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TEMPORAL VARIATION IN FOOD WEB STRUCTURE:
16 EMPIRICAL CASES!

KENNETH SCHOENLY AND JOEL E. COHEN
Rockefeller University, 1230 York Avenue, Box 20, New York, New York 10021-6399 USA

Abstract. Analysis of food web structure and temporal dynamics is essential to un-
derstanding energy flow and population dynamics of species, and may contribute to con-
servation, wildlife management, and disease and pest control. This report synthesizes all
the observational studies of food web dynamics to which we have access.

Most published food webs are static and cumulative: they depict information gathered
over many occasions. A web observed over a single, relatively short time period is time
specific. Here we analyze the relation between cumulative and time-specific versions of
webs in 16 published cases. Fourteen of the 16 webs are from detritus-based habitats that
harbor large fractions of arthropod species: carcasses, tree fluxes, felled logs, treeholes, dung
pads, and an acidic pond. The other two webs describe soybean fields and the arctic tundra.
These webs are presented here in a consistent format and are analyzed in four ways.

First, we quantified temporal trends and levels of variation in nine web properties: the
percentages of species in the web that are top predators (%7), intermediate species (%I),
and basal species (%B); the ratio of number of prey species to number of predator species
(P); the mean chain length (u); the product of species richness and connectance (Sx C);
and the numbers of total species, newly arriving species, and local extinctions. In most
webs %I and %7 fluctuated widely; the latter generally increased in time or remained
constant, while the former correspondingly decreased or remained constant. Since the
number of basal species usually varied little, changes in %B were inversely associated with
changes in species richness over successional and seasonal time scales. Predictable changes
in P, u, and Sx C accompanied the changes in %B, %I, and %7. The numbers of total
species, new arrivals, and local extinctions displayed no consistent increasing or decreasing
trends.

Second, we compared cumulative and time-specific webs from the same habitat to
determine which properties, if any, of time-specific webs might be predicted from cumu-
lative webs. In cumulative webs, P, u, and %7 came closest to the median of the values
from time-specific webs, followed by %I, Sx C, and %B. Cumulative webs, which usually
appear in general ecology textbooks, overestimate S x C and underestimate %23 relative to
time-specific versions. In five studies cumulative webs were completed when the last or
next-to-last samples were taken; additional sampling in these cases would probably have
uncovered more species.

Third, opportunistic species were removed from four time-specific webs to determine
how these species influenced web structure. Removing one top-feeding opportunistic species
from each web caused a dramatic rise in %7, small reductions in %/, SX C, u, and P, and
a negligible rise in %B. A single opportunistic species, even though it makes only rare and
brief visits to a habitat, can dramatically reshape web structure.

Fourth, properties of cumulative and time-specific versions of the 16 food webs were
compared to properties of cumulative webs in two published web catalogs. The cumulative
versions of the 16 webs grossly resemble the cumulative webs in both prior catalogs, but
the median Sx C is greater and the median %B is lower in the 16 cumulative webs than
in either prior catalog. Even for these two statistics, the median value for the 16 cumulative
webs falls well within the range of variation of both prior catalogs. The time-specific webs
in the 16 cases differ from those of the two prior catalogs somewhat more than do the
cumulative webs. Comparisons between time-specific and cumulative versions of a web,
one system at a time, are more sensitive than rough comparisons between collections of
webs because the methods used to define species and links are (usually) consistent within
a study.

Key words: arthropod-rich food webs; community structure and assembly; cumulative vs. time-
specific food webs; detritus-based systems; food web dynamics; food web structure; opportunistic species;
predator-prey relationships; successional and seasonal variation in food webs; temporal variability; top
predators.
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INTRODUCTION

Food webs summarize predator-prey relationships
in ecological communities. Studies of large collections
of published webs have provided several new gener-
alizations about the organization of ecological com-
munities (Cohen 1978, Pimm 1982, Briand 1983,
Schoener 1989, Sugihara et al. 1989, Cohen et al. 1990q;
for a recent review, see Lawton 1989). These gener-
alizations are open to criticism in part because the
underlying data are frequently of poor quality (e.g., see
Paine 1988); the data often blur spatial and temporal
heterogeneity in web structure. Most reported webs are
vague about the duration of the period of observation.
Here we assemble, describe, and analyze the first sub-
stantial collection of webs in which changes over time
are reported in detail.

The analysis of web structure and dynamics is es-
sential to a realistic understanding of the population
dynamics of species, energy flow, and other ecological
processes. Though these dynamic processes are of
greater intrinsic interest than web structure for some
ecologists, the study of one or a few species in theo-
retical or experimental isolation provides little or no
useful guidance, in many instances, to the organization
and likely behavior of species embedded in real com-
munities. Moreover, an understanding of webs may
contribute to diverse practical applications, such as
conservation and wildlife management, pest and dis-
ease vector control, and medical (including forensic)
entomology (Schoenly 1991).

Food web dynamics can be approached in three ways:
theoretically, experimentally, and observationally.
There are numerous theoretical studies of web dynam-
ics (e.g., Pimm and Lawton 1977, Yodzis 1981, 1984,
Post and Pimm 1983, Cohen and Newman 1988, Co-
hen et al. 19905), but most dynamic models lack
detailed empirical foundations. A realistic general dy-
namic theory of webs does not yet exist. Few experi-
mental studies of web dynamics are available (e.g.,
Drake 1985, Pimm and Kitching 1987, Jenkins and
Kitching 1990). Several observational field studies of
individual habitats have demonstrated that webs can
vary substantially in time and in space (Brooks and
Dodson 1965, Beaver 1985, Kitching 1987, Warren
1989, Winemiller 1990; see also Crowder et al. 1988,
Frost et al. 1988, Lodge et al. 1988, and Porter et al.
1988).

This report synthesizes all the observational studies
of food web dynamics to which we have access. The
observed patterns in the temporal dynamics of webs
may provide empirical guidance to future theoretical
developments.

Most published webs depict information gathered
cumulatively, over many occasions and sometimes
several locations. We will call a web gathered over
many occasions within spatial limits specified by an
author a “cumulative’” web. Cumulative webs present
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static images of trophic interactions and they routinely
appear in general ecology textbooks (e.g., Odum 1983,
Krebs 1985, Begon et al. 1986, Ricklefs 1990). We will
call a web observed in one place over a single, relatively
short time period, a ““time-specific’’ web. Our analysis
of the relation between cumulative and time-specific
webs has four parts. First, using published time-specific
web data, we quantify temporal variation in nine prop-
erties. Second, we compare cumulative and time-spe-
cific webs from the same habitat to determine which
properties, if any, of time-specific webs might be pre-
dicted from cumulative webs. Does a cumulative web
differ greatly from the time-specific webs that it cu-
mulates? Third, we hypothetically remove opportunist
species from time-specific webs to determine how much
these rare but potentially important species influence
web structure. Fourth, we compare properties of cu-
mulative and time-specific webs to properties of webs
in two published catalogs (Cohen et al. 1990a, Schoenly
et al. 1991).

DATA SOURCES, METHODS, AND FOOD WEB STATISTICS

Sixteen food webs from eight published studies are
included in this analysis (Table 1). Most webs are based
on detritus that supports large numbers of arthropod
species. All but two of the eight studies (Naumov 1972,
Warren 1989) were part of investigations on insect
trophic structure (Schoenly 1990, Schoenly etal. 1991),
and in these six studies all webs but one (Robinson
1953) were classified by one of us (Schoenly et al. 1991)
as community webs (as originally defined by Cohen
1978). Robinson’s (1953) web is classified as a source
web (the source is tree flux, or oozing sap).

In all the webs except that of Sdobnikov (1958), both
vertebrates and invertebrates are identified to species
and genus. Hence, the taxonomic resolution is uniform
across trophic levels. In approximately one-half of these
webs, predator-prey links are simply present or absent,
but not otherwise quantified. Three studies include rel-
ative abundances or species biomasses (Valiela 1974,
Kitching 1987, Warren 1989). In studies of small and
relatively short-lived dungpats and carcasses (Valiela
1974, McKinnerney 1978), the interval between con-
secutive samples is short, usually only a single day. In
studies of larger and more perennial habitats, like soy-
bean fields (Mayse and Price 1978) and rotting_logs
(Savely 1939), the interval between samples varies from
several weeks to one year.

McKinnerney (1977, 1978) studied carrion com-
munities at three locations in the Chihuahuan Desert:
Hueco Mountains, Texas (26 time-specific samples);,
White Sands National Monument, New Mexico (39),
and Aden Crater, New Mexico (11). Prey and predator
lists were collected for invertebrate species but not for
vertebrates at White Sands and Aden Crater; carrion-
frequenting vertebrates were not studied at the Hueco
Mountains site. At Aden Crater, carcasses were sam-
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pled less frequently than carcasses at the other sites, a
higher proportion of species were vertebrates, and prey
of vertebrates were not reported. We therefore elected
to exclude the Aden Crater data set from this analysis.

The authors determined trophic links using varied
methods. All the authors used direct field observation.
Some studies (Savely 1939, Mayse and Price 1978,
McKinnerney 1978, Warren 1989) also used literature
accounts of the same or related species in different
locations. In addition, Savely (1939), Robinson (1953),
and Warren (1989) analyzed gut contents of some spe-
cies. Valiela (1974) and Warren (1989) also performed
laboratory feeding trials on selected sets of predators
and prey. Details on the method(s) used by Sdobnikov
(1958, cited by Naumov 1972: 549) to construct his
arctic tundra webs are unavailable to us.

We constructed cumulative and time-specific webs
from each study in the form of matrices, each con-
taining one column per predator and one row per prey.
When species A eats species B there is a ‘1’ in column
A and row B; otherwise there is a ‘0.” Where the re-
ported data made it possible to do so, we constructed
site-specific cumulative webs by cumulating over time
the trophic links of reported time-specific and site-
specific webs (Naumov 1972, Valiela 1974, Mayse and
Price 1978, Kitching 1987, Warren 1989). Where the
original report presented only a cumulative web and
time-specific species lists (Robinson 1953, Mc-
Kinnerney 1977, 1978), we constructed time-specific
webs by assuming that a feeding link from prey A to
predator B was present in the time-specific web if and
only if such a link was present in the cumulative web
and species A and B occurred together at the time of
observation. Savely (1939: appendix) listed diets and
times of occurrence of species in a form substantially
equivalent to our Table A4 and Table AS. (He also
graphed one time-specific web for pine logs.) We con-
structed cumulative and time-specific webs from his
list.

McKinnerney (1978) and Mayse and Price (1978)
gave detailed information about the distribution over
time of sampling effort and field observations. In the
other studies, temporal variation in web structure is
an unknown compound of variation in the observer’s
sampling effort and variation in the underlying web.
As have others before (e.g., R. T. Paine, as cited in
Cohen 1978: 121; Winemiller 1990), we urge that fu-
ture studies of temporal change in webs give explicit
reports of sampling effort over time.

Our reconstructions of prey records, time data, and
species lists for all 16 webs appear in the Appendix.
Cumulative and time-specific webs from each study
will be available in version 2 of ECOWeB. One set of
time-specific webs from each of four published reports
(Savely 1939, Valiela 1974, Mayse and Price 1978,
McKinnerney 1978) is already available in version 1
of ECOWeB (Cohen 1989).

Warren (1989) drew time-specific web graphs for two
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sites (the margin and open water) in a pond at Skipwith
observed on each of five sampling dates. Warren ob-
served the relative abundance, life-history stage, and
length of organisms. In his data, unlike the data from
all the other studies, the simultaneous presence of two
species A and B does not automatically imply a feeding
relation between them, even if there is a feeding rela-
tion between them in the cumulative web, because “not
all sizes or stages of particular species can feed on all
sizes or stages of another species” (P. H. Warren, per-
sonal communication, 4 April 1990).

Because of inconsistencies between field workers in
the reporting of cannibalism, we elected simply to ex-
clude cannibalistic links. This decision accords with
the practice of some other investigators (e.g., Pimm
1982: 125; Cohen et al. 19904, Schoenly et al. 1991).
Reported cannibalistic links are included in the Ap-
pendix but were dropped prior to our analyses.

The only reported cases of mutual predation (i.e.,
species A eats species B and simultaneously species B
eats species A) occurred in the Queensland tree-hole
webs of Kitching (1987: 281, Fig. 1). There each of
three species (numbered 6, 7, and 8 in our Table A6)
is reported to prey on both of the other two. This
reported mutual predation is also consistent with the
feeding relations reported for these three species in a
more recent report by the same author (Jenkins and
Kitching 1990: 200, Fig. 1) but was not reported con-
sistently in three other studies (Kitching 1983: 216,
Fig. 8, Kitching and Pimm 1985: 133, Fig. 4a, Kitching
and Beaver 1990: 152, Fig. 9.2). R. L. Kitching (per-
sonal communication, 12 July 1990) stated that his
1987 analysis used “a slightly different form of pre-
sentation than the earlier descriptive papers and did
not require the same degree of detail in the web used.”
We included these links of apparent mutual predation
in the Appendix. However, as we did for cannibalism,
we excluded all links among these three species prior
to analysis to make Kitching’s data more comparable
to the data in the seven other reports.

There were no predatory cycles of length 3 (i.e., A
eats B, B eats C, and C eats A) or longer in any of the
webs. Consequently, after the exclusion of cannibalism
and of Kitching’s report of mutual predation, all webs
were acyclic.

Quantitative measures of web structure were cal-
culated for each time-specific web and, where appli- N
cable, each cumulative web. These statistics are based
on investigator-defined species and links, not on tro-
phic species and trophic links obtained by lumping
(lumping is defined by Briand and Cohen [1984]). The
first six statistics (a—f) apply to both time-specific and
cumulative webs:

a) %7, the percentage of top predators in the web,
i.e., 100 times the number of species with no reported
predators divided by S, the total number of species
reported in the web (Briand and Cohen 1984);

b) %I, the percentage of intermediate species, i.e.,



270 KENNETH SCHOENLY AND JOEL E. COHEN Ecological Monographs
Vol. 61, No. 3
TaBLE 1. Structural statistics of time-specific and cumulative versions of 16 food webs.
% top species % intermediate % basal species Prey/Predator
(%7 species (%I) (%B) (P)

Food web N*  Ranget Medf Cum.§ Range Med. Cum. Range Med. Cum. Range Med. Cum
Carrion; Hueco Mts., USA 27 4-86 55 34 0-92 41 64 4-25 6 2 0.17-1.0 0.48 0.67
Carrion; White Sands, USA 40 67-92 83 76 0-22 7 20 5-33 7 4 0.08-0.50 0.20 0.25
Elm flux; Sheffield, 25 29-50 33 25 25-57 50 63 14-33 17 12 0.66-1.0 0.89  0.86

United Kingdom
Pine logs; N. Carolina, USA 5 57-70 65 61 26-38 32 35 3-5 5 4 0.31-0.45 0.37 041
Oak logs; N. Carolina, USA 5 54-76 67 70 21-40 29 26 3-6 5 4 0.25-0.49 0.35 0.32
Treeholes; Australia, site 1 5 13-38 29 10 2449 32 60 3840 38 30 1.0-1.40 1.17 1.29
Treeholes; Australia, site 2 S 1043 31 9 28-60 31 64 2943 31 27 0.80-1.29 1.13 1.25
Treeholes; Australia, site 4 5 29-44 37 40 23-33 29 30 3043 33 30 0.83-1.75 0.93 0.86
Treeholes; Australia, site 5 5 29-38 34 30 24-40 26 40 3043 38 30 1.0-1.25 1.0 1.0
Treeholes; Australia, site 10 5 25-33 29 33 33-37 35 33 33-38 36 33 1.0-1.20 1.1 1.0
Treeholes; Australia, site 11 5 14-50 29 40 1243 35 30 3343 38 30 0.80-1.50 1.1 0.86
Soybean; Illinois, USA 3 29-33 31 33 57-60 59 60 7-14 11 7 0.71-0.83 0.77 0.71
Arctic tundra; USSR 3 45-50 48 45 3340 37 40 15-17 16 15 0.60-0.65 0.62 0.65
Dung; New York, USA 3 3745 39 41 52-61 57 57 2-3 3 2 0.57-0.64 0.61 0.60
Pond; United Kingdom, open 6 17-38 21 18 54-79 73 78 4-8 6 4 0.67-0.87 0.83 0.85
water site

Pond; United Kingdom, pond 6 19-26 25 24 70-77 72 73 3-5 4 3 0.76-0.84 0.79 0.78

margin site

* The number of time-specific webs plus the cumulative version.

t Range of variation in the time-specific versions.
I Median in the time-specific versions.
§ Value for the cumulative version.

| C = connectance, the ratio of actual links to possible links in a food web.

100 times the number of species with both predators
and prey, divided by S;

c) %B, the percentage of basal species (pure auto-
trophs and detritus), i.e., 100 times the number of spe-
cies with no reported prey, divided by S;

d) P, the ratio of the number of prey species to the
number of predator species (Cohen 1977);

e) u, the mean chain length of the web, i.e., the av-
erage length (counting links, not counting species) of
all maximal food chains from a basal species to a top
predator (Cohen 1978);

f) Sx C, the product of species richness S and con-
nectance C, where C = L/[S(S — 1)/2] and L is the
number of predator-prey links reported in the web
(Briand 1983). Thus SxC = 2L/(S — 1) is very nearly
twice the ratio of links to species.

The following characteristics pertain only to time-
specific webs:

g) S, the total number of species (species richness),
defined as the number of investigator-defined species
observed in a particular time-specific web.

h) The number of newly arriving species, defined as
the number of investigator-defined species who were
not observed in any previous time-specific web. For
the first time-specific web, the number of newly arriv-
ing species is defined to equal the number of total spe-
cies.

i) The number of local extinctions, defined as the
number of investigator-defined species that are present
in the current time-specific web and are absent from
the next time-specific web, the first time that such spe-
cies disappear.

By definition, the statistics on new arrivals and local
extinctions pertain to the first interval during which
species are present in the web. For example, if a species
is present in a first time-specific web, is absent from a
second, reappears in a third, and is absent from a fourth,
it is not counted as a newly arriving species at the time
of the third time-specific web, and it is not counted as
a local extinction at the time of the fourth web.

RESULTS .
Temporal variation in food web properties

Food web structure varies substantially over time
(Figs. 1-7). We shall summarize this variability using
the median, over all 16 webs, of the range of each
statistic over the time-specific versions. Among the
trophic positions %/ varies most, with a median range
of 21, followed closely by %7 at 18, and %B at 6 (Table
1). Large fluctuations in both %/ and %7 reflect ex-
tensive reshuffling of species with different diets and
residence times in the community. Since the number
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TaBLE 1. Continued.
Mean chain length S x C||=2L/
(w) Total no. species (S) No. links (L) S-1
Range Med. Cum. Range Med. Cum. Range Med. Cum. Range Med. Cum Reference(s)
1.0-3.30 1.77 2.55 4-28 16 47 3-92 36 195 2.0-8.06 4.4 8.48 McKinnerney
(1977, 1978)
1.0-1.65 1.25 1.65 3-20 14 25 2-39 22 50 2.04.22 2.62 4.17 McKinnerney
(1977, 1978)
1.5-2.25 2.20 2.17 4-7 6 8 3-9 7 11 2.0-3.0 2.8 3.14 Robinson (1953)
2.0-2.55 2.34 2.43 36-86 55 112 47-156 75 192 2.57-3.67 2.82 3.46 Savely (1939)
2.09-2.64 2.41 2.47 48-88 81 139 70-117 116 199 2.69-2.99 2.90 2.88 Savely (1939)
2.0-2.67 2.0 2.75 5-8 8 10 4-11 9 19 2.0-3.14 2.57 4.22 Kitching (1987)
2.0-2.77 2.0 2.76 7-10 7 11 7-16 10.5 21 2.33-3.56 2.96 4.2 Kitching (1987)
1.67-1.89 1.75 1.8 7-10 9 10 6-11 9.5 12 1.98-2.75 2.35 2.67 Kitching (1987)
1.5-1.9 1.64 1.9 7-10 8 10 5-13 6.5 13 1.67-2.89 1.86 2.89 Kitching (1987)
1.67-1.89 1.8 1.89 6-9 8 9 6-11 8 11 2.0-2.75 2.29 2.75 Kitching (1987)
1.67-2.0 1.8 1.8 7-9 8 10 7-9 7.5 12 2.0-2.33 2.27 2.67 Kitching (1987)
2.0-2.27 2.14 2.27 7-15 11 15 10-35 22.5 35 3.33-5.0 4.17 5.0 Mayse and Price
(1978)
1.79-1.91 1.86 1.91 12-20 16 20 23-54 39 54 4.18-5.68 4.93 5.68 Naumov (1972,
after Sdobnikov
1958)
3.23-3.59 341 3.51 29-43 36 46 86-211 149 218 6.14-10.1 8.1 9.69 Valiela (1974)
2.04-3.85 3.17 3.76 13-24 18 28 29-110 69 134 4.83-9.65 8.12 9.93 Warren (1989)
3.72-4.57 4.03 4.81 26-34 26 37 75-194 136 262 7.9-12.52 10.9 14.6 Warren (1989)

of basal species in most webs varies little, changes in
%B are inversely associated with changes in S.

We now present detailed graphs and describe tem-
poral variation in web structure, one property at a time,
for seven of the most frequently sampled cases
(McKinnerney 1977, Hueco Mountains and White
Sands sites; Robinson, 1953, elm flux; Savely 1939,
oak and pine logs; Warren 1989, margin and open
water sites; Figs. 1-7). Temporal variation in the re-
maining nine cases (Kitching 1987, six sites; Mayse
and Price 1978, Naumov 1972, Valiela 1974) is sum-
marized in Table 1.

In a rabbit necrovore study of McKinnerney (1978)
in the Hueco Mountains, Texas, %7 and %I change
dramatically, with values spanning nearly the entire
possible range for these properties (Fig. 1a,b). High
numbers of both new arrivals and local extinctions are
strongly influenced by the quality and availability of
carcass resources, and account for a substantial fraction
of the total variation. Early successional species, such
as carrion-breeding flies, that are at first intermediate
species later become top predators after their natural
enemies leave the carcass. As the time since carcass
deposition increases, detritivorous species become more
numerous than predators. As a result, P, u, and SxC
also decrease (Fig. 1d—f). Similar trends in %7, %I, P,
u, and Sx C are observed on carrion in White Sands

(McKinnerney 1978) (Fig. 2) and in decaying oak logs
and pine logs (Savely 1939) (Figs. 4 and 5).

The elm flux web of Robinson (1953) has fewer spe-
cies and seasonal rather than successional turnover of
species. Compared to the webs of McKinnerney and
Savely, variation in all properties is dampened con-
siderably in the flux web (Fig. 3a—f). This reduced vari-
ation may be largely attributable to an uninterrupted
presence of flux material—a sap oozing from branch
scars of elms—and the nearly continuous presence of
four arthropod species (numbered 1, 2, 4, and 7 in the
Appendix) that live and breed in the flux material year
round. This web appears to owe its low level of tem-
poral variability to a relatively stable basal resource,
elm flux.

According to Warren (1989), both the margin and .
the open water of an acidic pond at Skipwith Common
held increasing numbers of species from mid-March
to early October (Figs. 6g and 7g). Accompanying these
changes were increases in u and S x C, slight decreases
in %B, and varying trends in %7, %I, and P (a—f in
Figs. 6 and 7). More litter and more species were found
in the pond margin than in open water. Warren (1989)
hypothesized that higher energy input in the pond mar-
gin may have contributed to the observed differences
between the two sites in species richness and food-
chain lengths.
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McKinnerney 1977,1978 carrion founa
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Several overall temporal patterns emerge. We shall
describe these patterns in qualitative terms, without
attempting to attach levels of statistical significance to
the slopes of the regressions shown in Figs. 1-7, because
successive data points within each panel in these figures
are not statistically independent.

In six of the seven webs pictured the proportion of
top species either increases or is nearly constant over
time; in the exceptional cases (Warren’s open water
site, Fig. 6a), %7 decreases very slightly. Except for the
White Sands carrion study, there is little increasing or
decreasing temporal trend in %B. It follows that where
%T increases and %B is roughly constant in time, %/
must decrease. These patterns determine the behavior
of the prey/predator ratio P = (%B + %I)/(%I + %T)
= (%B + %I)/(100 — %B), for if %B is constant and
%I is decreasing in time, then P must be decreasing in
time. This is indeed generally the case (d in Figs. 1-
7), again with the not very strong exception of Warren’s
open water site (Fig. 6d). Further, if %7 increases, %B
is roughly constant, and %I decreases in time, and if
the presence or absence of a link between any two
species does not depend on time, then u should de-
crease in time, since there are relatively fewer inter-
mediate species among which a food chain can travel
before terminating in a top species. Indeed, u remains
constant or decreases with time in Figs. 1-5 (series e).
In Figs. 6e and 7¢ the regressions of mean chain lengths
increase slightly with time amid substantial fluctua-
tions in the individual points, giving only weak evi-
dence for a real increase in mean chain lengths. The
temporal pattern of SXC = 2L/(S — 1) (f in Figs. 1-
7) corresponds exactly to the temporal pattern of u; in
each case, both S x C and u increase, or both decrease,
or both are nearly constant in time. Careful compari-
son of SXC and u, study by study, shows that even
minor fluctuations in one variable are often reflected
in the other.

The correspondence between S x C and u has a sim-
ple but rough (not exact) explanation. Any chain of »
links contains n + 1 species, so the longer a chain is,
the higher the ratio of links to species for that chain.
(For example, a chain of one link has a links-to-species
ratio of 0.5, while a chain of four links has a links:
species ratio of 0.8.) Therefore, the higher the mean
chain length, the higher is the mean links : species ratio
over all chains, counting each link and each species as
many times as it occurs in a chain. The mean
links : species ratio over all chains does not correspond
exactly to SxC=2L/(S — 1), because the latter counts
each link and each species exactly once, but it is not
surprising that the mean links : species ratio over all
chains and S$'x C vary similarly.

Thus the temporal patterns in %B, %I, and %7 (se-
ries a—c of Figs. 1-7) largely or approximately deter-
mine the temporal patterns of the prey : predator ratio
P, the mean chain length u, and SXC.
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Changes over time in the numbers of total species,
newly arriving species, and local species extinctions
followed a diversity of patterns (g in Figs. 1-7). The
numbers of total species showed a unimodal peak in
two cases (McKinnerney’s webs, for which reported
sampling effort was nearly uniform over time), three
cases of increasing trend (g in Figs. 5-7), one case of
decreasing trend (Fig. 4g), and one case of essentially
no trend (Fig. 3g). As a whole, the number of total
species displayed no systematic trend. If most observ-
ers (other than McKinnerney and Mayse and Price)
had systematically increased or systematically de-
creased their sampling effort over time, one might have
expected a similar systematic pattern in the number of
total species reported (superimposed on possible suc-
cessional or seasonal effects on the number of total
species). The absence of such systematic patterns in
the number of total species, plus the presence of sys-
tematic patterns in some other features, such as the
percentage of top species, suggests that these systematic
patterns in other features are genuine, and not artifacts
of changes in sampling effort.

The numbers of newly arriving species and local
species extinctions similarly displayed no systematic
increasing or decreasing trend over time, as a whole (g
in Figs. 1-7). These statistics describe the great ma-
jority of the appearances of species in these webs, be-
cause in most webs most species were present for a
single interval (Table 2). For example, in the Hueco
Mountains 94% of the 47 species observed appeared
only for a single interval, never reappearing after once
going locally extinct; the remaining 6% of species were
reported as present in two intervals of time-specific
webs. Only in the elm flux web of Robinson (1953)
were less than half of the species present for a single
interval.

The cumulative web is determined when the last new
species arrives. In three of the seven webs illustrated
(Savely 1939, oak logs and pine logs; Warren 1989,
open water site), the cumulative webs were completed
when the last samples were taken (g in Figs. 4-6), and
in two other webs (Hueco Mountains rabbit carrion,
McKinnerney 1978; pond margin, Warren 1989), in
the next-to-last sample (g in Figs. 1 and 7). However,
in the White Sands carrion web and the elm flux web
the cumulative web was reached before one-half of the
samples had been taken (day 19 and week 20, respec-
tively; g in Figs. 2 and 3). ’

These observations strongly suggest that additional
sampling might have uncovered additional species in
the first five cases mentioned. It seems very unlikely
that the cumulative webs in these cases really include
all the species that visit these communities. But it is
possible that some species arrive only as a resource
(carcass, log, or dungpat) is almost completely con-
sumed; Schoenly and Reid (1987) refer to such species
in carrion as members of the “endpoint fauna.”
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Warren 1989 acidic pond fauna
N. Yorkshire, U.K. open water site
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Warren 1989 acidic pond fauna
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TaBLE 2. Frequency of observation and frequency of appearance of species in 16 food webs.

Number of Average

investi- Number interval

gator-  oftime-  between  Nymper of intervals taxon was observed

defined  specific time-specific

Food web taxa (S) webs webs* 1 2 3 4
(% of taxa)

Carrion; Hueco Mts., USA 47 26 1d 94 6 0 0
Carrion; White Sands, USA 25 39 2.0d 88 12 0 0
Elm flux; Sheffield, United Kingdom 8 24 2 wk 38 50 0 12
Pine logs; N. Carolina, USA 112 4 1 yr} 100 0 0 0
Oak logs; N. Carolina, USA 139 4 1 yrf 99 1 0 0
Treeholes; Australia, site 1 10 4 1.7 mo 80 20 0 0
Treeholes; Australia, site 2 11 4 1.7 mo 73 27 0 0
Treeholes; Australia, site 4 10 4 1.7 mo 80 20 0 0
Treeholes; Australia, site 5 10 4 1.7 mo 100 0 0 0
Treeholes; Australia, site 10 9 4 1.7 mo 100 0 0 0
Treeholes; Australia, site 11 10 4 1.7 mo 90 10 0 0
Soybean; Illinois, USA$ 15 2 9 wk
Arctic tundra; USSR 20 2 6 mo
Dung; New York, USAt 46 2 4d e e e e
Pond; United Kingdom, open water site 28 5 7.0 wk 86 14 0 0
Pond; United Kingdom, pond margin site 37 5 7.0 wk 62 35 3 0

* When time-specific webs were reported at fixed intervals,

the average interval is reported without a decimal point. When

time-specific webs were reported at irregular intervals, the average interval is reported with a decimal point.

1 See Tables A4 and AS.

1 The number of intervals observed was calculated only for studies with four or more time-specific webs.

Cumulative vs. time-specific webs

The 16 cumulative webs had from 8 to 139 inves-
tigator-defined species (Table 1). The median number
of species was 17.5. The webs had from 11 to 262 links,
with a median of 43 links. The number of investigator-
defined species is greater than or equal to the number
of lumped trophic species, and the number of links

among investigator-defined species is greater than or
equal to the number of links among trophic species
(Cohen et al. 1990a).

We now compare each property in each cumulative
web with the range of values of that property in time-
specific versions of the same web (Table 1). If the cu-
mulative value falls outside the range from the cor-
responding time-specific webs, then we shall say that

TABLE 3. Comparison of cumulative and time-specific versions of the same web.
% change*

Percent- Mean

Percentage Percentage  age basal Prey/ chain

top species intermediate  species Predator length

Food web (%T) species (%) (%B) P) (w) S x Ct
Carrion; Hueco Mts., USA —-38 56 —-67 40 44 93
Carrion; White Sands, USA -8 186 —43 25 32 59
Elm flux; Sheffield, United Kingdom —24 26 -29 -3 -1 12
Pine logs; N. Carolina, USA -6 9 -20 10 4 23
Oak logs; N. Carolina, USA 4 -10 -20 -9 2 -1
Treeholes; Australia, site 1 —66 88 -21 10 38 64
Treeholes; Australia, site 2 -71 106 -13 11 38 42
Treeholes; Australia, site 4 8 3 -9 -8 3 14
Treeholes; Australia, site 5 -12 54 -21 0 16 55
Treeholes; Australia, site 10 14 -6 -8 -9 5 20
Treeholes; Australia, site 11 38 —-14 -21 -22 0 18
Soybean; Illinois, USA 6 2 -36 -8 6 20
Arctic tundra; USSR -6 8 -6 5 3 15
Dung; New York, USA 5 0 -33 -2 3 20
Pond; United Kingdom, open water site —-14 7 -33 3 19 22
Pond; United Kingdom, pond margin site -4 1 -25 -2 19 34
Median —6% 8% —-21% —1% 6% 21%

Range 109 - 200 61 62 45 94

* % change = [(cumulative value — median time-specific value)/median

time-specific value] x 100. Positive numbers

indicate that the cumulative value exceeded the median time-specific value.
+ .S = species richness, and C = connectance = the ratio of actual links to possible links in a food web.
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TaBLE 4. Comparison of webs before and after a single opportunistic species was removed.

McKinnerney (1977)

Warren (1989)

(Hueco Mts. site, day 9) Kitching (1987) Kitching (1987) (open water, week 29)
With- (site 1, time 1) (site 2, time 1) With-

Food With out With- With- Wit out

web P. P. With L. out L. With L. out L. A. A.

prop- leuco-  leuco- % fletch-  fletch- % fletch-  fletch- % aqua-  aqua- %

erty* pogon  pogon change eri eri  change eri eri  change tica tica  change
% T 4 19 375 13 29 123 10 33 230 17 26 53
% I 92 77 —16 49 29 —41 60 33 —45 79 70 —11
% B 4 4 0 38 42 11 30 33 10 4 4 0
P 1.00 0.85 -—15 1.4 1.25  —11 1.29 1.0 -22 0.87 0.77 —11
) 3.30 2.55 =23 2.67 2.0 -25 2.77 2.0 —28 3.17 3.08 -3
SxC 6.72 594 -—12 3.14 233 26 3.56 2.75 =23 8.96 8.00 —11

* T = top species, ] = intermediate species, B = basal species, P = prey/predator, = mean chain length; S = species
richness, and C = connectance (the ratio of actual links to possible links in a food web).

the cumulative web is a bad fit to the time-specific
data. Table 1 reveals that in 21 out of 96 comparisons
(22%) the fit is bad. The S'x C statistic has seven bad
fits, followed by %B (6), %7 and %I (3 each) and u (2).
The prey-to-predator ratio was the only property for
which no bad fits were found. In 1 of the 16 webs
(Kitching 1987: site 1), cumulative values give bad fits
for nearly every property (Table 1).

To display the magnitude as well as the direction of
differences between cumulative and time-specific webs,
Table 3 lists the percent by which each cumulative
statistic deviates from the time-specific median value,
for each web. In cumulative webs, P, u, and %7 provide
the closest fit to time-specific data, followed by %],
S§xC, and %B. %B in cumulative webs always under-
estimates the median %B in time-specific webs, some-
times by as much as two-thirds. The statistics u, %I,
and $'x C in cumulative webs usually overestimate the
corresponding medians in time-specific webs. There is
no systematic trend in the signs of the percentage
changes of P and %T.

Opportunist species

We define a top-feeding opportunist as a top predator
with wide feeding habitats, observed in only one time-
specific web by an author. Such opportunists may be
described as incidental species because they are some-
times represented by only a single individual.

Top-feeding opportunists are reported in one-fourth
to one-third of the webs collected here and may occur
(unreported) in others. The potential significance of
opportunist species in altering web structure can be
illustrated in at least three of these studies (Mc-
Kinnerney 1977, Kitching 1987, Warren 1989).

During a 26-d study of carrion in the Hueco Moun-
tains (McKinnerney 1977), the robber fly Proctacan-
thella leucopogon (Wiliston) appeared and left on day
9 as a single individual. This species was a potential
predator on “all the taxa present concurrently, except
beetles and ants” (M. Conley, personal communica-

tion, 8 September 1989; G. Forbes, a Ph.D. student
working on robber flies in the region, confirmed Con-
ley’s findings, 8 September 1989). It was the only top
predator on day nine. If P. leucopogon and its 17 prey
links are removed from the day-9 web, five properties
change markedly (see open, unconnected circles in Fig.
1). Compared to the day-9 web with P. leucopogon, the
web without it had a 5-fold increase in %7 and 1.2-
fold drops in all other structural statistics except %B
(Table 4). Deleting P. leucopogon from the day-9 web
tightens the linear relationships of each web property
with time (Fig. 1).

Kitching (1987) recorded eggs and tadpoles of the
leptodactylid frog Lechriodus fletcheri (Boulenger) in
Australian treeholes at two study sites during 3 mo of
the year (time period 1, see Appendix). This species is
cannibalistic and preys on all other treehole inhabitants
except ostracods and algophagid mites (Kitching 1987).
Compared to the webs with L. fletcheri, the versions
without it showed the same qualitative changes as the
day-9 carrion web of McKinnerney (1977): %I, P, u,
and §'x C decreased, whereas %B increased (Table 4).

When the water spider Argyroneta aquatica (Clerk)
and its prey links were removed from the open-water,
week-29 Skipwith pond web of Warren (1989), %7
changed by 53%, whereas %B and u varied little (Fig.
6: open unconnected circles). Only one individual of
A. aquatica appeared in the pond during week 29 even
though this generally rare species ‘“breeds in all the
ponds and ditches at Skipwith” (J. H. Lawton, personal
communication, 31 July 1990).

Each hypothetical removal of a top-feeding oppor-
tunist species created a shorter web with fewer links
per species, a smaller ratio of prey to predator species,
and a larger percentage of top predators (Table 4). Oth-
er parallel cases in which a single top-feeding oppor-
tunistic species may briefly reshape web structure in-
clude the salamander Plethodon glutinosus (Green), in
rotting oak logs and pine logs. However, Savely (1939)
gave no prey lists for salamanders.
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Summary food-web statistics of the Schoenly-Beaver and Briand-Cohen collections and of the cumulative and

Schoenly et al. (1991) Cohen et al. (1990a)

Cumulative webs Time-specific webs

(N = 41 webs*) (N = 113 webs) (N = 16 webs) (N = 16 systems)
Medi- Medi- Medi- Medi-
Food web property Range an Range an Range an Range an
% top species (% T) 8-95 39.0 6-55 23.5 9-76 335 21-83 335
% intermed. species (% I) 0-92 47.0 26-83 55.6 20-78 48.5 17-73 35.0
% basal species (% B) 2-53 16.0 440 18.8 2-33 9.5 3-38 13.5
Prey/predator (P) 0.05-1.73 0.75 0.50-1.42 0.96 0.25-1.29 0.82 0.2-1.17 0.81
Mean chain length (u) 1.0-4.28 2.0 1.0-5.92 2.63 1.654.81 2.39 1.25-4.03 2.0
S x C=2L/(S — D} 1.75-9.03 3.92 2.0-12.1 3.65 2.67-14.6 4.19 1.86-10.9 2.86

* Includes only cumulative webs; the remaining 20 of the 61 community webs in this collection are time specific.
+ S = species richness, C = connectance (the ratio of actual links to possible links in a food web), and L = the number of

predator—prey links in the food web.

Comparison of cumulative and time-specific
food webs with prior catalogs

We now compare the 16 sets of cumulative and time-
specific webs with two prior collections of community
webs described by Schoenly et al. (1991) and Cohen
et al. (1990a). The sets of webs in Table 5 are without
overlap. The 41 cumulative community webs of the
Schoenly-Beaver collection used in Table 5 do not share
any webs with the 16 cumulative webs listed in Table
1. Time-specific versions have been excluded from the
webs of the Schoenly-Beaver collection in Table 5. There
is also no overlap between the webs, all of which are
community webs, of the Briand-Cohen collection and
the cumulative webs in Table 1. Thus there is no cor-
relation among the Schoenly-Beaver, Briand-Cohen,
and cumulative collections caused by shared webs. The
Schoenly-Beaver webs are not lumped into trophic spe-
cies, whereas the Briand-Cohen webs are lumped into
trophic species. Like the Schoenly-Beaver webs, the
cumulative and time-specific webs are unlumped.

We deal first with the cumulative webs, then with
the time-specific webs. By the crude statistics used in
Table 5, the cumulative webs grossly resemble the webs
in both prior catalogs. (Notice that the medians of the
percentages of top, intermediate, and basal species need
not add to 100.) For all six statistics a—f, the range of
variation among the cumulative webs heavily overlaps
the range of variation in the catalogs. For four of the
six statistics the median value for the cumulative webs
falls between the median value for the two catalogs.
The two exceptions are the S'x C product, the median
of which (4.19) is greater in the cumulative webs than
in either prior catalog, and %B, the median of which
(9.5%) is lower in the cumulative webs than in either
prior catalog. Even for these two statistics, the median
value for the cumulative webs falls well within the
range of variation of both prior catalogs.

This gross comparison glosses over the substantial
differences between the two prior catalogs and between
both of them and the cumulative webs (compare the

three median values of %7 and %B, for example). The
differences are partly due to the presence or absence of
lumping, the inclusion (Cohen et al. 1990a) or exclu-
sion (Schoenly et al. 1991) of vertebrate top predators,
the inclusion of one source web here (Robinson 1953),
and other methodological differences among the orig-
inal observers and between cataloguers. The differences
may also be partly due to intrinsic variation among
webs. Given the methodological differences, a more
refined comparison seems premature now.

We now consider the time-specific webs. In Table 5,
the variation in %7 among the time-specific webs is
summarized by the range and median, over the 16
systems, of the median of %7 for each system shown
in Table 1. Thus, among the 16 systems the smallest
median %7 shown in Table 1 is 21% and the largest
median %7 is 83%; these values are shown as the range
of %7 in Table S for the time-specific webs, even though
individual time-specific webs may have had lower or
higher values of %7 Similarly, the median %7 shown
in Table 5 is actually the median of the 16 medians
shown in Table 1. The variation of the other statistics
of time-specific webs in Table 5 are computed simi-
larly.

For all six statistics a—f, the median of the medians
for the time-specific webs falls well within the range of
variation of both prior catalogs, and the range of vari-
ation among the time-specific webs heavily overlaps
the range of variation in the catalogs. Nevertheless,
even by these gross measures, the time-specific webs
differ from those of the two prior catalogs somewhat
more than do the cumulative webs. The median of the
medians for the time-specific webs does not fall be-
tween the medians of the Schoenly-Beaver and Briand-
Cohen collections for %1, %B, or Sx C. That the time-
specific webs are not very different from the cumulative
webs by the measures shown in Table 5 reflects the
limited sensitivity of those measures. Comparisons be-
tween time-specific and cumulative versions of a web,
one system at a time, as in Table 3, are more appro-
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priate and more sensitive because the methods used
to define species and links are (usually) consistent with-
in a study.

DiscussioN

Whenever food webs are studied over different tem-
poral and spatial scales, previously concealed variation
emerges. Kitching (1987) and Warren (1989) super-
imposed time- and site-specific data over a single cu-
mulative or “regional” web. Like Kitching and Beaver
(1990), we examined temporal variation in web struc-
ture, one property at a time. In the future, the com-
bination of temporal and spatial variation should be
examined more closely, along with information on the
relative abundances or biomasses of species such as
was reported by Kitching (1987), Warren (1989), and
Winemiller (1990).

Properties of cumulative vs. time-specific webs

A time-specific food web represents a subset of the
predator—prey interactions recorded during an obser-
vation period. Comparison of time-specific webs with
cumulative webs from the same habitat reveals that
some properties depend on the temporal scale at which
observations are made. In three cases here, cumulative
and time-specific webs taken from the same environ-
ment differed dramatically. Some properties of time-
specific webs, such as P, %I, and u, could be more
accurately estimated from cumulative data than other
properties, such as $x C and %B. In nearly every one
of the 16 webs studied here, Sx C, which is roughly
twice the ratio of links to species, was consistently
larger and %B was consistently smaller in cumulative
webs than in time-specific versions. These findings
strongly suggest that cumulative webs, which routinely
appear in general ecology textbooks, overestimate S x C
and underestimate %B relative to time-specific ver-
sions.

We offer the following tentative explanation of why
%2B is smaller in cumulative webs than in time-specific
versions. In most webs, the same organisms are basal
species in most time-specific versions. While there is
typically little turnover among the basal species, there
is typically much more turnover among the interme-
diate and top species. Consequently, when all the time-
specific webs are cumulated, the number of basal spe-
cies increases little compared to the number in any
time-specific web, while the number of top and inter-
mediate species may increase substantially compared
to the number in any time-specific web. Thus the frac-
tion of basal species is smaller in cumulative webs.

The low turnover of basal species in the detritus-
based webs is a consequence of counting the detritus,
which is always present, as one or more species. In
other webs, the low turnover of basal species is due to
the continuous presence of plants.

In addition to varying in time and in space, reported
webs vary conspicuously in the taxonomic and trophic
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resolution of their trophic groups. Sugihara et al. (1989)
found that eight commonly reported properties (in-
cluding five studied here) were generally robust to tro-
phic lumping when 61 webs from the Schoenly-Beaver
collection were progressively reduced to one-half their
original, unaggregated number of species or to ten spe-
cies, whichever was larger. However, as webs were
lumped trophically, Sx C and %B changed systemat-
ically more than the other statistics: SX C tended to
decrease and %B tended to rise. Equivalently, with
more refined (and therefore larger numbers of) species,
S x Cincreased and %B decreased. This pattern of vari-
ation parallels that in our investigation of temporal
variation, and may have the same explanation.

Another parallel finding is that, in both studies, the
fraction of intermediate species %/ is more variable
than either %B or %7 (Table 1 and Table 3). Thus
some properties fluctuate similarly as the number of
trophic species is reduced either by trophic lumping or
by time-specific observation. The class of web prop-
erties for which this is generally so, and a general ex-
planation, remain to be determined.

Opportunist species

The concept of “tourist” species, introduced by Mo-
ran and Southwood (1982: 292), differs from the con-
cept of “opportunist” species defined here. According
to Moran and Southwood, “tourists” are ‘“non-pred-
atory [our italics] species which have no intimate or
lasting association with the plant but which may be
attracted to trees for shelter and sustenance (honey-
dew and other substances), or as a site for sun-basking
and sexual display. Since they fall victim to local pred-
ators, tourists may become part of the trophic web of
the arboreal community.” By contrast, we define an
opportunist as a predator with wide feeding habitats,
observed in only one time-specific web by an author,
which upon appearing becomes a top predator. By def-
inition, the primary trophic role of a tourist species, if
it has any at all in the community under observation,
is as a prey species, while the necessary trophic role of
an opportunist species is as a predator.

Our analysis of opportunist species helps answer a
question raised by Roughgarden et al. (1989: 6): “How
are ecosystem structure and function influenced by the
rare but important events that may occur every century
or s0?”” We showed that the hypothetical removal of a
single top-feeding opportunist species in four webs
caused a dramatic rise in %7, small reductions in %/,
SxC, u, and P, and a negligible rise in %B. In each
case we assumed that none of the other species altered
its diet qualitatively after the opportunist was re-
moved. This assumption may not be realistic. Nev-
ertheless, these naive calculations show that a single
opportunistic species, even if it makes only rare and
briefappearances in a habitat, can dramatically reshape
web structure.

Roughgarden et al. (1989: 6) also asked: “What is



