Effects of Fish in River Food Webs

MARrY E. POWER

Experimental manipulations of fish in a Northern California river during summer base
flow reveal that they have large effects on predators, herbivores, and plants in river
food webs. California roach and juvenile steelhead consume predatory insects and fish
fry, which feed on algivorous chironomid larvae. In the presence of fish, filamentous
green algae are reduced to low, prostrate webs, infested with chironomids. When the
absence of large fish releases smaller predators that suppress chironomids, algal
biomass is higher, and tall upright algal turfs become covered with diatoms and
cyanobacteria. These manipulations provide evidence that the Hairston, Smith, Slo-
bodkin—Fretwell theory of trophic control, which predicts that plants will be alternate-
ly limited by resources or herbivores in food webs with odd and even numbers of
trophic levels, has application to river communities.

HE ROLE OF FISH IN RIVER FOOD
Twcbs has been hotly debated. The
carlier notion that physical factors
play stronger roles than trophic interactions
in structuring ecological communities in
flowing waters (1) is being challenged by the
view that both matter (2, 3). Although some
field studies have shown that herbivorous
fish can directly control algal standing crops
in rivers (3, 4), and by implication must
influence other parts of algal-based food
webs, no studies in rivers have demonstrated
that effects of predatory fish can cascade
through food webs to alter primary produc-
ers, as has been shown in lakes (5, 6). In this
report, I present experimental evidence of
strong fish effects on both predatory and
herbivorous insects, and on macro- and epi-
phytic algae in a river. These effects are
direct and indirect, and propagate through
four trophic levels in the river food web.
The study site was a 1-km reach of the
South Fork of the Eel River (39°44'N,
123°39'W) in Mendocino County, Califor-
nia. The study reach is surrounded by an
old-growth conifer forest dominated by
Douglas fir (Pseudotsuga menziesii) and coast-
al redwood (Sequoia sempervirens). Nearly all
precipitation falls between Octobcr and

April. After winter floods, discharg })s
steadily from a base flow of ~10 to 25 m’/s
to a base flow of less than 1 m*/s during the

summer, when large pools become nearly
lentic. The active channel maintained by
winter floods is considerably wider than the
wetted channel during low-flow periods, so
that much of the bed is sunlit. Filamentous
green algae, dominated by Cladophora glo-
merata, proliferate on bedrock and boulders.
Cladophora turfs attain lengths of several
meters and cover much of the riverbed (Fig.
1A).

By midsummer, Cladophora turfs are much
reduced, and remnants take on a ropy, pros-
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trate, webbed appearance (Fig. 1B). This
architecture results from dense infestations
of chironomid larvae, dominated by Pseudo-
chironomus richardsoni, which weave algae into
retreats, or tufts, 0.5 to 1 cm long and
reduce algal biomass. By midsummer, these
chironomids are dominant components of
the river arthropod assemblage (7). The
three common fishes that summer in the
study reach are juvenile steelhead (Oncorhyn-
chus mykiss = Salmo gairdneri), California
roach (Hesperoleucas symmetricus), and three-
spined stickleback (Gasterosteus aculeatus).
Steelhead and roach dominate the fish fauna

Fig. 1. (A) Study reach in carly
June. Arrow points to Clado-
phora turf 1.5 to 2 m long. Turfs
are attached to boulder and
bedrock substrates and do not
occur on gravel (foreground).
(B) Study reach in late July.
Arrow points to remnants of
Cladophora woven into a pros-
trate web by midges. (C) Un-
derwater photograph taken in
an cxclosugch in mid[-’Iuly. Clado-
phora turfs 40 to 60 cm high are
buoyed up by gas-filled Nostoc
colonics. The sediment
(lower right) is 11 cm high. (D)
Underwater photograph taken
in an enclosure in mid-July. Cla-
dophora <2 cm high has the
webbed appearance indicating
midge infestation. The sedi-

ment trap is 11 cm high.

Tuft-weaving chironomids

Cladophora, epiphytic diatoms, Nostoc
Fig. 2. Trophic relations of dominant biota in and
around algal turfs during the summer low-flow
period. Arrows point from prey to their consum-
ers.

in spring and early summer. By midsummer,
roach and the few overwintering stickleback
both produce large numbers of fry. These
fry, along with predatory aquatic insect lar-
vae (Fig. 2), make up a guild of small,
weakly swimming predators whose densities
increase as water level drops during the
summer low-flow period.

Food webs were allowed to develop in the
presence or absence of fish in 12 large (6 m?)
cages constructed around boulders or bed-
rock that supported large standing crops of
Cladophora (8). The 3-mm mesh walls were
transparent to most river insects but not to
fish present in early June, when the experi-
ment began. Three groups of four cages
were distributed over a 1-km reach of river.
In each group, two randomly selected cages
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were stocked with fish (enclosures); the
other two were left unstocked (exclosures).
Differences among groups were nonsignifi-
cant; therefore, the blocked design was
dropped from the analysis.

Enclosures received 20 juvenile steelhead
[28 to 50 mm SL (9)] and 40 roach (30 to
70 mm SL). These proportions reflected the
proportions of fishes captured by trapping
and electroshocking in early June (10). Fish
were size-matched among enclosures, and
the size distributions of stocked fish were
representative of those of captured fish. Fish
density in enclosures (ten individuals per
square meter) was within the range of densi-
ties observed in the open river near large
boulders with Cladophora cover but exceeded
the density in larger river reaches (11).

Algal standing crops were quantified non-
destructively along five cross-stream tran-
sects placed at even intervals along a longitu-
dinal transect in each cage (12). In addition,
cores of algae and of sediments were collect-
ed for measurements of algal standing crops
(damp weights per unit area) and counts of
associated invertebrates (13). Samples of
Cladophora were preserved in 2% formalin
for counts of epiphytes. During weeks 4, 5,
and 6 of the experiment, I netted and
weighed all algae floating in each cage.

Algal standing crops at experiment onset
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Snorkeling, I counted fish fry (<30 mm SL)
in each cage. At the end of the experiments,
I sampled fish fry and larger, stocked fish
from each cage and from the open river for
examination of their gut contents.

After 5 weeks (mid-July), algal assem-
blages in enclosures were strikingly different
from those in exclosures. In enclosures, Cla-
dophora standing crops were much reduced
(Fig. 3) and took on the prostrate, webbed
architecture (Fig. 1D) produced by chirono-
mid infestations (14). Cladophora standing
crops in exclosures, remained higher than in
stocked enclosures (Fig. 3) or in nearby sites
sampled from the open river (15). Clado-
phora in exclosures became heavily over-
grown with epiphytic diatoms and cyano-
bacteria dominated by nitrogen-fixing Nos-
toc. The weight of detached, floating algae
(primarily Nostoc) skimmed from surfaces of
exclosures exceeded that from enclosures by
two orders of magnitude (Fig. 3D). Diatom
epiphytes, dominated by the genus Epithe-
mia, accrued more on Cladophora in exclo-
sures than in enclosures (P = 0.05 from a
Mann-Whitney U test comparing differ-
ences between weeks 0 and 5 of average
epiphyte load per cell for Cladophora in
exclosures and enclosures).

As suggested by the webbed appearance

Algal standing crops after 5 weeks
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Fig. 3. (A) Algal heights (averages with 1 SE, n = 6, of means of 23 to 48 sites per cage, and of
maximum heights) were initially similar in enclosures and exclosures [¢ = 0.64, df = 10, P (two-tailed)
not significant for average height; ¢t = 0.07, df = 10, P (two-tailed) not significant for maximum
height]. (B) After 5 weeks, differences were significant for both average height [t = 3.94, df = 10, P
(two-tailed) < 0.002] and maximum height [t = 3.13, df = 10, P (two-tailed) < 0.02]. Algae in
enclosures declined with herbivory and fragmentation by chironomids and roach; in exclosures, smaller
losses occurred with sloughing of Nostoc (D). (C) Initially, standing crops were similar in enclosures and
exclosures (+ = 0.13, df = 10, P (two-tailed) not significant), and no floating algae occurred. (D) After
5 weeks, standing crops of attached Cladophora and the mass of floating Nostoc harvested from 5 to 24
July differed in enclosures and exclosures [ P (from Mann-Whitney U tests) = 0.004 for Cladophora and
0.001 for the total yield of floating Nostoc]. The damp weight of Nostoc collected from the water surface
during 1 week (5 to 11 July) averaged (SE in parentheses) 3.4 (1.1) g in enclosures and 408.3 (275.5) g
in exclosures (P = 0.036 from a Mann-Whitney U test).
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of the algae, chironomid larvae were denser
in enclosures (Fig. 4A). Exclosures, on the
other hand, contained higher densities of
predatory insects (Fig. 4B), 47% of which
were lestid damselfly nymphs, and of roach
and stickleback fry, which did not colonize
enclosures (Fig. 4C).

In a second experiment, I examined the
potential impact of these small predators on
colonization and establishment of tuft-weav-
ing chironomid larvae. I stocked each of six
buckets with four individuals of one of the
three predator types. Each of these 18 enclo-
sures, plus six predator-free exclosures, re-
ceived a preweighed clump of Cladophora
(6.8 to 7.3 g damp weight) devoid of
chironomids (16). The buckets were inter-
spersed in a wide, shallow area at the down-
stream end of a large pool and arranged so
that flow through screened windows in each
was similar (<5 cm/s). The 1-mm window
screen mesh was transparent to chironomid
larvae but not to the small predators en-
closed.

After 20 days, the 24 buckets were collect-
ed, and the gut contents of predators were
examined. Cladophora clumps were examined
under X 10 magnification for chironomids.
About four times as many chironomids col-
onized Cladophora in exclosures as in enclo-
sures with small predators (Fig. 5). Densi-
ties did not differ among enclosures, sug-
gesting similar per capita effects for different
small predator types. Chironomids were the
dominant (by volume) item in the guts of 10
of 10 lestids; in 23 of 23 of the sticklebacks;
and in 5 of 19 roach fry. Roach fry also
ingested diatoms, which dominated (by vol-
ume) gut contents of 12 of 19 dissected
individuals.

Adult roach stocked in enclosures, like
roach fry, were omnivorous. Large roach fed
on large aquatic arthropods, diatoms, and
filamentous green algae (largely Cladophora).
The numbers of individuals with gut con-
tents dominated by these items were 9 of 28,
15 of 28, and 4 of 28, respectively. Juvenile
steelhead, in contrast, were strictly carnivo-
rous, feeding primarily on large aquatic (14
of 16) and terrestrial arthropods (1 of 16)
and fish fry (1 of 16). The most common
aquatic insects eaten by enclosed steelhead
and roach were predatory lestids, sialids,
coenagrionids and naucoriids found in Cla-
dophora turfs, and heptageniid, baetid, and
siphlonurid mayfly nymphs and elmid beetle
larvae that consumed diatoms and detritus
on gravel substrates. Diets of free-swimming
steelhead and roach were similar to diets of
their enclosed conspecifics, although animal
food dominated in more of the guts of free-
swimming roach, both in adults and in fry.

Large roach and juvenile steelhead, by
suppressing small predators that fed on algi-
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vorous, tuft-weaving chironomids, exerted
an indirect adverse effect on Cladophora me-
diated through four trophic levels. The oc-
currence of Cladophora in the guts of some
large roach suggests that these fish also
suppress the alga by direct herbivory. Al-
though omnivory often obscures the roles
played by consumers in food webs, in this
case the macroscopic effects on plants exert-
ed by large roach through two and four
trophic levels are similar.

Fretwell, extending the argument of Hair-
ston, Smith, and Slobodkin (HSS) (17),
predicted that in food webs with even num-
bers of trophic levels, herbivores would de-
plete plants to produce habitats that look
barren. In webs with odd numbers of troph-
ic levels, plants released from herbivory
would proliferate to produce green habitats,
in which plants become limited by nutrients
or other resources. This model, although
developed primarily for terrestrial commu-
nities, can account for results reported here.
In the absence of large fish, small predators
suppress herbivorous chironomids, releasing
Cladophora, its diatom epiphytes, and the
associated cyanobacterium Nostoc. The pro-
liferation of both Nostoc, a nitrogen fixer,
and the dominant epiphytic diatom Epithe-
mia, which contains a nitrogen-fixing cyano-
bacterial endosymbiont (18), supports the
HSS-Fretwell prediction that algae in this
three—trophic level web become nutrient-
limited (in this case nitrogen-limited), giv-
ing nitrogen fixers a competitive advantage
over other algae (19). In the presence of
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large roach and juvenile steelhead, interac-
tions mediated through two or four trophic
levels curtail the proliferation of algal turfs
and floating mats, and algal standing crops
are reduced to relatively barren levels.

In an alternative model of trophic control,
Menge and Sutherland (20) argued that the
prevalence of omnivory in food webs should
lead to increasing control by predation, and
decreasing control by resource limitation,
for populations at lower trophic levels. This
model, developed for marine communities,
would not predict that large fish would
release chironomids from small predators
but rather that large fish would also con-
sume these small herbivores. Chironomids,
however, were not heavily consumed by
large roach or steelhead (21), possibly be-
cause larvae disperse as first instars (22, 23)
too small to be pursued, or perhaps even
perceived, by larger fish (5, 24). After they
settle, tuft-weaving chironomids appear
protected by their algal retreats from larger
fish.

These life history features of the dominant
herbivore in South Fork Eel Cladophora
turfs, which thwart fish predation, are not
idiosyncratic. Chironomids and other small
omnivore-algivores that disperse as early
instars and construct retreats after settling
are dominant components of many freshwa-
ter biotas (22, 25). The unavailability of this
important guild of small primary consumers
to fish may be the key feature causing this
river food web to follow the predictions of
the HSS-Fretwell model rather than those of
the Menge-Sutherland model, which re-
quires more complete omnivory by top
predators in food webs.

However, seasonal dynamics of the food
web are consistent with another prediction
from the Menge-Sutherland model: that
food chains will lengthen, and the impor-
tance of predation will increase with de-
creasing environmental stress (20, 26). Dur-
ing winter, scouring floods (physical stress)

Fig. 4. (A) Densities (means of six enclosures
with 1 SE) of chironomids (mostly Pseudochirono-
tus richardsoni) differed in enclosures and exclo-
sures after 5 weeks (P from a two-tailed Mann-
Whitney U test = 0.002). At the onset of experi-
ments, midge densities in enclosures and exclo-
sures were 31m11ar (30.2 versus 24.8 individuals
per 24.6 cm?, respectively, t = 0.41, P not signifi-
cant). (B) After 5 weeks, densities of predatory
insects were higher in exclosures than in enclo-
sures (P < 0.02 from a two-tailed Mann-Whitney
U test). Initially, average densities of predatory
insects were similar (0.78 versus 1.17 individuals
per 24.6 cm?, respectively, t = 0.96, P not signifi-
cant). (C Estlmates (means of counts on three
consecutive days) with 1 SE of fish fry counted in
enclosures and exclosures after 5 weeks
(P =0.001 from a two-tailed Mann-Whitney U
test). At the onset of the experiment, fish fry were
not present in cages or in the open river.
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Fig. 5. More chironomids occurred in predator-
free exclosures than in enclosures with one of
three types of small predators (F = 6.05,
P < 0.01, df = 3,20 from a one-way model I
analysis of variance). A Scheffe’s multiple contrast
test [(14), p. 196] revealed that each predator
treatment differed from the predator-free control,
but that no differences existed between effects of
different types of predators.

depress densities of algae and other river
biota. When scouring flows subside in
spring, Cladophora grows rapidly before ani-
mal densities build up (one trophic level),
and green biomass accumulates. As insect
and fish densities increase, trophic interac-
tions of the types described here will pro-
long (three trophic levels) or shorten (two
or four trophic levels) the persistence of
green algal biomass. The high productivity
of Cladophora in early summer may account
for its support of a food web with dynam-
ically significant interactions across as many
as four trophic levels (27). Cladophora
blooms occur in sunlit rivers worldwide
(28), and fish-mediated effects on their ac-
crual, architecture, and persistence will affect
energy flow within these rivers and from
rivers to watersheds (29).
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Sequence-Specific Binding of Human Ets-1 to the
T Cell Receptor a Gene Enhancer

[-CHENG Ho, NARAYAN K. BHAT, Lisa R. GOTTSCHALK,
TuLrLiA LINDSTEN, CRAIG B. THOMPSON, TAKIS S. PAPAS,

JEFFREY M. LEIDEN*

Expression of the human T cell receptor (TCR) a gene is regulated by a T cell-specific
transcriptional enhancer that is located 4.5 kilobases (kb) 3’ to the Ca gene segment.
The core enhancer contains two nuclear protein binding sites, Tal and Ta2, which are
essential for full enhancer activity. Tal contains a consensus cyclic adenosine mono-
phosphate (cAMP) response element (CRE) and binds a set of ubiquitously expressed
CRE binding proteins. In contrast, the transcription factors that interact with the Ta2
site have not been defined. In this report, a Agtll expression protocol was used to
isolate a complementary DNA (cDNA) that programs the expression of a Ta2 binding
protein. DNA sequence analysis demonstrated that this clone encodes the human ets-1
proto-oncogene. Lysogen extracts produced with this cDNA clone contained a §-
galactosidase—Ets-1 fusion protein that bound specifically to a synthetic Ta2 oligonu-
cleotide. The Ets-1 binding site was localized to a 17—base pair (bp) region from the 3’
end of Ta2. Mutation of five nucleotides within this sequence abolished both Ets-1
binding and the activity of the TCR « enhancer in T cells. These results demonstrate
that Ets-1 binds in a sequence-specific fashion to the human TCR « enhancer and
suggest that this developmentally regulated proto-oncogene functions in regulating

TCR o gene expression.

AMMALIAN T LYMPHOCYTES CAN
be divided into two subsets on
the basis of their expression of
distinct heterodimeric cell-surface antigen
receptor molecules (7). Greater than 90% of
peripheral blood T cells, including cells of
the helper and cytotoxic phenotypes, express
the disulfide-linked «/B T cell receptor
(TCR). In contrast, 2 to 10% of circulating
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