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ARTIFACTS OR ATTRIBUTES? EFFECTS OF RESOLUTION ON THE
! LITTLE ROCK LAKE FOOD WEB!

i Neo D, MARTINEZ
Energy and Resources Group, University of California, Berkeley, California 94720 US4

Abstract. A detailed and relatively evenly resolved food web of Little Rock Lake,

Wisconsin, was constructed 1o evaluate the sensitivity of food-web patierns to the level of
detail (degree of resolution) in food-web data. This study presents definitions (e.g., eco-
systern food webs) and methods for constructing and reducing the resolution of food webs
1o provide relatively pragmatic and rigorous touchstones for consistency in future food-
web stadies. This analysis suggests that food-web patterns such as the scale-invariant links-
per-species ratio, short chain lengths, and limited number of trophic levels are constrained
by the resoiution of food-web data rather than by ecological factors. Patterns less sensitive
to changes in resolution such as directed connectance (the proportion of observed directed
links to all possible directed links) may be robust food-web attributes,
: The food web of Little Rock Lake appears to be the first highly and evenly resolved
i food web of a large natural ecosystem originally documented for the purpose of examining
quantitative food-web patterns. This ecosysiem food web contains roughly twice as many
species as the largest web 1o date. {t also may provide the most credible porirait avatlable
of the detaiied trophic strnctare of 2 whole ecosystem. The 93-trophic-species web of Little
Rock Lake differs from previously published wrophic-species webs by having more Hnks
per species (L/S = 11), longer chain lengths (average: =10, maximum: = 18), species at
higher trophic levels (maximum: = 12}, higher fractions of intermediate species, and smaller
fractions of top species and links to {op species.

The sensitivity of quantitative food-web patterns to changes in resolution was examined
in several series of wophically aggregated Little Rock Lake webs. Each of the series starts
with a highiy and relatively evenly resolved web with 182 consumer, producer, and de-
composer taxa and ends with low-resolution webs with 9 aggregates of taxa. Taxa were
aggregated based on the proportion of predators and prey shared by the taxa. Different
series of webs were generated using differont criteria for Hnking aggregates to evaluate the
sensitivity of food-web patterns to lnkage criteria.

The sensitivity anabvsis revealed that several, but not all, quantitative food-web patterns
are very sensitive to systematic aggregation of the web, Sensitive patterns include number
of links per species, linkage complexity, the distributions of chain lengths and specics
among trophic levels, and the proportions of top species and links 1o iop species. Less-
! sensitive patierns include connectance, the ratio of predators to prey, the proportions of

imermediate and basal species, and the proportions of links that are between intermediate
and basal species. Directed connectance is the only pattern examined that is both very
robust to trophic aggregation and generally comparable to other community webs, Quan-
titative food-web patterns in published community webs are generally similar to highly
aggregated Little Rock Lake webs (versions with 9—40 aggregates). These findings suggest
that previously described community food webs are severely aggregated versions of more
elaborate webs similar to that of Little Rock Lake.

Key words:  aggregation; community food web, connectance; ecasystent food web; food chains; food
webs; linkage criteria; Little Rock Lake; guantitative food-web patterns; resolution, trophic levels; Wis-
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INTRODUCTION and Cohen 1984, Holling 1986). To others the patierns
do not deserve interpretation (Paine 1983). Critics of
the data argue that “artistic convenience” (Paine 1988),
“the workings of the human mind” (May 1988), and
cultyral differences among sub-disciplines of ecology
{e.g., terrestrial vs. aquatic ecologists, May 19834) may
' Manascript received 27 September 1989 revised 15 Oc- be responsibie for certain patterns. Interpreters with

tober 1990; accepted 23 October 1990; finat version received  InOre confidence in the data argue that ecological phe-
23 January 1991, nomena such as environmential variability (Briand

Quantitative patterns in food webs have been the
subject of controversy for several years. To some ecol-
ogists the patterns are considered remarkabie regular-
ities in ecosystem structure (e.g., May, 1983g, Briand
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19834), dynamics (Pimm 1982}, energetics (Yodzis
1981, 1984), and ecosystem type (Briand 198354, 1935,
Briand and Cohen 1987) constrain food-web structure.
Here 1 argue that most published food.web patierns
appear to be artifacts of poorly resolved data. Still,
quantitative food-web study is warranted by the pos-
sibility that more directly and objectively compiled,
evenly resolved data may point loward robust food-
web atiributes. The discovery of such attributes may
lead to new insights {Cohen 198%a) and predictive power
in ecology (Martinez 1988, Peters 1988).

Conclusions from food-web analyses have been much
discussed (DeAngelis et al. 1983, May 19834, Strong
1988, Lawton 1989, Roughgarden et al. 1989} and
structural food-web studies represent an active area of
theoretical ecology. An attractive aspect of this work
is the capabilify to compare guantitatively whole com-
munities and ecosystems {Coben 19894} Such com-
parisons may delineate constraints and similarities in
all ecosystemns (Cohen 1978, Pimm 1982, Sugthara
1983, Briand and Cohen 1984, Cohen and Briand 1984,
Cohen and Newman 1985, Cohen ¢t al, 1985) and also
in certain types of ecosystems (Briand 1983a, &, 1985,
Briand and Cohen 1987). Several excellent papers sum-
marizing food-web controversies have been published
recently (Strong 1988, Lawton 1989).

Most food-web patterns are based on analyses of
poorly resolved webs (Paine 1988, Lawton 1989), with
an average of =20 species or less {e.g., Rejmanek and
Stary 1979, Pimm 1982, Cohen and Briand 1987, Su-
gihara et al. 1989). This analysis complements the oth-
ers by thoroughly documenting and examining a highly
resolved and relatively complete web {relative to pre-
viously reported webs) to indicate kikely strengths and
weaknesses of the previous data and analyses. To do
this, I systernatically apgregated the food web of Little
Rock Lake to investigate resolution-related problems
with several statistics commonly used to describe and
theorize about food webs. My purpose was to illumi.
nate which food-web patterns may represeni mean-
mngfis artnbutes of ecosysiems and which patterns are
likely to be artifacts of the coarse resolution of present
data {Martinez 1988, in press, Sugihara et al. 1989).
Given the scale-related difficultics with food-web data
(May 19834, b, Paine 1983, 1988, Cohen and Newman
1988), patterns very sensitive to changes in resolution
are less likely to be fertile ground for discussion and
theory. A recent study (Sugihara et al. 1989) using ag-
gregation algorithms practically identical o those de-
veloped for this and carlier work (Martinez 1988) con-
clades that sgveral patterns are relatively unaffected by
varying data resolution. Substantially different conclu-
sions are reached here and elsewhere {(Martinez 1988,
in press).

One serious problem with describing webs is decid-
ing how many and which groups of organisms should
be included for the web to meaningfully represent a
community’s trophic structure, Another problem is de-
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ciding how much trophic interaction warrants desig-
nating 2 Hnk between two groups of organisms, The
latter problem, which may be the most difficult, in-
cludes the question of which criteria should be used fo
measure strength of interaction. Absolute and relative
quantities of trophic flow in terms of energy and in-
dividaals are possibilities (Odum 1971, Baird and
Manowicz 1989). The degree of trophicaily mediated
community-level effects of removing a species is an-
other possible criterion {Paine 1980}, as is the degree
of selectivity and preference for prey by predators
(Lawlor 1980). This analysis addresses the importance
of these problems by varying the number of species
and the criteria for linking species.

Several authors {e.g., Auerbach 1984, Paine 1988)
informally discuss some of these difficulties. This
maonograph reports the resolts of the first formal anal-
ysis of food.-web statistics (Martinez 1988) that directly
addresses several common criticisms of connectance-
based food-web studies (May 1983¢, b, Paine 1983,
1988, Auerbach 1984, Peters 1988, Lawton 1989). To
my knowledge, the food web analyzed here is the frst
10 be originally collected to equitably describe aill tro-
phic interactons of all trophic groups {consumers, pro-
ducers, decomposers) in a natural ecosystern (Martinez
1988). By “equitable™ I mean that a large amount of
effort went into including all species and their trophic
relations irrespective of each species’ trophic group.
Additionalty, spatial and temporal scale and criteria
for designating linkages are explicitly defined, and the
data arc not confounded by “‘artistic convenience”
(Paine 1988) because no diagram has been drawn of
the web.

MerroDS
Data collection and description

Little Rock Lake is a small {area: 18 ha, maximum
depth: 10.3 m, average depth: 3.5 m), two-basin, me-
sotrophic Iake in northern Wisconsin. In 1984 the lake’s
two basins were separated to conduct a §-yr experi-
mental acidification of the north basin as pait of the
United Stated National Acid Precipitation Assessment
Program {Brezonik et al. 1986, Watras and Frost 1989).
There were 15 investigators studying the effects of acid-
tfication on the lake. Several investigations within Lit-
tle Rock Lake concern trophic interactions, energy flows,
population ecology, and commugity ecology.

The first step in data collection was to assembie the
most complete list of taxa in Little Rock Lake that was
available. Then the field ecologists mentioned below
designated the diets and predators of the taxa on which
they specialized. Only organisms that spend virtually
all the specified life stage at or below the lake's surface
are included in the web (Appendix I). Taxa are given
the most precise taxonomic label provided by the col-
faborating investigator. A link is assigned between tax-
on “A” and taxon “B" whenever an investigator be-
Heves that A" is likely to eat “B” during a typical
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vear. This ¢riterion was explicitly stated throughout
construction of the web. Different criteria probably
would result in different links being designated.

Most vertebrates and zooplankton are resclved to
the species level, Some veriebrate and zooplankton
biclogicat species are divided further into funciionally
different “trophic taxa.” For example, yeliow perch is
separated into a taxon called young-of-year and a taxon
cailed vear-plus because the life-history stages have
different sets of predators and prey. Fish eggs are con-
sidered a taxor that includes the eggs of ali fishes,
Additionally, there are many species of juvenile zoo-
plankton that are grouped into & taxon. For exampie,
several juvenile copepod species are in the taxon calied
nauplii. Many taxa of phyteplankton and benthic spe-
cies are resolved only to genera and sometimes only
to family. AH organisms in a taxon are assumed o
have identical sets of predators and prey for this anal-
ysis,

To describe the Little Rock Lake food web, | con-
suited investigators of Little Rock Lake. In the spring
of 1985 1 met with P. Garrison (Wisconsin Departmens
of Natural Resources-Madison), T. Kratz (Northern
Lakes Long Term Ecological Rescarch Site, University
of Wisconsin—Madison), J. J. Magnuson (Center for
Limnology, University of Wisconsin—Madison), M.
Sierszen (Center for Limnology, University of Wis-
consin—Madison), and K. Webster (Wisconsin De-
parimeni of Natural Resources—Madison). The food
web documented in that meeting was refined further
by inclusion of fish gut content data from W, A, Swen-
son and M, 8. Kruse {{Jniversity of Wisconsin—Supe-
rior, see Swenson et al. 1986), literature searches, and
further consultation.

1. Y. Magnusor {personal communication), W. A,
Swenson (Swenson et al. 1986}, and M. S. Kruse {per-
sonal communication) were primary sources of fish diet
information, M. Sierszemn {(personal communication)
provided pelagic zooplankion species designations as
well as predation and diet information. Sicrszen’s dis-
sertation topic includes the selective grazing by Litile
Rock Lake zooplankton (Sterszen 1988). K. Webster
and P. Gamison {personal communication) provided
benthic invertebrate species and diet designations. K.
Webster and M. Butler of North Dakota State Uni.
versity (personal communication) provided benthic in-
sect species, predation, and diet information. P. Gar-
rison (personal communication) provided benthic
crustacean information. K. Watras (Wisconsin Pe-
partment of Natural Resources and Center for Lim-
nology-Madison, persenal communication) provided
the phytoplankton data.

These definitions and procedures produced a food
web of 182 taxa (Appendix 1), most of which are gen-
era of phytoplankton and benthic invertcbraies (Ap-
pendix I}, Field ecologists designated the prey and
predators for 174 of the 182 taxa from their first-hand
knowledge and familiarity with the Hierature concern-
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ing feeding habits and natural history. Addigional con-
saltation {P. Garrison, personal communication} and
Hierature research for six benthic crustaceans were re-
quired before their dicts could be designated. Their
diets were designated as consisting of certain benthic
diatoms, a filamentous algae, and fine organic matter,
because these crustaceans were known to have scraping
mouth parts and to be restricted to certain arcas within
Liitle Rock Lake.

Consultation with other field ecologists further re-
fined the data. For instance, divers who located large-
mouth bass nests also observed yellow perch and large-
mouth bass raiding the nests of other fish and cating
the voung-of-vear, Yellow perch were observed fre-
quently sucking up benthic material and spitting out
detritus (M. 8. Kruse, personal communication}. Gut
conient data demonstrated that yeliow perch cat many
benthic macroinveriebrates that were not originally
designated prey of yellow perch. These feeding rela-
tionships were added to the foed web. Another ox-
ample of data used to refine the food web comes from
ficid workers studying freshwater sponges in Little Rock
Lake, they often observed Neuropteran sponge flies
feeding on the sponges. Such rare or energetically mi-
nor relationships seem to be those most vulnerable to
the data filtering that occurs before publication of most
food-web data. Ignoring such rare and specialized feed-
ing relationships wouid systeratically distort food-web
data,

Completeness of data

Because it is unlikely that any food-web data set will
specify all organisms and their interactions, if is im-
portant 1o indicate the completeness of the species st
on which & food web is based. With this information,
the representative nature of the food web can be more
clearly evaluated.

in the summer of 1986, 1 updated the Little Rock
Lake Hst of taxa with additions and corrections. In-
accurate taxonomic labels in the 1985 Hst were cor-
rected, but adding the new taxa to the food web was
left as a future exercise. Due to the frequent sampling
of Little Rock lake during 1985 and 1986, the taxa
added to the list in 1986 mostiy include rare, previously
unidentified taxa. An exception is the macrophyte taxa.
They were not included in the 1985 food web because
an investigator famihar with the trophic relationships
of Lirtle Rock Lake macrophyies was not available.
Yet, it appears that many trophic relations concerning
the macrophytes involve the epiphytic Alamentous al-
gae that were included in the web.

Table ! shows that the food web defined in 1985
and used in this analysis includes 70% of Little Rock
Lake taxa identified in 1986. Most species in Little
Rock Lake are probably benthic organisms such as
micrometazoans and other microbes (Strayer 1986).
Unfortunately these species are included in each year’s
tist under the severely aggrepated taxon called fine o1~
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Tanes . Comparison between the lisis of taxa assembied
in 1983 and in 1986,

Number of

taxa identified
Aggregate 1985 1986

Fish b i6
Zooptankion 47 66
Benthic macroinvertehrates 62 65
Fine organic matier 1 i
Algae 61 25
Macrophytes G i7
Fotal .94 260

ganic matter. This compiex group of organisms has
been found to include >300 species in a small tem-
perate lake in New Hampshire (Strayer 1985, 1986,
Straver and Likens 1986). Fine organic matier is con-
sidered a nonpredatory taxon that is the food source
ofall taxa that eat benthic organisms other than maero-
invertebrates and Hsted crustaceans. Judging by the
1986 list, the food web includes most Littde Rock Lake
fishes, zooplankton, nacroinvertebrate, and algae taxa.
Though 30% of the taxa in the 1986 list were not in-
cluded in the web, few of these additional taxa appear
to bave sets of predators and prey that differ signifi-
canily from those of taxa already in the web. This
suggests that inclusion of the new taxa would primarity
change the amount of trophic redundance in the web,
but not significantly change the web’s structure.

Definitions

Taxon is vsed here to refer to the fnest fevel of
taxonomic definition in the appendices and can be an
arbitrary group of organisms {e.g., fine organic maiter},
a Hfe-history siage of related organisms, a species, a
genus, or a family. Chester refers to one or more taxa
that share some predators and/or prey. Trophic species
refer to clusters containing all taxa with the exact same
set of predators and prey (Briand and Cohen 984).
Taxa, clusters, and trophic species specify different ag-
grepation levels of the more general term, species. Top
species have prey but no predators while basal species
have predators but no prey (Briand and Cohen 1984).
Intermediaie species have both prey and predators (Bri-
and and Cohen 1984). The sum of top and intermediate
species divided by the sam of intermediate and basal
species is the predator/prey ratio, Webs refer to both
cornmunily food webs (Cohen 1978) and Little Rock
1.ake ecosystem webs at various levels of resolution.

Food chains are directional paths of frophic energy
or, equivalently, seguences of lnks that start with
basal species, such as producers or fine organic matier,
and end with consumer organisms. Links are trophic
interactions direcied from prey to predator. Chain length
is measured by the number of links in the sequence
from producers or fine organic matter {0 a consumer.
A web’s average chain length is the average number of
links in every chain connecting all consumers to basal

NECG D. MARTINEZ

Ecclogical Monographs
Vol 61, No. 4

species. The difference between this average chain length
and the more conventional mean length of chains to
top species (Briand and Cohen 1987, Sugibara et al.
1989) is discussed later (see Discussion: Chain length).
Loops are food chains that include the same species
twice.

Methods of aggregation

T'o aggregate the taxa in the raw food web (Appendix
I}, the taxa are hierarchically clustered based on the
amount of trophic overlap between taxa. A trophic
overlap similarity index (J) between every pair of taxa
is cakeulated using an algorithm defined by Jaccard
{1908):

{ = cla+b+c)

where ¢ = number of predators and prey common to
the two taxa, g = number of predators and prey unigue
to one taxon, and & = number of predators and prey
unique to the other taxon. When the two taxa have the
same set of predators and prey, I = 1. When the two
taxa have no common predators of common prey, f
s 3,

An agglomerative, hierarchical, cluster analysis (SPSS
1988 used the similarity indices €} as a proximity
measure to sequentially group the most similar taxa
into clusters. Initially ail taxa were considered separate
clusters. Then the procedure grouped trophically
equivatent (Sugihara 1983) clusters into trophic species
{Briand and Cohen 1984), i.¢., clusters containing sim-
ilarity indices equal to 1.0, The web in which ali trophi-
cally equivalent taxa were clustered into trophic species
is calied the trophic-species web. After all trophically
equivalent taxa were clustered into irophic species,
clusters with the largest average of similarity indices
hetween cluster members were grouped.

The average-lnkage method (not 1o be confused with
the “average-linkage criterion™ —see Methods: Meth-
ods of assigning linkages, below) was used to calculate
the simiarity of clusters. This method measures the
similarity between two clusters as the average of sim-
ilarity indices between every member within the first
cluster and every member within the second cluster.
Fhis average of the similarity indices is called the “co-
efficient of similarity™ (SPSS 1988).

From the sequential clustering results, several series
of sequentialiy aggfegated food webs with progressively
fewer spectes were generated. I wrote a computer pro-
gram that uses the clustering sequence to create food
webs with the same pumber of species (Clusters of taxa)
as exists at each stage of the cluster analysis. At sach
stage, two clusters were combined into a new cluster.
Links were assigned between the new cluster formed
at each stage and all other clusters based on the pred-
ators and prey of the new chuster’s members.

Methods of assigning linkages

Several iinkage criteria were employed 10 assign links
between clusters. Employing the rainimum-linkage eri-
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terton creates minimally connected webs, The maxi-
mum-linkage criterion creates maximally connected
webs, {ntermediate criteria span the middle ground,
thereby aliowing an analysis of the sensitivity of food-
web statistics to linkage criteria. These linkage criteria
span about the largest possible range of connectedness
during systematic food-web aggregation.

Fo generate minimum-linkage webs, the minimum-
linkage criterion requires every member within a clus-
ter to be nked to every member of another cluster in
order for the clusters to be linked. To generate maxi-
tnum-linkage webs, the maximum-iinkage ¢riterion re-
quires only that at feast one member within a clusier
be linked to at keast one member of the other cluster
in order for the clusters to be linked. Aggregated webs
were also generated using the average-linkage criterion.
This criterion requires that there be at least half the
number of links between two clusters as are required
bry the minimum-linkage criteria in order for the clus-
ters to be linked. Intermediate critenia halfway between
minimum and average and halfway between average
and maximum were also employed to create ageregated
webs. These intermediate criteria, respectively, require
at Ieast 25% and 75% of the number of Haks between
two clusters as are required by the minimum-linkage
criteria.

Methads of calculating “species™

The term “species” as used in food-web studies usu-
aily refers to a group of organisms with generally or
exactly similar sets of predators and prey. Species, as
used in this analysis, refers to the chusters within each
version of the Little Rock Lake web. The number of
species 1s the same as the number of clusters at cach
stage of aggregation. When used to compare statistics
from other food-web studies, species also refers to spe-
cies as used in those studies.

Foliowing convention (Cohen 1978, Briand 1983a),
traphicaliy disconnected species, i.e., species with nei-
ther predators nor prey, were excluded from calcula-
tions of food-web statistics. This exclusion simplifies
gathering food webs from studies that hist many or-
ganisms but only describe the trophic habits of a few.
Dasconnected spectes are also excluded from the orig-
inal food web with 182 taxa (e.g., aguatic macro-
phytes). Sometimes several clusters with few links are
trophically disconnected by the aggregation procedure,
This happens when fewer members of a cluster than
the linkage criterion requires sharc any predator or

prey.

Connectedness calculations

Connectedness is a general term describing the degree
1o which components of a syster are affected by each
other (Allen and Starr 1982). Three aspects of con-
nectedness have been described: connectance refers to
the proportion of ali possible interactions within 4 sys-
tern that are realized (Gardner and Ashby 1970); con-
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nectivity refers to the number of interactions per com-
ponent ofa system (Levins 1974, Allenand Starr 1982);
interaction strength (Paine 1980) refers to the intensity
rather than the quantity of interactions. If either con-
nectance, COnnectivity, or interaction strength increas.
es while the others remain constant, connectedness in-
creases {Alien and Starr 1982). Only connectance and
connectivity statistics are directly examined in this
study. Investigations of interaction strength recrire data
different from those coliected here {Paine 1980).

Within food-web studies there are two prevalent
connectance stafistics: interactive connectance and ap-
per connectance. “Interactive connectance” (Briand
19834}, also called “Tower connectance™ (Yodzis 1980},
refers to the proportion of all possible undirected, in~
terspecific, frophic interactions that are realized. “Up-
per connectance” {Yodzis 1980) refers to the propor-
tion of ali possible interspecific trophic interactions
plus competitive interactions. These competitive in-
teractions are assumed (0 exist between predators that
share at least one prey. Besides these two connectance
statistics, I have calculated a third, called “directed
coanectance,” described below. Connectivity has two
associated statistics used in the Herature: Hnks per
species {Briand and Cohen 1984}, and Hnkage com-
plexity (Briand 1985) or 8§ C (S§-Connectance, May
1972, 1974),

To calculate interactive connectance, | took the square,
directed food-web matrix in which non-zero elements
(a,) indicate that the species referred to by the column
number () preys upon the species referred to by the
row number (7)), and made the matrix symmetrical by
setting the corresponding a,s equal to the non-zero a5,
This removes the information describing the feeding
direction from the directed food-web matrix. Then the
diagonal elements were set to zero to eliminate inter-
acHons representing cannibalism from the calculation.
The new total number of non-zero ;s {4} was then
used to cakculate interactive connectapce with the fol-
towing algorithm:

Interactive Connectance = 4,/[species{species — 1)}

This algorithm for calculating interactive connectance
avoids the common mistake of double.counting “mu-
tual predation Hoks™ (species A preys on species B and
species B preys on species A, Polis 1991) and “can-
nibalism links™ that may occur when the conventioral
interactive connectance algorithm (links/{{spe-
cies{species — 13172}, Paine 1988, Cohen and Newman
1988} is used. Such mutual predation Joops and can-
nibalism are common in the Little Rock Lake webs
and in several other directly documented webs (Sprules
and Bowerman 1988, Warren 1989, Winemiller 1990,
Polis 1991).

Upper connectance {Yodris 1980, Briand 1983q,
1983} measures interspecific food-web complexity,
which includes competitive interactions. It is calculat-
ed by assigning non-zero values {o elements (a,) rep-
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resenting competisive interactions bejween predator “7
and predator i if they share any prey to the inter
active connectance matrix. Upper connectance aiso ex-
cludes diagonal elements to maintain its interspecific
focus. The now number of non-zero clements {4,)} is
used to caleulate upper connectance as follows:

Upper Connectance = 4, /ispecies(species — 1),

Directed connectance is the proportion of docu-
mented directed links out of the maximum number of
possible directed Enks in the food web, including can-
nibalism and mutual predation. Diagonal elements
represent the existence of cannibalism within a species.
Cannibalism is an important aspect of food-web struc-
ture (Polis 1981, Sprules and Bowerman 1988) which,
in the interest of consistency and realism, I have de-
cided not to ignore. Accordingly I use the following
algorithm:

{irected Connectance = links/(species)®.

The number of trophic links divided by the nurnber
of species in & web is the Hinks per species ratio. Links
per species designates the average number of predators
of each species. The average number of predators per
species equals the average number of prey per species.
Upper connectance multipled by the number of spe-
cles is referred to as linkage complexity and S-C (Bri-
and 1985). Linkage complexity multiphied by 2 de-
scribes the average number of undirected trophic and
competitive interactions per species in a web.

Chain calculations

A chain is 3 sequence of links that starts at a basal
species and ends with a consumer species. All possible
chains to all consumer species were calculated. Chaing
were calculated using two different algorithms to ex-
amine the effect of loop-forming species on chain
lenpths. One algorithm exchudes chains through any
organisms that prey on organisms later in the chain
sequence. The other algorithm includes chains through
organisms that prey on later orpanisms but excludes
chains that include the same organism twice. An ex-
ampie of the first algorithm is: when chains to yellow
perch are calculated, even though perch eat leeches,
chains from basal species through leeches are excluded
because leeches ¢at perch, The second algorithm in-
chudes chains that go through leeches to vellow perch,
but not chains that go leeches-largermouth bass-leeches
and then to yellow perch. Use of the second algorithm
results in Jonger chain lengths only if there are loops
in the web,

Ulsing the first algonthm, each cluster within the
average-linkage webs with 9-137 species js assigned a
trophic level equal to the closest integer to the species’
average chain length plus one. Using the second al-
gorithin, each cluster within the minimum-linkage webs
with 9-57 species is similarly assigned {0 a trophic
level. Limited mainframe computer time prevented
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targer webs from being analyzed for chain lengths and
trophic levels. A species’ average chain length is the
average number of links in all possible paths leading
to the species from basal species. Therefore, species
with no prey are assigned to the first trophic level

Top, intermediate, and basal cluster and
link calculations

Webs generated using the average, minimum, and
maximum Hnkage criteria were analyzed for propor-
tions of top, intermediate, and basal species (Briand
and Cohen 1984). The same webs were anatyzed for
links between intermediate and top species (I-T links),
basal and top species (B-T Haks), intermediate and
intermediate (I-1 links) species, and basal and inter-
mediate (B-I links) species (Cohen and Briand 1984).

Respys

This section summarizes the results by first giving
an overview of the clustering results and then describ-
ing the behavior of quantitative patterns in apgregated
webs generated with different linkage ¢riteria. Each cri-
terion employed generates a series of webs having the
same number of species as the number of clusiers at
each stage in the clustering sequence. Each series starts
with the 182-species raw food web and ends with a
highly aggregated web with 9 species. Close 1o the mid-
dle of these series is the trophic-species web. Frophie-
species webs are conventionally considered a standard
of comparison. The stages of aggregation between the
raw food web and trophic-species web are described
to Hlustrate effects of varying amounts of trophic re-
dundance in webs.

All taxa with identical sets of predators and prey
were clustered into trophic species in the frst 89 stages
of the cluster procedure (Fig. 1). These 89 stages re-
duced the 182 taxa in the original data to 93 trophic
species. Trophically equivalent algae (basal species) were
clustered in the first 53 stages, leaving 129 clusters or
species. Trophically equivalent invertebrate 1axa were
clustered in the following 36 stages. None of the fish
taxa were trophically equivalent. After all clusters with
a coefficient of similarity of 0.100 or higher were ag-
gregated, only nine clusters remained. The step-by-step
sequence of cluster formation is described in my thesis
(Martinez 1988), with the dendrogram describing the
trophic similarity of the taxa,

1 have followed the convention of graphically rep-
resenting guantitative food-web patterns on the y axis
vs. the number of species on the x axis except in Fig.
I and the three-dimensional-surface graphs. The con-
ventional lefi-to-right increase in number of species is
also maintained, even though the aggregation sequence
starts with many species and ends with few,

Connectedness results

The interactive connectance {which excludes com-
petitive links, cannibalism, and mutual predation) of
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of the minimurm similarity coeficient among taxa within clus-
ters (see Aethods: Definitions) in the Little Rock Lake {Wis.
consin) food web. As less trophic overlap is required for taxa
1o be within a cluster, fewer clusters or “species™ are used {o
describe the web, Trophically equivalent taxa are aggregated
into trophic species in the vertical portion of the curve at the
.00 simmilarity coefficient.

aggregated webs initially increases during the clustering
sequence, as trophicaily redundant algae (basal species)
are lumped (Fig. 23). Once all trophically equivalent
taxa are lumped inioc 93 trophic species, interactive
connectance is 0.220. Until this point, aggregated food
webs with the same number of species and generated
using different Enkage criteria are egually connected.
Different Hinkage criteria do not generate differently
connected webs in this area because all the members
of each cluster have identical predators and prey. To
the Ieft of the trophic species web, the connectedress
of webs generated with different linkage criteria di-
VErges.

The surface in Fig. 3a is abstracted from Fig. 2a to
quaniify the sensilivity of interactive connectance to
aggregation and linkage criteria. The x axis of Fig. 2a
is replaced in Fig. 3a by the similarity coefficients cor-
responding to the webs with 9 10 93 species. Remember
that the similarity coefficients desceribe the minimum
rophic overlap of members within a cluster (Fig. 1).
"Fhis graphic replacement emphasis resolution between
species, which might be generalized {0 other webs more
persuasively than the number of species. In addition
1o the resuits from maximum-, average-, and mini-
mum-linkage criteria, results from the intermediate
criteria halfway beiween maximum and average, and
berween average and minimum, are included in Fig.
3a.

The variation of directed connectance is similar to,
but less exireme than, the variation of interactive con-
neciance (Figs. 2a and 3a). For all hnkage criteria, di-
rected connectance (Figs. 2b and 3b) remains within
10% of its value (0.120) within the trophic-species web
in all webs aggregated to similarity coefficients within
the range of 1.00 to 0.86 (Fig. 3b). In the maximum-
Enkage webs, directed connectance remains within 10%
of 0.12 over the large interval between similarity co-
efficients 1.00 and 0.32. Overall, directed connectance
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remains within 10% of its vaiue within the trophic
species web over 48% of the area, including all linkage
criteria and similarity coefficients between 1.00 and
0.10. Because there is a2 relatively large area of the
surface {Fig. 3b) where directed connectance remains
within 10% of 0.120, one can be fairly confident that
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Fig. 2. Interactive {a), directed (b), and upper (€} con-

neciance of aggregated webs, with 9 to 182 species, generated
using the maximum-, average-, and minimum-tinkage crite-
ria, Trophic species are disaggregated into a set of trophicaily
redundant species to the right of the trophic-species web,
Trophic species are aggregated into trophically similar species
to the keft of the trophic-species web, These latter arcas of
these graphs are shown in more detail in Fig. 3. Other dats
points {(+) in (b) show Briand and Cohen's (1987 113 trophic
species webs for comparison, The behavior of upper con-
nectance (¢} is compared with Briand's {1983} regression de-
rived from 40 food webs in the literature; the dashed jine
represents Briand’s regression extrapolated to webs with more
species than in Briand's data.
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Fra. 3. Surface used for gquantifying the robusiness of in-
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surfaces reveal the sensitivity of connectance to the leve] of
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linkage criteria empioyed to gencrate aggregated webs{E to 5
= minimum- to masimuem-tpkage criteria). The hatched ar-
eas below the contour surfaces indicate where connectance
remains within 10% of the connectance vajues in the trophie-
spectes web--3.220 m (1), 0.120 in ), 0.390 in () the
hatched area covers 23% of the total possible area in {2}, 48%
in (b), and 25% in (c).
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the directed connectance of Littie Rock Lake is between
.10 and 015,

Upper connectance (Figs. 2¢ and 3¢) is over triple
the vaiue of directed connectance and, along with in-
teractive conpectance, is about half as robust as di-
rected conrectance. Upper connectance and interactive
connectance have generally similar paiterns of varia-
tion during aggregation (Fig. 2a and ¢). Upper con-
nectance stays within 10% of its value in the trophic-
species web (€.390) over 25% of the area, including
webs generated by all linkage criteria aggregated 1o
similarity coefficients from 1.00 to .10 (Fig. 3c). This
area and the comparable area of interactive connect-
ance {Fig. 3a) is about half the area over which directed
connectance stays robust during decreasing resolution
{Fig. 3b).

The ratio of links per species increases and decreases
before it eguals 11 in the trophic-species web (Fig, 4a).
After this point in the more aggregated webs, the links-
per-species ratio decreases fairly consistently, Note that
number of links per species varies over a wide range,
from <1 to > 14, with virtually no significant arcas
where the ratio remains within a narrow range. Linkage -
criteria affect links per species much less than does
aggregation,

Linkage complexity varies more severely than, but
anatogously to, links per species before and after the
trophic-species web, In other words, linkage complex-
ity varies the most of any connectedness measure (Fig.
4b). Linkage complexity equals 36.3 in the trophically
equivalent web, and varies between 54 and 1 among
the webs analyzed. Similar to Hnks per species, linkage

criteria affect linkage complexity much less than does
the degree of aggregation.

Food chain resuits

Chain distributions excluding chains containing loop-
forming species were calcuiated for average linkage webs
with 9 10 137 species (Fig. 5a). Chain distributions
including chains containing loop-forming species were
calenlaied for average linkage webs with © to 57 species
(Fig. 5b). When loop-forming species are excluded from
chain length calculations, maximal chain lengths of 11
are observed in web§with >72 species (Fig. 5a). When
joop-forming specie§are included in chain jength cal-
culations, a maximal chain length of 17 is observed in
the maximum hEnkage web with 53 species (Fig. 6a).
The difference between average chain lengths including
and exchuding loop-forming species can be seen in Fig.
6b. The algorithm including loop-forming species cal-
culates longer average (Fig. 6b) and maximal chain

lengths (Figs. 6a and 5b vs. Fig. 5a). This difference
iHustrates both the effects of including loop-forming
species in food chain calculations and that Lit{le Rock
Lake contains many loops such as mutual predation.
When chains containing loop-forming species are ex-
cluded, average chain lengths of webs with 9 10 93
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Fig, 4. The variation of Hnks per species (L/S, a) and
iimkage cornplexity {§-C, b) in aggregated webs with 9 1o 18}
specios, generated using the maximum-, average-, and mip-
imum-iinkage criteria (lines). Links per species includes links
representing cannibalism. Other points (+) in (a) show Briand
and Cohen’s (1987) 113 webs for comparison. In (b) Briand's
{1985) average linkage compiexity for 12 lake webs with 9 to
22 species is shown for comparison,

species vary from about | to 7 {Fig. 6¢). Chain lengths
become approximately normally distributed as the
number of functionally different species increases {i.e.,
from 9 to 93 species, Fig. 5a). Average chain lengths
increase much less in webs with increasing trophic re-
dundance {93 to 137 species, Fig. 6cycompared 10 webs
with increasing numbers of trophically distinct species
{9 to 93 species, Fig. 6¢). There is a much larger vari-
ance of average chain lengths between webs of different
size than between minimally and maximally connected
webs of the same sive (Fig. 6b and ¢). When chains
with loop-forming species are included, average chain
lengths can vary between <2 and > 10 in webs with
fewer than 60 species (Fig. 6b). In the same webs, max-
imum chain length varies from 2 to 17 (Fig. 6a).
Like the distribution of chain lengths (Fig. 5a), the
distribution of species among trophic levels is very
sensitive to trophic aggregation beyond the trophic-
species web (93 to 9 species, Fig. Ta), yet relatively
insensitive to aggregation before the trophic-species
web (137 to 93 species, Fip. 7a). Fig. Ta shows that,
within webs analyzed with the first chain-length al-
gorithm, the second trophic level consistently contains
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the most species, except in the coarsest webs with fewer
than 12 species. The first and third levels are the next
most poputous levels, except in webs larger than =80
species, where a8 bimodal distribution is consistently
observed. In these webs with > 80 species the number
of species at trophic level 5 gains over the number in
rophic level 3. Orverall, more species at higher trophic
levels are observed in the less agpregated webs. Species
at trophic levels 7 and 8 are observed in webs with
> 50 species, Several species at wophic level 9 are ob-
served in webs with > 90 species (Fig. 7a).

Similar, but more extreme, trends result from ana-
tyring chains in average linkage webs including loop-
forming species (Fig. 7b). The bimodal distribution of
species among trophic levels is attained in webs with
23 species. Species attrophiclevels 4 10 12 are observed
in average linkage webs with 9 to 57 species, respec-
tively.
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i 5. Proporiional distributions of chain lengths as a
funciion of the nuinber of species in average-linkage webs. In
{a) chain lengths were calculated excluding chains with joop-
forming specics. Fig. 8a shows, for example, that =25% of
ail the chains in the 93-trophic-species web of Litde Rock
Lake are 7 Hnks long and =~45% of the chains in the 9-species
web are of tength §. In (b} chain lengths were calculated in-
chuding chains with loop-forming species. Note that maxi-
mum chain lengths of 15 are observed in {b) vs. the chains
of tength 10 in similarly sized webs observed in (a).
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Frs. 6, (8) Maximum chain lengths observed in Listle Rock
Lake {(Wisconsin) webs with 9 10 57 species. These chain
lengths were analyzed including chains with loop-forming spe-
¢ies. The maximum chain lengths observed in Briand and
Cohen's (1987) 113 webs are shown {+) for comparison. {b)
Comparison of average chain lengths analyzed using two dif-
ferent algorithms. Average-tinkage webs with 9 to 137 species
were analyzed excluding chains with loop-forming species
{~=~) Webs with 9 to 57 species were analyred including
¢hains with loop-forming species {~—). (¢} Comparison of
average chain lengths of maximume-, average-, and minimum-
conneciance webs from Little Rock Lake (Wisconsin} with 9
to 137 species. These chain lengths were caiculated exciuding
chains with loop-forming species.
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Proportions of top, intermediaie, and
basal species

ir the trophic-species web of Littie Rock Lake, the
proporiions of top, intermediate, and basal species equal
0,01, 0.86, and 0.13, respectively. The ratio of pred-
ators to prey is 0.88. These proportions, excepting that
of top species, are relatively robust, and do not change
much until the web is aggregated to <50 species {Figs.
8 and 9). The highest proportions of top and basal
species are observed in webs with <35 species. The
ranges Of these proportions are affected by linkage cri-
terta as well as by the number of species in the web,

The proportions of top species in webs generated
using the maximum., average- and mimimum-linkage
¢riteria are summarized in Fig. 8a. These proportions
vary between 0.00 in the maximum-linkage webs with
9 10 24 species and .18 in the minimum-linkage web
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Fra. 7. Proportional distributions of species among tro-
phic levels within average-linkage webs. Trophic levels in {8}
were analyzed employing the chain length slgorithem that ex-
clades loop-forming species. This graph shows, for example,
that the proportions of species at trophic level 2 vary between
25% in the smallest web 10 <50% in the largest web. The
distribution of species among wophic levels does not vary
much in webs with > 93 species. In (), trophic levels were
analyzed empioying the chain length algorithm that includes
toop-forming species. Both graphs (a) and (b} show that larger
webs have species at higher trophic levels,
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Fie. 8. Proportions of top species (a) and intermediate

and basal species {b) in ageregated webs generatod using the

minimum-, average-, and maximum-linkage criteria. The key
in (a} also applies to (b). In the 93-wrophic-species web, 0,86
and 0.13 of the species aro intermediate and basal species,
respectively, For comparison, the “scale-invariant” propor-
tions of (.29 top species, .53 intermediate species, and 0.19
basal species in 62 community webs have been reported (Bri-
and and Cohen 1984},

with 25 species. Most webs have only one top species,
a filier-feeding bivalve (Appendix I species 112) with
no reported predators (Appendix 1) In the webs with
<25 species, the bivalve is lumped with three fhter-
feeding sponges (Appendix I species 119-121, Mar-
tinez 1988), which are preved upon by Newropteran
sponge flies and the chironomid Stenochironomus {Ap-
pendix II}). Since three of the four members of this
cluster have the same predators, the cluster is an in-
termediate species in the average. and maximum-link-
age webs and a top species in the minimum-linkage
web. This effect of the minirnum-linkage criterion
eliminating predation Hoks of a newly formed aggregate
causes the minimum-linkage webs to possess the larg-
est proportions of top species. The proportions of top
species above 0.01 are an artifact of the linkage criteria
and aggregation procedure rather than an observed
property of the Little Rock Lake food web.

Fig. 8b summarizes the proportions of intermediate
species in aggregated webs, which vary from 0.90 o
{1.38. The high variability of this proportion in highly
aggregated webs reflects the high variability of the pro-
portion of top species in the same webs (Fig. 8a). Fig.
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8b also summarizes the variation of the proportions
of basal species in all the webs generated by the max-
imum, average, and minimum linkage cnieria, The
proportion of basal species initiaily declines from .34
in the raw food web to 0.09 when al the algae are
agpregated into trophic species and intermediate and
top taxa are not vet aggregated into trophic species.
Once ali taxa are aggregated into trophic species, 0.13
of the species are basal species. This proportion rises
to 0.50 in most aggregated webs, Aggregating bevond
the trophic-species stage generally increases the pro-
portion of basal species.

Fig. 9 shows that the ratio of predators to prey in-
creases from 0.66 in the raw food web 10 3 maximum
of $.92 as the phytoplankton are aggregated, As trophi-
cally higher orpanisms are then chastered, this ratio
then declines to 0.88 in the trophic-species web, Fig,
10 dermonstrates that the predators to prey ratio f{iop
+ iptermediate species)/(intermediate + basal spe-
cies)] stays remarkably robust to decreasing resolution,
espectally beyond the trophic-species web, Indeed, the
68% of the arca in which predators/prey retains its
trophic-species value suggests that predators/prey Is
the most robust pattern examined. This robustness is
targely due to the fact that the proportions of top and
basal species both increase with aggregation. This com-
plementary change of these distinet portions of the
nurerator and denominator of predators/prey allows
this ratio to retain its trophic-species value over a wide
range of differently resolved data.

Proportions of links

Fig. 11a describes the effects of apgregation on the
proportions of links 10 top species fintermediate-top
(E-T} links plus basal-top (B-T} links]. There are no [T
tinks and only one B-T link in the trophic-species web,
accounting for 0.001 of the Hnks. This one link exisis
between the one top species in the web, the freshwater
bivalve, and the fine organic matter it filter foeds upon.
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ported {(Briand and Cohen 1584).
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1.0 1988, Paine 1988, Lawton 1989). Perhaps the only
generally employed standards that ease this problem

0.9 are the community web (Cohen 1978) and trophic spe-

E cies definitions. The less rigorous standard, a com-
e 08 munity food web, simply includes all linkages among
g 0.7 [ 4 species that inhabit the same community (May 19834).
& j The more rigorous and casily employed siandard, tro-
a8 0.6 phic species, downplays the taxonomic detail of webs
&= 0.5 and focuses on functional aspects of webs by “lump-
ing” al organisms in a2 web that share the same set of

hhd predators and prey (Briand and Cohen 1984), Most
“?';‘ reported patierns are based on community webs con-
= ““"\ taining only trophic species. Since all linkages and spe-
- ¢ies in a comymunity may never be reliably determined,

® E:;‘;A:‘:“ COREEGIENT we are limited to definitions of linkages and co-occur-

Fis, 10, Surface usedt for quantifying the robustness of the
ratio of predators to prey. The surface describes the sensitivity
of predators:prey to similarity coefficient and linkage eniteria,
The similarity coefficients comrespond to the range of webs
with 9 to 93 species. Only results from webs aggregated using
the mipimue: (i}, average {3}, and maximum (5) linkage cri-
teria (described in Methods: Methods of assigning linkages)
are used to generate this surface. The hatched arez below the
coniour surface indicates where directed connectance remaias
within 1% of its value in the trophic-species web (0.88); the
hatched area covers 68% of the total possible area.

Fig. 11b describes the effects of aggregation on the
proportions of intermediate-intermediate (I-I} links and
basal-intermediate (B-I) links in aggregated webs gen-
erated using the minimum., average-, and maximum-
Hinkage criteria. With increased aggregation beyond the
trophic species web, Fig. 11b shows a systematic de-
crease in the proportion of - links and a systematic
increase in the proportion of B-I Hoks. In the trophic-
species web, 0.91 of the links are I-1 links and 0.09 of
the links are B-Ilinks. The proporton of -1 links varies
from 0.42 in highly aggregated minimum-Jinkage webs
to .93 in webs with 130 species. The proportion of
B-I links varies from (.44 in minimum-linkage webs
with =15 species to 0.07 in webs with 130 species.
The higher proportions of B-I links can be seenin webs
with <35 species. This range is also where the lowest
proportions of I-] links are found. Highly aggregated
minimum-linkage webs have the larger proportions of
8- links and smaller proportions of 11 links because
taxa contained in several intermediate species in the
average- and maximum-linkage webs have no prey in
cormon, Therefore these species are considered basal
species in the minimum-linkage webs. These high pro-
portions of basal species and low proportions of inter-
mediate species are artifacts of aggregation and linkage
criteria.

Discussion
Comparing webs

Varizble aggregation and incompleteness of webs
corfound comparison of webs (May 1983q, Martinez

ring species that are often unstated and that currently
differ substantially between studies.

It will be a continuing challenge 1o standardize doc-
umeniation of webs so that patterns can more rehiably
be atiributed to the web rather than to idiosyncrasies
of data collection (Paine 1988, Peters 1988). An ob-
jective of this stady is to contribute 1o such standard-
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Fic. 11, Proportion of links te top species fbasal-inter.

mediate (B-1) hinks plus intermediate-top (1-T) links, a}, and
B-I and I-I links (b). The key in (g} also applies to (b). Onily
the most aggregated average- and maximum-linkage webs
have significant proportions of links to top species. The tro-
phic species web has 0.09 and 0.91 B-1 and I-f links respec-
tively. Previoushy reported scale-invariant proportions of 0.27
B-{ links and 0.30 I-I Bnks {Cohen and Briand 1984) are
indicated on the y axis in (b} for comparison. The previously
reparted scale-tnvariant proportion of 0,43 links 0 top species
{{Cohen and Briand 1984} is off the y scale of part (a).
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ization. While the web described here perfectly coin-
cides with the definition of community webs (Cohen
1978), this web goes further by including all links among
many co-occurring species from all trophic groups. Cri-
teria for establishing links arc explicitiy defined and
implemented during the original data documentation.
I emphasize all frophic groups (producers, consuers,
and decomposers) to address energy considerations of
chain length and trophic status more reliably and to
provide a touchstone for consistency n future food-
web studies, Community food webs with relatively even
emphasis on all trophic groups within an explicitly
bounded ecosyster, and employing explicily defined
criteria for designating links, may be more precisely
termed ecosystem food webs,

Since many dificult problems of community food-
webh data concern variability of definitions (Paine 1588,
Lawton 1989), future use of ecosystem food webs may
remedy several of these important problems. Com-
munities are typically defined more arbitrarily than
ecosystems, Whereas communities can include nearly
any set of organisms as jong as they occur within the
same general area, ecosystems typically include a more
wrophically complete group of producers, consurmers,
and decomposers within an environment that is at least
partially bounded, such as a Iake, stream, forest, or
grassland. In the same vein, ecosystem food webs con-
strain investigators to spatially and temporally bound
the web, 1o attempt even resolution of all trophic groups
within the bounds, and to inchude all trophic links
among the orgarisms, including cannibalism and mu-
teal predation (Polis 1991), These constraints de-
crease the dependence of food-web construction on the
observer. Conseguently, the increased consisiency in-
herent in ecosystem web construction augments the
abilities of other investigators to repeat and verifiably
improve ecosystern food web construction compared
to community food web constraction, Additional food-
web data from another ecosystem that follow this new
definition are currently being assembled by the author.,

in a strict sense, this study adds one very different
web 10 the large and growing collection of community
food webs (Briand and Cohen 1987, Sugihara et al
1989, In another sense, this web may give us the most
credible picture of a community food web that is cur-
rently available, The food web of Little Rock Lake is
based on information provided by field ecologists for
the purpose of describing the community food web of
a whole ecosystem. Since these ecologists were thor-
cughly studying a particular field site, the number of
species and linkages far surpasses those in other webs
coliected less directly from the literature (e.g., Briand
and Cohen 1987, Sugihara et al. 1989). Most studies
assume that the niember of species in a web indicates
the size of the community. This study examines the
possibility that the number of species in a web indicates
the level of resolution of the description of the web
rather than community size,
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Trophic aggregation reduces the resolution of Little
Rock Lake’s web 10 a level of resolution similar to that
in previously described webs, Comparison of these
similarly resolved webs addresses the degree to which
previous webs may represent functionslly aggregated
versions of webs similar to this one, relatively com-
plete, web from Little Rock Lake. One should not mis-
take the comparison in the present paper for a com-
parison of many webs with a large set of many other
webs. The more valid description of this analysis is
that many webs are being compared with many ver-
sions of one web, A guestion this apalysis leaves out-
standing is, " To what degree do previously described
webs represent taxonomically aggregated versions or
subsets of more complete webs?” Preliminary analyses
of the Little Rock Lake web suggest that the effects of
1axoRomic aggregation are similar to the effects of func-
tional aggregation, largely due to the frequent corre-
spondence between taxonomic and functional desig-
nations (N. D, Martinez, unpublished manuscript).

Inspection of previous webs (Briand 19834, Sugihara
1983} supgests that unevenly severe functional aggre-
gation, taxonomic aggregation, and omission are re-
sponsible for the small numbers of species and links
in previous webs. Uneven aggrepation wil continue to
be a problem as long as ecologists understand the fro-
phic habits and identities of large organisms better than
those of small organisms. I address this problem by
including detailed information about the trophic habits
of many small organisms and by aggrepating large and
smalf organisms evenhandedly. This study only focuses
on the effect of functional aggregation on food-web
patterns and leaves the effects of observing spatial and
temporal subsets of complete webs {e.g., pelagic web,
benthic web, summer web, winter web, £1¢.} for other
investigations (see Warren 1989 and Winemiller 1990),

The resulis of the cluster analysis show that half the
taxa in Little Rock Lake have a wophic niche that is
identical or very similar to that of at least one other
taxon in Little Rock Lake. Since trophically equivalent
basal taxa arc aggregated first, followed by inverte-
Brates, webs with 182 1o 93 species are progressively
more biased toward resolving organisms at the highest
trophic levels. Pimm (1982; also see May 1983a, 5,
Paine 1988) suggests that food-web data are biased
toward higher resolution of trophically higher organ-
isms. Therefore the behavior of food-web patterns in
webs starting with 182 species and ending with 93 tro-
phic species may be loosely interpreted as the effect of
progressively reducing trophic redundancy, so that the
webs become progressively more skewed toward the
bias suggested by Pimm (1982). During the first 53
aggregation steps until the 129.-species web, aggregating
trophically equivalent basal species de-emphasizes the
many iaxonomic distinctions between algal taxa. The
next 36 aggregation steps before the 93-trophic-species
web de-emphasizes many taxonomic distinctions be-
tween invertebrate taxa by aggregating trophically
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equivalent invertebrate waxa. The 182-taxa web and
the 93-trophic-species web, respectively, contain about
twice as many taxa and trophic species as the largest
previousiy published webs, The largest previous com-
munity food webs contain 87 unlumped taxa (Sugihara
et al. 1989) and 48 trophic species {Briand and Cohen
1987).

Connectedness

Among connectedness measures we find both very
robust and very variable statistics. Directed, interac-
tive, and upper connectance are relatively robust, while
links per species and linkage complexity dramatically
and systematically decrease with aggregation beyond
the 93 trophic species web.

Within the relatively small variation of the con-
nectance measures, linkage criteria contribuie more 1o
the variability than does web size (Fig. 2a and ¢). That
is, the connectance of webs of similar size generated
using different linkage criteria varies more than the
connectance of webs generated using one Hnkage cri-
terion with different sizes. This dominance suggests
that differences in linkage criteria confound the com-
parison of connectance between different webs more
than does the degree of aggregation.

Connectance

Directed connectance is the most robust connect-
edness statistic to changes in resolution. Upper and
interactive connectance are the next most robust. All
three forms of connectance are much more robust in
maximally connected webs than in minimally con-
nected webs, The robusiness of connectance suggests
that distinctions made among webs based on connect-
ance are more hikely to reflect true differences in web
structure (Briand 19834, 1985) than distinctions based
oft connectivity or chain length measures. This sug-
gestion is stronger if authors of food-web data generally
link aggregates even if few members of one aggregate
are linked to few members of the other agegrepate {(i.e.,
if authors tend to employ criteria similar to the max-
imum-linkage criterion). An important caveat is tha
in small, very highly aggregated webs with <25 species,
conpeciance is highly variable,

Directed connectance is rrore coneretely tied to raw
food-web data than is upper connectance. Upper con-
nectance designaies an upper bound on connectance
by making the assumption that 2l predators that share
prey interact competitively (Yodzis 1980). This gues-
tonable assurnption is not made to calculate directed
connectance. Directed connectance is also based on
more ecologically significant information than is upper
conrnectance or interactive conneciance. For example,
it is ecologically important if one species of fish, which
preys on the same zooplankion species as a second
species of fish, also preys on that second fish species.
Matrix elements ased to calculate upper connectance
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make no distinction between whether the fishes feed
on each other or share the same prey. Elements used
to calcutale interactive connectance make no distinc-
tion between which Bsh species feeds on which fish
species-—they just interact. -

On the other hand, elements used to calculate di-
rected connectance distinguish which fish species cats
which fish species in the above example. Directed con-
nectance would be higher if both fish species preved
on one another (mutual predation) than if only one fish
preyed on the other, Neither upper nor interactive con-
nectance is sensitive 1o such ecologically significant
details. The robustness combined with the more eco-
logically significant nature of directed connectance sug-
gests that directed conneciance is the preferred con-
nectedness siatistic for comparing webs (Martinez, In
press). H the robustness of directed connectance is up-
held in future studics, the introduction of directed con-
pectance may be one of the more significant contri-
butions of this study. Even if the robusiness is not
upheld, food-web investigators may choose 10 employ
directed connectance solely due to the quality of eco-
logical information incorporated into this connectance
measure.

Another point emphasizing the utility of directed
connectance is the comparison of directed connectance
among other webs (Fig. 2b}). The average directed con-
nectance of 113 trophic-species webs (Briand and Co-
hen 19871 and of 11 trophic-species webs of lakes (Bri-
and 1985)is 0,127 & G.054 {mean & 1 sp)and 0.120
% 0.038, respectively. Both these averapes are re-
markably close to 0.120, the directed connectance in
the Little Rock Lake trophic-species web. Averaging
directed connectance among diffcrently sized webs is
valid if assumptions of hyperbolically decreasing con-
nectance (Reggmanck and Stary 1979, Punm 1980,
Y odzis 1980) or other systematic trends in connectance
with number of species in food webs are not made
{Auerbach 1984, Martinez 1988, in press, Paine 1988,
Winemiller 1989). These consistencics among webs
suggest that food webs in gencral, and lake food webs
in particular, possess very similar directed connect-
ance.

Comparing connectance between webs has been
avoided (Briand 1985) because of several studies in-
dicating that connectance increases with decreasing web
size (Rejmanek and Stard 1979, Pimm 1980, Yodzis
E980). But several authors have seriously questioned
this assertion (Anerbach 1984, Martinez 1988, /n press,
Paine 1988, Winemiller 1989). The increase does not
generally occur in Little Rock Lake webs without tro-
phic redundancy. The increase does occur in Little Rock
Lake's highly aggregated webs penerated using mini-
mur, average, and maximum linkage criteria (Figs.
2b and 3b). The decreasing connectance with increased
web size may not be a “well established | | | empirical
generalization™ (Cohen and Newman 1988). Instead,
my findings (Figs. 2b and 4a) suggest that the gener-
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alization is an artifact of severely aggregated data (Mar-
tinez 1988, in press, Paine 1988).

Briand {19834) examined the relationship between
upper connectance and species number for 40 webs
with 5 10 45 species and found that §3% of the variance
was explained by the regression (upper connectance =
2. 20[Species]~ 29}, A comparison of this regression line
with the Little Rock Lake data (Fig. 2¢) shows that
while the regression is a poor fig, it closely matches
maximum-linkage webs with 9 to 30 species, Thirty-
three (83%) of Briand’s 40 webs have 9 1o 30 species.
This suggests that Briand's regression may be limited
10 the range of web sizes on which the regression is
based. It also raises the possibility that Briand's webs
are a colection of maximum-tinkage webs, and that
Briand's regression is based on a possible tendency for
the upper connectance of small, highly aggregated max-
imum-linkage webs 10 increase with aggregation (Fig.
2c).

Connectance may be forced to hyperbolically in-
crease as small webs get smalier by the lower limit of
connectance. This is because each species in a web with
>1 species requires at least one link to be a member
of the web. Therefore, the minimum number of Hnks
ir a web is one less than the number of species {(Max-
iinez, in press). This minimum constrains directed con-
nectance in webs with 8, 5, and 3 species to be at least
.11, .16, and 0.22, respectively. H is clear from the
average and standard deviations mentioned above that
this constraint biases webs with few species toward
high connectance. This bias may be achicved by either
risrepresenting trophic specialists as generalists or by
including only trophic generalists and leaving out spe-
cialists in small webs. This bias is partly responstible
for not analyzing aggregated Little Rock Lake webs
with <9 species. The other part of the reason is the
large amount of violence done to the food web by
aggregating taxa that share <10% of their predators
and prey. In summary, I suggest that connectance in
variably resolved large webs is a useful and robust
food-web attribute, Yet, in webs with fewer than 10 or
20 species, connectance may be systematically over-
estimated and very sensiive to resolution.

Connectivity

Comparisons of connectivity among webs are con-
sistent with the notion that Briand’s (1985) lake webs
and Briand and Cohen’s (1987} 113 webs are highly
aggregated versions of more elaborate webs similar to
that of Littie Rock Lake. The average linkage com-
piexity of Briand’s |2 lake webs (5,18, sp = 1.03) with
an average of 16 trophic species is close to the linkage
complexity of the l6-species maximum-linkage web of
Little Rock Lake {(4.33, Fig. 4b). The range of Briand's
average linkage complexity plus and minus two stan-
dard deviations spans the linkage complexity of Little
Rock Lake maximum-linkage webs with 11 to 38 spe-
cies, This 11 1o 38 species range practically includes
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the 9 to 22 (average 16) trophic-species range of the
webs on which the average is based. It seems safe 1o
assurne that a more acourate portrait of webs in Briand’s
{1985) lakes includes substantially many more than 9
to 22 trophic species. The linkage complexity of the
Little Rock Lake 93-trophic-species web (36.3) is > 20
standard deviations from Briand's average. These dis-
crepancies suggest Hnkage cornplexity is much higher
than has previously been characterized by others, and
that linkage complexity strongly depends on resolution
of the food web. I these two suggestions are correct,
lLinkage complexity is not as usefid as directed con-
nectance to distinguish the structure of a wide size
range of webs.

Afier collecting and examining 62 webs with 3 to 33
trephic species, Cohen and Briand {1984) determined
that the number of Hnks is a constant proportion of
the number of species, i.e., links per species = 1.86.
Thos scale-invariant ratio, otherwise known as the “link-
species scaling law™ {(Cohen and Newman 19835, 1988,
Martinez 1988, in press), 1s independent of the number
of species in the web. Briand and Cohen (1984) offer
no statistical sepport for their law over consiant con-
nectance, but do offer an unconvincing visual inspec-
tion of regression lines. The Iaw is also observed to do
“no obvious viclence to the data™ (Briand and Cohen
1984). Cohen and Briand (1984) cite the link-species
scaling law as support for Pimm’s {1980) hypothesis
that “each species in a community feeds on a number
of species of prey that is independent of the total nam.-
ber of species in the community.” The Hnk-specics
scaling law is also a basic assumption in the cascade
model, which predicts the gnantity of different types
of links in webs (Cohen and Newman 1985, Cohen et
al. 1985).

Comparisons of links per species among Little Rock
Lake webs and Cohen and Briand's (1987) 113 webs
are consisient with the notion that the average number
of inks per species in highly resolved food webs is
much higher than previously suggested. These come
parisons are also consistent with the hypothesis that
Briand and Cohen’s webs are highly apgregated ver-
sions of more elaborate webs stmilar to that of Littde
Rock Lake {(Fig. 4a). During aggregation, Haks per spe-
cies decreases almost hinearly from i1 as the number
of non-redundant species decreases {Fig. 4a). The av-
erage 1 sp} of each links-per-species ratio among
Cohen and Briand’s 113 webs (1.88 &= 0.72 links per
species), with 3 to 48 trophic species plus and minus
two standard deviations, coincides with the links per
species of Littie Rock Lake webs aggregated to between
9 and 42 species (Fig. 42). I3 scems reasonable that
food webs described with <20 species tend to have
two links per species, In other words, each species tends
to interact with an average of four other species in smali
webs. Yet, one might expect that when the highly ag-
gregated species, such as fishes and rooplankton, in
small webs are disaggregated, the munber of predators
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and prey of cach species would increase as seen in this
study. An example of this effect of disaggregation is
that yellow perch eat many species of zooplankton,
which suggests many more links per species than does
the gbservation that fish cat zooplankton. Other new
and highly resolved food webs also suggest this effect
of resolution on links per species (Hildrew et al. 1985,
Warren 1989, Winemilier 1990; sce Paine 1988). These
new data and my results suggest that the scale-invari-
anl, Hnk-species scaling law of =2 links per species is
an artifact of severely aggregated data (Martinez 1988,
in press). .

A recent study (Sugihara et al. 1989), which used
food-web aggregation algorithms practically identical
to those uwsed here and developed earlier (Martinez,
1988), concludes that Enks per spectes (L/S) or §-C
caiculated using C = directed connectance (K. Schoen-
ty, personal communication, §-C = §-(L/8%) = L/,
is insensitive to aggregation emploving the maximuam
linkage criterion. Somewhat paradoxically, Sugthara et
al. {(1989) also point out that links per species decrease
stightly with aggregation. This only slight sensitivity
appears 1o be due to an incomplete analysis and less
thorough aggregation than employed here (N, D. Mar-
{inez, unpublished manuscript), Most previous analy-
ses {e.g., Cohen and Bnand 1984, Briand and Cohen
1984, 1987} analyze trophic-species webs because such
“lumping’” or aggregation appears to amcliorate the
distortion of food-web data due 10 uneven @RXONOITIC
expertise of the original investigator. Though they
compared their results 1o trophic-species analyses, Su-
gihara et al (1989) analyzed raw food webs. When
trophic-species versions of their 60 webs are analyzed,
the same trends observed in differently resolved Little
Rock Lake webs were observed among their vaniably
sized 60 webs (N, . Martinez, unpublished manu-
SCript),

Sugihara et al. {1989} examined the effects of reso-
lution on food-web structure by aggregating 41 webs
with > 10 taxa, generating 41 sequences of maximum-
Linkage webs, It appears that about three guarters of
the webs in these sequences were not aggregated be-
yond trophic species. As such, Sugihara et al. (1989}
primarily examined the effects of eliminating trophic
redundance in webs, As shown in Fig. 4a, eliminating
trophic redundance may either increase or decrease the
links per species of Little Rock Lake depending on
whether the redundance of basal or intermediate spe-
cies is being reduced. In contrast, ageregating beyond
the trophic-species web consisiently decreases the links
per species of Little Rock Lake. This decrease is least
dramatic in smali maximum-linkage webs (Fig. 4a).
This mild decrease is consistent with Sugthara et al.’s
{1989} finding regarding the behavior of links per spe-
cies in small webs. It should be noted that Sugihara et
al. only reduced their webs to V2 their original size
instead of %, as achieved here. 1 have found recently
that reducing the resoludon of trophic-species versions
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of Sugihara et al.’s webs by ¥ leads to findings similar
to those regarding Little Rock Lake. Indeed, these re-
cent findings indicate that the effects of resolution on
the food-web patterns described here are much more
general than sugeested by this analysis of one web. (N,
. Martinez, unpublished manuscripr). These results
cleariy suggest that comparisons of connectivity among
differently resolived webs are confounded by the severe
scale-dependence of connectivity.

Chain length

Many authors (Elton 1927, Hutchinson 1959, Punm
and Lawton 1977, Pimm 1982) have asserted that the
tength of food chains is limited (Lawton 1989). Ques-
tions raised in the literature do not concern whether
food chains are Hmited but why. Pimm (Pimm and
Lawton 1977, Pimm 1982) champions the hypothesis
that chains are limited to an average of 4 or 5 links
because long chains are dynamically unstable. Yodzis
{1981, 1984} has advocated the hypothesis that the
thermodynamics of trophic energy exchange Hmits
chain length. Briand ang Cohen (1987} claim that the
dimension of the web’s environment is correlated with
chain length. In their words, “environments that are
three dimensional or solid . . . such as a forest canopy
or the water column of the open ocean, bave distinctly
longer food chains than environments thai are two
dimensional or flat, such as a grassland or lake bot-
tom.” My findings suggest that these claims are pre-
mature. Using definitions comparable to those in other
studies, the Little Rock Lake trophic-species web has
much longer chain lengths (Fig. 6a and ¢) than previ-
ously characterized {(Pimm 1982, Briand and Cohen
i987). Trends in my data suggest that chain lengths
would increase further with increased resolution of the
food web.,

A serious problemn with the assertion of much longer
chain length is the difficulty of consistently defining
chain length. The conventional algorithm analyzes the
kength of all possible chains to top species (Coben 1978).
Application of that definition to the Litile Rock Lake
webs leads to the trivial result that maximal and mean
chain lengths of most, if not all, Little Rock Lake webs
are I link. This is because the bivalve at trophic level
2 is the only formal top species in most Liitle Rock
Lake webs.

To more rigorously support the assertion of uncon-
ventionally long chain lengths, 1 compared the first
average chain length algorithm employed here with
Cohen's {1978) mean chain length. This comparison
was performed by calculating the chain lengths of 60
webs employing both Cohen’s algorithm and my first
algorithm, which excludes loop-forming species. The
60 webs are those assembled by Schoenly et al. {1991}
and also analyzed by Sugihara et al, (1989). Both un-
lumped and trophic-species versions of these 60 webs
yield similar results, Fig. 12 shows that in all 60 webs,
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my chain length algorithm calculates equal or shorter
lengths than Cohen’s. This conservative nature of my
aigorithm shows that my assertion of long chain lengths
is not an artifact of differing chain length algorithms,

Another comparison between Little Rock Lake and
previous webs can be made among conventionally de-
fined maximal chain lengths of Briand and Cohen’s
{1987} 113 webs and maximal chain lengths of Liutle
Rock Lake webs, calculated including chains through
ioop-forming species (Fig. 6a), Briand and Cohen’s al-
gorithm inciudes all possible chains without excluding
loop-forming species. While such chaing in the Litte
Rock Lake webs are not restricted to end at top specics,
the maximal chain lengths of Briand and Cohen’s webs
should not be longer if chains to intermediate species
were also considered. The maximurm lengths of chains
calculated including loop-forming species in Little Rock
Lake far exceed those observed in previous webs and
those predicted by the cascade model (Newman and
Cohen 1986).

Loop-forming species are generally absent from the
Briand and Cohen (1987) data {Cohen et al. 1986}, but
loop-forming species are prevalent in the Little Rock
Lake webs and in other more directly constructed webs
(Fildrew et al. 1985, Sprules and Bowerman 1988,
Warren 1989, Polis 1991). This discrepancy prompted
the qualification that the cascade model, which is based
on the Briand and Cohen (1987) data, is relevant only
to the loop-free portion of webs (Cohen 1990). My
chain length aigorithm excluding loop-forming species
represents an attempt io delineate a comparable ioop-
free structure in the Little Rock Lake web.

Excluding loop-forming species biases my resulis to-
ward shorter chains (Fig. 6b). Stli, the average chain
tength (excluding loop-forming species) of the Little
Rock Lake 93-trophic-species web (7 links) is >4.5
standard deviations higher than the average (! $p}
chain length of Briand and Cohen’s {1987} 113 wophic-
species webs of 2.9 + 0,9 links). In contrast, Little Rock
Lake webs with 9 to 50 species have average chain
Iengths (exciuding loop-forming species) within 2 sps
of Briand and Cohen’s (1987) average chain length.
These and other discrepancies discussed here dem-
onsirate that the prohibition of loops and the constraint
of two Hnks per species prescribed by the cascade mod-
el causes this model to inaccurately describe the pat-
terns in Little Rock Lake.

The more profound suggestion of these analyses is
that resolution of data, rather than ecological factors,
limits the length of binary food chains. Other studies
have aiso found longer chain lengths in relatively highly
resolved and more directly documented webs (Hildrew
etal, 1985, Sprules and Bowerman 1988, Warren 1989,
Polis, in press). The general trend of increasing chain
iength with increasing web size or resolution may be
chscured in the Briand and Cohen (1987} datz by the
variability introduced by different authors invoking
different lnkage criteria and uneven aggregation.
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Fra. 12.  Comparison of an average chain length algorithm
employed in this study with Cohen’s (1978) mean chain length.
The points (*} represent the results from analyzing trophic
species versions of 60 previously published webs (Sugihara
et al. 1989, Schoenly et al. 1991). Identical analysis of the
original anlumped versions of the 60 webs leads to similar
resilts. When both algorithms genesate the same resudt, the
point falls on the lower line. This figure shows that the average
chain-length algorithm that excludes loop-Torming species (see
description in Methods: Chain calculations) calculates shorter
or equal chain leagths than Cohen’s algorithm. The regression
demonsirates that, in general, Cohen's mean chain length {¥)
increases as a fumction of my average chain length (1) ac-
cording o the equation Y = 1.20X-0.15 (s, = 0.02, R?
= ,98).

This critique addresses Briand and Cohen’s (1987)
assertion that the dimension of the environment affects
chain length by suggesting that uneven resolution bi-
ases their findings. Three-dimensional environments
{e.g., forest canopy, open ocean) afford ecologists more
opportunities to make distinctions among species and
their feeding habits than do two-dimensional environ-
ments (e.g., grasstands, lake bottoms). This allows peo-
pie to resolve three-dimensional environments more
highiy and evenly because three-dimensional environ-
ments are those that people may observe from the
inside. In two-dimensional environments, investiga-
tors are forced to observe from the outside. This means
that differences between chain lengths in two- and three-
dimensional environments may be due primarily to
the differences in perspective inherent in observing such
environments.

Previous studies (Martinez 1988, Sugihara etal, 1989)
found that chain lengths are robust t0 aggregation of
trophically redundant species. Sugihara et al. (1989)
also concluded that chain lengths are robust to aggre-
gation beyond trophic-species webs, This latter con-
clusion appears to be an artifact of incomplete analyses
{see links per species discussion above). Had they ag-
gregated their data more consistently, the systematic
resolution-related trends shown in Fig. 6 would have
been observed (N. D, Martinez, unpublished manu-
seript).

Average chain lengths in the Litthe Rock Lake webs
are much less than those suggested by Newman and
Cohen’s (1986) rule that these lengths are roughly equal
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1o twice the Haks per species ratio in a web. This bias
exists at least partially because average chain length is
caiculated here as the average length of the chains 1o
all the consumers in the web (Fig. 12). Other studies
{Cohen ¢t al. 1986, Briand and Cohen 1987, Sugihara
et al. 1989) calculate average chain length to be the
average length of chains to only top species. This con-
veation inadequately addresses the Little Rock Lake
web because none of the web's trophically highest or-
ganisms are top species. In the fiture, investigators
may prefer to avoid siatistics based on top species be-
cause it is questionable whether any species in a rea-
sonably compleie food web is free of predators (Wine-
mifler 1990, Polis 1991).

Trophic levels

A corolary of the conventional assertions that food-
chain lengths are limited is that organisms are roughly
limited 10 trophic levels below 4 or § (Pimm 1982},
This limit also exists in Litile Rock Lake webs with 9
to 37 species (Fig. 7a). This range, ¢ 1o 37 specics, is
similar to the size range of webs in which the lmits
were observed, Organisms in larger Litile Rock Lake
webs are not limited to trophic levels below 6. When
foop-forming species are excluded from food chains,
organisms at trophic level 9 are observed in Little Rock
Lake's trophic-species web, Within a minimum-Hnk-
age web with 57 species, organisms at trophic level 12
are observed when loop-forming species are included
in food chains. The trends in Fig. 7 suggest that or-
ganisms at higher trophic levels would be observed in
more highly resolved webs,

These findings demonsirate greater potential for
biomagnification of toxic chemicals into organisms at
upper trophic levels than is currently appreciated. §t
might be possible that once quantities of energy as-
sociated with Haks are better known, we may find only
trivial amounts of energy passing through the longer
chains. Such a finding would invalidate the assumption
used here and elsewhere {e.g., Pimm 1982) that chain
lengths caleulated using binary information indicate
the absolute trophic leved of a species. Stil, since large
fishes, leeches, and highly predaceous invertebrates are
at the highest trophic levels of the Little Rock Lake
webs, binary chain-length measures may accurately in-
dicate the relative trophic level of a species,

Little Rock Lake webs with 9 1o 137 species consis-
tently contain the largest proportion of species in tro-
phic level 2 (Fig. 7a and b). The large number of algae
in the list of taxa suggests that trophic level 1 contains
the most biological species (Appendix ). This discrep-
ancy may be partly due to the fact that distinctions
between trophically defined species above trophic level
I are rnade considering both predators and prey. This
situation allows more distinctions to be made between
trophically defined species above trophic level 1 be-
cause trophic level 1 species are distinguished based
only on their predators. Many species may be inac-
curately assigned to trophic level 2 because many of
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these species consume fine organic matter, a severely
aggregated 1axon assumied to be af trophiclevel . This
taxon is actually a rich community containing several
trophic levels (Straver 1985, 1986, Margulis 1986).
Therefore, the relative abundance of species at trophic
level 2 compared 1o those at higher levels may be an
artifact of incomplete data and uneven resolation. Yet
the robustness of this relative abundance to resclution
suggests that this pattern may withstand the test of
more highly resolved data,

Topelogically described food-web attributes of chain
length and trophic level are susceptible to changes in
resolution. This susceptibility is to be expecied given
the definitions used for these investigations (e.g., binary
fink desipnations, quantities associated with links are
ignnored). It appears that observed chain lengths and
trophic levels would increase beyond those presented
here once the extent of food-web data expands (O"Neill
et al. 1986} to include and evenly resolve all co-oc-
curring organisms. Such an expansion would include,
for example, microbes and kilier whales in the same
ecosystern web. To observe ecologicalty fixed con-
straints associated with chain lengths and trophic levels
1t may be necessary to incorporaiec energy flow mea-
sures (Finn 1980, Baird and Ulanowicz 1989) instead
of relying on the iopology of binary webs.

Proportions of links and species

The proportions of intermediate and bottom species
and links among them are some of the most robust
statistics examined. The robustness and trends of these
proportions of species are similar to those reported by
Sugihara et al. (1989). In contrast, proportions of top
species and links 10 top species, which vary from their
trophic species values by factors of 20 and 3000 (Figs.
8a and ]1}a), respectively, are among the least robust
in highly aggregated webs. The values and systematic
trends of these statistics in Little Rock Lake call into
question previous generalizations of the proportions
(Briand and Cohen 1984, Cohen and Briand 1984).
Many extrome proportions and their widest variability
are seen in webs with <35 species. These extreme val-
ues and their variability are also closest to those pre-
vigusly reported (Figs. 8 and 11) based on webs with
<35 spectes (Briand and Cohen 1984, Cohen and Bri-
and 1984, Briand 19853, Cohen and Newman 1983,
Cohen ¢t al. 1988). This suggests that generalizations
of these proportions based on webs with <35 species
are inaccurate and cannot withstand the test of better
data.

The difference between the proportions reported here
and elsewhere (Briand and Cohen 1984, Cohen and
Briand 1984, Briand 1985, Cohen and Newman 1985,
Cohen et al. 1985, Sugihara et al. 1989) is primarily
due to much higher proportions of top species in the
less directly collected data. 11 is unlikely that many, if
any, species have no predator (Polis 1991). Certainly,
almosi all species have predators within the same com-
munily if parasitism and juvenile stages are considered
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{Winemiiler 1990). This analysis of a more directly
coflected ecosystern food web suggests that significant
proportions of fop species and links to top species are
artifacts (see Warren 1989, Winemiller 1990). Since
the proportions of 86% intermediate species (1) and
919 I-T links in the Litile Rock Lake trophic-species
web are relatively robust, these proportions may be
much closer to the trae proportions in ecosystem food
webs than are previous estimates, Of course, this raises
the problem of the different definitions of community
food webs and ecosystem food webs, Future use of the
ecosystem food web definition may resolve this prob-
lemn by emphasizing complete and evenly resolved data.

The Little Rock Lake predator-to-prey ratio of 0.9

i the trophic-species web appears to be the most ro-
busst statistic examined. This robustness supports the
reported scale-invariance of predators:prey (Cohen
1978, Briand and Cohen 1984, Jeffries and Lawton
1985, Coben and Newman 1985, Sugihara et al. 1989),
But these analyses have found average ratios > 1 and
faw webs with ratios <1 {Briand and Cohen 1984,
Sugthara et al. 1989). Predatorsiprey {mean = 2.31)
among Schoenly et al’s (1991, Sugihara et al. 1989
60 webs appears 10 be roughly twice as high as among
113 other webs (mean = 1.13, Cohen and Newman
1986), This discrepancy s significantly reduced by ag-
gregating the 60 webs into trophic-species webs, This
aggregation reduces the mean (1 sp) ratio among the
60 webs to 1.31 & Q.32 (N. D. Martinez, wipublished
manuscript). Briand and Cohen {1984} state that such
aggregation “removes possible differences in the pro-
pensity to spiit (rophic species), among observers and
trophic leveis”™ and ‘“tghtens the relation between
numbers of predators and prey.” The above effect of
aggregation on the 60 webs supports these statements,
Briand and Cohen (1984) also agsert that their anaiyses
support “Pimm’s (1982) suggestion that ecologisis have
exercised greater taxonomic refinement at high trophic
levels than at low.” The effects of resolution on pred-
ators:prey and value of predators:prey in Little Rock
Lake appear to support all these guotes. Yet, due to
their being few or no top species in highly resolved
webs, predators:prey > 1 appears unable to withsiand
the test of better data,

A predator-fo-prey vatio >1 is the only conven-
tional patiern not generated by reducing the resolution
of the Little Rock Lake web. This resalt, Pimm’s above
suggestion, and omission of predation on “top™ spe-
cies (Polis 1991), supgest that previous webs are more
fundamentaly distorted than just by low resolution.
Predatonprey ratios > 1 indicate that there are more
top species than basal species in most food webs, Even
if top species occasionally exist, such a balance seems
unlikely in evenly resolved ccosystem webs given sig-
nificant proportions of basal species (Fig. 8b).

CONCLUSION

We may never know all the species and feeding rew
lations in a given natural ecosystem. Most food-web
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data contain a small number of often highly aggregated
species. To investigate the role of these problems in
articuiating food-wels regularities, 1 have documented
a large, relatively complete web and investigated the
web's sensitivity to resclution in terms of quantitative
food-web patterns. Patterns that remain consistent over
different degrees of resolution are more likely to be
attributes of a system than artifacts of hmiated obser-
vation of that system {Allen et al. 1984). Consistent
attributes, observable in all ecosystems, may point 10
rules governing ecosystem: structure (Cohen 1989).
Therefore 2 thorough analysis of the sensitivity of
quantitative food-web patterns to resolution is neces-
sary 1o check the claim that observed patierns represent
ecosystem regularities or, even stronger, “laws.” Re-
sufts of this sensitivity analysis are summarized gual-
matively in Table 2.

The trophic species web of Little Rock Lake is cer-
tainly not of the most trophically complex ecosystem,
Yet it differs from previousiy described food webs by
having more trophically different species, higher Hak-
age complexity, more links per species, longer food
chains, more loops, species at higher trophic levels,
and higher proportions of intermediate species and Hnks
between them. The directed connectance of Little Rock
Lake, however, is similar to that of previously de-
scribed webs. It remains to be seen whether other high-
iy resolved ecosystem food webs follow this pattern of
differences and similarities. Though this is an open
question, problems with previous data (Martinez 1988,
Pame 1988, Lawton [989) and my understanding of
ecosystems persuade me that future patterns will gen-
erally follow the example set by Little Rock Lake (see
Warren 1989, Polis 1991}

If food webs have species at unconventionaliy higher
trophic Jevels, as suggested here, there may be much
greater poiential for biomagnification than current
chatacterizations of commumity food webs suggest.
Relatively iow proportions of top and bottom species
and links to top and bottom species in Little Rock Lake
and possibly other communities are made more be-
lievable by the combination of the robustness and ab-
solute values of these proporiions in Little Rock Lake,
similar observations in other directly documented webs
{(Warren 1989, Polis 1991), and the possible depen-
dence of the top-species phenomenon on incomplete
data (Polis 1991). Since links per species decrease with
resolition, and since the link-species scaling law (Bri-
and and Cohen 1984, Cohen and Newmman 1985, 1988)
fails to predict anywhere near the 1037 links in the
Little Rock Lake trophic-species web (only 173 links
are predicted by the law), the law may be an artifact
of explaining the stracture of poorly resolved webs with
unevenly aggregated groups of organisms (Martinez, in
press). Likewise, decreasing connectance with increas-
ing species (Reimanek and Stary 1979, Pimm 1980,
Yodzis 1980) to the point of constant links per species
also may be an artifact, Stili, distinctions between types
of webs based on connectance or closely related sta-
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Table 2. Summary of sensitivity of food-web siatistics. Entries under the “Sensitivity to aggregation” heading that are
designated as “High" refer to large and clear systematic changes that ocowr with aggregation, “Medium™ refers to substantial
sensitivity, and “Low" corresponds to a statisiic that is relatively robust (i.e., relative to the other statistics) to aggregation.
Entries under the two right-hand columns refer to the statistic’s sensitivity relative to the statistic’s seasitivity to aggregation.
“High"™ means that the sensitivity of the statistic to the column heading is greater than the statistic’s sensitivity to aggregation;
“Medium” means that the sensitivity to the column heading is generally of the same magnitude as the statistic’s sensitivity

o aggregation; “Low™ means the opposite of High.

Sensitivity Sensitivity  Sensitivity to incive

to agpre- to linkage sion of loop-form:-
Statistic gation criteria ing species
Conneciance statistics Interactive connectance Medium High Not apphicable
Upper connectance Medium High Mot applicable
Pirected connectance Low Medinm Not applicable
Connectivity statistics L/8 (Links per Species) High fow Not applicable
SC {Linkage complexity} High Low Not applicable
Chatn length statistics Average chain length Medizm Low Medicm
Maximum chain length High Medism Medium
Unimodal chain distribution High Not apphied Low
BPistribution among trophic levels High Not applied Medium
Proporticns of species Top species High High Not applicabte
Entermediate species Low Medium Not applicable
Basal species High Medium Not applicable
Predators/Prey Low Medium Not applicable
Proportions of links To Top species High High Not applicabie
Intermediate-Intermediate links Low High Not appiicable
Entermediate-Basal links Mediam Medium Not applicabie

tistics (Briand 1983¢, b 1985) may withstand further
serutiny since connectance is relatively robust to vari-
able resolution.

Connectedness, chain length statistics, trophic-level
statistics, and several proportions of links and species
of aggregated Little Rock Lake webs closely maich the
averages reported for similarly sized webs, This cor-
respondence suggests the intriguing possibility that pre-
vipusly reported food webs are severely aggregated ver-
sions of more claborate webs very similar to the trophic-
species web of Littie Rock Lake. The role of resolution
in generating this consistency points toward less con-
ventional explanations of the patterns. Previously ar-
ticulated regularities, such as scale-invariant connec-
tivity and short chain lengths, seem to be artifacts of
low-resolution data, while observed values for con-
nectance, especially directed connectance, may be im-
portant, robust attributes of food webs. Due to the
unique qualities of directed connectance, comparabil-
ity among webs, inclusion of more trophic information
(direction of links, canpibalism, mutual predation), and
robustness to changes in aggregation and linkage ¢ri-
teria, comparisons of directed connectance among webs
may be more useful than is currently appreciated.

There are several other possible causes of the resem-
biance of our similarly sized webs. One possibility is
that the resemblance is just a chance event stemming
from using only one relatively complete web for com-
parison with relatively incomplete webs, We need oth-
er high-resolution ccosystem food webs to check this
possilnlity. Another possibility is that, generally, webs
are so similar that their resemblances are visible even
in poorly resolved and unevenly aggregaied data, This

visibHity could ocour if the other webs are aggregated
in a manner similar to the methods presented here (L.,
functionally) or if subsets of webs have quite similar
structure to aggregaied webs. I plan to examine this
latter possibility in subsets of Litile Rock Lake webs.
This study leaves open the possibility that the structure
of food webs is much less variable than previously
reported, and the apparent variability results from dif-
ferent investigators employing different levels of res-
olution and different linkage criteria. An important
check of my results is to compare results using nuil
medels {Cohen 1978). However, the development of
null models is a difficult endeavor bevond the scope
of this project.

Inchuding more trophically redundant species affects
quantitative food-web patterns in guite different ways
than does adding trophically distinct species. Gener-
ally, food-web structure described in terms of connec-
tivity, chain lengths, and distribations of species among
trophic levels does not change as much when changing
the number of trophically redundant species as it does
when changing an equal number of trophicaily distinct
species.

This is the first food-web study to wse data originally
collected to describe the complete, detailed food web
of a large, whole, natural ecosystem. It is also the first
to systematically examine the effects of resolution on
food-web structure {(Martinez 1988). As the first, it
suggests different interpretations of previoushy articu-
lated reguiarities in quantitative food-web patterns. |
hope these resulis inspire food-web researchers to con-
struct ecosystem food webs from the most knowledge~
able site-specific sources as is possibie rather than from

tin mcin
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one or a few published reports. We have recently de-
veloped our abilities to thoroughly and consistently
describe the whole structure of particular ecosystems
{Callahan 1984, Straver ¢t al. 1986). Now let us put
these abilities to work.
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APPENIIX
Taxa and taxonomic groups in the Little Rock Lake, Wisconsin, food web, with cach taxon's identification number.

1, 3, 5, 7. Young of year fishes 52 Scapholeberis kingi

i Yellow perch {(Perca flavescens) 33 Sida crystaliina

3 Largemouth bass {Micropterus salmoides) 54.59: Benthic copepods
5 Rock baus (Ambloplites rupestris)

7 Black crappie (Pomoxis nigromaculans) 54 Macrocyclops atbidus

55 Eucvclops serrufatus
i1 Fish eggs 56 Acamthocyolops
. . 81 Micrecyciops rubelius
2,4, 6, & Adult fishes 38 H cticoid cope

7 Yeliow perch (Perca flavescens) 59 Harpacticoid copepodids
4 Largemouth bass (Micropterus salmoides) . .
6 Rock bass (dmblaplites rupestris) 60: Hemiptera Gerris
8 Black crappie {(Pomoxis nigromaculatus) 61, 76: Coleoptera
9, 10: Minnows 61 Hydroporus
9 Mudminnow (Umbra) 76 Gyrinus
100 Shiner {Notemigonus crysoleucus) 62-63: Ephemeroptera
12-16: Pelagic copepods 62 Leptophlebia
12 Diaptomus minutus 63 Cuaenis
13 Diacyclops thomasi R
14 Mesocyclops edax 647, Trichopiora
15 Tropocyclops prasinus 64 Oeceris
16 Epischura lacustris 65 Mystacides o
. ; 66 Limnephilus
1'1-24: Pelagic cladocera 67 Agrypria
17 Bosmina longirastris 68 Banksiola E
18 Eubosming 69 Molanna
19 Daphnia galeata mendotae 70 Polycentropus

20 Baphnia parvula

21 Diaphanosoma birgei 71-74: Odonata -

22 Holopedium gibberumn 71 Anisoptera epitheca
23 Leprodora kindii 12 Libellula
24 Polyphemus pediculus 73 Sympetrum

74 Enallagma

25-38: Pelagic rotifers

25 Conochilus unicornis 75 Neuroptera Climacia
26 Canochiloides 77 Hemiptera Veliidae
21 Kellicottia longispina
28 Kellicotiia bostoniensis
29 Keratello cochlearis 7% Magaloptera Siafis

3G Keratelly tayrocephala . . ,
3t Keratella crassa 80 Lepidoptera Pyralidae coparagyractis

78 Hemiptera Notonectids

32 Keraiella hiemalis R
32 Polyarthra remata 81-111: Diptera
34 Polyarthra vidgaris 8% Berria
35 Trichocerca cylindrica 82 Sphaeromais
36 Adsplanchna 83 Chaoborus atbatus
3t Gastropus B4 Chacborus punctipennis
38 Synchacla 85 Albabesmyia
39-41: Juvenile pelagic zooplankton g? g;’;gzgz‘:’&s "
3% Nauphi 88 Guitipelopia

40 Calanoid copepodids 89 Larsia

: 41 Cyclopoid copepodids " %0 Macropelopis

! . S1 Procladius
42-53: Benthic cladocera 92 Chaetocladius
42 Alona affinis 93 Corynoneura
43 Afona quadrangularis 94 Cricotopus
44 Alona rustica 9% Nanocladius
45 Alona intermedia 96 Micropsectra
46 Alonella excisa 97 Paratanyiarsus
47 Bisparalona acutirostris 98 Tanyrarsus
48 Chydorus spl 99 Chironomus
4% Chydorus sp2 00 Cladopelma
50 dcamtholeberis curvirostris 181 Cryptochironomus

53t Ophryoxus gracilis Y62 Endochironomuis
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103 Gilypiotendipes
104 Microtendipes
105 Parachironomus
106 Paratendipes

107 Polypedilum

108 Preudochironomus
1009 Stenochironomus
110 Stictochironomus
11t Yenochironomus

112-114: Mollusca

£12 Bivalvia
113 Campeloma decisum
114 Sphaeriidae

115 Annelida Oligochaete

116 Annetida Hirudinea

$17 Furbellaria Fricladida

118 Amphipoda Crangonyx gracilis

1i9~121: Porifers

149 Spongitla tacusiris
120 Ephydatia muelleri
121 Corvomyenia everetti

122 Arthropoda Hydracaring
123-147; Filamentous algac

123 Bambusinag
124 Batrachospermum
125 Binuclearia
126 Bulbochaete
127 Desmidium
128 Gemineila
129 Groenbladia
130 Hapalosiphon
131 Hyalotheca
132 Lyngbva

133 Microchaete
134 Microcoleus
135 Mougeotia
136 Qedogonium
137 QOscillatoria
138 Phormidium
13% Plectonema
140 Radiofilum
Y4l Rhizoclonium
142 Schizothrix
i43 Scytorema

144 Sphaercrosima
145 Spirogyra
146 Tribonema
147 Zygnema

148~156: Cyanobacteria

Y48 Chroococcus
149 (loeothece

150 Merismopedia
151 Aphanocapsa
152 Gomphosphaeria
153 Coelosphaerium
154 Rhabdoderma
155 dphanothece
156 Anabaena

157-171: Green algae

157 Arthrodesmus
158 Cosmarium
159 Crucigenia
160 Euastrum
161 Odcystis

162 Pediastrum
163 Quadrigula
164 Schroederia
165 Spondylostum
166 Staurastrumn
t67 Tetraédron
168 Ankistrodesmus
169 Xanthidium
Y70 Elaktothrix
171 Scenedesmus

172173 Euglenophyta

172 Phacus
173 Trachetomonas

174-175: Crypiophyta

174 Chroomonas
175 Cryptomondas

176181 Chrysophyceae
176 Asterionelia

177 Dinobryon

VIR Mallomonas

179 Syredra

180 Synura

1R} Tabellaria

182 Fine organic matter
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Lerrig Rock Lake (Wisconsey) Ecosystem Foop-wes MaTRIX
Each element of the mairix represents whether the predator identified by the vertical column number eats (1) or does not
eat {0} the prey identified by the row number. All identification numbers refer to taxa in Appendix | A computer-readable
file is available from ECOWeB (Cohen 19898,
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speecies no. Predator species number
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