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ABSTRACT: A replicated comparison of heavily and lightly fished areas in the Galapagos suggested
that fishing predators led to an increase in herbivores and a dramatic shift in the algal community
toward crustose barrens. We sampled 10 highly fished and 10 lightly fished shallow rocky reefs in the
southeastern area of the Galapagos Marine Reserve, Ecuador. Negative associations between con-
sumers and resources suggested top-down control. At cold sites, there was a negative association
between slate-pencil urchins Eucidaris galapagensis and non-coralline algae. In addition, at cold
sites, pencil urchins were less abundant where there were many predators. An indirect positive asso-
ciation between predators and non-coralline algae occurred at warm and cold sites. Fishing appeared
to affect this trophic cascade. The spiny lobster Panulirus penicillatus, the slipper lobster Scyllarides
astori, and the Mexican hogdfish Bodianus diplotaenia were significantly less abundant at highly
fished sites. Urchin density was higher at highly fished sites. Non-coralline algae were nearly absent
from highly fished sites where a continuous carpet of the anemone Aiptasia sp. was recorded and the
algal assemblage was mainly structured by encrusting coralline and articulated calcareous algae.
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INTRODUCTION

How might overfishing affect marine ecosystems in
the Galapagos? While fishing can greatly reduce
fished stocks, it can also have dramatic indirect effects,
particularly through trophic cascades (Sala et al.
1998a, Pinnegar et al. 2000, Jackson et al. 2001, Bas-
compte et al. 2005). Sea urchins are often identified as
important grazers in such trophic cascades. For
instance, because sea urchins can structure reef com-
munities (Schiel & Foster 1986, Hughes et al. 1987,
Pearse & Hines 1987), the fishing of urchin predators
can indirectly increase the abundance of urchins,
which can then over-graze algae (Tegner & Dayton
1981, Tegner & Levin 1983). Evidence for this effect
comes from comparisons of fished areas with marine
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reserves, which can restore food webs (Sala et al.
1998b, Shears & Babcock 2002, Behrens & Lafferty
2004, Lafferty 2004, Guidetti 2006).

Fishing has strongly altered the biomass and size
distribution of fisheries species in parts of the Galapa-
gos Marine Reserve (GMR) (Ruttenberg 2001, Branch
et al. 2002, Bustamante et al. 2002, Okey et al. 2004).
Some fishery species are top predators, and their
removal might explain the high abundance of urchins
and other grazers on Galapagos reefs (Bustamante
et al. 2007). If so, overfishing could indirectly lead to
overgrazing. To investigate the direct and indirect
effects of fishing in the GMR, we compared communi-
ties on fished and protected rocky reefs.

In the GMR, the slate-pencil sea urchin Eucidaris
galapagensis (sometimes E. thouarsii) (Doderlein) is
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the most common species of urchin (Danulat & Edgar
2002). It is not a fishery species. An omnivore, it often
grazes in open shallow reef habitats (Glynn et al.
1979). Three conspicuously prevalent predators of
urchins, lobsters (spiny and slipper) (Martinez 2000,
authors’ pers. obs.) and hogfish (Wellington 1975,
authors’ pers. obs.), support commercial fisheries in the
GMR (Danulat & Edgar 2002, Edgar et al. 2004, Hearn
2006). Spiny lobsters (locally called the red and green
lobsters Panulirus penicillatus and P. gracilis, respec-
tively) have been an important part of the GMR fishing
economy since the 1960s, but yield has steadily
declined since the 1980s (Reck 1983, Murillo et al.
2002, Hearn 2004). The slipper lobster Scyllarides
astori is currently exploited at a local scale (Hearn
2006), and is caught incidentally in the spiny lobster
fishery (2 to 3% of the total lobster catch) (Bustamante
et al. 2000, Hearn 2004). Incidental catch also occurs
for certain species of fish (e.g. Bodianus diplotaenia,
Arothron meleagris) (Ruttenberg 2001, Murillo et al.

2002, 2003, Molina et al. 2004), and fishermen have
reported a decline in B. diplotaenia abundance in
fished areas (pers. comm.). This wrasse has a large
head and mouth, with robust jaw teeth well suited for
its diet of large, heavily shelled invertebrates (Hobson
& Chess 2001).

MATERIALS AND METHODS

Study sites. The GMR lies in the eastern Pacific
Ocean, 1000 km off the coast of Ecuador. It includes 18
major islands and over 100 islets (Snell et al. 1995). We
studied 20 shallow rocky reefs in the southeastern bio-
geographic area of the GMR (Danulat & Edgar 2002)
off Santiago, Santa Cruz, Baltra, and Seymour Islands
(Fig. 1). The site selection maximized dispersion and
minimized variance in bottom topography and depth.
Ten sites were open to fishing and 10 sites were within
fishing exclusion zones established in 1992. Because
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Fig. 1. Southeastern area of the Galapagos Marine Reserve, Ecuador. Data on lobsters, fish, urchins and algae were field collected
at 20 sites with different levels of protection from fishing. HF: highly fished sites; LF: lightly fished sites
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compliance with exclusion zones was low before 1998,
we selected sites that, for various reasons (special
tourism sites, sites easily observed by the national
park, personal knowledge of fishing effort, etc.), had
experienced a relatively long-term reduction in fishing
effort. Nonetheless, due to uneven compliance with
fishing regulations that continues until the present,
and lack of quantitative information on fishing effort,
we chose to categorically designate the no-fishing sites
as lightly fished (LF) and the sites open to fishing as
heavily fished (HF).

A map of seafloor substratum types and habitat
features (charts 1:10000 and 1:25000 scale) was pro-
duced from a side-scan sonar survey conducted from
2000 to 2001 (Briones et al. 2002). Each chart was cate-
gorized into areas likely and not likely to contain reef
habitats for urchin, lobsters, and fish at depths from 0
to 20 m below mean lower low water. SCUBA divers
pre-surveyed all sites that were safely accessible by
boat. Of these, 36 sites had appropriate habitat. Due to
limitations in resources, we randomly selected 20 sites
stratified by geographic position and fishing category,
resulting in 5 NW lightly fished, 5 NW heavily fished,
5 SE lightly fished, and 5 SE heavily fished sites
(see Appendix 1 for additional site information; avail-
able at: www.int-res.com/articles/suppl/m343p077_
app.xls).

Lobster and fish density estimates. From April 2000
to August 2002 (multiple visits per site), diver pairs sur-
veyed lobsters (red spiny lobster Panulirus penicillatus
and slipper lobster Scyllarides astori) during 2 tran-
sects of 20 min duration (after 19:00 h) at 2 depth strata
(2to 5 and 8 to 10 m, n = 2 transects per depth stratum
per site, total area surveyed per site = 400 m?). This
resulted in an index of lobster population density
expressed as the mean number of individuals seen per
diver per hour for each sampling site (individuals
diver h™!) (Hearn 2006): abundance = N/ X (T, x B; +
... T, x Bp), where N is the total number of individuals
counted in all dives per site, T; is the duration (time
spent in hours) of the first dive, B, is the number of
divers on the first dive, and T, and B, are the duration
of and number of divers on the last dive. Unfortunately,
we did not collect data on lobster size from all of our
sites. However, a concurrent lobster tagging study
(done over a broader region at 27 sites, including 8 of
our sites, and similarly categorized as HF or LF) pro-
vided a similar dataset on average lobster total lengths
(TL) for each species (J. I. Sonnenholzner unpubl. data).

Diver pairs surveyed the Mexican hogfish Bodianus
diplotaenia (Labridae) once per site from May to
November 2001 using randomly placed, non-overlap-
ping video transects (VT, 25 x 4 m, total area surveyed
200 m?). Divers with a Hi-8 mm videocassette recorder
swam slowly back and forth on either side of the tran-

sect line (swath 2 m wide and 5 m above the bottom)
during a standard 40 min observation period. Transect
width was only 4 m, permitting comparable assess-
ments in water of variable visibility (which generally
exceeded 30 m). Subsequent review of the video
allowed quantification of adult fish (>20 cm size class).

Predation. Divers collected all the whole test
remains of the sea urchin Eucidaris galapagensis
within the 10 x 2 m transects at all sampling sites. Our
index of predation was the number of dead tests seen
per live urchin (Sala et al. 1998a). This measure is
imperfect; predation events do not always leave
remains, and test remains do not indicate a particular
predator with absolute certainty (Sala 1997).

Urchin and algal density. At each site, divers esti-
mated urchin density in 3 replicate 10 x 2 m retractable
transect lines deployed between 2 and 8 m depth in
October and November 2003. Surveying after 09:00 h
optimized underwater visibility. Divers measured non-
coralline algal abundance (foliose species like Ulva
lactuca, Padina durvillaei, and Dictyota sp. with flat-
tened or membranous blades, but also including more
filamentous species, such as Gracillaria spp.) as per-
centage cover by using 7 quadrants of 0.5 x 0.5 m
(0.25 m?) placed during the urchin transects. On each
visit, divers took an average temperature from 12 sta-
tions at sample depth to the nearest 0.1°C. We then
calculated the mean temperature of each site across
the course of the study (an average of 16 visits between
April 2000 and November 2003).

Statistical analysis. To determine whether communi-
ties differed between HF and LF sites, we conducted a
MANOVA with algae, sea urchins, lobsters, and hog-
fish as dependent variables. We also conducted 2 main
types of analyses using general linear models. The first
assessed associations between trophic levels. The sec-
ond compared communities at LF and HF sites. Tem-
perature (continuous), habitat (rock or rock and sand),
and the spatial position of each site (distance along a
NW to SE axis) were possible factors in the MANOVA
and GLMs. We initially entered all second-order inter-
actions into a model, but, to preserve degrees of free-
dom, discarded them if they were non-significant. Sim-
ilarly, the final model contained only significant main
effects (unless a main effect had a significant interac-
tion). For each analysis, we inspected residuals for nor-
mality (and the data were transformed if significantly
non-normal). We confirmed homogeneity of variances
with the Cochran test. Transformation of predator
abundances to Z-scores all weighted equally (Z-scores
are standardized to a mean of 0 and a standard devia-
tion of 1). We considered that urchin mortality could
result from the entire predator community. While the
predator species are unlikely to have equivalent per
capita effects as predators, we approximated the
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potential effects of the predator guild by summing the
Z-scores of each predator density (we also looked at
each predator species separately). We report F-statis-
tics, R? values, means, and standard errors, unless oth-
erwise indicated. For illustrative purposes, we provide
Pearson correlation coefficients between species to
indicate direct negative and indirect positive asso-
ciations in a food web diagram. The electronic appen-
dix reports information on sample dates, sample sizes,
means, standard deviations, etc.

RESULTS
Physical factors

A plot of the distribution of temperature (mean dive
temperature at survey depth from all site visits) among
sites was bimodal (a group of 12 cold sites at 21 to 23°C
and a group of 8 warm sites at 24 to 26°C). Differences
in temperature between HF (60% warm) and LF (20%
warm) sites were marginally significant (x> = 3.4, p =
0.06), making statistical control of temperature poten-
tially important for isolating fishing effects. There were
no significant differences in the distribution of habitat
types between HF (40% with sand) and LF (60% with
sand) sites (y? = 0.79, p = 0.37). HF and LF sites were
sufficiently interspersed that their average position
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Fig. 2. Simplified Galapagos rocky-reef food web. Solid ar-

rows between boxes represent feeding links. Dashed arrows

between boxes suggest indirect effects (trophic cascades).

Correlation coefficients (for cold sites) listed to the left of each

line. Hogfish: Bodianus diplotaenia; spiny lobster: Panulirus

penicillatus; slipper lobster: Scyllarides astori; urchins:
Eucidaris galapagensis

along the main spatial gradient (NW to SE) did not
differ statistically (F; ;5 = 1.59, p = 0.22).

Evidence for consumer-resource effects
Direct consumer effects

Where urchin predators were abundant, pencil urchins
Eucidaris galapagensis were uncommon and the index
of predation on urchins was high, at least at cold sites
(Fig. 2). The index of predation increased with the
summed abundance of predators, but this effect was
only seen at colder sites, where the index of predation
was higher (Table 1). Urchin density declined strongly
with the index of predation, particularly at cold sites
(ratio of the count of urchin tests preyed on to live
urchins; Table 2). Urchin density was not associated
with summed predator density (ANOVA, F, ;3 = 2.45,
p = 0.13). The association between predators and
urchins was only statistically significant for fish preda-
tors, particularly at cold sites (Table 3).

Non-coralline algae were not associated with urchin
abundance, but there was a marginally significant
interaction between urchin abundance and tempera-
ture (Table 4a). For this reason, we analyzed the asso-
ciation between non-coralline algae and urchins sepa-
rately at warm and cold sites. Non-coralline algae were
not associated with urchin density at warm sites
(Table 4b), but declined significantly with urchin den-
sity at cold sites (Table 4c).

Table 1. Predation on urchins and predators, R? = 0.73, F5 16 =

14.7, p < 0.0001. Non-significant factors removed to increase

power: habitat, location. Interaction coefficients standardized
to the mean here and in Tables 3,4,6 & 7

Term Estimate SE t-ratio Prob > |t
Intercept 1.244 0.314 3.96 0.0011

Pred-Z 0.030 0.010 3.19 0.0057

Temp -0.049 0.013 -3.69  0.0020

Pred-Z -0.023 0.007 -3.45 0.0033
X (Temp-23.4)

Table 2. Urchins and predation on urchins, R? = 0.62, F; 15 =
8.8, p = 0.0011. Non-significant factors removed to increase
power: habitat, location

Term Estimate SE t-ratio Prob > |t|
Intercept 100.786 40.714 2.48 0.0249
Test/Urchin -102.650 26.485 -3.88 0.0013
Temp -3.471 1.686 -2.06  0.0562
(Test/Urchin-0.11) -33.567 13.380 -2.51  0.0233
x (Temp-23.4)
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Table 3. Urchins and predators, R? = 0.48, F; 1= 5.0, p = 0.012.
Non-significant factors removed to increase power: habitat,

location
Term Estimate SE  t-ratio Prob > |¢|
Intercept -20.361 25.760 -0.79 0.4409
Fish-Z -3.329 1538 -2.16  0.0459
Temp 1.457 1.099 133 0.2034
Fish-Z 2.755 1.023 2.69 0.0160
X (Temp-23.4)

Table 4. Algae and urchins. (a) R? = 0.35, F; 16 = 2.9, p = 0.05.

Non-significant factors removed to increase power: habitat,

location. (b) Warm sites, R? = 0.36, F, = 3.5, p = 0.113. ()
Cold sites, R?=0.41, F, 10=6.9, p = 0.026

Term Estimate SE t-ratio Prob > |{|
(@)

Intercept 237.899  119.424 1.99 0.0637
Urchin -0.349 0.926 -0.38  0.7110
Temp -8.955 5.303 -1.69  0.1107
(Urchin-12.554) 1.493 0.721 2.07 0.0549
x (Temp-23.36)

(b)

Intercept -36.417 31482 -1.16 0.2914
Urchin density 3.528 1.896 1.86 0.1121
(©)

Intercept 62.216 11435 5.44 0.0003
Urchin density -2.243 0.856 -2.62  0.0255

Indirect consumer effects

Non-coralline algae were more abundant where
predators were common (Fig. 2, Table 5a). When we
entered all 3 predators as independent effects, slipper
lobsters and hogfish Bodianus diplotaenia remained
positively associated with non-coralline algal cover,
but there was a significant interaction such that the
effect of 1 species on algae diminished when the other
predator was abundant (Table 5b). Not surprisingly,
non-coralline algae increased with the summed abun-
dance of these 2 predators (Table 5c).

Evidence for fishing effects
Direct fishing effects

In the MANOVA, fishing was the only significant
independent factor (Fs ;4 = 54.4, p < 0.0001), and a cen-
troid plot revealed that the dependent variables were
sorted from algae, slipper lobsters, spiny lobsters, hog-
fish, and urchins (log) along the axis of lightly fished to
heavily fished.

Table 5. Algae and predators. (a) Sum of predators, R?> = 0.72,
ANOVA F, 13 = 47.7, p < 0.0001. Non-significant factors re-
moved to increase power: habitat, location, temperature. (b)
Predators separate, R? = 0.72, ANOVA F; ;4 = 41.8, p < 0.0001.
Non-significant factors removed to increase power: spiny lob-
ster. (c) Hogfish Bodianus diplotaenia plus slipper lobster
Scyllarides astori, R?=0.82, F, 15 =80.5, p <0.0001

Term Estimate SE  t-ratio Prob > |t|

@

Intercept 30.700 3.951 7.77 <0.0001

Pred-Z 14.072 2.037 6.91 <0.0001

(b)

Intercept 37.159 3.396 10.94 <0.0001

Slipper-Z 39.214 9.742  4.03 0.0010

Fish-Z 20.473 3.486 5.87 <0.0001

Slipper-Z -28.910 9.264 -3.12 0.0066
x Fish-Z

(©

Intercept 30.700 3.227 951 <0.0001

Fish-Z + 23.100 2,574 8.97 <0.0001
Slipper-Z

Predators were less abundant at HF sites than at
LF sites (Fig. 3, Table 6a). In particular, hogfish were
significantly less abundant at HF than LF sites (1.5 +
0.61 vs. 4.6 = 1.47 fish h™'; Table 6b). Spiny lobsters
were also less abundant at HF sites (0.15 + 0.24) than
at LF sites (0.37 +£0.32 lobsters per diver hour), an
effect that was strongest in the north west (Table 6b).
Spiny lobsters were smaller at HF sites (22.0 £ 1.0 cm
total length [TL]) than at LF sites (25.6 + 0.9 cm TL)
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Fig. 3. Fisheries effects at 2 temperatures. Horizontal axis

represents a percentage increase or decrease in untrans-

formed mean abundance (or percent composition) for each
taxon. Percentage is calculated as (HF - LF) / LF
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Table 6. Fishing and predators. (a) Sum of predator z-scores,
R? = 0.57, Fj 15 = 23.4, p < 0.0001. Non-significant factors re-
moved to increase power: habitat, location, temperature. (b)
Hogfish Bodianus diplotaenia Z-scores, R? = 0.67, Fy 15 = 36.7,
p < 0.0267. Non-significant factors removed to increase
power: habitat, location, temperature. (c) Spiny lobster Pan-
ulirus penicillatus Z-scores, R? = 0.56, Fs14=3.59, p <0.0001.
Non-significant factors removed to increase power: habitat.
(d) Slipper lobster Scyllarides astori Z-scores, R? = 0.48, F; 15 =
16.8, p < 0.0007. Non-significant factors removed to increase
power: habitat, location, temperature

Term Estimate SE  t-ratio Prob > |t|

@

Intercept 0.000 0.301 -0.00  1.0000

Fishing[high] -1.459 0.301 -4.84 0.0001

(b)

Intercept 0.000 0.132 -0.00 1.0000

Fishing[high] -0.798 0.132 -6.06 <.0001

(©

Intercept -14.001 4738 -2.96 0.0104

Fishing[high] -0.808  0.237 -3.40 0.0043

Location -0.011 0.004 -2.99  0.0098

Temp 0.654 0.212 3.09 0.0080

Fishing[high] 0.013 0.005 257 0.0221
% (Location-107.6)

(Location-107.6) -0.011 0.004 -2.92 0.0112
x (Temp-23.36)

(d)

Intercept 0.000 0.071 -0.00  1.0000

Fishing[high] -0.290 0.071 -4.10  0.0007

Table 7. Fishing and urchins. (a) R?> = 0.42, F3,6 = 3.8, p <
0.0313. Non-significant factors removed to increase power:
habitat, location. (b) Cold sites, R? = 0.51, F, 3o = 10.3, p <
0.0093. Non-significant factors removed to increase power:
habitat, location. (c) Warm sites, R?=0.41, F; s = 4.2, p < 0.086.
Non-significant factors removed to increase power: habitat,

location

Term Estimate SE tratio Prob>|t|
@

Intercept -20.604 30.289 -0.68 0.5061
Fishing[high] 2.064 1.733 1.19  0.2510
Temp 1.510 1.293 1.17 0.2602
Fishing[high] -3.011 1.293 -2.33  0.0333
x (Temp-23.36)

(b)

Intercept 12.584 1.945 6.47 <0.0001
Fishing[high] 6.254 1.945 3.21  0.0093
()

Intercept 17.706 2.016 8.78 0.0001
Fishing[high] -4.139 2.016 -2.05  0.0859

(F17 = 8.1, p < 0.001). Slipper lobsters were signi-
ficantly less abundant at HF sites (0.059 + 0.03 vs.
0.23 + 0.12 lobsters h™, R? = 0.48; Table 6d), but the
size of slipper lobsters did not differ between HF and
LF sites.

Indirect fishing effects

For the comparison of urchin density, there was a
significant interaction between fishing and tempera-
ture (Table 7a), so we analyzed the 2 temperature
groups separately. For cold sites, urchins were signifi-
cantly more abundant at HF sites (18.8 + 3.1 m™2) than
at LF sites (6.3 = 2.2 m™2) (Table 7b). There was no sig-
nificant association between fishing and urchin densi-
ties at warm sites (Table 7c).

While the cover of non-coralline algae was substan-
tially lower at HF sites (0.3 + 3.4) than at LF sites
(61.1 + 3.4) (R? = 0.90, Fy 15 = 163, p < 0.0001), the
residuals of this model were not normally distributed,
nor could they be transformed. The lack of normality
resulted from the presence of 2 distinct algal commu-
nities: 100 to 90% non-coralline algae (algal
beds/turf) and 0 to 11% non-coralline algae (crustose
barrens). Non-coralline algal beds dominated all LF
sites. In contrast, all HF sites were barrens of (90%)
encrusting coralline and articulated calcareous algae
(e.g. Amphiroa spp., Corallina spp.). This difference
in algal communities between HF and LF sites was
highly significant (Fisher’s exact test, p < 0.0001).
Divers observed (but did not quantify) that HF sites
often had high cover of the anemone Aiptasia sp.,
suggesting that these anemones are resistant to graz-
ing by urchins. In some cases, anemones covered the
remaining patches of the algae Ulva lactuca and Pad-
ina durvillaei.

DISCUSSION

Our results are consistent with the hypothesis of
top-down control in the GMR and the related expec-
tation that a decrease in predators associated with fish-
ing increases herbivores and reduces algae (Fig. 2).
These findings suggest the following scenario. Histori-
cally, lobsters Panulirus penicillatus and Scyllarides
astori and, particularly, hogfish Bodianus diplotaenia
kept herbivore populations at low levels, and non-
coralline algal communities developed because of a
community-level trophic cascade. Where the main
predators were fished, herbivores overgrazed edible
algae, promoting herbivore-resistant crustose coralline
algae (Harrold & Reed 1985). At colder sites, slate-
pencil urchins Eucidaris galapagensis appear to play a
role in this cascade. Slate-pencil urchins also graze on
corals (Reaka-Kuda et al. 1996), suggesting they might
have broader effects than we mention. It is possible
that other grazers we did not measure play an im-
portant role at warm sites.

Our results build on a growing number of studies
that indicate the importance of top-down effects in
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marine systems (Sala et al. 1998a). Trophic cascades
can result when predators reduce the abundance of
their prey to the extent that the prey’s food source
(plants or other prey) indirectly increases in abun-
dance. Fishing the predators of herbivores adds a
fourth level, fishers, to the top of the trophic cascade.
Fishing, therefore, can affect ecosystem processes and
the structure of entire communities (Sala 1997).

Like many papers on marine reserves, our study
suffers from a lack of before-after comparisons, mak-
ing it difficult to be certain that differences between
HF and LF sites are fishing effects, not persistent site
effects. For instance, reserves intentionally chosen for
their high resource value might differ from fished
areas independent of the effects of fishing. In addi-
tion, because it was not practical to take all measures
at the same time at the same site, temporal variability
could have reduced our power to detect spatial pat-
terns. While we found significant associations be-
tween fishing and algae, other factors may contribute
to spatial and temporal heterogeneity in the rocky
reef community. For instance, localized upwelling
will favor algal growth, wave energy may limit
urchins to deeper areas, and heterogeneity in sub-
strate type can alter access to shelters and habitat
(Wellington 1975). Finally, our measures of urchin
predation from found tests were indirect and imper-
fect, and the mobility and the cryptic nature of lob-
sters may have hindered accurate estimates of preda-
tor density at a particular site.

Our comparisons were spatial, but one might expect
temporal patterns as well. Past studies indicate that
urchin densities around the Archipelago fluctuate
between 2 to 8 and 34 to 50 m? (Glynn et al. 1979,
Glynn 1990). For instance, in 1954, Eucidaris galapa-
gensis were found to occur at a median density of 19
individuals m=2 in the western GMR (Malmquist 1991).
These would be relatively high densities in our plots,
and we cannot, therefore, confirm from our data the
hypothesis that urchin density has increased over time
as a result of increased fishing (Ruttenberg 2001, Okey
et al. 2004). Paired comparisons of the same sites with
the same methods would be needed to properly test
whether urchin abundance has increased over time,
but our results suggest this would only be expected at
cold sites.

At other temperate rocky reefs, non-coralline algae
provide important food and habitat for a range of spe-
cies (Lilley & Shiel 2006), suggesting that fishing
predators can have additional indirect effects on the
community. However, from our results, it is not clear
whether changes in algal communities associated with
fishing would have significant ecological or economic
consequences. Algal abundance strongly affects the
growth and mortality rates of marine iguanas (Wikelski

et al. 1997). Iguanas may, therefore, compete with
other herbivores for food (Shepherd & Hawkes 2005).
Understanding the value of non-coralline algae to the
GMR ecosystem would provide the information neces-
sary to weigh indirect effects of fishing against eco-
nomic benefits.

The patterns seen here would not have been appar-
ent if there were no areas where fishing was restricted,
underscoring the value of protected areas, both for
preserving historical conditions for future generations
and for permitting a better understanding of ecological
dynamics. Nonetheless, had restrictions on fishing
been better enforced and implemented for a longer
period of time, effects of fishing might have been
easier to detect.

Future work is desirable. Manipulative experiments
would help better understand the causal basis for the
patterns we report. Additional replication, particularly
an extension to other biogeographic regions, and stud-
ies on temporal scales that include ENSO (El Nifio
Southern Oscillation), would help determine the gen-
erality of our results. Consideration of potentially
important physical factors such as temperature, cur-
rents, wave action, and nutrients, as well as other bio-
logical factors (disease and parasitism, other predators
and competitors) might help account for the consider-
able amount of unexplained variance in our results.
Furthermore, the GMR food web is much more com-
plex than the elements we have studied (Okey et al.
2004). In particular, we regret not collecting data on
other herbivores that might play a role in trophic cas-
cades at warm sites. Finally, consideration of fishing
impacts on other top predators (the existing illegal fish-
ery for sharks, and the proposed long-line fishery on
pelagic fishes) and less well understood consumers
(the intense fishery for sea cucumbers) would be nec-
essary for a full evaluation of the direct and indirect
effects of fishing in the Galapagos.
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