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Nutrient supply from fishes facilitates
macroalgae and suppresses corals in a
Caribbean coral reef ecosystem

Deron E. Burkepile, Jacob E. Allgeier?, Andrew A. Shantz', Catharine E. Pritchard'-%, Nathan P. Lemoine,
Laura H. Bhatti' & Craig A. Layman’

' Marine Science Program, Department of Biological Sciences, Florida International University, 3000 NE 151+ Street, North Miami,
FL33181, USA, 20dum School of Ecology, 140 East Green Street, The University of Georgia, Athens, GA 30602, USA, 3Oregon
Institute of Marine Biology, 634666 Boat Basin Road, Charleston, OR, USA 97420.

On coral reefs, fishes can facilitate coral growth via nutrient excretion; however, as coral abundance declines,
these nutrients may help facilitate increases in macroalgae. By combining surveys of reef communities with
bioenergetics modeling, we showed that fish excretion supplied 25 times more nitrogen to forereefs in the
Florida Keys, USA, than all other biotic and abiotic sources combined. One apparent result was a positive
relationship between fish excretion and macroalgal cover on these reefs. Herbivore biomass also showed a
negative relationship with macroalgal cover, suggesting strong interactions of top-down and bottom-up
forcing. Nutrient supply by fishes also showed a negative correlation with juvenile coral density, likely
mediated by competition between macroalgae and corals, suggesting that fish excretion may hinder coral
recovery following large-scale coral loss. Thus, the impact of nutrient supply by fishes may be
context-dependent and reinforce either coral-dominant or coral-depauperate reef communities depending
on initial community states.

wo of the most pervasive anthropogenic impacts to aquatic ecosystems are the selective harvest of higher

trophic level organisms' and modified nutrient regimes that change patterns of productivity’. Dramatic

changes in ecosystem function often follow changes to top-down and bottom-up forcing’. Importantly,
alterations of both top-down and bottom-up processes may be mediated through changing the relative abund-
ance of consumers. That is, in addition to altering primary producer abundance through consumption, con-
sumers may be a significant source of limiting nutrients via their excretion®. In both freshwater and marine
systems, differential exploitation of species can fundamentally change nutrient cycling regimes>’, as well as
modify patterns of predation and herbivory.

In coral reef systems, alterations to top-down and bottom-up forcing via overfishing and anthropogenic
eutrophication are among the mechanisms mediating the decline in coral, and rise in algae, on reefs worldwide’.
Following loss of coral after disturbance, such as coral bleaching or disease, algae rapidly colonize open space.
Under conditions of reduced herbivory these algae then proliferate®. Increased algal cover can prevent the
settlement and/or survivorship of juvenile corals'®"" and outcompete and kill established corals'?. Although
increasing nutrient availability often has minimal impact on algal abundance when herbivory is intense, once
herbivore pressure is reduced, increasing nutrient concentrations can exacerbate the increase in algal abundance®.
Thus, interactions among disturbance, eutrophication and overfishing can lead to coral-depauperate reefs with
abundant algae".

Despite the important role of both consumers and nutrients in influencing community dynamics on coral
reefs, the role of bottom-up forcing by fish excretion has generally been ignored as a mechanism for altering
benthic community structure. This is surprising given that nutrient input via consumers may be especially
important in ecosystems, like coral reefs, that typically have low nutrient availability®'*"'°. Further, previous
studies show that nutrient excretion by fish schools has important effects on coral growth. Ambient water
column ammonium and urea concentrations may be up to 3-4 times higher near dense schools of fish than
in adjacent areas without fish'”'®. Studies that have examined the impact of fish excretion on coral growth
have consistently found positive effects, with corals often growing >50% faster when they host fishes
(compared to corals that do not)'”'*"*'. Because nutrients from fish excretion can facilitate coral growth,
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Figure 1 | Conceptual model of the effects of fish excretion on coral reefs. Conceptual diagram of the proposed influence of fish excretion on

corals and macroalgae in both coral-dominant and coral-depauperate reefs. Line thickness represents the strength of the interaction. Size of the words for
fishes, corals, and macroalgae represents their relative abundance in the community in either scenario. The transition from coral-dominant to coral-
depauperate could have resulted from any disturbance such as coral bleaching or a hurricane. Herbivory per unit area is assumed to decline from the
coral-dominant to the coral-depauperate scenario, as a decline in coral cover results in more open space that herbivores are required to graze to keep algal

populations low.

consumer-driven nutrient supply may help reinforce coral dom-
inance in reef ecosystems (Fig. 1), although this notion remains
untested on a reef-wide scale.

The positive effect of fish excretion may seem counterintuitive, as
it is often assumed that increasing nutrient availability has negative
effects on coral growth™. Yet, experiments suggest that nutrient
enrichment can have either positive or negative effects on coral
growth, with variation in responses driven by coral species, nutrient
identity (N, P, or N and P), and ambient nutrient concentrations* >,
Thus, fish excretion could potentially affect corals in a different way
than anthropogenic eutrophication due to differences in nutrient
concentration or types of nutrients (e.g. ammonium and urea are
often present in fish excretion vs. nitrate in anthropogenic eutrophi-
cation'®). Further, fish excretion is likely spatially variable over time
as fish move around a reef, or off the reef at night, while anthro-
pogenic eutrophication is likely more spatially and temporally con-
stant. Thus, the differences in nutrient identity, concentration, and
consistency between fish excretion and anthropogenic eutrophica-
tion may result in fundamentally different effects on coral growth.

The impact of fish excretion may also be contingent on initial
community composition. In areas where disturbance has reduced
coral cover, nutrient input from fishes could increase primary pro-
duction by macroalgae that tend to proliferate when free space is
available (Fig. 1). Since macroalgae can have direct negative effects
on corals'*""?, this interaction could function as a negative feedback
on coral abundance. Thus, the impact of fish excretion could be an
important feedback mechanism that reinforces either coral-domi-
nated or coral-depauperate community states depending on the ini-
tial starting conditions of the community [e.g.*°].

Here, we investigate the roles of bottom-up (nutrient excretion
from fishes) and top-down (herbivore biomass) forces on benthic
community structure on coral reefs in the Florida Keys, USA, where
coral cover has declined significantly over the past several decades™.
We used field surveys across forereefs in the Florida Keys to quantify
reef fish abundance, benthic community structure, and algal stoichi-
ometry. Using bioenergetics models, we calculated the excretion
rates of nitrogen and phosphorus by resident fishes as an estimate
of bottom-up forcing on benthic communities. Using, these modeled
fish excretion data and our field surveys of reef communities, we
examined the relationships among herbivory, fish-derived nutrients,
and reef community structure.

Results

Fish biomass varied widely across reef sites (Table S1). Herbivorous
fish biomass (Scaridae and Acanthuridae) was high relative to many
other sites in the wider Caribbean®® averaging 22.5 g/m’ (range:
10.9-66.6 g/m?). Parrotfishes (Scaridae; mean 16.3 g/m’ range:
5.6-49.7 g/m?) were often more abundant than surgeonfishes (Acan-
thuridae; mean 6.2 g/m? range: 3.2-16.9 g/m?®). Carnivorous fish
biomass (e.g. Lutjanidae, Haemulidae, Serranidae, Labridae) was also
high, but variable, averaging 87.8 g/m’ (range: 19.6-213.6 g/m?).

Bioenergetics modes (Table S2) showed that fishes were a signifi-
cant source of nitrogen and phosphorus to reefs (Table 1). When
compared to other sources of nitrogen input to the Florida Keys
National Marine Sanctuary®, the modeled input of nitrogen from
fishes on the average reef represent the most important source of
nitrogen for the benthos - 25.3 times higher than all other sources
combined (Table 1). Nutrient content of the brown alga Dictyota
menstrualis across reef sites showed a positive correlation between
algal tissue nutrient concentration and fish excretion rates for both
nitrogen (r = 0.78, P = 0.003) and phosphorus (r = 0.73, P = 0.007;
Fig. 2). These data suggest that fish biomass and fish-derived
nutrients have a strong influence on nutrient availability on these
reefs.

Macroalgal cover averaged 38.9 = 3.6% (mean * SE) but varied
over 3 fold (22-65% among reefs) (Table S1). The most abundant
macroalgae were the brown algae Dictyota spp., which represented
90% of the total macroalgal cover across all reefs. Halimeda spp.
(~5% of cover), Stypopodium zonale (~2% of cover), Amphiroa
spp. (~1% of cover) and Laurencia spp. (~1% of cover) were other
common algae. Results of multiple regression showed that fish excre-
tion and parrotfish biomass were both important predictors of
macroalgal cover, but in different directions (Table 2). Excretion
rates of both nitrogen and phosphorus showed positive correlations
with algal cover while parrotfish biomass showed negative correla-
tions. The most informative models according to AIC. contained
both excretion and parrotfish biomass terms. There was moderately
better support for the model containing nitrogen excretion and par-
rotfish biomass over the model containing phosphorus excretion and
parrotfish biomass (AAIC. = 2.74). Models including only single
terms (e.g. parrotfish biomass or nutrient excretion terms only)
had AAIC, values >9.3 suggesting considerably less support. Impor-
tantly, results of multiple regression were quantitatively similar
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excretion rates as calculated from the mean bioenergetics models

Table 1 | Summary of fish nitrogen and phosphorus excretion data from our study compared with other nitrogen inputs in the Florida Keys
National Marine Sanctuary (from Lamb-Wozniack 2007). Minima and maxima values represent the reefs with the lowest and highest

Other N sources fo reefs in the Florida Keys — from Lamb-Wozniak (2007)

Type of fish excretion Mean (mg/m?/day) 95% Cl for Mean Min Max

Phosphorus excretion - All fishes 5.18 4.75-5.44 0.53 17.97
Phosphorus excretion - Carnivores only 4.93 4.52-5.17 0.37 17.71
Phosphorus excretion - Herbivores only 0.25 0.23-0.27 0.11 0.60
Nitrogen excretion - All fishes 35.67 31.84-37.75 6.70 101.11
Nitrogen excretion - Carnivores only 31.60 29.76-33.36 4.23 96.74
Nitrogen excretion - Herbivores only 4.07 2.08-4.40 1.84 9.63

N mass (mg/m?/day)

Anthropogenic sources
Upwelling/internal bores
Atmospheric deposition

Influx of Florida Bay waters
Florida Current gyres

Nitrogen fixation

Ammonium efflux from sediments
Total

0.13
0.17
0.1
0.03
0.15
0.71
0.1
1.41

regardless of if we used the mean, lower 95%, or upper 95% derived
values from bioenergetics models (compare Table 2 to Table S3).
Thus, patterns were robust across a substantial gradient of modeled
fish excretion rates that take into account potential natural variability
in diet, consumption rates, and stoichiometry of these fishes. As
another way to visualize the interaction of fish excretion and herbiv-
ory on macroalgal cover, Pearson’s correlation showed a strong pos-
itive correlation between the ratio of total fish: parrotfish biomass
and macroalgal cover (r = 0.81, P = 0.001; Fig. 3). Thus, as the
overall biomass of fishes (and concomitant rates of nutrient excre-
tion) increased per unit of parrotfish biomass, macroalgal cover also
increased.

Abundance of juvenile corals averaged 6.9 = 0.6 individuals/m?
(mean * SE) and varied over 2.3 fold (range 4.1-9.3 individuals/m?)
(Table S1). The most common juvenile corals were Agaricia spp.,
Porites astreoides, Porites porites, and Siderastrea siderea which
represented >90% of all juvenile corals. Multiple regression sug-
gested nutrient excretion rates were negatively correlated with juven-
ile coral density, while coral cover showed a positive correlation with
coral density (Table 2). Models including only single terms (e.g. coral
cover or nutrient excretion terms only) had AAIC, values >3.9 sug-
gesting less support versus the model with both terms. As for regres-
sions with algal cover, results of multiple regression with juvenile
coral abundance were quantitatively similar regardless of if we used
the mean, lower 95%, or upper 95% derived values from bioener-
getics models (compare Table 2 to Table S3).

Further, there was a strong negative correlation between the
abundance of juvenile corals and macroalgal cover (r = —0.82, P
= 0.001, Fig. 4A). Although this pattern could result if macroalgae
grew over juvenile corals and obscured them from view, we searched
through macroalgae for juvenile corals during our survey making it
unlikely that we overlooked corals when macroalgal cover was dense.
Additionally, as macroalgal cover increased, the frequency of juvenile
corals in direct physical contact with macroalgae, likely a proxy for
direct competition, increased significantly (r = 0.94, P < 0.001,
Fig. 4B).

Discussion

Multiple interacting stressors, such as disturbance, overfishing, and
eutrophication, have eroded the resilience of many coral reefs leading
to coral-depauperate systems with high macroalgal cover'>*.
Nutrient availability on coral reefs, particularly nutrients supplied
by fishes, may be an important, context-dependent, force influencing
transitions between coral- and algal-dominated states (Fig. 1).

Previous studies suggest that nutrient loading from fishes may facil-
itate coral growth'”'*', potentially reinforcing high coral cover.
Further, when coral cover is high, little reef area is covered by algae,
resulting in strong top-down control by herbivores and the reinforce-
ment of coral dominance®**'. However, when disturbance reduces
coral cover, as has happened over decades in the Florida Keys”,
grazing rates per unit area of reef often decline as there is more open
space available for algal colonization. Under conditions of low her-
bivory, nutrient loading may facilitate an increase in algae®. Our data
suggests that once a coral-depauperate state is reached, fish excretion
may act to reinforce this state by facilitating macroalgal growth,
which, in turn, may limit coral recruitment and survivorship via
direct competition. Thus, fish-mediated nutrient loading may act
as a feedback that may either facilitate or inhibit corals depending
on the initial starting condition of the community.

Unfortunately, we could not rigorously test both sides of our pro-
posed conceptual model of how fish-derived nutrients may impact
coral reef communities (Fig. 1). While we show strong evidence to
support the idea that fish excretion can facilitate macroalgae and
suppress coral recovery once coral cover is low, we cannot address
if fishes facilitate coral growth and reinforce coral dominance in our
system as coral cover is low across the Florida Keys. However, mul-
tiple studies of the positive feedbacks between fish excretion and
coral growth at relatively small scales''*** support the idea that
abundant fishes could facilitate corals at the reef-wide scale. Rigo-
rous experimental examination of how reductions in coral cover
impact the nature of fish excretion likely are not logistically or eth-
ically feasible on ecologically meaningful scales. However, simulation
modeling studies (e.g."**') may be especially useful for examining
how variations in fish biomass, fish excretion, and herbivory can
interact to impact reef communities and potentially alter the dyna-
mics of corals and macroalgae.

Nutrient supply from consumers should be most important in
relatively nutrient-poor systems such as tropical freshwater streams'
and seagrass beds®'¢. The reefs of the Florida Keys, like many reefs
worldwide, are relatively oligotrophic (dissolved inorganic nitrogen
< 025pM and soluble reactive phosphorus < 0.05 pM)™.
Macroalgae in the Florida Keys are often nitrogen limited®, and
our data suggest that nitrogen may have been the most limiting
nutrient (i.e., the model with the most support explaining algal cover
included nitrogen excretion). When we compared estimates of the
input of nitrogen from a variety of different biotic and abiotic pro-
cesses to reefs in the Florida Keys® with our modeled estimates of
nitrogen excretion by fishes, the input of nitrogen from fishes is over
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Figure 2 | Relationship between modeled fish excretion rates and tissue nutrients of algae. Relationships between fish excretion and the percent
nitrogen (A) and percent phosphorus (B) in the tissues of the brown alga Dictyota menstrualis.

two orders of magnitude higher than any other single source of
nitrogen and 25 times higher than all other sources of nitrogen
combined.

On the average reef in our study, carnivorous fishes were respons-
ible for 7.8 times more nitrogen excretion and 19.7 times more phos-
phorus excretion than were herbivorous fishes. These differences
were due to the higher abundance of carnivorous fishes, in general,
as well as the higher rates of nutrient release by carnivores due to
their more nutrient rich diets*. Herbivorous and carnivorous fishes
also vary in their functional role because the nutrients they excrete
may be derived from different places within the reef landscape. For
herbivores, the majority of nutrients excreted would be derived from
their diets of algae and detritus gleaned from the reef. Thus, they
would mostly be recycling nitrogen and phosphorus back to the

primary producer community on the reef. Many of the carnivorous
fish species (Haemulidae and Mullidae), however, do not feed on
reefs but forage in nearby seagrass beds and sand plains at night
and shelter on reefs during the day®. Thus, much of the nitrogen
and phosphorus excreted by many carnivorous fishes may be vec-
tored to these reefs from nearby habitats, essentially acting to sub-
sidize primary production on reefs.

There is a long-running debate over the relative roles of herbivory
versus nutrient availability in determining algal abundance on coral
reefs®. Most empirical work to date shows that herbivory is the prim-
ary determinant of overall algal abundance, but these two factors
often interact with nutrient availability impacting algal species com-
position and abundance across a range of herbivory levels®**.
However, studies of the interaction of top-down and bottom-up
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Table 2 | Results of multiple linear regression using Akaike Information Criteria (AIC,), assessing factors that may explain patterns in
macroalgal cover or juvenile coral abundance. A positive estimate for a model term indicates a positive correlation bewteeen macroalgae
or corals and that model term; a negative estimate indicates a negative correlation bewteeen macroalgae or corals and that model term
Macroalgal cover — Model terms (estimate) r? AIC, AAIC,

Log nitrogen excretion (10.84)

Log parroffish biomass (—12.98) 0.83 85.51 0

Log phosphorus excretion (9.09)

Log parroffish biomass (—13.18) 0.79 88.25 274

Log nitrogen excretion (9.76) 0.46 94.84 9.33

Log phosphorus excretion (7.99) 0.41 95.97 10.46

Log parrotfish biomass (—10.99) 0.27 98.58 13.07

Juvenile coral abundance - Model terms (estimate) r? AlC, AAIC,

Log nitrogen excretion (—1.15)

Log coral cover (1.11) 076 44.23 0

Log phosphorus excretion (—0.94)

Log coral cover (1.35) 0.75 44.82 0.59

Log nitrogen excretion (—1.51) 0.50 48.16 3.93

Log coral cover (1.46) 0.49 48.42 4.19

Log phosphorus excretion (—1.06) 0.33 51.71 7.48

forcing on reefs have focused on the impact of anthropogenic eutro-
phication, or variations in upwelling intensity, and have generally
ignored the importance of nutrient supply from fishes. This lack of
appreciation for the role of fishes as sources of limiting nutrients may
lead to a gap in our knowledge regarding ecosystem function.
Although our data suggest that herbivory and fish excretion both
impact algal communities, fish excretion may exert as much or more
influence on the reefs in our study. Although single variable models
were much less informative than models including both parrotfish
biomass and fish excretion terms, models of either nitrogen excretion
or phosphorus excretion alone explained more variance in the algal
cover data (r* = 0.46, AAIC. = 9.33 and r* = 0.41, AAIC. = 10.46,
respectively) than did parrotfish biomass alone (r* = 0.27, AAIC, =
13.07). Thus, the nutrients excreted by fish may have more influence
over algal cover than does herbivory in this reef system.

Our study represents a unique examination of the interplay
between bottom-up forcing from fish excretion and top-down for-
cing from herbivores on reef community structure. Like other studies
[e.g”°], we showed a significant negative correlation between
herbivore biomass, particularly parrotfish biomass, and macroalgal
cover. However, the strong positive correlation between the ratio of

70
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Figure 3 | Relationship between patterns in fish biomass and macroalgal
cover across reefs. Correlation between the ratio of total fish
biomass:parrotfish biomass and macroalgal cover.

overall fish biomass:parrotfish biomass and macroalgal cover (Fig. 3)
supports the notion the increasing nutrient availability from more
abundant fishes (i.e. carnivores) can reduce the efficiency of top-
down control by herbivores, at least on reefs where coral cover is
already low. Granted, the absolute abundance of these fishes will
matter as well. If herbivores are extremely overfished, it likely will
not matter how much nutrients fish excrete as macroalgae will have
little top-down control and will likely flourish. Yet, on reefs where
fishes are abundant, the ratio of overall fish biomass:herbivorous fish
biomass may be an important determinant of algal abundance.

As one example, the reef in our study with the highest biomass of
herbivorous fishes (66.6 g/m’ total herbivore biomass; 49.7 g/m’
parrotfishes) had moderate macroalgal cover (31%) perhaps due to
the supply of nutrients by the abundant carnivores (197.8 g/m?). If
the nutrient supply of these carnivores were unimportant in this
system, one would have expected this reef, with herbivore biomass
that is higher than many well-protected reefs in the Caribbean®, to
have little macroalgae. An alternative explanation is that increasing
carnivore biomass could increase algal production via top-down
regulation of herbivore biomass or alteration to herbivore grazing
behavior®. Yet in our study system, the carnivore community is
dominated by smaller bodied species (e.g. most grunts and snapper,
as opposed to large-bodied grouper, other snapper, sharks etc.) that
would be unlikely to feed on the herbivorous fishes present on these
reefs.

Another potential alternative explanation for the positive relation-
ship between total fish biomass (and therefore fish excretion) and
macroalgal cover is that sites with higher algal abundance have
higher delivery of nutrients from other sources. As such, the sites
with higher primary productivity support greater fish biomass
through a bottom-up mechanistic pathway. However, a long-term
(1995-2010) water quality monitoring data set at the majority of our
field sites*, that spans our gradient of fish biomass, does not support
this hypothesis. Across our sites, there were no differences in pro-
ductivity as measured by water column chlorophyll a concentration
at 1 m depth (mean = 0.24 pg/l, range = 0.22-0.25 pg/l over the
duration of our study*'). Unfortunately, these water quality data were
not available for all of our sites so we could not include them in
potential regression models. Yet, the small range in chlorophyll a
data for the sites that were available (0.22-0.25 pg/l) suggests
that there would be little relationship between chlorophyll a
concentrations and the strong gradients in macroalgal abundance
and fish biomass that we document.
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Fish excretion and coral cover combined to explain 74% of the
variance in juvenile coral abundance across reefs, despite other
potential local and regional scale factors that drive larval supply,
recruitment, and survivorship*. The positive relationship between
coral cover and juvenile coral abundance is not surprising, as more
abundant adult corals would mean more supply of coral larvae espe-
cially for coral species producing brooded larvae that often recruit
locally. However, the negative correlation between juvenile corals
and fish excretion is a seeming paradox if fish excretion is an import-
ant facilitator of coral health, as was previously suggested'”"*-*. This
effect may be strongly dependent on coral colony size. Adult coral
colonies might be more likely to benefit from fish excretion as these
larger corals are relatively immune from competition with macro-
algae. Yet, the juvenile corals we focused on are often more vulner-
able to competition from macroalgae'’. In fact, Dictyota spp., which
represented >95% of the algal community on these reefs, may be a
potent competitor against corals as they produce alleopathic com-
pounds that can reduce survivorship and settlement of coral larvae®,
cause tissue mortality in established corals*, and potentially alter
the abundance of beneficial coral-associated bacteria®*. Abundant

macroalgae may also simply prevent coral larvae from settling to
reefs by preventing contact with preferred larval settlement sites™.
Thus, the seemingly paradoxical negative relationship that we see
between fish excretion and juvenile coral abundance is perhaps
mediated by the size-dependent effects of competition between cor-
als and abundant macroalgae.

Having abundant fishes that excrete large amounts of nutrients
does not mean that coral cover on reefs will necessarily decline.
Surveys of coral reefs remote from human impacts show that both
fish biomass and coral cover are often high*’. Further, the recovery of
both carnivorous and herbivorous fishes inside some marine pro-
tected areas (MPA’s) have led to increased macroalgal removal and
positive trajectories for coral recruitment and overall coral cover®”’.
However, resilience to disturbance and recovery of corals are not
uniformly high across MPA’s, with corals recovering slowly or failing
to recover at all in some protected areas*®. Although there are likely a
variety of mechanisms impacting reef resilience, our data suggest that
nutrient supply from fishes should be considered as an important
mechanism that may impact the recovery of reefs once low coral
cover is reached. Thus, MPA’s may promote mechanisms that can
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either increase (more herbivores) or decrease (more nutrients from
fishes) a reef’s resilience to frequent coral bleaching events, reduced
coral growth rates, and lower recruitment rates that may accompany
climate change’. We are not suggesting that MPA’s should not be
implemented; they are clearly one of, if not the most important, tool
to help promote the resilience of reefs in the face of climate change
and ocean acidification”*’. But, our data suggest that we need a better
understanding of how fishes affect nutrient cycling in reef systems
and how consumer-derived nutrients will impact the transition
between coral-dominated and coral-depauperate reefs.

Methods

Field site and survey methods. The Florida Keys Reef Tract consists of a large bank
reef system located approximately 8 km offshore of the Florida Keys, USA, and
paralleling the island chain. Coral cover is low on reefs across the Florida Keys reef
tract with most forereefs having ~10% coral cover. Macroalgal cover is quite variable
on a reef-to-reef basis, ranging from ~0-70% but with an average of roughly 15%
across all reefs*”*°. Given that fishing pressure on herbivorous fishes is non-existent,
there are abundant large herbivores (e.g. Sparisoma viride, Scarus vetula) throughout
the reefs of the Florida Keys®'. In July-August 2010, we surveyed 12 shallow forereefs
in the northern Florida Keys reef tract to assess the relationships between fish
community structure, algal cover, and juvenile coral abundance (Electronic
Supplementary Material Table S4 includes more information about sampling sites).
These sites represent the majority of the forereefs within the Florida Keys National
Marine Sanctuary in the upper Florida Keys. Given that these reefs were all within
~50 km of one another, they likely have similar disturbance histories (as the main
disturbances are hurricanes and warm water anomalies which would likely affect reefs
regionally instead of affecting individual reefs). All surveys were conducted at depths
of 5-8 m.

We quantified the fish community on each reef using 25 m X 4 m belt transects
(n = 10 per reef). Transects were laid out parallel to the main reef formation. The
starting point for each transect was determined by swimming a randomly chosen
number of fin kicks away from the end point of the previous transect. As we slowly
swam each transect, we counted all fishes and estimated their lengths to the nearest
1 cm. Divers carried 1 m long PVC T-bars to help estimate lengths. A second pass
over the 25 m transect using a 2 m wide transect was made to quantify the abundance
of territorial, herbivorous damselfishes (Pomacentridae) which can affect abundance
and community structure of corals and macroalgae®>. Although both fish abundance
and benthic community structure may change somewhat over time, these single time
point surveys commonly show strong and persistent relationships between fish
abundance and benthic community structure’”**. We used published length:weight
relationships™ to convert fish lengths into biomass. The herbivorous urchin Diadema
antillarum was seen on approximately <1% of transects and were not quantified.

We quantified benthic community structure using photoquadrats. After we sur-
veyed each 25 m transect to quantify the fish community, we photographed the
benthic community at each meter of the transect. We used a digital camera in an
underwater housing attached to 75 cm tall PVC stand resulting in 0.5 X 0.4 m
(0.2 m?) photoquadrats of the benthos (250 photos per reef). We used Coral Point
Count with Excel extensions to quantify the cover of benthic organisms within each
photoquadrat. For each photograph, we placed 36 random points per picture and
identified the organisms under each point. Organisms were identified to lowest
taxonomic level possible (e.g. species or genus for corals, most macroalgae, and
macroinvertebrates; functional group for crustose coralline algae and algal turfs).
Because topographic complexity (also called rugosity) of a reef is an important cor-
relate of community structure on reefs, we measured reef rugosity at two randomly
chosen points along each 25 m transect using common methods™.

Although fish excretion may increase the growth of adult corals'”*’, coral cover is
very low (<10%) across most reefs in the Florida Keys making it difficult to test how
fish excretion may reinforce coral dominance. However, we were interested primarily
in how fish-derived nutrients impact benthic communities and coral recovery once
adult corals become rare. As such, we focused on juvenile corals because their
dynamics are key for understanding the potential of reefs to recover from distur-
bances, and because they are the most vulnerable to competition from macroalgae''.
To quantify juvenile coral abundance, we performed counts of all corals <5 cm
colony diameter™. At each reef, we identified and measured all juvenile corals in 10
randomly placed 0.5 X 0.5 m (0.25 m?) quadrats along each of four 25 m long
transects (40 quadrats in total per reef). In each quadrat, we carefully searched in
crevices and under macroalgae to identify juvenile corals. We did not include small
corals that were clearly formed by the partial mortality of larger colonies.

We quantified levels of nitrogen and phosphorus in the tissues of the common
brown alga Dictyota menstrualis to determine if one of the most common algae on the
reef exhibited a signal of increased nutrient loading by fishes. We were not using these
nutrient content data to assess specific rates of nutrient uptake by algae, but were
using them as a proxy for the ambient nutrient conditions on each reef. Nutrient
content of macroalgae are often used to assess nutrient availability in coastal
ecosystems as it reflects ambient nutrient conditions over a relatively long time frame
(i.e., weeks to months) as compared with ambient water nutrients*. Thus, we
expected reefs with higher fish biomass, and therefore more fish-derived nutrients, to
have algae with higher nutrient content. We chose D. menstrualis as it is common on

these reefs and easily found at all sites. At each reef site, we collected portions of D.
menstrualis within each benthic transect along the forereef (n = 10 algal samples per
reef site). These samples were dried at 60°C for 48 hrs, ground using a mortar and

pestle, and analyzed for concentrations of carbon, nitrogen, and phosphorous using
standard methods (Electronic Supplementary Material Appendix S1).

Bioenergetics modeling. Since empirical nutrient excretion estimates exist for only
one fish species in our data set, the gray snapper Lutjanus griseus®, we used
bioenergetics modeling to estimate excretion rates for the fishes in our data set.
Bioenergetics modeling allows for nutrient excretion rates of an organism to be
estimated using a mass balance approach given a priori knowledge of the natural
history (e.g., diet, feeding activity), physiology (e.g., stoichiometry of predator and
prey, assimilation efficiency of nutrients) and environmental conditions
(temperature). Bioenergetics models are commonly used to estimate growth, feeding,
and excretion across a variety of marine fishes'**’~>". Because of the mass balance
approach employed by the models the inherent model structure is similar across taxa
whereas the parameter estimates cater to the specific taxonomic resolution desired™.
We used this mass balance approach to generate linear models of fish mass (g) and
excretion rate (nutrient (g) wet weight™' day ") for the 9 most common families in
our surveys (Electronic Supplementary Material Appendix S1, Table S2). These
families represented >95% of the biomass of resident fishes on these reefs. The
stoichiometry of fish excretion has been shown to vary substantially among families
but much less within families*’. These equations were used in conjunction with
calculations of fish biomass from each reef to estimate excretion rates per unit reef
area (g nutrient day ') for each survey site®. Models were generated using R software
(R Core Development Team).

Models were parameterized using diet analyses of thousands of individuals®**
in conjunction with nutrient stoichiometry data (C, N, P) for all 9 families of fish,
including 181 individuals from 21 species (Electronic Supplementary Material
Appendix S1, Table S5). Stoichiometry data of prey items were drawn from 22 fish
species, 12 invertebrate species (179 individuals total), and 4 algal species (Electronic
Supplementary Material Appendix S1, Table S5). Physiological parameters, such as
growth rate and length-weight regressions, were drawn from published values in the
literature (Electronic Supplementary Material Appendix S1, Table $6). All fish were
assumed to be in constant water temperature (27°C). To account for inherent error
that occurs when parameterizing such models, we propagated uncertainty associated
with diet content and consumption rates, two of the most influentidal parameters for
bioenergetics models*****, through the models using Monte Carlo simulations
(Electronic Supplementary Material Appendix S1). Using the mean values for the
slope and regression coefficients for each family-level model as well as the upper and
lower 95% confidence intervals of these parameters, we calculated a range of estimates
of community-level nutrient supply for both N and P associated with the fish com-
munity of each reef site.

Excretion rates are influenced by diet stoichiometry, such that fish that consume
food resources with high nutrient content relative to that of their own body often
excrete greater quantities of nutrients relative to fish that consume lower quality
diets®. Therefore, carnivores that eat animal prey relatively rich in nitrogen and
phosphorus may contribute more to consumer-driven nutrient cycling than
herbivores that are feeding on lower quality primary producers. As such, we
calculated excretion rates as the sum of all fish biomass per reef, as well as separating
excretion rates by carnivorous and herbivorous fishes. Excretion rates from
carnivores included the families Haemulidae, Holocentridae, Labridae, Lutjanidae,
Mullidae, and Serranidae ( >95% of the carnivore biomass). Excretion rates from
herbivores included individuals from the families Scaridae, Acanthuridae, and
Kyphosidae. We compared these modeled fish excretion data with modeled estimates
of nitrogen input to the Florida Keys National Marine Sanctuary from both natural
and anthropogenic sources®.

Statistics. The parameters potentially explaining patterns in macroalgal cover and
juvenile coral density were: herbivorous fish biomass (overall herbivore biomass,
scarid biomass, and acanthurid biomass were all examined as they often suggest
different patterns®), corallivorous fish biomass (Sparisoma viride, Sparisoma
aurofrenatum, Scarus vetula®), nutrient excretion by fishes (N and P), coral cover,
territorial damselfish density, reef rugosity, and distance from shore (See Electronic
Supplementary Material Table S7 for parameter explanations). We used Pearson’s
correlation coefficients to assess which parameters had the strongest correlations with
macroalgal cover and juvenile coral density (Electronic Supplementary Material
Table S8). For both macroalgal cover and juvenile coral density, we then chose the
three parameters that had the strongest Pearson correlation coefficients to use in
multiple linear regression. For macroalgal cover, the strongest correlations were for
parrotfish biomass, N excretion, and P excretion. For juvenile coral density, the
strongest correlations were for coral cover, N excretion, and P excretion (Electronic
Supplementary Material Table S8). We then used multiple linear regression to assess
which of the three parameters (or combinations of parameters) best explained
patterns in macroalgal cover and juvenile coral density. Rates for N and P excretion
were not included in models simultaneously due to collinearity and, thus, were
modeled independently. Parrotfish biomass, nutrient excretion rates, and coral cover
were all log transformed to meet the model assumptions. We evaluated the regression
models using Akaike’s Information Criteria corrected for small sample size (AIC.) to
determine the models that best explained the data structure for either macroalgal
cover or juvenile coral density. Additionally, we used Pearson’s correlation to assess
the relationship between: (1) nutrient excretion rates of fishes and the nutrient
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content of the alga D. menstrualis, (2), the ratio of total fish biomass:parrotfish
biomass and macroalgal cover, (3) macroalgal cover and the density of juvenile corals,
and (4) macroalgal cover and the proportion of juvenile corals in direct competition
with macroalgae.
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