categories, but that factors other than size
must be important in determining food quality and thus secondary produc-
tion in the herbivore categories. Where size is important, it is clear that
GALD and SGALD are more critical than the particle volume.

Importance of Individual Phytoplankton Species as
Herbivore Foods

‘The entire correlation matrix was obtained for production of the 16 herbi-
vore categories and abundance of the 50 most abundant phytoplankton spe-
cies. For each herbivore category, there were 50 possible correlations, of
which approximately two to three should be significant and positive by
chance alone. The number of significant positive correlations in each herbi-
vore category averaged 11, or considerably above the number expected by
chance. Since the abundances of phytoplankion species are in some cases
correlated with each other, however, it is necessary to treat the data further
by multivariate technigues to determine which of the phytoplankton species
actually account for the bulk of variance in herbivore productivity. All phy-
toplankton species showing significant positive correlations were thus sub-
jected to step-wise multiple regression with production in a particular herbi-
vore category. The list of phytoplankton species was in this way typically
reduced to a few species (two to five) which make significant separate contyi-
butions to the variance of herbivore production. The amount of variance ac-
counted for by each of the food species was then tabulated and totalled as
shown in Table 14-2,

The phytoplankton species which show significant relationships to herbi-
vore production are not randomly distributed among the major taxa listed in
Table 14-2. The bluegreen algae, cryptomonads, diatoms, and dinoflagel-
fates all show a substantial percentage of significant relationships to herbi-
vore production, whereas the green algae show a much lower perceniage.
This accounts for the failure of the green algae as a whole to show significant
relationships to herbivore production at the division level, as indicated pre-
viously. Although certain species of green algae (Qocysiis lacustris, Fran-
ceia droescheri) show every indication of being important food items, simi-
lar closely related species sometimes do not. The failure of very many
comnon green algal species to show any significant relationships at all to
herbivore production is an outstanding feature of the results and is probably
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(continued)

Table 14-2.

Rotifers Cladocera

Calanoids

Cyclopoids

PV KC KP TO TS DM MM BF Total

A N C A CD HI

C

N

Cryptophyceae

o
o~

17

38
5

Rhodomonas minuta

—
<

18

19

14

Cryptomonas marssonii

Total variance accounted

39 50 26 32 63 50 52

63 64

34

62 56 57

56 46 66

for {96}

ory the percentage of variance accounted for is indicated for those phytoplankton species making 2 statistically

4

# Under each herbivore cate : '
significant (P < 0.05) contribution to variance in production, as determined by step-wise multiple regression. See iext for details.
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of great ecological significance. At feast some of the variation between foods
is probably related to differences in digestibility (Naumann, 1923; Fryer,
1957b; Porter, 1973, 1975), but other facters may be involved as well.

Totalling across all herbivore species in Table 14-2 yields a statistic which
reflects the general importance of each of the phytoplankton species in
accounting for variance in herbivore production. Twenty-six of the 50 spe-
cies show a total of 0. The frequency distribution of totals is skewed to the
right and is significantly different from the expected normal distribution of
values obtained by chance (Komogorov-Smirnov criteria, P < 0.05). The
results thus indicate that an unexpectedly large number of phytoplankton
species bear no relation whatever to the trends in herbivore production. To
put this another way, the phytoplankton species which show significant rela-
tionships to herbivore production are fewer in number than would be
expected to result from the random distribution of significant relationships in
Table 14-2. Certain phytoplankton species appear to be of extraordinary im-
portance in regulating herbivore production, while many other species are of
trivial importance.

The data of Table 14-2 can be used to test hypotheses relating the impor-
tance of a phytoplankton species in accounting for herbivore production to
its morphological or demographic properties. The cross-column total of per-
centage was used as a relative indicator of the importance of a given phyto-
plankton species as an herbivore resource. [t should be noted that the theo-
retical range of this total is 0 to 1600 rather than 0 to 100 because the
percentages for all 16 herbivore categories are summed to obtain the total.

The total percentage of variance accounted for by each of the 50 phyto-
plankton species was compared by correlation analysis with measurements
of the average abundance and average size of the phytoplankton species.
The variables were log transformed. Results are given in Table 14--3.

Table 14-3 shows that the overall importance of a phytoplankton species
in accounting for variation in herbivore production is related to abundance

Table 14-3. Correlation between Phyfoplankton Specics Attributes and the Total
Amount of Variance in Herbivore Production Accounted for across All 16 Herbivore
Categories

Phytoplankton properties

Abundance Size

<m?/ml Plask units/ml am?® - GALD-——pum SGALD —um

Toial percentage
variance (.30 0.35" -(.10 005 - 0.33%

@ P .05,
b 0.0
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measured either in terms of biomass or in terms of numbers of plankton units
(i.c., individuals} per unit volume of water. Abundant species are more
likely to be important determinants of phytoplankton variation. Although
the relationship is statistically significant, the correlation coefficient iiself ig
not impressively high, implying that abundance is only one of several

important factors which affect the overall importance of a phytoplankton

species as a determinant of herbivore production.

Table 14-3 also shows a relationship between total percentage of variance
accounted for and the size of average plankton units for all 50 phytoplankton =
species. The table shows that the longest dimension (GALD) of a phyto-
plankton organism is not a satisfactory universal index of its usefulness asan

herbivore food. This is to be expected in view of the foregoing analysis of
individual herbivore categories, which showed an affinity for high GALD in

copepods, for low to moderate GALD in Cladocera, and no fixed affinity in =

rotifers. Table 14-3 shows, however, that the SGALD is a significant uni-
versal index of the overall nutritional worth of phytoplankton, and that the
secondary dimensions should be small if the food is to be used in large
amounis by herbivores. Narrow filaments and unicells as well as small coc-
coid forms would meet these requirements, despite their dissimilarity in
overall shape.

The total variance in herbivore production accounted for in Table 14-2 by
individual phytoplankton species is surprisingly high (average, 51%) and in-
dicates an intimate dependence of the production of individual herbivore
categories on a limited number of ingestible, nutritionally sufficient phyto-
plankton species. The accompanying size and taxonomic analysis indicates
that these species may come from any one of the major taxonomic groups,
that they are likely to be reasonably abundant, and that they are likely to
have small cross-sectional measurements. The total variance accounted for
1s lowest for some of the rotifer species. As with the mortality analysis, the
controlling factors are more in doubt for the rotifers than for the copepods or
Cladocera,.

Importance of ¥ood in Determining Primary
Carnivore Production

The data on Chaoborus production can be subjected to the same kind of
analysis which has already been completed for the herbivores. The analysis
is more straightforward because the exact food habits of Chaoborus are
known. The role of food supply in regulating Chaoborus production can
therefore be established without exploratory analysis to determine which
food species are important.
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Important food organisms for the Lake Lanao Chaoborus poputation in-
clude cyclopoid copepodid/adults, calanoid copepodid/adults, Keratella
cochlearis, and the three cladoceran species (Lewis, 1977a). A composite
food abundance was obtained by totalling the biomass of these categories for
each week of the study period. This composite food abundance was then
compared by correlation techniques with Chaoborus production data to de-
termine the dependence of Chaoborus production on total food availability.

In the first comparison, Chaohorus production (ug/liter/day) was com-
pared with average food abundance over the preceding 7-day period
(png/liter). The correlation was significant (P < 0.05) but accounted for
only a small proportion of total variance (+ = 0.16, r2 = 0.07). The analysis
was repeated after log transformation of both variables, which appeared to
be justified on the basis of poor distribution of points prior to transformation.
The resulting relationship was not significant at P = 0.05. Likewise, incor-
poration of lags equal to [ or 2 weeks between the variables did not result in
improvement of the refationship. The analysis was also repeated using only
the Cladocera, since the electivity values for cladocerans are very high
(Lewis, 1977a). The resulting relationship was not significant at £ = 0,05,

It would be possible to conduct a more rigorous analysis by determining
the relationship between food abundance and productivity of separate size
groups or instars of Chaoborus, thus accounting for some shift in feeding
preference with size. This does not appear 10 be warranted, however, in
view of the poor overall relationship between food abundance and Chao-
borus production. The instars overlap a great deal in food preference and
any strong relationship between food abundance and Chaoborus production
should be evident in the pooled data.

The analysis demonstrates that week to week variation in Chaoborus pro-
duction is much less under the control of food supply than is the production
of herbivores. Since most of the variance in Chaoborus secondary produc-
tion cannot be accounted for by food availability, other mechanisms must
account for the butk of variation. Although mortality mechanisms have al-
ready been dealt with for herbivores, Chaoborus mortality was not parti-
tioned between predation and other mechanisms because the predation rates
of fish on Chaoborus are not known. Since Chaoborus individuals do not
suffer from senescence until after their emergence, however, and since there
is no evidence of food shortages sufficient to cause starvation, it seems safe
to assume that fish predation accounts for essentially all mortality of Chao-
barus larvae prior to pupation. The very large variation in Chaoborus pro-
duction must therefore be due partly to variations in fish predation. Such
variations are very likely refated to the size structure of the Chaoborus pop-
ulation and to the presence or absence of a deoxygenated refuge. zone for
larger Chaoborus in'deep water,

Another probable source of variability in Chaoborus production which
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may be even larger is the unpredictable reproductive success of adults at the
time of emergence and the uneven dispersion of eggs resulting from the high
mobility of the adults after emergence.

The failure of food abundance to account for a large percentage of the
variance in Chaoborus production does not prove that food abundance is en-
tirely unimportant in its effect on Chaoborus production in Lake Lanao. The

data do suggest, however, that other factors, and probably mortality mecha- -
nisms, have such a variable effect on the population through time as to over- e

whelm the influence of food abundance as a source of variation.

(

Chapter 15

Community Trends in Growth
and Reproduction

. S/

Figure 15-1 and Table 15-1 summarize the variation through time of en-
ergy flow (as net production) at the primary producer level, at the herbivore
level, and at the primary carnivore level and the relationship between these
variables. Figure 15-1 shows that the gap between the phytoplankton and
herbivores is consistently greater than the gap between the herbivores and
primary carnivores, indicating that energy transfer between the first and sec-
ond trophic levels is consistently more inefficient than between the second
and third trophic levels. The figure also suggests some relationship between
energy flow at the first and second trophic levels and this is confirmed in
Table 15-1. Although the refationship is far from perfect, it is clear that her-
bivores are influenced by primary production even though they ingest only a
minor portion of the phytoplankton net production.

There is no significant relationship between the production of primary car-
nivores and the production of herbivores, which confirms the conclusion of
the analysis of primary carnivore energy flow in the previous section. Fur-
ther consideration will be given to overall control pathways in the conclud-
ing discussion.

The production data for each of the zooplankton herbivore categories can
be used in an analysis of general community trends in growth and reproduc-
tion. The general working hypothesis for the analysis is that the community
is structured according to definite rules which relate to the size, reproductive
capacity, turnover rate, and other characteristics of individual species.

Three principal population characteristics are considered in turn and the
results are then drawn together in a more general overview. These three
characteristics are (1) absolute production (ug/liter/day). (2) turnover, or
relative production (percentage/day), and {(3) birth rate.
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Figure 15-1. Comparison at weekly intervals of total energy flow at three trophic.
levels in Lake Lanao over the 65-week study period.

Trends in Absolute Production

The specific working hypothesis here is that the production of a population,
should be related in some way to the average size of the organisms which
comprise it. The most likely relationship between body size and production
a priori would seem to be one in which maximum population production is
observed in organisms of intermediate size, and that organisms either:
smaller or larger than this intermediate size would experience increasing
amounts of ecological stress and thus reduced average production.

To test the working hypothesis, the average production figures for all 12

species of zooplankton in the lake were plotted against the weighted average. .

biomass per individual for each species. Because of the enormous range of
values, both variables were log transformed prior to plotting. The plot re-

Table 15-1. Correlation Matrix for Energy Flow at Weekly Intervals in Three
Trophic Levels over a 63-Week Period”

Production

Phytoplankton  Herbivore Primary carnivore

Phytoplankfon .47 ~0.05
Production Herbivore 0.04
Primary carnivore

« Variables were log transformed.
o P < (L0
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veals a remarkably uniform increase in production with weight (¥Fig. 15-2)
which matches the similar trend in total mortality documented in Chapter 13,
The log~log relationship is highly significant (P < 0.01) and explains 53% of
the variance in production:

log ¥ = —~0.24 + 0.99 log X

where ¥ is mean annual absolute production (ug/liter/day, wet) and X is
wet weight (ug/individual).

Contrary to the original working hypothesis, Figure 15-2 provides no real
evidence for a peak followed by a decline in production with increasing size.
Furthermore, an examination of the details of production data (Table 9-1)
confirms that if the major developmental classes of copepods are considered
in relation to each other, there is no general decrease of production with size
among the largest developmental stages. Thus it would appear that the trend
relating production and size of individuals is most accurately described as
monotonically increasing rather than peaked in the middle.

Figure 15-2 suggests a sort of paradox in which increasing size of individ-
uals in a species leads to increasing production, and yet some factor appears
1o set a rather severe upper limit on the size of zooplankton herbivores. This

Length — um
100 200 300 500 700 900
T T T 1 r 1
* Cyclopoids
10 (- .
Calanoids,
Diaphanosoma,

Absolute productivity — ggm per & per day

I~ JConochiloides N « Moina
Bosmina
Hexarthra
oA 7etramastix
L
t Polyarthra
Kerafello ¢, ° 4 .
*Trichocerca
*Kerarefia p. | \
0.1 1 10

Wet weight — g

Figure 15-2. Relationship between absolute production of herbivore populations
and the average size of individuals in the populations. The points and regression line
are placed on the basis of wet weight per individual. The scale for body length is only
approximate because of the impeifect relationship between length and body weight.
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paradox can be discussed more meaningfully after the remaining portion of -

the analysis has been completed.
Figure 15-2 also provides a good opportunity for examination of the dis-
tribution of productivities in the community. Although there are insufficient

numbers of species for construction of a proper frequency distribution, it is
obvious that the frequency distribution on a Hnear scale would be skewed to
the right, and that the total production of the community is dominated by a

couple of species.
Figure 15-2 also illustrates a taxonomic trend in production. The two

most productive species are copepods. Following these are the three clado- -

ceran species, and last of all are the rotifer species. It is remarkable that
there is no overlap between these groups.

Underlying the taxonomic trend is a life history trend. The organisms are

arranged top to bottom on the productivity scale in a pattern which very
closely reflects the ratio of biomass allocation to an individual before and
after hatching. In the cyclopoids, for example, an average egg is 1.8% of the
biomass of the average adult. Thus 1.8% of the biomass is accumulated prior
to hatching, and the balance after hatching. At the other end of the spectrum
are the rotifers. Keratella cochlearis, for example, produces an egg which is
66% of the average adult size. Thus the accumulation of biomass is 66%
preinduction and only 34% postinduction. The cladocerans fall between the
copepods and the rotifers in this respect.

Figure 15~3 shows the relationship between mean absolute production of
species and the relative importance of preinduction and postinduction
growth in the life history pattern {three rare rotifers with indistinguishable
eggs are omitted). It is very clear from the figure that the relative importance
of preinduction growth increases in direct relationship to the overall produc-
tion of the species. The relationship depicted in Figure 15-3 is highly signifi-
cant (P < 0.001; log ¥ = 1,77 — 1.62 log X) and accounts for 77% of the
variance in production.

The full implications of Figure 15-3 cannot be considered until the
conclusions of the present and previous sections are drawn together in the
final discussion. One very clear ecological implication emerges directly from
Figure 15--3, however, without additional context. Extensive growth and
development following hatching require that a species be generalized, i.e.,
that it have extended niche dimensions. Hutchinson (1959, 1978 p. 216) has
noted the extreme case of this phenomenon, which he calls metaphoetesis,
in which the organism changes trophic levels during development. In cope-
pods the trophic level may not change but stifl other rather drastic changes
must occur because of the radical attenuation in size and form. For example,
even though a nauplius 2 may be a specialist, its extreme divergence in moy-
phology and size from a copepodid 1V of the same species ensures corre-
sponding differences in resource requirements and mortality mechanisms,
both in qualitative and guantitative terms. It has even been demonstrated
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é—n a
2 1o
A °|
g Calanoids
- * Diaphanosoma
]
0.
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3
o N Posming
z Moina Conochiloides
=
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]
el
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o 0iF
5 Tetramasiix
g Keratella ¢!
Py

Keratella p.
1 i 3 | | | i
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2 4 6 10 20 40 60
Percent pre~induction growth
Figure 15-3. Relationship between absolute production of herbivore populations
and the percentage of preinduction growth in the populations (i.e., the ratio of egg
weight to adult weight).

that the size-metabolism relationship changes in a major way between nau-
plius and copepodid (Epp and Lewis 1979a). In contrast, the dimensions of
the niche space for a rotifer species would not be expected to change radi-
cally through development because of the small amount of postinduction
growth and the consequent stability in size and morphology. This effect is
compounded by the interaction of environmental variation with duration of
development to maturity. A large amount of postinduction growth implies a
longer time span for development to age of first reproduction, which in turn
implies exposure to a much greater range of environmental conditions prior
to the age of first reproduction. Size change during development is of very
great importance o the overall ecological requirements and vulnerabilities
of zooplankton species, but has not often been appreciated sufficiently in the
ecological analysis of zooplankton (however, see Neill, 1975 and Lynch,
1977},

If greater amounts of postinduction growth do imply a broader niche, Fig-
ure 15-3 in effect shows that successful generalists account for a great deal
more production than successful specialists. A corollary, also supported by
Figure 15-3, is that the transition from successful but unproductive special-
ist to successful and highly productive generalist is a relatively smooth one
which in part governs community struciure.
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Trends in Relative Production

In this analysis the major developmental stages of copepods are treated sepi

arately rather than being combined to give a mean value for the species. The =
reason for this is that any trends in the ratio of production to biomass are:/
likely to derive from metabolic laws which apply within species as well ag
between species. The conclusions are nevertheless qualitatively the same if

the developmental stages of copepods are lumped together rather than sepa-
rated.

The specific working hypothesis in this case is that the ratio of production
to biomass will bear an inverse relationship to the size of organisms. Figure
15—4 shows the relationship of 2/B 10 size. The appareat trend downward in
P /B ratios with increasing body length is statistically significant (P < 0. 01)

and thus supports the hypothesis. The relationship is:
Y =27.6 - 0.023X

where Y equals the relative production (percentage/day) and X is the length -
of an average individual in microns. The relationship accounts for 449 of the

Wet weight — g

1.0 3.0 10 30
| 1 T |
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Figure 15-4. Relationship between relative production (i.e., turnover of biomass) of
herbivore populations and the mean size of individuals in the populations. The place-
ment of the points and the regression line are based on length, and the wet weight axis
is only approximate because of the imperfect relationship betweern length and weight.
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variance in production. The comparable relationship for wet weight is:
V=211 — 0.64%

where X is wet weight of an average individual in micrograms. In this case
P = 0.02 and 35% of the variance in production is accounted for.

In the simplest case, the trend in P/B ratio with size would be explained
exclusively on the basis of the metabolic laws which relate size to metabolic
rate. The nature of the size—metabolism relationship among small meta-
Zoans is:

M = kB

where M is a measure of metabolic rate per individual, B is the biomass of
the individual, and k and b are constants representing the relationship of me-
tabolism to size.

The literature on poikilotherms indicates that the value of b under stan-
dard laboratory conditions using oxygen consumption as an index of meta-
bolic rate will average very near 0.75 and will almost never fall outside the
range 0.55 to 0.90 (Zeuthen, 1953; Hemmingsen, 1960). Epp and Lewis
{1979b) have shown that this general rule is specifically applicable to tropical
copepod populations. The equation, however, deals with metabolic rate per
individual, whereas Figure 15—4 deals with metabolic rate {growth) per unit
biomass. In order to make comparisons, we must put the general metabolism
equation on a relative basis with respect to weight. To accomplish this, we
simply divide both sides of the equation by weight per individual, which
gives:

M.M__ . (lr--1)
i kB

where symbols are as given above. Now M /B is relative metabolism, or QO,
if metabolism is measured by oxygen consumption, The term M /B will have
dimensions metabolism/weight/time. The logarithm of both sides yields the
equation:
log (M/B) = log k + (b — 1) log B.

The empirical data in Figure 15-4 can be put into a form which is exactly
the same form as the equation given above, When this is done, the empirical
value of & in the Lanao plankton community can be compared with b as

given by the general metabolic law. A line is fitted by least squares to the
data in Figure 154 after log transformation of both variables. The result is:

fog (P/B) = 1.16 —0.30 log B.

Since P/B is a measure of metabolism relative to weight with dimensions
metabolism/weight /time, then the constant 1.16 in this equation is compara-
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ble to the constant log k in the previous equation and the constant —0.30 is
comparable to b — 1. Thus for the empirical relationship, b —1 = —0.30, so
b = 0.70 (standard error, x0.15). This empirically determined value of b ig
extremely close to the value given by the general metabolic faw (0.75).

Apparently the ratio P/B in natural zooplankton communities over ex-
tended periods has never been examined in light of the metabolic law relat-
ing size to metabolism. The metabolic law and the M /B relationship derived
above from it are based on measurements of gross metabolism (oxygen con-
sumption), whereas the P/B ratio is based on the amount of net metabolism
diverted to growth. It is not a foregone conclusion that the two different me-
tabolism measures wilt show the same relationship to B. Since the b value
derived from P/B analysis on Lake Lanao zooplankton does in fact agree
remarkably well with the general b value for gross metabolism, however,
some ecologically significant conclusions about the ratio of gross metabo-
lism to growth are possible.

The analysis indicates no significant trend in the ratio of metabolism to
growth, and thus suggests that the efficiency of herbivory does not change
significantly with herbivore size. Efficiency in this context refers to the com-
posite proportion of all metabolism diverted to growth under actual field
conditions for entire populations. This does not mean that trends in amount
of food harvested per unit body weight, assimilation efficiency, efficiency of
movement, and other similar variables wiil not show trends with size, but
rather that the composite effect of all trends is such that gross metabolic
trend translates without significant change to a growth trend under field con-
ditions. Studies of specific critical functions in copepods such as filtration
and ingestion rates in fact seem to show varied results, with the functions in
some instances regressing with size at about the same rate as general metab-
olism (e.g., Paffenhoffer, 1971; Paffenhdffer and Harris, 1976}, but in other
cases at a rate that would appear to be very different (e.g., Allan et al.,
1977). The Lanao data suggest that, despite possible variations in specific
functions, there is an overriding general tendency for growth of herbivores
under field conditions to follow the general metabolic laws derived from lab-
oratory studies outside the ecological context, which in turn implies no trend
in efficiency of herbivory with size.

Examination of Figure 15-4 reveals that there is considerable variation
around the trend line relating P/B to size. For example, the P/B for adult
copepods is well below the line, while the two largest cladocerans falt well
above the line. Individual species and developmental stages thus depart to
various degrees from the predicted position based on size, even though a sta-
tistically significant trend exists. Consideration of comununity trends ob-
viously does not entirely obviate the necessity for consideration of pecuiiari-
ties of individual species and stages. The position of the adult copepods is
especially significant and will be considered further in the next chapter,
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Trends in Birth Rate

After log transformation to reduce the scatter of points, the crude birth rate
(births/adult/day) and the mean weight of adult organisms in the populations
prove fo be related. The relationship is illustrated in Figure 15-5 (log
¥ = ~0.5% + 0.23 log X). The relationship is statistically significant
(P = 0.02) and accounts for 35% of the variance in birth rates.

The results in this case are counterintuitive, It would appear that the birth
rate of small organisms should be higher than the birth rate of larger orga-
nisms since the specific growth and mortality rates of smaller organisms are
larger. Because of the radical increase in proportion of postinduction growth
with size, however (Fig. 15-3), larger organisms are forced to sustain a
higher birth rate to compensate for the much longer period over which mor-
tality extends prior to the production of the first eggs. Thus while the mortal-
ity risk of a smaller species is greater for a fixed unit of time, the cumulative
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mortality between hatching and the age of first reproduction is much greater
in larger organisms and must be offset by a higher birth rate.

In addition to the significant size trend in birth rates, there is also a taxo-
nomic clustering of birth rates. The copepods show by far the highest birth
rates, whereas the birth rates of cladocerans and rotifers are more evenly
matched despite their considerable difference in size.

/
Chapter 16

Conclusion and Synthesis

. /

Energy Flow and Biomass

Figure 16-1 shows the biomass and production pyramids for the Lake
Lanao plankton system plus the transfer efficiencies between trophic levels.
Transfer efficiency between the solar source and the phytoplankton commu-
nity is relatively high in view of the low nutrient base in Lake Lanao. The
summary of IBP data given by Brylinsky and Mann (1973) shows an average
value of 0.4% for transfer of photosynthetically available solar energy (PAR,
ca. 350--700 nm) to gross production. In terms of net production, which is of
more interest here, this would be 0.2 to 0.3% based on PAR or about 8.1 to
0.15 based on total solar radiation. The percentage reported in Figure 9-1,
which is based on total radiation, is obviously quite high. Efficient nutrient
cycling by the mechanisms described in Chapter 3 is in large part responsible
for minimization of severe nutrient depletion and consequent maintenance
of high transfer efficiency at the first trophic level (Lewis, 1974).

Transfer efficiency between the phytoplankton and herbivore categories
would appear to be low considering the richness of the phytoplankton food
source and the sustained high temperatures. Actually, transfer efficiencies
between 4 and 10% are not unusual in freshwater systems, however {(e.g.,
Wright, 1958; Gulati, 1973; Rey and Capblancq, 1975; Makarewicz, 1975;
Coveney et al., 1977). In Lake Lanao, the proximate explanation for low
transfer efficiency is the low standing stock of herbivores (Fig. 16—1). The
herbivore populations are sufficiently small that they cannot consume more
than a small proportion of the total primary production in Lanao, as indi-
cated in Chapter 14, Simifar failure of herbivores to ingest most of the pri-
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Figure 16--1. Summary of biomass, energy flow, and transfer efficiency at four tro-
phic levels in Lake Lanao.

mary production has been documented recently for a variety of lakes (Rigler
et al., 1974; Jassby and Goldman, 1974; Kalff et al., 1975; Coveney, et al.,
1977).

Obviously it is very significant to the overall dynamics of the plankton
community that the phytoplankton—herbivore linkage has such a low effi-
ciency. The low efficiency is consistent with the theory of Gliwicz (1969)
that eutrophic lakes characteristically show low transfer efficiencies
between primary producer and herbivore levels, but low efficiencies have
also been documented in oligotrophic lakes (Makarewicz, 1975). The analy-
sis of Lake Lanao data has shown that both resource supply (food) and mor-
tality (predation) affect the herbivores. The food resource appears not to be
taxed by herbivory, as indicated by the small role that grazing plays in deter-
mining phytoplankton succession and the low proportion of total phyto-
plankton biomass which is ingested. Although the herbivores respond to
changes in food quality brought about by physical-chemical factors, they
give little evidence of exhausting even the preferred foods. The herbivore
level appears to be heavily suppressed by predation, which primarily
accounts for its failure to crop a larger proportion of the phytoplankton.

The transfer between herbivores and primary carnivores (Chaoborus) is
extremely efficient (Fig. 16~1), and the analysis of predation has shown how
the high efficiency is maintained. Chaoborus has a high ratio of production
to biomass and a correspondingly high rate of food intake per unit biomass,
Chaoborus predation is thus sufficient to account for about 95% of total her-
bivore losses. Chaoborus concentraies on the herbivore catepories where
production is highest, thus diverting maximum possible herbivore produc-
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tion into its own growth. Although the failure of Chaoborus to harvest many
of the small rotifer species at first appears puzzling, it is clear from energetic
considerations that this food source is insignificant. Since absolute produc-
tion among herbivore species is correlated in Lake Lanao with mean body
size, it is obviously advantageous for primary carnivores to specialize in her-
bivores of moderate to large size, which is precisely the strategy followed by
Chaoborus. Chaoborus seems to be somewhat imprudent (sensu Slobodkin
1961) in its use of herbivores, as it prevents maximal harvest of phytoplank-
ton foods by suppression of herbivore populations. On the other hand,
Chaoborus shows some of the more subtle earmarks of a prudent predator
by concentrating on larger zooplankton, thus allowing the smaliest develop-
mental stages with their high relative growth rates to harvest the plant foods
(Slobodkin 1974).

The key contrast between transfer efficiency from trophic level one to two
as compared with efficiency from trophic level two to three lies in the
amount of food ingested. Herbivory is less efficient than primary carnivery
mainly because the herbivores are suppressed to the extent that they cannot
ingest a major portion of their food resource.

Magnitude of the transfer between primary carnivores (Chaoborus) and
secondary carnivores (fish) is known on the basis of Chraoborus mortality,
but no transfer coefficient can be calculated because fish growth was not
studied. Mortality in the primary carnivore suggests that predation by sec-
ondary carnivores definitely affects the population dynamics of the primary
carnivore but probably does not directly suppress production at the primary
carnivore level. This impression is reinforced by the documented ability of
Chaoborus to harvest essentially all of the herbivore production. Fish thus
appear to have a prudent predator relationship with Chaoborus (Slobodkin
1961).

Since a large production of Chaoborus biomass is diverted to fish, the
resujtant fish yield can be approximated given some assumptions about the
metabolic efficiencies of the fish., Assuming a 10% transfer efficiency to
the secondary carnivores, Chaoborus production alone would support an
annual fish production of 103 kg/ha (wet weight). This is presumably aug-
mented by benthic fish production nourished by energy passing through the
detrital food chain. According to Melack’s (1976) relationship relating ob-
served fish vields to gross primary production in tropical lakes, Lake Lanao
should yield about 60 kg/ha/year to a fishery. Since production must always
exceed vield to man, the computed production appears to agree rather well
with Melack’s relationship.

Both biomass and energy flow for all major trophic levels show low rela-
tive variability through time (Table 16-1). This is accounted for by the ab-
sence of harsh physical conditions comparable to those which would occur
in the temperate zone.

The relative variability in energy supplied by the solar source is consider-
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Table 16—1. Relative Variability on a Weekly Time Scale of
Biomass and Energy Flow in the Plankton Trophic Levels of
Lake Lanao :

Relative variability —
Coefficient of variation (%)

Trophic level Biomass Production
Solar source e 15
Phytoplankton 61 51
Herbivores 43 57
Primary carnivores 122 104

ably lower than relative variability in energy flow at the phytoplankton level.
Some variance at the first trophic level is induced by changes in incident
light but this is greatly augmented by changes in nutrient availability and by
changes in depth of mixing and transparency that modify the distribution of
incident light to the primary producers (Lewis, 1978b). These resource sup-
ply factors account for most of the variance in primary production (Lewis,
1974),

Variability in energy flow at the phytoplankton level is very similar to vari-
ability at the herbivore level. Energy flow through the carnivore component,
however, is considerably more variable., Variation in the biomass of given
trophic levels is very similar in magnitude to variation in energy flow in the
same trophic levels.

Community Structure and Organization

The structure and organization of the Lake Lanao plankton system are quite
simple in outline. The phytoplankton assemblage of Lake Lanao is com-
posed of unicellular, colonial, or coenobial organisms (usually 1-25 cells
each). Approximately 90% of the individuals have a wet weight between
0.00002 and 0.002 ug. At the herbivore level, approximately 90% of indi-
viduals fall within the range 0.1 to 20 ug (wet). For the primary carnivores,
the corresponding weight range is 3.5-3500 ug per individual. Thus indi-
viduals of each trophic level are nourished primarily by particles of much
smaller size from the trophic level below.

The primary producer level is by far the most diverse, as it contains some
70 species from five major taxa. The herbivores are second with 12 species in
three major taxa and some additional diversification provided by the ex-
tremely great morphological changes in copepods during development. The
primary carnivores are least diverse of all, as they are limited almost entirely
to one species of the genus Chaoborus.
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For a more mechanistic view of community structure, it is instructive to
consider Factors which are likely to determine the size boundaries of each of
the major trophic leveis. For phytoplankton, nutrient transport phenomena
and sinking strongly influence the size and shape of the biomass unit. These
factors appear to be largely responsible for conservation of the surface to
volume ratio within definite limits even for very different species (Lewis,
1976} and for the placement of species in the successional sequence (Chapter
3; Lewis, 1978b). Vulnerability to grazing is not strongly related to volume
of the biomass units, but is probably related to their dimensions and shape as
shown in Chapter 14. The effect of grazing on the size structure and size
limits of the phytoplankton is reduced, however, by the inability of herbi-
vores to crop a large proportion of phytoplankton biomass. Both the upper
and lower size limits of phytoplankton are thus to a large extent determined
by physical and chemical requirements and only secondarily by grazing.

The lower size range of herbivore species includes small rotifers and the
early naupliar stages of Thermocyclops. Given the requirement for consider-
able morphological complexity in connection with feeding and reproduction,
these organisms probably approach an absolute lower size limit for meta-
zoans. Protozoans, although not considered here, comprise a measurable
percentage of total heterotroph biomass (1ewis, 1974) and, although they
are quantitatively even less significant as grazers than the rotifers, do engage
in herbivory.

Factors enforcing an upper size limit for zooplankton herbivores are enig-
matic, as it would appear that large herbivores are highly successful, yet the
size distribution is abruptly truncated at a size of about 1 mm. The size
structure of the community suggests that some kind of transition occurs in
the feasibility of herbivory when herbivores reach a body weight of approxi-
mately 30 ug per individual or a length of approximately 1 mm.

There is general evidence to support the hypothesis that a structural tran-
sition occurs very widely in freshwater communities as a result of intensive
vertebrate predation on organisms 1 mm or greater in size {see Brooks,
1968; Hall et al., 1976). This contention can in fact be supported empirically
for Lake Lanao. Predation losses of Lanao herbivores, all of which are
< 1 mm in size, are due almost entirely 10 Chaoborus, an invertebrate pred-
ator. In contrast, Chaoborus itself, which begins life at a size of almost ex-
actly I mm, experiences heavy losses due to fish predation. The herbivores
apparently find it ecologically advantageous to reach a maximum size of less
than 1 mum and thus avoid vertebrate predators, which then concentrate on
the primary carnivores. Reinforcing the upper size limit on herbivores is the
decrease in P/B ratio with size in the herbivore class according to the meta-
bolic law, which renders larger herbivores less able to withstand a given pre-
dation pressure.

The lower size limit of primary carnivores is obviously determined in large
part by minimum size necessary to permil capture and manipulation of nutri-
tionally suitable prey. It would appear that the smallest Chaoborus larvae in
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Lake Lanao are just large enough to satisfy this criterion. The youngest ' :
Chaoborus have emply crops much more often than older ones (Lewis, -

1977a), suggesting that the youngest animals are not able to feed ad libitum
because of their small size. The upper size limit for primary carnivores is
determined by a balance between the disadvantages of extended larval de-
velopment in the face of fish predation and the disadvantages in terms of fe-
cundity and reduced viability of an unduly small adult stage. A careful study
of the mortality and reproductive success of emerging adults would probably
show that the size of Chaoborus is adjusted to the severe physical challenges
associated with emergence and egg-laying on a water surface exposed to the
wind.

Rules Governing Structure of the Herbivore
Component

A more detailed causal picture of community structure among the herbi-
vores is possible through synthesis of the demographic trends that have been
documented in herbivores. Figure 16—-2 summarizes these trends. Both size
and demographic factors are plotted on linear scales, and the limits in each
case are set by the maximum and minimum values observed in the commu-
nity. The trend lines, which are based on the actual analyses of mortality and
growth, sometimes do not pass exactly from one corner of the graph to an-
other because there is a scatter of points around the lines. The trend lines for
mortality and production in Figure 16-2 are essentiaily the same, as would
be expected in view of the fact that mortality and production balance for any
species over an extended interval of time.

Given the detailed analysis of mortality and growth confro] mechanisms
plus trends illustrated in Figure 16~2, it is possible to specify some of the
ecological and evolutionary rules governing plankton community structure
and organization.

Rule 1

The minimum feasible metabolic rate of herbivores gencrally decreases with
increasing size, while the predation pressure on herbivores increases with
mcreasing size,

The analysis of P/B ratios has shown that the overall efficiency of
herbivory is unaffected by body size. Metabolic laws relating metabolism to
size dictate that if efficiency is constant, both gross and net metabolism will
decrease with increasing size. This implies that the minimum food-gathering
requirements per unit body weight will also decrease with size. A reasonable
corollary of this is that resource requirements of herbivores decrease in
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Figure 16-2, Summary of demographic trends in_the Lake Lanaq plankton commu-
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plankton community.

stringency with increasing body size. Resource requirerr}ents in this context
may be interpreted joinily in terms of quantity and quality. As an example,
let us suppose that a farge herbivore and a small one both rely on f(‘)ur out of
50 phytoplankton species for their principal growth and mam'tenance
(Chapter 14). The P/B analysis shows that the rate of metabolism apd
growth must be faster in the small herbivore, but that the compf){site
efficiency of harvesting and processing foods is the same. if the critical
phytoplankton species decline in abundance at a certain time of year, the
critical density to support the small herbivore will be reached befc?re the
critical density to support the large herbivore. The large herbivore will thus
be resource limited to a much smaller degree than the small herhivore. The
critical point here is that the small herbivore, for ecological or physigiogwal
reasons, does not have the option of facultative reduction in metabolism and
is thus locked to a higher minimum resource reguirement. This explains why
small herbivores, which suffer very limited predation loss, do not donjinidte
the biomass or production of the community. The increasing]‘y resirictive
requirements with decreasing size are evidently sufficient to offset reduced
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predation on small herbivores, although the balance might easily shift m
response to changes in either the mean predation pressure or the mean
resource supply.

Rude 2

The ratio of production to mortality is strikingly unfavorable specifically for
the adult stage of large, sexually reproducing herbivores, indicating that the
cost of sexual reproduction is so high that it can be borne only by large
herbivores.

The nature of the balance between production and mortality is
summarized in Table 16-2 for copepods, which span a very broad size
range. Table 16—2 shows that the ratio of production to mortality differs
greatly between age (size) groups of both copepod species. For a species to
survive, the relative mortality rate over any extended period of time must
match the relative production for the sum of all the developmental stages.
Thus if the relative mortality of adults is to be higher than their relative
production, this inequality must be balanced by the reverse relationship in
earlier developmental stages. This is in fact the case for both copepod
species.

Table 16-2 also shows quite clearly why adult copepods do not produce
large eggs. A copepod which produced eggs weighing 50 to 75% of its own
body weight would quickly become extinct because of the extremely
unfavorable ratio of mortality to production in the adults. Relative mortality
and production need not be balanced within developmental stages, hence by
producing smail eggs, copepods can take advantage of the more favorable
ratio of production 1o mortality in earlier developmental stages and thus
accumulate the energy required to sustain the adult stage.

The pattern of production/mortality ratios through development in the
two copepods is different, as might be expected from the analysis of their life

Tablel16—2. Ratio of Relative Production to Relative Mortality through Develop-
ment m Copepods

Cyclopoids Calanoids

Nauplius Copepodid  Adult  Naupfius Copepodid  Adult

Relative production

(% /day) 29.0 12.7 0.9 22.3 17.7 1.3
Relative mortality

(%6 /day) i.6 15.6 5.0 18.5 9.6 8.0
Ratio, production/

mortality 18.1 0.8 0.2 1.2 1.8 0.2

Rules Governing Structure of the Herbivore Component 143

histories. For the cyclopoids, refative production greatly exceeds relative
mortality in the naupliar stage, but mortality and production are almost
evenly matched in the subadult copepodid stages. For the calanoids,
production and mortality are very evenly matched in the nauphiar stages and
the subadult copepodid stages show a distinct excess of production over
mortality.

It is clear from the table that the adult copepods in particular experience a
markedly unfavorable balance of mortality and production. The decline in
relative production between the subadult copepodid stages and the adult
stage for both species is so precipitous as to indicate that the low relative
production of adults is in large part connected specifically with sexuality
rather than with size alone. The very low relative production of adults may
derive from the ‘‘twofold cost” (Maynard-Smith, 1978) of sexual
reproduction in contrast to parthenogenesis due to the maintenance of two
sexes. Maintenance of sexuality obviously requires a considerable genetic
advantage to offset costs (Williams, 1975, Maynard-Smith, 1978).

The high cost of sexuality provides a needed explanation for the failure of
natural selection to reduce the size of the adult copepods. If the very
unfavorable productivity/mortality ratios of adults indeed derive from
sexual reproduction then it is probable that the energy costs of sexual
reproduction in smaller herbivores would be completely prohibitive due to
their much higher relative metabolic rate, which if compounded by a drastic
decrease in efficiency resulting from sexuality would result in an enormous
resource requirement per unit body weight. This could be offset by a drastic
decrease in the ratio of egg to adult size, as seen in the copepods, but the
resulting offspring would be extremely small. In Keratella, for example,
adoption of an egg:adult ratio of 2% as seen in copepods would result in
young individuals weighing only 0.001 ug. Such a size reduction would
obviously invalidate feeding adapations based on the phytoplankton size
spectrum and would presumably imply extremely high metabolic rates in
young individuals.

Rule 3

The unfavorable production/mortality ratio of adults in larger sexually
reproducing herbivores, which requires them to produce small eggs, also
requires them to sustain high birth rates.

One striking trend in Figure 16--2 is the increase in birth rate with size in
the Lake Lanao herbivore species. The very large difference in size between
the ege and the adult in large herbivores requires an extended developmental
period. Even when mortality rates are low, lengthy development extends the
mortality risk over a much jonger period and thus requires a higher birth rate
to supply the necessary number of individuals reaching age of first
reproduction.
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Rule 4

Trends toward increasing difference in size between eges and adults and
higher birth rates in larger herbivores require a corresponding increase in
absolute production of herbivores with size.

Sexually reproducing organisms must mainfain some minimal density in
order to survive. The forcgoing arguments show that for the largest
herbivores a large number of eggs and a large number of developing orga-
nisms are required to maintain a small number of adults because of the ex-
tended duration of development. This means that in order to exist at all, large
sexually reproducing herbivores must have a compensatory high absolute
production. The extent of compensation depends on the intensity of
mortality during development, which is in turn dependent on the efficiency
of the primary carnivores. Since the primary carnivore Chaoborus is abundant
in Lake Lanao, both of the copepod species must sustain high absolute pro-
duction In order to generate an adequate number of breeding adults.

In summary, it is clear that metabolic factors, an extended developmental
period, and sexuality could together counterbalance predation, the primary
disadvantage of increasing body size in herbivores. This explains how a
range of morphologies, sizes, and life history patterns can lead to
evolutionarily stable strategies in the zooplankton.

Control Pathways in the Ecosystem

A composite overview of the mechanisms at work in the Lake Lanao plank-
ton system can be conceived in terms of control pathways operating
between major components of the system. Control may apply either to quan-
tity (mainly energy flow and population dynamics) or to quality {mainly com-
munity structure and organization).

Figure 16-3 summarizes the control pathways in the Lake Lanao plank-
ton system. The figure represents both quantity control and quality control,
which differ considerably from each other in some cases, and also distin-
guishes between major and minor control pathways,

The intimate dependence of light availability, nutrient availability, and
turbulence upon seasonal and nonseasonal weather patterns is represenied
in Figure 16-3 by the flow of control from weather to light, nutrients, and
turbulence. This control is principally quantitative. Strong reciprocal control
mechanisms then link the phytoplankton with their resource supply. This
control is both quantitative and qualitative, since light and nutrient levels de-
ternune biomass and energy flow as well as succession and composition of
the phytoplankton. Turbulence, which is related to mortality through sink-

Control Pathways in the Ecosystem 145

Control Pathways

Quantity Control Quality Control

Secondary Carnivores

Primary Carnivores

- =]

Herbivores

Phytoplankton

=L

=

Light, Nutrients, Turbulence

L

Weather (Mixing)

[ —p
MAJOR PATHWAY MINOR PATHWAY

Figure 16-3. Control pathways for the Lake Lanao plankton community as de-
duced from the analysis in the text.

ing, has similar effects but is not reciprocally affected by the phytoplankton
as light and nutrients are.

A considerable amount of evidence presented here demonstrates the con-
trol of growth and reproduction in herbivores by the abundance and quality
of phytoplankton foods. Changes in phytoplankton abundance resulting
principally from changes in abiotic factors are accompanied by shifts in phy-
toplankton species composition which are in turn critical to the control of
growth and reproduction in herbivores because herbivores differ in their
food requirements. The control in this case is not markedly reciprocal. Her-
bivores ingest only a small proportion of the phytoplankton crop and thus do
not constitute a quaftitatively important attrition control mechanism for
phytoplankton. Since herbivore feeding is specific, however, herbivores do
exercise a measurable amount of quality control on phytoplankton. Grazing
is nevertheless consideraby less important than light, nutrients, and turbu-
lence in determining phytoplankton community composition, hence even the
qualitative contro} pathway flowing from herbivores to phytoplankton is
shown as a minor pathway.

As indicated in the analysis of predation mortality, primary carnivores ex-
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ercise important quality control on herbivores through the mechanism of se-
lective predation and the trend toward higher predation rates on larger orga-
nisms. The analysis has also shown that in the larger herbivores, which
account for the vast majority of secondary production, essentially all mortal-
ity can be accounted for by primary carnivores. Thus the efficiency of carni-
vores in removing the standing crop of herbivores is primarily responsibie
for the quantitative limitations on herbivore production. This control linkage
is extremely important, as it accounts for the inability of herbivores to ingest
more of the phytoplankton standing crop and thus to increase secondary
production.

The analysis has also shown that population fluctuations in primary carni-
vores are more influenced by predation and irregularities in reproductive
success than by food supply mechanisms. High Chaoborus mortality shows
that secondary carnivores exercise strong quantitative control over primary
carnivores, as indicated in Figure 16--3. In addition, predation mortality of
large primary carnivores is twice as high on a relative basis as that of the
smallest primary carnivores, hence the secondary carnivores exercise a con-
siderable influence over the size composition (quality) of primary carni-
VOIes.

The major control pathways are to a large degree convergent on the herbi-
vore component of the Lake T.anao system. This component absorbs and
integrates the selective changes in phytoplankton composition and primary
carnivores, both of which are in turn under the control of factors not affected
by herbivores to any great degree. Flow of control in the animal component
of the community is downward from the topmost trophic levels, and this is
matched by an upward flow of control from abiotic factors to herbivores.

Summary

The zooplankton community of Lake Lanao, Philippines, was studied over a
65-week period during which weekly samples were taken at multiple depths
and multiple stations. All species and developmental stages were counted
separately, and supporting data on physical--chemical properties of the lake
and on the phytoplankton were also taken at weekly intervals.

The pelagic zooplankton community consists of one Chaoborus species,
one calanoid and one cyclopoid species, four cladoceran species, and seven
rotifer species. All of these are herbivores except Chaoborus., Annual mean
zooplankton biomass is 16,1 g/m? (wet), and the comparable figure for phy-
toplankion biomass is 23.7 g/m?. Zooplankion biomass declines during the
seasonal mixing period, as does phytoplankton biomass.

Development rates for cyclopoids, catanoids, and Chaoborus were deter-
mined by cohort analysis supplemented by laboratory studies of egg de-
velopment. Mean growth rates for cyclopoids range from about 40%/day
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(instantaneous rate) in the early naupliar stages to about 10% /day in the late
copepodid stages. Cohorts differ somewhat in growth rate. Comparable fig-
ures for calanoid copepods are about 309 /day for early naupliar stages and
about 15%/day for late copepodid stages. Chaoborus growth averages about
30% /day in the first instar and about 15, 10, and 59 /day in the succeeding
three instars. Egg development times for all copepods, Cladocera, and ro-
tifers are very near 1 day.

Secondary production was calculated for all species and stages based on
the development rates and abundances. The cyclopoid copepod Thermaocy-
clops dominates secondary production (46% of the total). Other groups and
their percentages are: calanoids, 20%; all Cladocera, 15%; all rotifers, 2.8%;
Chaoborus, 16%. Total herbivore production for the year averages 34.4 ug
wet weight/liter/day, and total carnivore production averages 6.3 ug/liter/
day. Total herbivore production is 4% of total net primary production.

Similarities in the temporal distribution of species and developmental
stages were analyzed on the basis of four correlation matrices: the abun-
dance and productivity matrices (N, P) and the matrices of rates of change
of abundance and productivity (AN, AP). The N matrix focuses on commiti-
nity structure, whereas the other three matrices focus on community dy-
namics. The AN matrix provides the best overall measure of ecological simi-
{arity in growth and mortality, whereas the P matrix is the best measure of
similarity in timing of demands on algal resources. The AP matrix empha-
sizes similarity in growth control mechanisms. Measures that are sensitive
to similarity in population dynamics show that the developmental stages of
copepod species are tightly linked, but this linkage does not extend to com-
munity structure. In terms of community dynamics, the Cladocera have a
strong tendency to group with each other. The rotifers are a remarkably
coherent group both in terms of community dynamics and community struc-
ture.

A detailed analysis was made of mortality for all species and developmen-
tal stages. For the copepods and Chaoborus, which have extended life his-
tories, mortality was determined with a week-by-week simulation of popula-
tion growth over successive short time increments (0.1 day) using the known
abundances and growth rates. Mortality was computed as the difference
between simulated (no mortality) and observed population growth. A similar
but simpler simulation was used for cladocerans and rotifers. Average mor-
tality rates vary between 5 and 26%/day for herbivores except cyclopoid
nauplii, which show exceptionally low mortality (1.6%/day). The mortality
of Chaoborus ranges between 2 and 6% /day depending on instar. Since the
feeding electivities of the Chaoborus population are known, it can be shown
that essentially all of the mortality of copepods and Cladocera can be ac-
counted for by Chaoborus predation. The mortality of five of the seven ro-
tifer species cannot be accounted for by predation of any kind. An analysis
of this unexplained mortality in rotifers shows that if is statistically related 1o
the species composition of the phytoplankton communmity, suggesting that
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food supply is related to mortality. The community as a whole shows a sig-
nificantly negative relationship between relative total mortality (perceni-
age/day) and body size. There is a statistically significant opposite trend in
relative mortality specifically attributable to predation, demonstrating a shift
in mortality control mechanisms with size.

Mechanisms controlling growth and reproduction of all species and devel-
opmental stages were analyzed on the basis of production. Comparison of
herbivore production with the quality and quantity of the phytoplankton
food source explains a very large amount of the variance in herbivore pro-
duction. All herbivore species and developmental stages show one or more
statistically definable relationships to specific phytoplankton taxa at the
class or division level. Multivariate comparison of the production of individ-
ual herbivore types with abundances of individual phytoplankton species
shows that only a few phytoplankton species are important regulators of her-
bivore growth. Green algae in particular are generally unsuitable for herbi-
vores. A statistical analysis of the relationship between herbivore produc-
tion and phyteplankton size fractions demonstrates that herbivore
production is not coherently related to the availability of particles of a cer-
tain volume range. There is a significant tendency, however, for copepod
production to be related to the availability of food items which are elongate
and have small cross-sectional measurements, and for the production of Cla-
docera to be related to the availability of phytoplankton foods which are
shorter and have small cross-sectional measurements. The rotifers show no
overall coherence with respect to particle shape. Whereas the production of
herbivores is closely related to resource supply, variation in the production
of the predator Chaoborus is essentiaily independent of food abundance and
is instead very strongly under the control of mortality mechanisms and irreg-
ularities in the reproductive success of the adults.

Among herbivores there is a statistically significant trend toward higher
absolute annual production with increasing body size and with increasing
amount of postinduction growth. There is also a significant downward trend
in the production to biomass ratio with increasing size, and the steepness of
the trend is predicted almost exactly from general metabolic laws relating
metabolism to size, suggesting that efficiency is essentially unaffected by
size in these herbivores.

The community trends and control mechanisms form a coherent picture of
community structure and energy flow. Control mechanisms are convergent
on the herbivore trophic level, which is in turn composed of species that dif-
fer radically in size and life history. The duration of development, size and
age at the time of first reproduction, ratio of production to biomass, and
presence or absence of sexuality can be drawn together in an explanation of
community structure and the simultaneous existence of several evolution-
arily stable strategies in the commumity.
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