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INTRODUCTION

Substrates in coral reefs are sometimes dotted with
algae farms that are managed by resident herbivorous
damselfishes. Inside the territories of most damsel-
fishes, species-rich assemblages of algae are estab-
lished by the exclusion of other herbivores and by
non-selective feeding, which acts as an intermediate
disturbance and prevents any one species from domi-
nating the substrate (Hixon & Brostoff 1983, 1996,
Branch et al. 1992). The damselfish Stegastes nigricans
is unique, however, as it maintains virtual mono-
cultures dominated by a filamentous alga (Fig. 1A,B;
Hata et al. unpubl.). How S. nigricans manages the
algae farm in its territory remains unknown.

Fish lack cellulases and other enzymes necessary for
the digestion of plant cell walls (Horn 1992). Since
herbivorous damselfishes also lack the morphological
or physiological specialization for digesting plant cell
walls (Galetto & Bellwood 1994), algae edible to dam-
selfishes are mainly restricted to cyanophytes and
delicate rhodophytes (Lobel 1980, 1981).

The algae farms managed by most damselfishes
have high species diversity (Vine 1974, Brawley &
Adey 1977, Lassuy 1980, Lobel 1980, Montgomery
1980a, Hixon & Brostoff 1983, 1996, Sammarco 1983,
Ruyter van Steveninck 1984, Kamura & Choonhaban-
dit 1986, Hinds & Ballantine 1987, Russ 1987, Klumpp
& Polunin 1989, Ferreira et al. 1998). However, there is
some evidence that territorial damselfishes weed out
undesirable algae to encourage the growth of specific
species. Lassuy (1980) reported that Stegastes lividus
weeded out unidentified macroalgae that were trans-
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planted in its territory. Another herbivorous dam-
selfish, S. planifrons, also selectively weeds out algae
transplanted inside its territory (Irvine 1982). Such
weeding may contribute to keeping the farms species-
rich. In contrast, it has not yet been demonstrated how
S. nigricans manages monocultures. 

To understand how the monocultures are managed,
we observed the behavior of Stegastes nigricans in
their territories and examined which species of algae

were consumed and which were
weeded out. By comparing the compo-
sition of algae found in the stomach to
that found in the intestine and faeces of
S. nigricans, we estimated the digest-
ibility of each algal species. Here, we
report the intensive and selective
weeding of less digestible algae and
discuss the effects of weeding on vir-
tual-monoculture maintenance inside
the territories of S. nigricans.

MATERIALS AND METHODS

Our study site was located in the
windward lagoon on Sesoko Island
(26° 38’ N, 127° 52’ E) in the northwest-
ern part of Okinawa, Japan. Twelve
adult Stegastes nigricans (10.0 to
14.0 cm total length [TL]) residing on a
coral rock (surface area ca. 10 m2)
were selected for this study. Seven of
these were observed for 10 min each,
once or twice every 2 h, from 10:00 to
18:00 h, and every tidal period (high,
falling, low, and flowing tide; 21 obser-
vations per individual, in total) in
September and October 2001, which
constituted the non-breeding season
(Karino & Nakazono 1993). We count-
ed the frequency with which a fish
picked up and discarded algae, as well
as the frequency with which a fish
ingested algae. During the same
period, we collected the discarded
algae and faeces with mesh bags
(mesh size = 120 µm). We could suc-
cessfully collect discarded algae and
faeces in calm water-conditions be-
cause S. nigricans discarded algae and
defecated outside the territories, in the
water column about 50 cm above the
sea floor. We successfully collected 88
algal samples discarded by 12 dam-
selfish and 29 fecal samples by 6 dam-

selfish. We speared 10 damselfish (9.8 to 14.4 cm TL)
in an adjacent area and immediately took them to the
laboratory, where we removed the contents of the
stomach and intestine. All algae sorted from the dis-
carded pile and the stomach contents were identified
to species under a microscope, and the wet weight of
each species was measured. Only undigested algae,
whose cell contents remained intact, were separated
from the fecal and intestinal samples, and the wet
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Fig. 1. (A) Two territories (T1 and T2) of Stegastes nigricans (F1 and F2) contain-
ing virtual monocultures of an alga; (B) close-up of the territory of S. nigricans
showing virtual monoculture of Womersleyella setacea. The weight (bottom left 

of B) is used as scale (4 cm long)
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weight of each species was measured. All algae in 5
quadrats (7 × 7 cm) established in 5 territories on the
same coral rock were harvested with a Venturi-suc-
tion sampler (McShane & Smith 1988) in November
1999 and examined for algal composition (Hata et al.
unpubl.).

Weeding selectivity was calculated for each algal
species by comparing the composition of discarded
algae to the composition inside the territories using
Johnson’s (1980) method. That is, weeding selectivity
of an alga was estimated as the differential, averaged
across individuals, between the rank of the alga in bio-
mass among discarded algae and the rank inside the
territories. The composition of algae discarded from
each territory (n = 12 individuals, 88 samples in total)
was averaged per individual, while the composition
inside a territory was estimated as the average algal
composition observed inside 5 territories. We used
PREFER version 5.1 (Pankratz 1994) to apply Johnson’s
method.

We also estimated digestibility of each algal spe-
cies comparing stomach contents to intestine/fecal
contents using Johnson’s method. Because this
method is appropriate if 1 data set from a pair is
estimated or known (Alldredge et al. 1998), we com-
pared individual stomach contents to intestinal con-
tents of 10 damselfish, and stomach contents esti-
mated as the average over 10 damselfish to fecal
compositions averaged per individual (n = 6 individ-
ual, 29 samples in total). Because of the lower acidity
in the intestine (pH = 6.97 ± 0.3, average ± SD) com-
pared to the stomach (pH = 2.7 ± 0.15) of Stegastes
nigricans (Lobel 1981), algae whose cell walls were
not broken in the intestine were considered to be
undigested.

RESULTS

We observed damselfish picking up specific algae
inside their territory and discarding them outside the
territory. The fish removed algae 0.54 ± 0.85 (average
± SD, n = 7 individuals, 21 observations each) times in
10 min, regardless of time and tidal conditions during
the day (2-way ANOVA: F3 = 0.26, F3 = 0.12, respec-
tively, both non-significant).

Eighty-eight samples discarded by 12 damselfish
contained 17 species of algae. The 9 major species are
shown in Fig. 2A. The other 8 species (Caulerpa ser-
rulata, Struvea sp., Enteromorpha sp., Polysiphonia
coacta, Centroceras clavulatum, Jania sp., Callitham-
nion sp. and Corallophila huysmansii) were quite rare
both in discarded algae (<1%) and inside the territo-
ries (<0.1%). Compared to the algae found inside the
territory (Fig. 2B), overall weeding selectivity was sig-
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Fig. 2. (A) Species composition in wet weight of algae dis-
carded by Stegastes nigricans; (B) species composition in wet
weight of algae in territories of S. nigricans; (C) weeding se-
lectivity of 9 species of algae; (D) digestibility of 9 species of
algae. Algae species are arranged in order of weeding selec-
tivity. Columns and bars denote means + SD of 12 damselfish
in (A), and of 5 territories in (B). Weeding selectivity was esti-
mated as a differential in the ranks of components between
discarded algae and algae inside the territories. Digestibility
was also estimated as a differential between stomach contents
and intestinal/fecal contents. Different letters in (C) and
(D) indicate significant differences among algal species
(Johnson’s [1980] method, Waller-Duncan multiple com-
parison test: p < 0.05). Letters in parentheses following the
species name indicate phyla, R: Rhodophyta; Cy: Cyano-

phyta, Ch: Chlorophyta
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nificant (Snedecor’s F-test: F8,4 = 22.6, p < 0.01;
Fig. 2C), suggesting highly selective weeding by the
fish. An articulated calcareous rhodophyte, Jania
adhaerens, was most selectively weeded out, fol-
lowed by the relatively thick and coarsely branched
rhodophytes Gelidiopsis variabilis, Chondria sp. and
Gelidiella pannosa. Digestibility differed among algal
species (Snedecor’s F-test: F8, 8 = 10.4, p < 0.01;
Fig. 2D). The dominant alga in Stegastes nigricans
territories, the thin and finely branched filamentous
rhodophyte Womersleyella setacea (57.7 ± 21.2% in
biomass, n = 5), was the most digestible and the least
frequently weeded. In contrast, the algae that were
more selectively weeded out by the fish were less
digestible. 

Stegastes nigricans ingested algae 68.9 ± 27.4 (aver-
age ± SD, n = 7 individuals, 21 observations each)
times in 10 min, exclusively in the algal farm. S. nigri-
cans ingested almost exclusively Womersleyella set-
acea. However, W. setacea constituted only 16.7 ±
27.5% (n = 11) of stomach contents, probably due to
its high digestibility. 

DISCUSSION

Stegastes nigricans intensively and highly selec-
tively weeded out specific algae. Selectively weeded
algae, such as the calcareous Jania adhaerens and the
relatively thick and coarsely branched rhodophytes
Gelidiopsis variabilis, Chondria sp., and Gelidiella
pannosa were relatively indigestible to this damselfish.
Calcareous algae such as Jania spp., which contain
little energy, few nutrients, and a high percentage of
ash, are not suitable food for most herbivorous fishes
(Littler & Littler 1980, Montgomery & Gerking 1980).
Gelidium pulchellum, a rhodophyte similar to these
thick and coarsely branched rhodophytes in morpho-
logy, is highly resistant to acid lysis (Lobel 1981). Such
thicker rhodophytes seem to be indigestible by dam-
selfish, which lack tritulation mechanisms and depend
on acid lysis for digestion (Lobel 1980). These selec-
tively weeded algae are competitively superior species
that colonize later than filamentous rhodophytes such
as Womersleyella spp. (Littler & Littler 1980, Littler et
al. 1983, Steneck & Dethier 1994, Hixon & Brostoff
1996, Ferreira et al. 1998); this can result in consider-
able invasions of late-colonizers in the farms of some
damselfishes (Hixon & Brostoff 1996, Ferreira et al.
1998). Selective weeding by S. nigricans prevented
these late-colonizing species from out-competing W.
setacea and held algal succession at an earlier stage.
The dominance of W. setacea in the farm enabled the
S. nigricans to harvest nutritious and digestible algae
effectively.

The virtual monoculture of an early-colonizing alga
maintained by selective weeding is unique among
resident herbivorous damselfishes, which typically
have species-rich farms that are contaminated by
late-colonizing species. An eastern Pacific damselfish,
Microspathodon dorsalis, maintains a virtual monocul-
tural farm of Polysiphonia sp. (comprising more than
90%) by intensive and nonselective grazing instead of
by weeding, but its farm is quite low in biomass (Mont-
gomery 1980a,b). M. dorsalis holds a small territory
(0.51 m2) relative to its body size (220 mm, TL; Mont-
gomery 1980a,b), indicating that the monoculture farm
of an early-colonizing alga may be adaptive under a
strong limitation of territory size, because early-
colonizing algae are more productive (Montgomery
1980b, Klumpp et al. 1987, Branch et al. 1992), more di-
gestible, and more nutritious than late-colonizing
species (Littler & Littler 1980, Montgomery & Gerking
1980), and a monoculture of these algae could yield
more per area. 

Stegastes lividus and S. planifrons, which exten-
sively weed out some algae, maintain species-rich
farms. Inside the territory of S. lividus, the filamentous
rhodophyte Polysiphonia scopulorum and the coarsely
branched rhodophyte Gelidiopsis intricata together
comprised 40% of the algal crop (Lassuy 1980), and
inside the territory of S. planifrons, the early coloniz-
ers Polysiphonia spp., filamentous green algae and
diatoms were abundant and competed with a late-
colonizing species, Coelothrix irregularis (Irvine
1982). The difference in species diversity in the farms
of these 2 damselfish species and S. nigricans may
indicate that weeding by S. nigricans is particularly
intensive and selective, and that it strongly affects
algal assemblages in favor of enhanced yields from its
territory.

In conclusion, Stegastes nigricans weeds out
unpalatable and competitively superior late-colonizing
algae to maintain a virtual monocultural crop of a
digestible early-colonizer, Womersleyella setacea. This
alga is found almost exclusively in the territories of the
fish and is quite rarely found outside the territories in
the reef. Thus, the management of farms by intensive
weeding is the first example of a mutual interaction
between a herbivore and its crop alga. 
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