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ABSTRACT: This article replaces Sonnenholzner et al. (2007; Mar Ecol Prog Ser 343:77–85), which
was retracted on September 19, 2007, due to errors in entry of data on sea urchins. We sampled 10
highly fished and 10 (putatively) lightly fished shallow rocky reefs in the southeastern area of the
Galapagos Marine Reserve, Ecuador. After the correction, these are the new results: there was a
negative association between slate-pencil urchins Eucidaris galapagensis and non-coralline algae. In
addition, pencil urchins were less abundant where there were many predators. An indirect positive
association between predators and non-coralline algae occurred. Fishing appeared to affect this
trophic cascade. The spiny lobster Panulirus penicillatus, the slipper lobster Scyllarides astori, and
the Mexican hogfish 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.
KEY WORDS: Trophic cascade · Fishing · Predation · Population structure · Eucidaris galapagensis ·
Galapagos Marine Reserve · Ecuador
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INTRODUCTION
Fishing has indirect effects on ecosystems, particularly through trophic cascades (Sala et al. 1998a, Pinnegar et al. 2000, Jackson et al. 2001, Bascompte et al.
2005), in which sea urchins are often identified as
important grazers. For instance, because sea urchins
can structure reef communities (Schiel & Foster 1986,
Hughes et al. 1987, Pearse & Hines 1987), the fishing of
urchin predators can increase the abundance of
urchins, which can then overgraze algae (Tegner &
Dayton 1981, Tegner & Levin 1983, Siversten 2006).
Evidence for this effect comes from comparisons of
fished areas with marine reserves, which can help
restore food webs to their former state (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 Galapagos Marine Reserve (GMR) (Ruttenberg 2001,
Branch et al. 2002, Bustamante et al. 2002, Okey et
al. 2004). Removal of top-predator fish species might
explain the high abundance of urchins and other
grazers on Galapagos reefs (Bustamante et al. 2007).
If this is the case, overfishing could indirectly lead to
overgrazing (Edgar et al. 2002). To investigate the
direct and indirect effects of fishing in the GMR, we
compared communities on fished and protected
rocky reefs.
In the GMR, the slate-pencil sea urchin Eucidaris
galapagensis (sometimes E. thouarsii) (Doderlein) is
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.
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1979). Removal of pencil urchins leads to an increase in
algal cover (Brandt 2003).
There are 3 conspicuously prevalent predators of
urchins: spiny lobsters (Panulirus penicillatus and P.
gracilis locally called red and green lobster, respectively), slipper lobsters: Scyllarides astori (Martinez
2000, authors’ pers. obs.) and Mexican hogfish Bodianus diplotaenia (Labridae) (Wellington 1975, authors’
pers. obs.). Lobsters are well-known urchin predators
in the Galapagos and elsewhere (including our observations in the field). The hogfish is a wrasse with a
large head and mouth, with a robust jaw well suited for
its diet of large, heavily shelled invertebrates (Hobson
& Chess 2001).
Okey et al. (2004) concluded that the fishinginduced reduction in the biomass of fishes that eat
invertebrates, and of spiny and slipper lobsters could
have indirect effects on Galapagos reefs. Lobsters support commercial and artisanal fisheries in the GMR
(Danulat & Edgar 2002, Edgar et al. 2004, Hearn 2006).
A recent wave of immigration from mainland Ecuador
to the Galapagos is thought to have led to an increase
in the extraction of a broad array of species. Spiny lobsters have been an important part of the GMR fishing
economy since the 1960s, but yield has 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 for personal
consumption and sale on the local market (2 to 3% of
the total lobster catch) (Bustamante et al. 2000, Hearn
2004). Recorded catch increased from 2 t (1990s) to 13 t
(2003) (Danulat & Edgar 2002, Molina et al. 2004).
Although Bodianus diplotaenia is not a commercial
fishery species, incidental catch may occur (Ruttenberg 2001, Murillo et al. 2002, 2003, Molina et al.
2004). Nonetheless, any fishery effects on hogfish are
purely hypothetical.

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
biogeographic area (according to 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; 10 sites were open to fishing and 10 sites were
within fishing exclusion zones conceived in 1992 and
formally established in 2000, when a spatial zonation
scheme (propuesta consensuada de zonificación provisional, Resolución 002-200), was agreed on by local

stakeholders (Danulat & Edgar 2002). We selected sites
that had experienced a relatively long-term reduction
in fishing effort (special tourism sites, sites easily
observed by the national park staff, sites where we had
personal knowledge of fishing effort, etc.). Nonetheless, due to ongoing uneven compliance with fishing
regulations, we designated the no-fishing sites as
lightly fished (LF) and the sites open to fishing as
heavily fished (HF). We note that even this broad categorization is speculative. However, the extent of fishing that occurs in our LF sites may serve to mask actual
fishing effects, and thus our comparisons between LF
and HF sites should be regarded as conservative.
A map of seafloor substratum types and habitat features (1:10 000 and 1:25 000 scale) was produced from
a side-scan sonar survey conducted from 2000 to 2001
(Briones et al. 2002). Each chart was categorized 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 presurveyed all sites that were safely accessible by boat.
Of these, 36 sites had appropriate habitat. We randomly selected 20 sites, stratified by geographic position and fishing category, resulting in 6 LF and 4 HF
sites in the NW of our study area, and 4 LF and 6 HF
sites in the SE (see Appendix 1 for additional site information; available at: www.int-res.com/articles/suppl/
m375p209_app.xls).
Lobster and fish density estimates. From April 2000
to August 2002, diver pairs surveyed lobsters. Different
behavior and microhabitat use by spiny lobster Panulirus penicillatus and slipper lobster led us to sample
each species separately. Nighttime surveys (after
19:00 h) comprised 2 transects of 20 min duration at
2 depth strata (2 to 5 and 8 to 10 m, n = 2 transects per
depth stratum per site). Transects were chosen within
the study site based on accessibility and habitat suitable for each lobster species. The total area surveyed
per site was calculated using a GPS, and transects
of 20 min resulted in an area sampled for spiny lobsters
between 11 and 211 m2 (3 dives per site) and for slipper
lobsters between 39 and 787 m2 (between 3 and 8 dives
per site). 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
(ind. diver–1 h–1) (Hearn 2006): abundance = N / Σ (T1 ×
B 1 + … Tn × B n), where N is the total number of individuals counted in all dives per site, T1 is the duration
(time spent, h) of the first dive, B 1 is the number of
divers on the first dive, and Tn and B n are the duration
of and number of divers on the last dive.
Diver pairs surveyed hogfish once per site from May
to November 2001 using randomly placed, non-overlapping video transects (VT, 25 × 4 m, total area surveyed 200 m2). Divers with a Hi-8 mm videocassette
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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

recorder swam slowly back and forth on either side of
the transect line (swath 2 m wide and 5 m above the
bottom) during a standard 40 min observation period.
Transect width was 4 m and we did not dive if visibility
was insufficient to clearly view the entire transect.
Subsequent review of the video allowed quantification
of adult fish (> 20 cm size class).
Predation. Divers collected all whole test remains of
the sea urchin Eucidaris galapagensis within the 10 ×
2 m transects. Our index of predation was the number of
tests found per live urchin (Sala et al. 1998a). This measure, while convenient, is imperfect; predation events do
not always leave remains, and test remains do not indicate a particular predator with any certainty (Sala 1997).
Urchin and algal density. At each site, divers estimated urchin density in 3 replicate 10 × 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 — as
percentage cover — non-coralline algal abundance (foliose species such as Ulva lactuca, Padina durvillaei, and
Dictyota sp. with flattened or membranous blades, but
also including more filamentous species, such as Gracil-

laria spp.) by using 7 quadrants of 0.5 × 0.5 m (0.25 m2)
placed during the surveying of urchin transects.
Site covariates. Site factors (besides fishing designation) that we used as covariates were substrate type
(sand; and rocks <1, 2 to 4 and > 4 m diameter), location
(relative distance along a NW to SE axis), current
speed (strong, moderate, light, none), protection from
wave exposure (highly exposed, moderately exposed,
sheltered), land mass (island, islet), slope (flat, moderate incline, steep, wall), and 3 independent measures
of temperature, current speed, protection from exposure and slope were subjective measures. Temperatures were measured during each visit. A diver took an
average temperature from 12 stations using a Citizen
Hyper Aqualand dive computer to the nearest 0.1°C at
a depth of 10 m. To standardize temperature by season
and year, we limited our analysis to a complete set of
measures between October and November of 2003.
However, because snapshot temperature readings
may not reflect the long-term temperature environment, we also obtained sea surface temperature (SST)
and CTD readings from the general area of our sites.
The SST data were the average of all readings be-
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tween September and November during 2000 to 2003
(Sweet et al. 2007). The World Ocean Database CTD
temperatures were from a cruise in November 2005
(Locarnini et al. 2006).
Statistical analyses. In order to consider the wide array
of site covariates and maintain degrees of freedom for
analysis, we conducted a principal components analysis
(PCA) of the 9 site factors listed above. We retained those
principal components (PCs) that had an eigenvalue >1.
To determine whether communities differed between
HF and LF sites, we conducted a MANOVA with algae,
sea urchins, lobsters, and hogfish as dependent variables. We also conducted 2 main types of analyses using
general linear models: the first assessed associations between trophic levels, and the second compared communities at LF and HF sites. We initially entered all secondorder interactions into a model, but, to preserve degrees
of freedom, discarded them if they were non-significant.
Similarly, the final model contained only significant main
effects (unless a main effect had a significant interaction). We did not include interactions between principal components in our analyses. It should be noted that
step-wise regression increases the chance of overfitting
the data. For each analysis, we inspected residuals for
normality (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 weighted all predators equally
(Z-scores are standardized to a mean of 0 and an
SD of 1). We approximated the 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-statistics, R2 , mean, and SE (of the
least-squared means), unless otherwise indicated. For illustrative purposes, we provide standardized regression
coefficients between species to indicate direct negative
and indirect positive associations in a food-web diagram.
Appendix 1 reports information on sample dates, sample
sizes, mean, SD, and other data used in our analyses.

RESULTS
Site covariates
The 9 physical variables were decomposed into 4
PCs using PCA (hereafter referred to as PC1 to 4).
Together, they explained 79% of the variation in the
9 physical factors (Table 1). Small rocks and warm temperatures dominated the first eigenvector loadings,
strong currents and isolated islets dominated the second eigenvector loadings, steep slopes and shelter
from waves dominated the third eigenvector loadings,
and shelter and proximity to the northwest dominated
the 4th eigenvector loadings.

Table 1. Eigenvectors for the first 4 principal components
(PCs) from 9 physical factors (see ‘Materials and methods:
Statistical analyses’). SST: sea surface temperature
PC
Variable

1

Substrate
Current speed
Location
Protection from exposure
Land mass
Slope
Field temperature
SST (temperature)
CTD (temperature)

2

3

4

–0.460 0.11
0.09
0.42
–0.090 0.55 –0.130 0.39
0.34 –0.370 –0.200 0.45
0.15
0.34 –0.480 –0.460
–0.190 –0.390 0.45 –0.190
0.21
0.28
0.60 –0.170
0.46
0.15
0.14 –0.160
0.34
0.32
0.33
0.35
0.48 –0.280 –0.110 0.20

Evidence for consumer-resource effects
Direct consumer effects
During the SCUBA surveys and other field visits we
commonly observed evidence of predation on Eucidaris galapagensis. For instance, hogfish and spiny
lobster were observed eating pencil urchins on several
occasions. Observations of feeding by slipper lobsters
were less common, but on the islands of Sombrero
Chino and Albany (S), we twice observed slipper lobsters hiding in crevices and eating pencil urchins.
Where urchin predators were abundant, pencil
urchins were rare and the index of predation (ratio of
tests to live urchins) was high (Fig. 2). The index of
predation increased with the summed abundance of
predators (Table 2). This association was stronger at
sheltered and northwest sites. Urchin density declined
strongly with the index of predation (Table 3). Multiple interactions with the physical covariates suggested this association tended to be stronger at sites
that were warm, had small rocks, were sheltered,
were at large islands, had weak currents, and were
in the northwest. A negative association existed between summed predator density and urchin density
(Table 4). There was no independent effect of spiny
lobsters on urchin density, but slipper lobsters and
hogfish densities were significantly negatively associated with urchins (Table 4). Independent of predators,
urchin density was higher at sites in the northwest
and sites that were sheltered.
Non-coralline (foliose) algae declined with the abundance of urchins (Table 5). This association was
strongest at exposed sites and island sites. Algal abundance was associated with other factors besides pencil
urchins. More foliose algae occurred at cooler sites,
sites with larger rocks, sites with steep slopes, and
sheltered sites.
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Table 4. Urchins and predators. Response is log Urchin density: R2 = 0.34, F2,17 = 4.5, p = 0.0278; hogfish density: R2 = 0.43,
F3,16 = 3.9, p = 0.0272; slipper lobster density: R2 = 0.35, F2,17 =
4.6, p = 0.0257. Non-significant factors (PC 1 to 3) removed to
increase power

Hogfish

Slipper lobster

Spiny lobster

Term

–0.63
–0.23

–0.45

0.52

0.59

Urchins

–0.45

0.74

Algae

Fig. 2. Simplified Galapagos rocky-reef food web. Solid arrows
between boxes represent feeding links. Dashed arrows between boxes suggest indirect effects (trophic cascades). Standardized regression coefficients listed to the left of each line.
Hogfish: Bodianus diplotaenia; spiny lobster: Panulirus pencillatus; slipper lobster: Scyllarides astori; urchins: Eucidaris
galapagensis
Table 2. Predator density and evidence for predation on
urchins. Response is the ratio of urchin tests to live urchins.
R2 = 0.59, F5,14 = 4.0, p = 0.0182. Pred-Z: Non-significant interactions (PC 2) removed to increase power
Term

Estimate

Intercept
0.030
Pred-Z
0.015
PC 1
0.011
PC 3
–0.0110
PC 4
0.015
Pred-Z × PC 4 0.010

SE

t-ratio

Prob > |t |

0.006
0.004
0.005
0.005
0.006
0.004

4.92
3.94
2.38
–1.980
2.58
2.60

0.0002
0.0015
0.0321
0.0681
0.0217
0.0208

Table 3. Urchin density and evidence for predation on urchins
(ratio of urchin tests to live urchins). Response is log urchin
density. R2 = 0.80, F7,12 = 6.9, p = 0.0019. Non-significant
factors (PC 1) removed to increase power
Term
Intercept
Test:Urchin
PC 2
PC 3
PC 4
(Test:Urchin –
0.025) × PC 2
(Test:Urchin –
0.025) × PC 3
(Test:Urchin –
0.025) × PC 4

Estimate

SE

t-ratio

Prob > |t |

0.825
–26.18800
0.198
–0.1030
0.207
11.1940

0.081
5.967
0.071
0.050
0.104
3.689

10.15
–4.39
02.79
–2.07
02.00
03.03

< 0.00010
0.0009
0.0164
0.0609
0.0684
0.0104

–5.8890

2.183

–2.70

0.0194

12.8180

4.605

02.78

0.0165

log Urchin
Intercept
Pred-Z
PC 4
Hogfish
Intercept
Fish-Z
PC 4
Fish-Z × Prin4
Slipper lobster
Intercept
Slipper-Z
PC 4

Estimate

SE

t-ratio

Prob > |t |

00.467
–0.075
–0.176

0.075
0.033
0.075

06.22
–2.27
–2.35

< 0.00010
0.0364
0.0312

00.438
–0.246
–0.184
–0.149

0.074
0.089
0.072
0.078

05.92
–2.76
–2.54
–1.91

< 0.00010
0.0141
0.0220
0.0747

00.467
–0.178
–0.130

0.075
0.077
0.073

06.25
–2.32
–1.78

< 0.00010
0.0332
0.0935

Indirect consumer effects
Non-coralline (foliose) algae were more prevalent
where predators were common (Fig. 2, Table 6). The effect was consistent among predators when each species
was analyzed separately (Table 6). PC 3 was a significant
or near significant covariate for algae in all analyses with
predators, suggesting that, independent of the predator
community, foliose algae were more prevalent at sites
sheltered from waves and with steep slopes.

Evidence for fishing effects
Direct fishing effects
In the MANOVA, fishing was the only significant
independent factor (F5,10 = 90.2, p < 0.0001), and a centroid plot revealed that the dependent variables were
sorted from algae, hogfish, slipper lobsters, spiny lobsters, and urchins (log) along the axis of lightly fished
to heavily fished.

Table 5. Algae and urchins. Response is cover of foliose algae
(%). All sites R2 = 0.61, F4,15 = 4.7, p = 0.0046. Non-significant
factors (PC 2 and 4) removed to increase power
Term

Estimate

SE

Intercept
log Urchin
PC 1
PC 3
(log Urchin –
0.467) × PC 3

47.336
–37.5490
–6.643
14.145
30.915

08.354
14.220
03.321
04.524
11.430

t-ratio

Prob > |t |

5.67
< 0.00010
–2.640
0.0185
–2.000
0.0639
3.13
0.0069
2.70
0.0163
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Table 6. Algae and predators. Sum of predators: R2= 0.80,
ANOVA F2,17 = 33.4, p < 0.0001; hogfish only: R2= 0.72,
ANOVA F2,17 = 21.5, p < 0.0001; slipper lobster only: R2= 0.54,
ANOVA F2,17 = 10.0, p = 0.0013; spiny lobster only: R2 = 0.48,
ANOVA F2,17 = 7.9, p = 0.0037; all predators separately: R2 =
0.96, ANOVA F9,10 = 27.0, p = 0.000; Non-significant factors
(PC 1 and 4) removed to increase power
Term

Estimate

SE

Sum of predators
Intercept
Pred-Z
PC 3

30.700
10.946
7.207

3.497
1.564
3.168

8.78
7.00
2.27

< 0.0001
< 0.0001
0.0361

Hogfish only
Intercept
Fish-Z
PC 3

30.7
24.220
7.370

4.134
4.405
3.757

7.43
5.50
1.96

< 0.0001
< 0.0001
0.0664

Slipper lobster only
Intercept
Slipper-Z
PC 3

30.700
19.418
8.819

5.265
5.577
4.757

5.83
3.48
1.85

< 0.0001
0.0029
0.0812

Spiny lobster only
Intercept
Spiny-Z
PC 3

30.700
17.117
11.549

5.591
5.763
4.915

5.49
2.97
2.35

< 0.0001
0.0086
0.0311

All predators together
Intercept
26.520
Fish-Z
19.509
Spiny-Z
–10.847
Slipper-Z
31.866
PC 2
–12.074
PC 3
7.959
Fish-Z × Slipper-Z
–18.151
Spiny-Z × Slipper-Z
32.521
Spiny-Z × PC 2
–21.066
Spiny-Z × PC 3
5.068

3.727
3.995
5.082
5.213
4.600
2.253
3.486
8.703
6.006
2.564

7.12
4.88
–2.13
6.11
–2.63
3.53
–5.21
3.74
–3.51
1.98

< 0.0001
0.0006
0.0586
0.0001
0.0253
0.0054
0.0004
0.0039
0.0057
0.0763

% difference associated with fishing
–100

–50

50

100

150

200

250

Spiny lobster

Slipper lobster

t-ratio Prob>|t |

Combined, predators were less abundant at HF sites
than at LF sites (Fig. 3, Table 7). This association was
stronger at sheltered and southeast sites. Similarly,
when analyzed separately, hogfish (1.7 ± 0.33 [SE] vs.
4.6 ± 0.33 ind. h–1), spiny lobster (0.12 ± 0.08 vs. 0.39 ±
0.08 ind. h–1), and slipper lobster (0.07 ± 0.025 vs.
0.21 ± 0.025 ind. h–1) were less abundant at HF sites
than at LF sites (Table 7). The association between
fishing and hogfish density was greater at exposed and
northwest sites (where hogfish and spiny lobster were
relatively less abundant) and the difference in density
for slipper lobster between HF and LF sites was greater
at island sites and sites with weak currents.

0

Hogfish

Pencil urchins

Non-coralline algae

Fig. 3. Relative differences in abundance between heavily
fished (HF) and lightly fished (LF) sites. The horizontal axis
represents a percentage increase or decrease in untransformed mean abundance (or percent composition) for each
taxon, calculated as (HF–LF)/LF

While the cover of non-coralline algae was substantially lower at HF sites, 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 communities: in one, the algae
were 100 to 90% non-coralline algae (algal beds/turf),
while in the other the algae were 0 to 11% noncoralline algae (crustose barrens). Non-coralline algal
beds dominated all LF sites. In contrast, all HF sites
were barrens where 90% of the algae were 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 grazing by urchins. In
some cases, anemones covered the remaining patches
of the algae Ulva lactuca and Padina durvillaei.

DISCUSSION
Indirect fishing effects
Pencil urchin density was higher at HF sites compared
to LF sites (4.5 ± 1.55 [SE] vs. 2.2 ± 1.55 ind. m–2, Table 8).
This difference was stronger at isolated islet sites with
strong currents, shelter, and proximity to the northwest.

Our results are consistent with the hypothesis of topdown control in the GMR and the related expectation
that a decrease in predators associated with fishing
increases herbivores and reduces algae (Fig. 2). These
findings suggest the following scenario. Historically,
hogfish Bodianus diplotaenia and lobsters Panulirus
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Table 7. Fishing and predators. Sum of predator Z-scores, R2 =
0.82, F4,15 = 17.0, p < 0.0001; non-significant factors (PC 1 and 2)
removed to increase power. Hogfish Z-scores: R2 = 0.76, F3,16 =
17.3, p < 0.0001; PC 1 to 3 removed. Spiny lobster Z-scores: R2 =
0.33, F2,17 = 4.15, p = 0.0341; PC 1 to 3 removed. Slipper lobster
Z-scores: R2 = 0.74, F4,15 = 10.5, p = 0.0003; PC 3 and 4 removed
Term

Estimate

SE

t-ratio Prob>|t |

Sum of predator z-scores
Intercept
2.342
Fishing
–4.500
PC 3
–0.557
PC 4
–1.634
Fishing × PC 4
–1.422

0.400 5.85
0.610 –7.38
0.265 –2.11
0.419 –3.90
0.523 2.72

< 0.0001
<.0001
0.0525
0.0014
0.0158

Hogfish
Intercept
Fishing
PC 4
Fishing × PC 4

0.814
–1.530
–0.760
0.752

0.169 4.81
0.239 –6.41
0.194 –3.92
0.243 3.10

0.0002
< 0.0001
0.0012
0.0069

Spiny lobster
Intercept
Fishing
PC 4

0.448
–0.896
–0.385

0.275 1.63
0.391 –2.29
0.191 –2.02

0.1219
0.0348
0.0597

Slipper lobster
Intercept
Fishing
PC 1
PC 2
Fishing × PC 2

0.502
–1.073
–0.165
0.661
–0.700

0.193 2.60
0.284 –3.78
0.087 –1.89
0.186 3.55
0.220 –3.18

0.0199
0.0018
0.0780
0.0029
0.0063

Table 8. Fishing and urchins. Response is the log density of
urchins. All sites, R2 = 0.63, F4,14 = 4.85, p = 0.0088. PC 1 and
3 removed
Term

Estimate

Intercept
0.346
Fishing
0.309
PC 2
–0.2250
PC 4
–0.3500
Fishing × PC 2 0.248
Fishing × PC 4 0.325

SE

t-ratio

Prob > |t |

0.089
0.125
0.090
0.104
0.106
0.129

3.88
2.47
–2.490
–3.370
2.33
2.52

0.0017
0.0272
0.0261
0.0046
0.0354
0.0245

penicillatus and particularly Scyllarides astori kept
herbivore populations at low levels, and non-coralline
algal communities developed because of a communitylevel trophic cascade. Where the main predators were
fished, herbivores overgrazed edible algae, promoting
herbivore-resistant crustose coralline algae (Harrold &
Reed 1985). 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
mentioned here.
Hogfish were significantly less abundant at our HF
sites. This is surprising given that this species does not
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formally support a commercial fishery. The apparent
fishing effect might be driven by artesanal fishing for
local consumption. We observed spearfishing for Bodianus diplotaenia for local sale. Several fishermen from
3 fishing cooperatives in San Cristobal, Santa Cruz and
Isabela islands informally reported to us a decline in
B. diplotaenia abundance in fished areas. Alternatively, hogfish might be indirectly associated with protected areas.
Our results build on a growing number of studies
that indicate the importance of top-down effects in
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) increases in abundance. Fishing
the predators of herbivores adds a 4th 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 studies on marine reserves, our study suffers from a lack of before–after comparisons, making 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 addition,
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 patterns.
Algal communities are notably dynamic in this system.
While we found significant associations between 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 (consistent with our observation of more algae
at cooler sites), wave energy may limit urchins to
deeper areas (consistent with our observation of more
urchins at sheltered sites), and heterogeneity in substrate type can alter access to shelters and habitat
(Wellington 1975). Finally, our measures of urchin predation from tests were indirect and imperfect, and the
mobility and cryptic nature of lobsters may have hindered accurate estimates of predator 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 ind. m–2 (Glynn et al. 1979,
Glynn 1990). For instance, in 1954, Eucidaris galapagensis were found to occur at a median density of
19 ind. 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
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