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Abstract 

Animals can mediate biogeochemical processes and drive nutrient availability and 

productivity in ecosystems. Fish may be a major source of nutrient supply through 

metabolic processes such as excretion, but their role in influencing primary productivity 

in nutrient-poor tropical coastal marine systems is not well understood. Broadly, my 

thesis explores how variations in fish-mediated nutrient provisioning can influence reef 

primary productivity, and how invasive species can alter fish-mediated nutrient supply in 

coral reefs and seagrass ecosystems. I quantified excretion rates for several groups of 

reef fish in The Bahamas, demonstrating that excretion is primarily governed by body 

size, and that nutrient supply in an area is influenced by fish movements and diel activity 

levels. I then examined how variations in fish excretion altered three groups of primary 

producers on reefs using a large manipulative experiment. I demonstrated that increases 

in fish excretion can result in increased algal biomass and phytoplankton growth and can 

also lead to higher nutrient content in seagrass blades. I examined natural patterns of 

seagrass growth in proximity to coral reef fish communities to try and infer how fish 

communities shape these habitats. I found that while fish communities may have a minor 

influence on these primary producers through excreted nutrients, other factors such as 

sand depth likely play a larger role in shaping seagrass in immediate proximity to reefs. 

Finally, I examined how nutrient supply from native fish communities is altered by an 

invasive predator, the Indo-Pacific lionfish (Pterois sp). I found that, through their own 

excretion, these invasive predators replace the nutrient supply of the native fish they 

consume. Fish-mediated nutrient provisioning is therefore relatively robust to predation 

from lionfish on short time scales. Overall, my thesis helps to fill critical gaps in our 

understanding of the role of fish in shaping coral reef productivity. Bottom-up processes 

such as nutrient provisioning from reef fish may be a key aspect of reef ecosystem 

functioning and this specific functional process should be incorporated into future reef 

management and conservation efforts.  

Keywords:  excretion, nitrogen, consumer-mediated nutrient supply, primary 

productivity, seagrass, coral reef, ecosystem function 
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Chapter 1.  
 
General introduction 

Nutrient availability is a critical component of ecosystem productivity and function (Odum 

1971). Nutrients, such as nitrogen and phosphorus, are essential building blocks for 

many organic compounds found in organisms, and the availability of these nutrients can 

regulate overall ecosystem productivity (Odum 1971, Polis et al. 2004). Nutrient supply 

can fluctuate over temporal and spatial scales (Polis et al. 2004) and is governed by 

rates of recycling within a system and fluxes between systems (Vanni 2002). Shifts in 

the supply of nutrients to an area can alter primary productivity (Elser et al. 1990, 

Vitousek and Howarth 1991, DeAngelis 1992, Polis et al. 1997, Elser et al. 2007) which 

in turn can lead to changes in species composition and biomass at higher trophic levels 

(Polis and Strong 1996, Anderson and Polis 1999). In order to quantify nutrient 

availability and ecosystem responses to variations in nutrient supply, we need to pinpoint 

the mechanisms that mediate biogeochemical pathways in an area. Classically, abiotic 

factors and microbes are considered the major agents regulating biogeochemical 

pathways (Vanni 2002). However, it is increasingly evident that animals can be a key 

driver of nutrient supply in some ecosystems (Vanni 2002, Allgeier et al. 2017, Atkinson 

et al. 2017). 

Animals are pools of nutrients in biogeochemical pathways (Naeem et al. 2012) and 

through their metabolic processes, movements, and behaviours can be key mechanisms 

of nutrient provisioning for ecosystems (Vanni 2002). Animals can store large amounts 

of nutrients in their body tissues (Allgeier et al. 2017, Atkinson et al. 2017) and can 

metabolically transform and excrete these nutrients in inorganic forms that are readily 

available for uptake by primary producers (Vanni 2002). Through their movements and 

behaviours, animals can transport nutrients among or within ecosystems (Polis et al. 

2004, Schmitz et al. 2010). For example, seabirds often act as vectors of marine-derived 

nutrients to terrestrial islands through guano deposition (Croll et al. 2005). The tendency 

of some animals to aggregate in large numbers can create hotspots of nutrient 

deposition (Meyer et al. 1983, Schmitz et al. 2010, Powell et al.1991), which can greatly 

alter productivity at a local scale. While animals can mediate nutrient supply in many 
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systems, (Kitchell et al. 1979, McNaughton et al. 1997, Naiman et al. 2002, Vanni 2002, 

Marczak et al. 2007, McIntyre et al. 2008, Doughty et al. 2013), the effects of animal-

mediated nutrients can be highly variable and depend on characteristics of both the 

animal vectors and recipient habitats (Marczak et al. 2007). 

Fish make up over one third of the animal biomass on earth (Bar-On et al. 2018) and 

can be major influencers of nutrient supply and cycling in aquatic systems (Vanni 2002, 

McIntyre et al. 2008, Vanni et al. 2013, Allgeier et al. 2017, Atkinson et al. 2017). 

Nutrient excretion rates in fish are governed primarily by size, with some influence of 

taxonomy (Allgeier et al. 2017, Chapter 2), and the interactions and behaviours of 

species can dictate where these nutrients are deposited. Fish are highly mobile animals 

and can move stored nutrients across large distances (Naiman et al. 2002, McIntyre et 

al. 2008, Appeldoorn et al. 2009, Flecker et al. 2010, Wheeler et al. 2015). For example, 

the return migration of Pacific salmon from the ocean to their freshwater spawning 

grounds transfers vast amounts of marine-derived nutrients into coastal freshwater and 

terrestrial systems (Naiman et al. 2002, Field and Reynolds 2011, Hocking and 

Reynolds 2011). On a more localized scale, fish can concentrate nutrients when they 

aggregate to shelter or feed, forming hotspots of biologically available nutrients (Crandall 

and Teece 2012). These hotspots can alter the biomass and community structure of 

primary producers (Vanni and Findlay 1990, Schindler 1992, Vanni and Layne 1997, 

Payne and Moore 2006) in a range of aquatic systems, but the importance of fish-

mediated nutrients is likely amplified in systems where other sources of nutrients are low 

(Vanni 2002). 

Fish-mediated nutrient provisioning is prevalent across marine ecosystems (Williams 

and Carpenter 1988, Bianchi et al. 2014, Manno et al. 2015, Turner 2015), but may play 

an elevated role in supplying nutrients to tropical coastal areas (reviewed by Allgeier et 

al. 2017). Coastal ecosystems like coral reefs and seagrass beds can be highly 

productive, yet they occur in waters that do not contain sufficient nutrient levels to meet 

the demand of such productive systems. Consequently, while tight coupling mechanisms 

help retain nutrients within reef systems (Sheppard et al. 2009, De Goeij et al. 2013), the 

fish that aggregate in these habitats may be the major suppliers and recyclers of 

nutrients (Meyer et al. 1983, Geesey et al. 1984, Sheppard et al. 2009, Allgeier et al. 

2013, De Goeij et al. 2013, Polunin and Roberts 2013, Sale 2013, Allgeier et al. 2014). 

The behaviour of different coral reef fish species makes fish nutrient provisioning 
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temporally variable (Crandall and Teece 2012) and can create spatial heterogeneity in 

primary production over these seascapes. For example, resident coral reef species may 

play a role in recycling and retaining nutrients on coral reefs (Holbrook et al. 2008), while 

migratory fish can move nutrients from surrounding areas and concentrate them over 

reefs in daily pulses (Meyer et al. 1983, Meyer and Schultz 1985, Appeldoorn et al. 

2009, Crandall and Teece 2012).  

Nutrients from reef fish can be used by a range of primary producers (Allgeier et al. 

2013, Layman et al. 2013, Shantz et al. 2015), but the extent to which primary producers 

uptake these nutrients may vary greatly between systems. There is a growing body of 

work on the uptake of fish-mediated nutrient supply (McIntyre et al. 2008, Allgeier et al. 

2014); however, this research consists largely of observational experiments that look at 

a gradient of naturally occurring densities of fish (Layman et al. 2013, Shantz et al. 

2015). While these studies show strong correlations between primary productivity and 

increased fish-derived nutrient supply, it is difficult to tell if increases in fish-mediated 

nutrients lead to higher productivity or if fish simply aggregate in highly productive areas 

(Shantz et al. 2015). 

Changes in community composition caused by anthropogenic stressors could greatly 

alter the supply of fish-derived nutrients in tropical coastal systems (Layman et al. 2011, 

Allgeier et al. 2016). The effects of biodiversity loss on ecosystem functioning are 

expected to be numerous and profound (Estes et al. 2011, Hooper et al. 2012); however, 

the specific impacts of biodiversity loss on animal-mediated nutrient provisioning in 

marine systems are still not well quantified. Shallow-water tropical fish communities face 

some of the biggest threats from anthropogenic stressors, including overfishing (Jackson 

et al. 2001) and invasive species (Côté and Smith 2018), and the impacts of these 

pressures on animal-mediated nutrient cycling in these systems could be severe. Some 

work has been done demonstrating that overfishing can reduce the availability of fish-

derived nutrients (Layman et al. 2011, Allgeier et al. 2016), but the impacts of other 

stressors, such as invasive predators, remain unexplored. 

As a whole, this thesis aims to quantify how shifts in reef fish communities can impact 

nutrient provisioning from coral reef fish and how primary producers use fish-mediated 

nutrients in shallow coastal marine systems. In Chapter 2, I examine how excretion rates 

vary among coral reef fish species and families and how variation in fish communities 
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over different temporal scales can alter fish-mediated nutrient provisioning. Using my 

empirical measures of fish excretion from Chapter 2, I use an experimental approach in 

Chapter 3 to examine how fish-mediated nutrients are used by three groups of marine 

primary producers. In Chapter 4, I move from an experimental system to examining 

natural seagrass meadows and use spatial patterns of seagrass growth to infer how fish 

communities from adjacent coral reef systems influence these habitats. In Chapter 5, I 

examine how the nutrient budgets derived from native fish species are altered by an 

invasive predator, the Indo-Pacific lionfish Pterois sp. In my final chapter, I pull all of 

these findings together and discuss further avenues of research needed to link nutrient 

provisioning with ecosystem uptake, as well as the need to incorporate nutrient 

provisioning and functional ecology into marine ecosystem-based management and 

species conservation efforts.  
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Chapter 2.  
 
Fish movement drives spatial and temporal patterns 
of nutrient provisioning on coral reef patches1 

Abstract 

Nutrient provisioning by animals can be a major driver of primary productivity in 

ecosystems. Animal-mediated nutrient sources are particularly important in nutrient-poor 

systems such as coral reefs. However, aggregations of mobile animals might lead to 

temporal and spatial variability in local nutrient availability, which is not well understood. 

In this study, we quantified how patterns of fish movement and abundance influence the 

stability of nitrogen provisioning on Bahamian coral reefs. We empirically measured and 

modeled nitrogen excretion estimates for 16 coral reef fish communities and combined 

these measurements with fish abundance and behavioural observations to compare reef 

nutrient budgets on diel, monthly, and annual time scales. Diel reef nitrogen provisioning 

by fishes varied greatly, with diurnal rates being on average four times greater than 

nocturnal rates. Diurnal rates were highly variable among reefs and were driven primarily 

by migratory grunts (Haemulidae) resting over reefs during the day but foraging off reefs 

at night. At the reef scale, overall nitrogen excretion rates were correlated with grunt 

abundance; however, grunt abundance could not be predicted by any reef physical 

characteristics. Within-reef grunt excretion rates changed little across a 4-month period 

but varied significantly over two years, indicating that nutrient supply on a patch reef is 

not stable over long periods of time. Quantifying how nutrient provisioning on patch reefs 

is linked to fish activity and movement patterns and how provisioning varies on different 

spatial and temporal scales is important for understanding overall patterns of primary 

productivity on reefs. 

                                                
1 A version of this chapter appears as Francis, F. T. and Côté, I. M. 2018. Fish 

movement drives spatial and temporal patterns of nutrient provisioning on coral reef 

patches. Ecosphere 9(5): e0225. 
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Introduction 

Nutrient provisioning from animals has emerged as a major potential driver of primary 

productivity in ecosystems around the world. While microbes and cyanobacteria have 

been traditionally viewed as the most important biotic drivers of nutrient supply (Vanni 

2002), top-down effects from animal consumers are increasingly recognized as 

substantial sources of nutrients (Bianchi et al. 2014) that can affect primary productivity 

within and across ecosystems (Kitchell et al. 1979, Polis et al. 1997, Naiman et al. 2002, 

Vanni 2002, Schmitz et al. 2010, Doughty et al. 2016, Allgeier et al. 2017). Animals can 

mediate nutrient availability either through the storage and retention of nutrients in 

biomass and body tissues (Allgeier et al. 2017) or through the supply of nutrients 

released to an area via excreted or egested materials (Vanni 2002). Animal-mediated 

nutrient pathways have been historically well studied in terrestrial (Kitchell et al. 1979, 

McNaughton et al. 1997) and freshwater systems (Naiman et al. 2002, Vanni 2002, 

Marczak et al. 2007, McIntyre et al. 2008). Their role as ubiquitous components of 

marine nutrient cycles has been revealed more recently (see reviews by (Turner 2015, 

Allgeier et al. 2017).  

The importance of consumer-mediated nutrients is amplified in systems where there are 

few other sources of nutrients (Vanni 2002). This is the case for large areas of the 

world’s oceans where oligotrophic conditions prevail. In the open ocean, where there are 

few atmospheric and terrestrial nutrient inputs, the role of animals has been well studied 

(see review by (Turner 2015), with animal-mediated pathways driving a huge portion of 

the nutrient and organic carbon flux between surface waters and the deep sea (Bianchi 

et al. 2014, Manno et al. 2015, Turner 2015). Many animals are involved in the 

movement of these nutrients, ranging from zooplankton and micronekton (Hernández-

León et al. 2008, Bianchi et al. 2014, Turner 2015) to fish (Saba and Steinberg 2012, 

Davison et al. 2013) and marine mammals (Lavery et al. 2010).  

Animals can also play an important role in mediating nutrient provisioning on coral reefs 

(reviewed by Allgeier et al. 2017). Tropical reefs pose a conundrum to scientists as they 

are highly productive hotspots of diversity that exist in oligotrophic waters with little 

nutrient input from upwelling or terrestrial run-off (De Goeij et al. 2013, Polunin and 

Roberts 2013, Allgeier et al. 2017). These systems employ tight coupling mechanisms to 

retain and recycle nutrients within reefs, which are often mediated by animals (Uthicke 
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2001, Fiore et al. 2010, De Goeij et al. 2013); however, recent research has also 

highlighted the key role that animals play in bringing nutrients onto reefs (Crandall and 

Teece 2012, Burkepile et al. 2013, Shantz et al. 2015). 

Fish are a major source of animal-mediated nutrients to coral reefs (Meyer et al. 1983, 

Geesey et al. 1984, Crandall and Teece 2012, Allgeier et al. 2013, Allgeier et al. 2014). 

Reefs provide shelter and food for large numbers of fish (Meyer et al. 1983, Sheppard et 

al. 2009, De Goeij et al. 2013, Polunin and Roberts 2013, Sale 2013) that can create 

concentrated pools of biologically available nitrogen (Geesey et al. 1984, Crandall and 

Teece 2012) and phosphorus (Layman et al. 2011). Rates of fish-mediated excretion are 

governed primarily by fish body size (Vanni 2002, Layman et al. 2011), with some 

influence of taxonomic specificity (Allgeier et al. 2015). Nutrients from fish excretion can, 

in some cases, enhance the growth of coral colonies (Meyer et al. 1983, Holbrook et al. 

2008, Shantz et al. 2015), but they may also facilitate macroalgal growth on damaged 

reefs, potentially hindering coral recovery (Burkepile et al. 2013). 

The extent to which fish represent a reliable source of nutrients on coral reefs will 

depend on patterns of fish movement. Some reef fish show high site fidelity (Chapman 

and Kramer 2000), and create consistent concentrations of nutrients on a reef, 

particularly when schooling or shoaling. These resident reef fishes act primarily as 

nutrient recyclers by excreting nutrients derived from feeding within the reef system. In 

contrast, many reef fish species, including some with small home ranges, undertake diel 

migrations and daily feeding or spawning movements off the reef (Meyer et al. 1983, 

Meyer and Schultz 1985, Appeldoorn et al. 2009, Crandall and Teece 2012). These fish 

act as nutrient translocators, bringing external nutrients onto the reef through their daily 

movements. Over longer time scales, reef fish communities can temporarily shrink or 

grow owing to annual migrations such as ontogenetic habitat shifts (Cocheret de la 

Morinière et al. 2002, Cocheret de la Morinière et al. 2003, Jordan et al. 2004, Aguilar-

Perera and Appeldoorn 2007), or seasonal recruitment events (Appeldoorn et al. 2009). 

The mobile nature of many coral reef fishes makes their nutrient provisioning temporally 

variable (Crandall and Teece 2012), creating pulses of nutrient supply that vary with the 

frequency of behaviours that cause animals to aggregate in an area (Appeldoorn et al. 

2009).This temporal variation can create spatial heterogeneity in primary production over 

a seascape, and predicting variation in these pulses is necessary to understanding 

overall patterns of primary productivity on reefs. 
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In this study, we quantified spatio-temporal variation in reef fish nutrient provisioning 

over different time scales. We initially examined variation in nutrient excretion rates 

between taxonomic and functional fish groupings using one of the largest datasets of 

empirical excretion measurements collected for reef fish.  We then combined empirical 

excretion estimates with observations of fish behaviour and movement, during the day 

and at night, to model nutrient provisioning by Caribbean reef fish communities on diel, 

monthly, and annual time scales. Combining excretion rates and patterns of fish 

movement allowed us to measure the relative amounts of diel nutrient provisioning 

attributable to recycled nutrients from resident fish versus newly supplied nutrients from 

migratory fish feeding in adjacent ecosystems. We predicted that, over a 24-hour diel 

period, total nocturnal excretion by reef fish would be lower than total diurnal excretion 

because some fish move off the reef to forage at night and reef residents have lower 

overall metabolic activity at night. We also predicted that spatial patterns of nutrient 

provisioning across reefs would be closely linked to migratory fish, and that nutrient 

provisioning would be heterogeneous over a seascape and associated with specific reef 

characteristics. Habitat complexity, for example, is thought to provide more shelters for 

reef organisms (Luckhurst and Luckhurst 1978). On longer time scales, we expected 

that fish nutrient provisioning on a given reef would remain relatively constant within a 

season (i.e., several months) but that year-to-year variation in nutrient provisioning 

would be high due to variations in fish recruitment. By considering nocturnal fish 

movement, multiple time scales and total fish community excretion rates, our study 

addresses major gaps in our understanding of the role of fish in nutrient provisioning on 

coral reefs.   

Materials and methods  

Empirical excretion measurements 

We measured excretion by coral reef fish on a series of patch reefs off Eleuthera Island, 

The Bahamas, from May-August 2014 and May-July 2015.  The reef patches were 

located in Rock Sound, a large, shallow (maximum 5 m depth), sandy basin at the 

southern end of Eleuthera. We focused on nine of the species of reef fish most 

commonly observed on these reefs (pers. obs.), which included representatives from five 

different native families (Gobiidae [gobies], Haemulidae [grunts], Labridae [wrasses], 
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Pomacentridae [damselfishes], Scaridae [parrotfishes] (N = 239 individuals), and one 

invasive species, the Indo-Pacific lionfish, Pterois volitans (N = 29 individuals), a 

mesopredator that occurs in high densities on our study reefs.  

We estimated excretion rates following methods outlined in Layman et al. (2011), as 

modified from Schaus et al. (1997) and Whiles et al. (2009). Divers captured target fish 

on SCUBA using gill or hand nets.  Fish were brought to the surface where they were 

immediately placed in individual 2-10 L acid-washed bags (depending on size of 

individual) filled with a known amount of pre-filtered (0.7 µm Whatman GF-F filters) sea 

water. Bagged fish and control bags of filtered sea water containing no fish (N = 3) were 

incubated in a cooler to maintain ambient temperature for 30 min, after which we 

collected one 100 ml water sample from each bag using a sterile plastic syringe. 

Samples were filtered (0.45 µm Whatman GF-F filters) and placed on ice in the dark for 

immediate analysis of ammonium (NH4) content, a proxy for inorganic nitrogen, using 

fluorometric methods (Taylor et al. 2007). After incubation, we measured the wet mass 

(g) and total length (cm) of each fish and released them immediately on the reef of 

capture.  

Fish surveys and diel activity 

We conducted four sets of fish biomass surveys between May and August 2014 on 16 

patch reef sites. Reef patches ranged in hard-bottom area from 8 to 212 m2. Patches 

were separated by 510 m (+/- 270 m SD) of sand, on average, which restricted all but 

the largest fish from moving between patches. Excretion measurements were not 

conducted on fish from these survey patches to avoid disrupting the fish communities.  

During each survey, we quantified fish abundance at each site using transects 

conducted on SCUBA between 10:00 and 16:00. At each site, two divers placed three 

parallel 6-8 m-long transects on the reef (transect length was scaled to patch size). 

Divers waited for 5 min at a distance of 2-3 m from the reef to allow normal fish activity 

to resume, and then proceeded to slowly swim the length of each transect, recording the 

size and species of all fish within 1 m on either side of the transect line. Following 

transect surveys, divers conducted a roving survey of each patch, lasting up to 15 min 

(with survey time scaled to patch size), to record the number of more cryptic species that 

were difficult to detect on transect surveys, such as bottom-dwelling fish and predatory 
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fish.  Two roving divers systematically examined, with no area overlap between divers, 

the periphery of each patch reef, as well as all overhangs and crevices over the entire 

area of each patch, and identified and estimated the total length (TL, assessed visually 

to the nearest cm) of all fish they observed. We scaled up the transect data to whole reef 

area to match the roving data. We assumed that the daytime abundances mirrored 

nighttime abundances, except for species known to undertake daily migrations or 

movements onto or off the reefs (i.e. grunts (Meyer and Schultz 1985; Meyer et al. 1983) 

and some species of triggerfishes (Helfman 1986). We conducted haphazard dawn and 

nocturnal observations on some of our reef patches which confirmed the migratory/non-

migratory status of reef fish species, as well as diel patterns of activity (e.g., active by 

day, resting by night or vice-versa), suggested by the literature (Table A.1).  Lionfish was 

the only species seen to be active both by day and night. 

In June 2016, we resurveyed eight of the original 16 reefs, along with two reefs 

previously surveyed as part of another study. We could not resurvey all reefs because of 

time constraints.  These surveys focused solely on estimating grunt abundance and 

were done by two roving snorkelers who examined the periphery and top of each patch 

reef during two 12-15 min periods (scaled to reef size), between 12:00 and 17:00 on 

non-consecutive days.  The good horizontal visibility (20-30 m), shallow depth (1-3 m 

depth to top of reef), and the fact that grunts do not hide in crevices during the day but 

school above the reef in response to predators make the snorkel surveys comparable to 

the SCUBA surveys.  

Data and statistical analysis 

Hourly ammonium excretion estimates and predictive models   We used a model 

selection approach corrected for small sample size (i.e., Akaike Information Criterion, 

AICc; (Hurvich and Tsai 1989, Burnham and Anderson 2002)) to identify the 

determinants of hourly ammonium (NH4) excretion rate.  We considered eight candidate 

generalized linear models representing combinations of wet mass, taxonomic 

classification (species, family), functional group (mesopredators, omnivores, herbivores, 

detritivores) and their interactions as fixed effects.  The complete set of models, with a 

priori hypotheses, is given in Table 2.1. We identified the best-supported model as that 

with the lowest AICc value (Burnham and Anderson 2002). Models that differed from the 

top model by less than 2 AICc units (i.e., Δ AICc  < 2) were considered equally well 
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supported by the data (Burnham and Anderson 2002). We log-transformed all measures 

of NH4 excretion and wet mass prior to analyses (Layman et al. 2011, Layman et al. 

2013). Functional groups were determined based on classifications from Fishbase 

(Froese and Pauly 2018).  

Table 2.1  Results of model selection using AICc for eight candidate linear 
models of hourly ammonium excretion estimates (µmol hr-1) in 
relation to fish mass (g), and three taxonomic levels: species, family 
and functional group. 

Rank Model -Log likelihood  k AICc DAICc wi Multiple R2 

1 weight x family 112.48  13 -197.52 0.0 0.68 0.92 

2 weight x species 120.73  21 -195.71 1.81 0.28 0.92 

3 weight + species 107.99  12 -190.77 6.76 0.02 0.91 

4 weight + family 103.54  8 -190.52 7 0 0.91 

5 weight 87.38  3 -168.67 28.85 0 0.90 

6 weight + functional group 88.80  5 -167.36 30.16 0 0.90 

7 weight x functional group 89.59  7 -164.74 32.78 0 0.90 

8 Intercept only -220.34  2 444.73 642.25 0 NA 

Both ammonium excretion estimates and fish mass were log-transformed prior to analysis. k is the number of 
parameters in each model; DAICc is the difference in AICc values between a given model and the best-supported 
model; wi is the probability that model i is the best one of those considered given the data in hand; and multiple R2 is a 
measure of goodness of fit for models with multiple predictors. 

To generate hourly excretion rate estimates for all of the species observed in our fish 

surveys for which we did not collect empirical excretion data, we created an overall 

predictive model of excretion rate as a function of fish wet mass with a random effect 

structure that allowed the intercepts and slopes to vary by family (see Salter et al. 2017 

for a similar approach relating to community-wide carbonate production). All analyses 

were conducted in R (R Core Team 2017) using the nlme and arm packages.  

 We assumed that the excretion rates we measured represented excretion rates of 

active individuals since all individuals were captured while actively swimming and 

foraging on the reef. One exception were grunts, which are known to rest over reefs 
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during the day and leave the reef at night to actively forage in adjacent seagrass beds 

(Meyer and Schultz 1985). The day-time excretion rates we measured for grunts 

therefore represent rates of inactive grunts. Following (Meyer and Schultz 1985), we 

assumed that excretion rates for all inactive individuals was 70% of their active excretion 

rate. We used this ratio (i.e., active rate*0.7 = inactive rate) to generate active (i.e., 

nighttime) excretion rates for grunts as well as inactive (i.e., also nighttime) excretion 

rates for other species.  

Diel ammonium excretion rates  To calculate diel ammonium excretion rates at the reef 

scale, we first converted fish lengths, recorded during the SCUBA surveys, to wet mass 

using the equation W = aLb, where W is mass (g), L is total length (cm), and a and b are 

the intercept and slope parameters from a linear model of log W against log L. The 

species-specific parameters were from our own measurements or from Fishbase 

(Froese and Pauly 2018) (Table A.2). 

We calculated hourly excretion rates for each fish recorded in our patch surveys, using 

either our empirical estimates (for the nine species for which we measured excretion) or 

our general predictive model (all other species). Individual fish hourly excretion rates 

were then summed across all individuals within species and site and adjusted to reflect 

species-specific day/night activity levels (see above) to generate diurnal and nocturnal 

hourly excretion rates (µmol of excreted NH4
 h-1). Finally, we divided all rates by reef 

hard area (µmol of excreted NH4
 h-1 m-2) to make them comparable across sites of 

different sizes. We used a paired t-test to compare overall daytime and nighttime reef 

excretion rates across all sites and surveys to look at overall diel variation.  

Temporal and spatial variation in excretion budgets  An important source of spatial and 

temporal variation in excretion budgets of coral reefs could be the movement of fish on 

and off the reef from adjacent habitats, such as seagrass. We therefore classified each 

species as resident or migrant based on a combination of published literature on focal 

species (Meyer and Schultz 1985, Crandall and Teece 2012, Shantz et al. 2015) and 

personal observations of migratory fish returning to patch reefs at dawn. Species that 

migrated off of the reef during the day or night were recorded as absent and assigned an 

excretion rate of zero for that survey time period.  
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To examine variation in nocturnal and diurnal hourly reef excretion rates we calculated 

coefficients of variation (CV) for reef-specific hourly excretion rates per m2 during the day 

and night as well as for migratory and resident fish groupings. Each CV was calculated 

as the standard deviation divided by the mean hourly excretion rate for each group 

across all four biomass surveys sets of the 16 reefs, and multiplied by 100. 

In addition, having identified grunts as the main migrant species (see Results), we 

determined the proportion of the diurnal hourly excretion rate that was subsidized from 

nearby seagrass beds by migratory grunts and examined how this subsidy varied 

spatially and temporally across reefs. To try and predict grunt distribution across our 

study sites we developed models of our calculated grunt excretion rates as a function of 

different reef characteristics including reef height, reef rugosity (see Côté et al. (2014) for 

methods), and reef complexity (see Darling et al. (2017) for methods). Models were 

single-factor mixed-effects models with a random effects structure allowing the 

intercepts to vary by survey period.  

We examined the consistency of grunt excretion at a site to determine if spatial patterns 

of nutrient provisioning from these migratory fish were consistent over time. We 

performed all pairwise correlations between grunt excretion rates at 10 sites monitored 

in both 2014 and 2016 across five survey periods (May 2014, June 2014, July 2014, 

August 2014, and June 2016). Only using these 10 sites, we compared variation in grunt 

excretion on a monthly scale (within 2014) and on an annual scale (from 2014 to 2016) 

to see if overall excretion rates from migratory fish on our reefs were more variable over 

longer time periods. To do so, we calculated coefficients of variation for grunt excretion 

rate estimates between June and August 2014 and between June 2014 and June 2016. 

We tested if variability was greater over longer time periods by comparing the 

coefficients of variation from each time period, matched within reef, using a paired t-test.  

Results 

Individual and family excretion estimates 

We obtained empirical excretion estimates from 278 individual fish from 10 species in six 

families (Table A.2). Fish size ranged from 1.6 cm to 28.6 cm TL and 0.1 to 347 g wet 

mass. These six families comprised 96.6% of the total fish abundance and 57.9% of the 
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total biomass from all survey sets on our study reefs (see Table A.1 for family 

breakdown).  

Ammonium excretion rate was best explained by a combination of fish wet mass, family, 

and their interaction (R2 = 0.916; Table 2.1).  The second-ranked model included fish wet 

mass, species and their interaction (R2 = 0.918; Table 2.1), and although this model was 

within 2 AICc units of the top model, it received less than half the support of the top 

model (2nd model: 28%; top model: 68%). These results indicate that predictions at the 

family and species level are relatively similar and hence, that within-family variation is 

minimal.  We therefore used the top model in subsequent analyses.  

Excretion rate increased with body size for all fish families (Figure 2.1). The 

Pomacentridae had the smallest rate of increase in excretion rate with increasing wet 

mass; however, all other families had relatively similar slope coefficients and variation in 

intercepts was small (Figure 2.1). The close similarity among families supports the use 

of a predictive model with partial pooling by family (Figure 2.2) as an estimate of 

excretion rate for fish species for which we did not derive empirical estimates. Using the 

most extreme observed excretion rates-length relationships (i.e., Pomacentridae and 

Scaridae) to model the contributions of these additional families (as well as all families 

for comparison) resulted in the same patterns of reef-scale diel ammonium excretion 

rates (Figure A.1).  
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Figure 2.1  Intercept (left) and slope (right) coefficients (with 95% confidence 

intervals) of the relationship between ammonium excretion rate 
(µmol hr-1) and fish mass (g) for six families of coral reef fish 
(numbers in brackets represent sample sizes) from reef patches in 
Eleuthera, The Bahamas. 

 

Figure 2.2  Family-specific models of ammonium excretion rate (µmol hr-1) 
against mass (g) by coral reef fish from reef patches in Eleuthera, 
The Bahamas. 

Excretion rates for six families (coloured lines) were empirically measured.  The overall predictive 
model (black line) was used to estimate excretion rate of species for which we did not collect 
empirical data. The predictive model was fit with a random-effects structure that allowed the 
intercepts and slopes to vary by family.  
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Reef-scale diel ammonium excretion rates 

The majority of species on our study sites were diurnally active and nocturnally inactive 

(Table A.1). The main exceptions were cardinalfish (Apogonidae) and lionfish 

(Scorpaenidae), which primarily fed on the reef at night and were inactive during the day. 

Almost all species in our surveys were reef residents, remaining on the reef during both 

day and night. However, two groups were migratory: the grunts (Haemulidae), which 

were present but inactive on the reef during the day and absent at night, and one 

species of triggerfish (ocean triggerfish, Canthidermis sufflamen), which was absent 

during the day but encountered very infrequently in reef crevices at night.  

Overall, the average hourly excretion rate (µmol h-1 m-2) by all fish across all 16 surveyed 

reefs and across survey sets was almost 4 times greater during the day than at night 

(paired t15 = 2.876, p =0.012) (Figure 2.3). Excretion rates were highly variable among 

reefs (Figure 2.3), but excretion rate was always higher during the day than at night 

(Figure 2.3). High diurnal rates were driven primarily by the presence of migratory 

grunts, which were found hovering in high numbers over many of the reefs during the 

day but migrated into adjacent seagrass habitats at night to feed (Figure 2.3). Triggerfish 

were the only species that migrated onto the reefs at night, but their low numbers 

resulted in negligible contributions to nocturnal excretion rates (Table A.1). Grunts 

comprised 25.6% +/- 19.6% of the total fish biomass on reefs and overall diurnal reef 

excretion rates were strongly correlated with grunt biomass (R2 = 0.93, df =14, p <0.001). 

Contributions from migratory grunts represented subsidized nitrogen from nearby 

seagrass beds and comprised up to 94% (mean ± 1 SD: 43% ± 26%) of total nitrogen 

released onto reef sites by fish during the day, and up to 89% (mean ± 1 SD: 33% ± 

25%) of total nitrogen released over 24 hours.  
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Figure 2.3  Ammonium excretion rate scaled by reef area (µmol h-1m-2) by fish 

on each of 16 coral reef sites (numbered vertically 1 – 16) for May to 
August 2014 during the day (right half of each panel) and at night 
(left half of each panel). 

Dark bars represent excretion from resident fish species, and stacked light bars, excretion from 
migratory fish species. 

Variation among sites in daytime excretion rates was higher for migratory fish than 

resident fish and variation in overall excretion rates was higher during the day than at 

night (Day: CVmigr = 155%, CVresi = 76%, CVall = 108%; Night: CVmigr = 0%, CVresi = 73%, 

CVall = 73%). Across-reef variation in excretion from migratory grunts was extreme, with 

grunts comprising the majority of the fish biomass at some sites and being completely 

absent at others (Figure 2.3). Variation among sites in excretion rate from all fish at night 

was low due to the absence of grunts on reefs at night.  

We were not able to predict migratory grunt excretion (µmol h-1 m-2) using any single reef 

physical characteristic (height, rugosity, and complexity; all adjusted R2 < 0.08), and our 

sample size (n = 16) was too small to allow multi-factor predictive modeling.  

There was stronger spatial consistency in grunt excretion rates within reefs between 

May and August 2014 (Figure 2.4) than between 2014 and 2016. Grunt excretion rates 

between 2014 survey sets were highly correlated (all pairwise comparisons, r > 0.91 and 
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R2 > 0.80) but there was no correlation between total amount of grunt excretion in any 

2014 survey set and the June 2016 survey (all pairwise comparisons, r < -0.30, p > 0.22; 

Figure 2.4). In addition to low spatial correlations, grunt excretion rates were significantly 

more variable across reefs between 2014 and 2016 than within 2014 survey sets (paired 

t9 = -2.620, p = 0.03).  

 
Figure 2.4  Estimates of grunt excretion rate (µmol hr-1m-2) at 10 reef sites over 

four months in 2014 and in June 2016. 
Site numbers correspond with Figure 2.3; sites A and B are additional sites. The intensity of the 
colour increases with excretion rate. White boxes indicate months for which we have no data. 

Discussion 

Nutrient provisioning from animals in coral reef systems is tightly linked to temporal 

patterns of fish movement. Rates of nutrient excretion from individual fish are governed 

primarily by body size but differences in activity level and especially movement among 

species had the largest influence on reef nutrient provisioning rates. Over a 24-h (diel) 

period, reef nutrient provisioning rates were highest during the day due to the high 

activity level of resident fish and the presence of large schools of inactive migratory 

grunts. Approximately one-third of a reef’s diurnal nutrient budget originated from 

subsidized nitrogen provided by migratory grunts that feed in adjacent seagrass beds 

and return to the reef during the day. Migratory grunt abundance directly influenced the 

amounts of recycled versus subsidized nutrients on a reef, but was highly variable 
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between reefs, with no discernable relationship between grunt abundance and reef 

physical characteristics. Patterns of grunt abundance were constant over short periods 

but variable over longer time scales, leading to high heterogeneity in nutrient 

provisioning over the seascape. Linking fish nutrient provisioning with fish behavioural 

patterns can help predict patterns of primary productivity over a seascape and highlights 

the importance of considering fish movement and habitat connectivity into conservation 

efforts to preserve reef productivity.  

Empirical and predicted excretion rates 

Interest in tropical marine excretion rates is recent (Allgeier et al. 2017) and as a result 

empirical data on excretion rates for coral reef fish are still relatively limited (but see 

(Layman et al. 2011, Allgeier et al. 2015). Our study presents the second-largest dataset 

of empirical excretion estimates for coral reef fish (278 individuals) with high within-

species replication (~30 fish per species).  Variation in fish excretion rate on Eleuthera 

patch reefs was primarily explained by fish body mass as well as by taxonomic 

specificity at the family level (see also Vanni (2002) and McIntyre et al. (2008), for similar 

results from freshwater systems). There was no strong effect of higher-resolution 

taxonomy (i.e., species), perhaps because our taxa were more similar than in previous 

studies that modeled excretion rates from both marine macroinvertebrates and fish (e.g., 

Allgeier et al. (2015)). We found no evidence that including finer trophic resolution 

improved model fit, supporting the notion that fish excretion rates are primarily governed 

by metabolic theory and not ecological stoichiometry (Allgeier et al. 2015). 

While model fit improved with the inclusion of family, variation in family slopes was very 

small, indicating that at least within smaller-bodied coral reef fish, excretion rates per 

body size are similar across families. This allowed us to develop a general predictive 

model, incorporating known taxonomic variation, for other coral reef fish in our system. 

While this model is likely inaccurate for larger-bodied individuals, almost all of the fish 

(~99 %) on our patch reefs fell within the size range of the data used to generate our 

predictive model (i.e., 1.6 cm - 28.6 cm TL; 0.1 - 347 g wet mass). A similar modelling 

approach could be applied to other regions of the Caribbean where species 

assemblages are similar morphologically, to examine patterns of excretion where 

complete taxon-specific excretion measurements are not available.  
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Diel nutrient budgets 

Studies of fish nutrient provisioning, and reef ecology in general, are often focused on 

diurnal processes, with little attention given to nocturnal patterns or behaviours (but see 

Roopin et al. (2008)). This diurnal bias is likely due to the technical difficulties of 

conducting underwater research at night; however, fish-derived nutrient budgets 

calculated solely on diurnal observations may lead to overestimations of overall nutrient 

provisioning since factors such as metabolic activity and total fish biomass, which are 

known to affect excretion rates, are often much lower at night (Meyer et al. 1983, 

Appeldoorn et al. 2003, Appeldoorn et al. 2009). Our study is the first to model whole 

reef excretion budgets by accounting for variation in fish activity and movement over a 

24-hour diel period.  

We had predicted that diurnal nutrient provisioning by fish would exceed nocturnal 

provisioning. This prediction was supported: day-time excretion rates were four times 

greater than nighttime estimates.  However, nocturnal nutrient provisioning was not 

trivial, making up 32%, on average, of the total diel excretion received by patch reefs. In 

our reef system, many fish species resided on the reef structure over the whole diel 

period. Most of these species fed during the day and rested at night, resulting in 

individual nocturnal excretion rates being ~ 30% lower than diurnal rates based on 

previous resting excretion rate calculations (Meyer and Schultz 1985). The higher diurnal 

nitrogen provisioning was also driven by large changes in fish biomass owing to the 

presence of migratory juvenile grunts resting over many of the reefs during the day. 

These diurnal nutrient pulses may be particularly important for driving primary production 

as they occur at times when light is available for photosynthesis.  

We had also expected that reef nitrogen budgets would be linked to migratory fish 

abundance and heterogeneous across the seascape.  Indeed, average diel reef budgets 

were higher on reefs with migratory grunts, and high variation in grunt abundances 

resulted in heterogeneity in diel nutrient provisioning across our reef sites. While reefs 

with grunts received high overall diel provisioning, these reefs experienced large 

reductions in nutrient provisioning at night when grunts were absent. In some cases, this 

led to reefs without grunts having higher overall diel nutrient budgets as they received a 

consistent supply of nutrients from resident fish across the day and night (e.g., reef 3 

compared to reef 13 in Figure 2.3). These patterns highlight the importance of 
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considering overall diel budgets, as reefs that are high in diurnal nutrient inputs and 

considered nutrient hotspots may receive lower overall diel inputs. While our reef system 

had many diurnally active fish, patterns of diel reef nutrient provisioning could be 

different in other systems with larger communities of nocturnally active fish or different 

migratory species. While fish were generally inactive at night on our reefs, many 

macroinvertebrates were active, particularly sea cucumbers, which are known to 

contribute to overall reef nutrient provisioning (Uthicke 2001). We were not able to 

estimate excretion from macroinvertebrates; however, these species are an additional 

nocturnal component that highlight the importance of considering activity levels in 

nutrient budget calculations.  

Subsidized versus recycled nitrogen 

Isolating the excretion contribution of migratory grunts allows us to compare how much 

fish nutrient provisioning stems from subsidies, i.e., cross-boundary nutrient transfers, 

and from recycling by resident reef fish. Nutrient subsidies from fish are important in 

marine and freshwater systems (Naiman et al. 2002, Vanni 2002, McIntyre et al. 2007, 

McIntyre et al. 2008, Shantz et al. 2015), and provide pulses of new nutrients to habitats 

that can drive hotspots of primary productivity. Migratory juvenile grunts transfer large 

amounts of organic material between seagrass beds and coral reefs (Deegan 1993, 

Appeldoorn et al. 2009) in their first year (size 2-15 cm) (Appeldoorn et al. 2009). On 

continuous reefs, site-faithful juvenile grunts create hotspots of nutrient provisioning that 

are associated with increased primary productivity in corals and some algal species 

(Meyer et al. 1983, Shantz et al. 2015) but it is unclear how much of this input is 

subsidized from other habitats rather than other parts of the reef where the fish might be 

feeding (Cocheret de la Morinière et al. 2003). In contrast, on smaller patch reefs, grunts 

forage at night in seagrass habitats that are distinct from coral reefs (Cocheret de la 

Morinière et al. 2003, Nagelkerken et al. 2008), but the size of this subsidy had not been 

measured in relation to whole reef budgets. In our study, some patch reefs received up 

to 94% of their diurnal and 89% of their diel nitrogen from grunt subsidies, with about a 

third on average of the diurnal nitrogen provisioning across patches being supplied from 

other habitats. Due to the large variation in grunt abundance, some patches received 

primarily subsidized nitrogen, whereas others had very little external nutrient supply from 

fish and their fish communities acted primarily as nutrient recyclers.  
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Predictions of grunt aggregations and stability of nutrient 
provisioning over time 

Predicting where grunts aggregate is necessary to understand the distribution of the 

nutrient hotspots they create across a seascape. Juvenile grunts have high site fidelity 

(Shulman and Ogden 1987, Appeldoorn et al. 2009), and appeared to remain associated 

with the same patch reefs over several months during our study. Previous studies on 

continuous and artificial reefs found that grunts school in areas of higher relief and 

topography (Jordan et al. 2004, Shantz et al. 2015, Allgeier et al. 2017). In contrast, we 

did not find the predicted association between grunt aggregations and any structural 

characteristics of our patch reefs. While this was initially surprising, aggregations of 

grunts hovered in shoals above our reefs and rarely entered the reef structure to seek 

shelter, suggesting that it is likely that other factors influence reef choice. For example, 

juvenile grunts may choose reef sites in relation to proximity to nursery and/or feeding 

habitats (Quinn and Ogden 1984).  

Quantifying temporal patterns of grunt aggregations is also important to understanding 

the longevity of nutrient hotspots and their consistency over time. Previous studies have 

suggested that grunt aggregations are consistent over short periods, e.g. several weeks, 

and lead to increased primary productivity over that time (Shantz et al. 2015). In our 

study, grunts had strong short-term site fidelity over a season, at least as estimated by 

total numbers on specific reefs, but patterns of grunt abundance were very different 24 

months later. These differences were due to both temporal differences in overall grunt 

abundances across all patches and reef-specific variation in grunt numbers. Note that 

across both years, virtually all grunts were juveniles (< 15 cm TL) that had likely 

recruited to the reefs the previous year (Appeldoorn et al. 2009). This suggests a change 

in the pattern of juvenile grunt recruitment, with new recruits settling on different patch 

reefs than in a previous year, although longer time series data are necessary to 

document patterns of grunt recruitment and how they reflect the stability (or dynamics) of 

grunt aggregations over multiple years. Thus, while nutrient hotspots may drive higher 

primary productivity on a reef over a period of a few months, these hotspots may shift 

over a multi-year timeline, potentially leading to an even distribution of fish-derived 

nutrients across the seascape over long time periods. 
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Phosphorus  

In addition to nitrogen, fish also excrete other nutrients important for primary production, 

including phosphorus (Vanni 2002). Due to technical constraints, we were unable to 

quantify phosphorus, but other studies have found that phosphorous also scales linearly 

with fish mass (Layman et al. 2011, Allgeier et al. 2015). As a result, we would expect to 

see patterns of diel phosphorus budgets that mirror those of nitrogen.   

Conclusions and future directions 

Coral reef fish behaviour may be more important than metabolic or stoichiometric factors 

in regulating fish-derived nutrient inputs on coral reefs. Resident and migratory fish can 

have very different contributions to reef nutrient budgets, both in terms of the quantity of 

nutrients released as well as in the relative amounts of recycled and newly supplied 

nitrogen that they provide for reef primary producers. Behavioural characteristics, such 

as activity levels and movement, should therefore be incorporated into future work on 

nutrient provisioning by coral reef fish.  

Fish migration patterns may be driven by characteristics of the surrounding seascape in 

patch reef systems (Appeldoorn et al. 2003, Appeldoorn et al. 2009), and future work 

should incorporate information on the proximity of nursery habitats and feeding grounds 

to predict reef fish aggregations. Understanding connectivity among patch reefs in 

relation to nutrient provisioning is important for understanding overall patterns of primary 

productivity, and since these patterns may vary over time, long-term studies are needed 

to identify the distribution of nutrient provisioning over a seascape. Accurately predicting 

the spatial and temporal patterns of nutrient provisioning from reef fish can help improve 

conservation efforts that aim to preserve highly productive coral reefs.  
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Chapter 3.  
 
Fish excretion influences primary productivity on 
coral patch reef ecosystems  

Abstract 

Animal-derived nutrients can be a major source of nitrogen for marine ecosystems, but 

these nutrients only impact ecosystem productivity if they are actively used and taken up 

by primary producers. Coral reef fish provide large amounts of biologically-available 

nitrogen to patch reefs, yet there has been limited experimental work demonstrating a 

direct link between these fish-derived nutrients and their impact on the quality and 

quantity of reef primary production. We conducted a large-scale enclosure experiment in 

the Bahamas to quantify the response of two reef benthic primary producers, algae and 

seagrass, to increasing densities of reef fish. After 7 weeks, algae biomass on ceramic 

tiles was up to 34% higher, and nitrogen content of seagrass blades up to 7% higher, at 

enclosures with the highest fish densities than when no fish were present. We 

complemented this field experiment with two short-term enclosed incubation 

experiments to quantify phytoplankton growth in response to varying concentrations of 

fish-derived nutrients. Phytoplankton growth increased with higher concentrations of fish-

derived nutrients, following a Monod-growth curve. Our results demonstrate a direct link 

between fish-derived nutrients and uptake by primary producers in coral reef 

communities and that these nutrient sources are partitioned among multiple groups of 

reef primary producers.  

Introduction 

Nutrient availability is a critical driver of community structure and a key component of 

ecosystem functioning (Odum 1971, Polis et al. 2004). Limiting nutrients such as 

nitrogen and phosphorus are essential elements for building organic compounds found 

in both plants and animals, and the availability of these nutrients often regulates the 

amount of primary productivity in an ecosystem (DeAngelis 1992, Polis et al. 1997). 

Shifts or pulses in nutrient provisioning can cause increases or decreases in primary 

production (Burkepile et al. 2013) and autotroph biomass (Vanni and Layne 1997, Croll 
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et al. 2005), as well as shifts in plant diversity (Polis et al. 1997). These changes can in 

turn affect, in a cascading manner, the biomass and diversity of higher trophic levels 

(Polis and Strong 1996, Anderson and Polis 1999). Thus identifying key sources of 

nutrient provisioning and quantifying how primary producers respond to those sources is 

necessary to understanding the overall community structure of a system (Polis et al. 

2004). 

Animals are potentially key vectors of nutrient provisioning around the world 

(McNaughton et al. 1997, Vanni 2002). While microbes and physical processes were 

previously considered the primary drivers of nutrient availability, it is now increasingly 

evident that animals can mediate nutrient supply and act as important links between 

organic and inorganic nutrient pathways through their metabolic processes (Vanni 2002).  

Animals can mediate nutrient availability through storage and retention in their body 

tissues (Allgeier et al. 2017) as well as through the deposition of waste products like 

urea (Vanni 2002). Through their movements, animals can transfer nutrients across 

ecosystem boundaries (Flecker et al. 2010, Schmitz et al. 2010, Doughty et al. 2016) 

(Schmitz et al. 2010, Doughty et al. 2016) and create hotspots of nutrient deposition 

where they aggregate (Meyer et al. 1983, Schmitz et al. 2010). While ubiquitous across 

terrestrial, freshwater and marine systems (Kitchell et al. 1979, McNaughton et al. 1997, 

Naiman et al. 2002, Vanni 2002, Marczak et al. 2007, McIntyre et al. 2008, Atkinson et 

al. 2017), animal nutrient provisioning plays a potentially greater role in some tropical 

marine systems, where other sources of nutrients are low (Turner 2015, Allgeier et al. 

2017). 

Animal-mediated nutrient provisioning is prevalent across many marine ecosystems 

(Williams and Carpenter 1988, Bianchi et al. 2014, Manno et al. 2015, Turner 2015), but 

recent research has focused on the critical role that fish might play in supplying nutrients 

to tropical coral reefs (reviewed by Allgeier et al. 2017). These coastal marine systems 

are highly productive and diverse, yet often exist in extremely nutrient-poor waters. In 

such oligotrophic conditions, the nutrients excreted by the large aggregations of fish that 

use coral reefs may be critical in maintaining these productive systems (Meyer et al. 

1983, Geesey et al. 1984, Sheppard et al. 2009, Allgeier et al. 2013, De Goeij et al. 

2013, Polunin and Roberts 2013, Sale 2013, Allgeier et al. 2014). Material excreted by 

fish can provide pools of biologically-available nitrogen (Crandall and Teece 2012) and 

phosphorus (Layman et al. 2011), with nutrient excretion rates governed by fish size with 
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some influence of taxonomy (Allgeier et al. 2017, Chapter 2). Resident fish can recycle 

and retain nutrients on coral reefs (Holbrook et al. 2008) while migratory fish can 

translocate nutrients from surrounding areas and concentrate them over reefs through 

diel or annual migrations (Meyer et al. 1983, Meyer and Schultz 1985, Appeldoorn et al. 

2009, Crandall and Teece 2012). However, while fish are known to be major suppliers of 

nutrients to coral reefs, fish-mediated nutrients will only increase ecosystem productivity 

if reef primary producers actively integrate them.  

Despite the growing body of research quantifying the nutrients supplied by tropical fishes 

(McIntyre et al. 2008, Chapter 2, Allgeier et al. 2014, Allgeier et al. 2017), there is still 

relatively limited work demonstrating direct linkages between fish-mediated nutrients and 

coral reef productivity. Many studies of the response of coral reef primary producers to 

fish-mediated nutrients are correlational and examine productivity over gradients of 

naturally occurring fish densities. While several of these studies have demonstrated 

strong associations between fish excretion and enhanced coral growth (Meyer et al. 

1983, Holbrook et al. 2008, Shantz et al. 2015) as well as macroalgal growth (Burkepile 

et al. 2013, Shantz et al. 2015), it is difficult to determine if increases in fish-mediated 

nutrients lead to higher productivity or if fish simply aggregate in highly productive areas 

(Shantz et al. 2015). Even when densities of fish are manipulated in open experimental 

systems (e.g.,Layman et al. 2011), the impacts of any nutrient additions might be altered 

when other uncontrolled processes like grazing or predation are also present. While 

some studies have used artificial nutrient additions in closed systems to examine 

primary productivity on reefs (Smith et al. 2001, Burkepile and Hay 2008), these 

additions do not accurately simulate the ratios and forms of nutrients released from fish 

(Allgeier et al. 2014).  As a result, there is a need for field experiments showing direct 

linkages between fish-derived nutrients and reef productivity.  

In this study we conducted two short-term manipulative experiments to quantify the 

response of several groups of primary producers to fish-derived nutrients in a Caribbean 

reef system. We conducted a large manipulative enclosure experiment to quantify the 

response of two benthic reef producers, turf algae and seagrass, to different densities of 

reef fish, and by proxy fish excretion, on a short seasonal time scale. We predicted that 

the quantity of algae biomass would increase in our enclosures with exposure to 

increasing amounts of fish excretion. While we were not able to examine similar changes 

in seagrass quantity over a short time scale, we examined the nutritional quality of 
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seagrass blades and predicted that the nutrient content of seagrass blades would be 

higher with increasing excretion. We complemented this experiment with a contained-

bottle experiment to quantify the response of a pelagic group of primary producers, 

phytoplankton, to a gradient of manipulated fish-derived nutrient concentrations 

simulating values that can occur on reefs in our study area. We predicted that the 

quantity of phytoplankton would increase with increasing concentrations of fish-derived 

nutrients, with growth likely reaching saturation at higher concentrations. By 

experimentally quantifying the response of primary producers to fish-mediated nutrients, 

our study addresses a major research gap by directly linking fish nutrient provisioning on 

coral reefs to reef ecosystem functioning. 

Methods  

Experimental set-up: Algae and seagrass  

We quantified the response of two types of primary producers, turf algae and seagrass 

(Thalassia testudinum), to variations in fish density and excretion using a large, 

replicated enclosure experiment deployed across eight seagrass beds off Eleuthera 

Island, The Bahamas, from 14 May to 4 July 2015. The seagrass beds were located in 

Rock Sound, a large, shallow sandy basin at the southern end of Eleuthera Island, at a 

uniform depth of 3 m. In this system, beds of T. testudinum often form around small coral 

reef patches. To avoid the potential confounding effect of nutrients provided by the fish 

communities associated with patch reefs, we placed our enclosures in seagrass more 

than 10 m away from reef patches since nutrient enrichment from reef fishes is negligible 

beyond this distance (Layman et al. 2013). 

We constructed 24 cylindrical enclosures from galvanized steel mesh (top and side 

mesh size: 0.6 cm2, enclosure volume = 0.25 m3) (Figure 3.1). The base of each 

enclosure consisted of wider galvanized steel mesh (base mesh size: 2 cm2) to allow 

stocked fish access to the substrate. Two SCUBA divers anchored three enclosures at 

each of the eight seagrass beds. Divers placed each enclosure 10 m from the patch 

reef, with a minimum distance of 10 m between each cage.  Each enclosure was 

anchored to the substrate using four cinder blocks (41 cm × 20 cm × 20 cm) attached to 

the outside of the base using cable ties. An additional cinder block was placed in the 

centre of each enclosure to provide shelter for stocked fish. To quantify algal growth in 
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each enclosure we suspended four unglazed ceramic tiles (10 cm2 each) ~ 5 cm below 

the top of each cage (Figure 3.1). Unglazed ceramic tiles are commonly used to monitor 

algal or periphyton growth (e.g., Flecker et al. 2002, Moore et al. 2004), as they mimic 

rocky substrates for algae settlement better than other artificial substrates (Mallela et al. 

2017). Tiles were placed at a 10° angle to minimize the accumulation of sediment and 

sand. We also placed a mesh layer below the tiles to prevent stocked fish from 

physically bumping or jostling the tiles. Thus, these tiles could be impacted by the 

stocked fish only indirectly, such as via nutrient excretion.  

 
Figure 3.1  Images of (A) An enclosure with 30 H. flavolineatum in a seagrass 

halo, 10 m away from a patch reef. 
Tiles can be seen suspended from the top of the enclosure, (B) 10 cm2 ceramic tile from one of 
the enclosures at 7 weeks, showing layer of organic growth, and (C) one of two bottle incubation 
experiments deployed at 3 m depth near one of the seagrass beds. 
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We stocked each enclosure with either 0, 10 or 30 juvenile French grunts (Hamuelon 

flavolineatum, ~10 cm total length each), with the treatment assigned at random among 

the three enclosures at each site. Divers on SCUBA captured juvenile H. flavolineatum 

from nearby patch reefs using hand nets. We used H. flavolineatum as our focal species 

because 1) they are a common reef fish in our study area that are easily captured on 

SCUBA, 2) they school in large numbers of relatively equal-sized individuals, 3) they 

have well-quantified excretion rates (see Figure B.2, as well as work by Meyer et al. 

1983), 4) they are a major supplier of nitrogen to reefs in our study area (Chapter 2), and 

5) they are invertivores (Cocheret de la Morinière et al. 2002) so would not reduce algae 

and seagrass growth through herbivory directly.  

We maintained fish in the enclosures for seven weeks.  Divers released and restocked 

H. flavolineatum individuals at the appropriate densities once a week to reduce any 

potential stresses on individual fish caused by long-term confinement. During restocking, 

divers recorded the species and number of any additional fish found near the 

enclosures, which could potentially alter nutrient excretion supply. Additional fish 

associated with enclosures were rare and were primarily new recruits (< 2 cm total 

length), so we considered nutrient additions from these individuals negligible. Divers also 

visited and opened the 0-fish enclosures to standardize diver disturbance across all 

treatments. Two weeks into the experiment, a major storm deposited large amounts of 

sand on the ceramic tiles across all sites. Because deposited sand would likely have 

prevented further algal growth, we removed and scraped each tile clean before replacing 

them in each enclosure. Algal response was therefore measured over five weeks. 

At the end of the experiment we collected 30 T. testudinum blades immediately adjacent 

to each enclosure. We did not collect blades from inside each cage as H. flavolineatum 

individuals often broke many of the blades through foraging on epiphytic invertebrates 

and swimming activities. These breakages were an artificial product of fish being 

contained in an enclosed space and would likely not occur during foraging under natural 

conditions. We immediately froze collected blades and transported them to Simon 

Fraser University where we scraped blades to remove epiphytes, dried blades for 72 

hours at 65°C, and then emulsified them for % nitrogen content analysis using a Carlo 

Erba CHNS elemental analyzer. 
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At the end of the experiment we also collected all ceramic tiles to quantify algae growth 

on the tiles. While on SCUBA, we placed each tile in a Ziploc bag, which we transported 

to the Cape Eleuthera Institute in dark coolers to prevent further photosynthesis or 

growth. Due to time constraints, we were only able to process two tiles (of four) from 

each enclosure. In a dark room, we scraped a 1-cm2 area of each tile and filtered the 

scraped material onto 0.7 µm Whatman GF-F filter papers, which we froze and 

transported to Simon Fraser University to measure chlorophyll concentration (µg L-1) 

using fluorometry (Marker 1980). We scraped the remainder of the material from each 

tile into 15-ml Eppendorf tubes and dried it for 48 hours at 45° Celsius to remove all 

moisture. We transported dried samples to Simon Fraser University and subsequently 

measured organic ash-free dry weight (g) of each sample using loss on ignition 

combustion in a muffle furnace. We used organic ash-free dry weight (g) and chlorophyll 

concentration as proxies for algae biomass. We were only able to quantify measures of 

algae quantity, not quality (i.e., nutrient content), during this study.  

Experimental set-up: Phytoplankton  

To measure the response of naturally occurring phytoplankton communities to nutrient 

additions from H. flavolineatum, we conducted two short-term incubation experiments. 

Incubation experiments are a common method for measuring phytoplankton growth 

responses to known nutrient additions (Ishizaka et al. 1983, Alpine and Cloern 1988, 

Elser et al. 1990). We created known concentrations of H. flavolineatum nitrogen 

excretion by placing 30, ~12-cm-long H. flavolineatum individuals in 30 L of filtered 

seawater (0.7 µm Whatman GF-F filter paper) for 30 min. Using our previously 

developed mass-excretion model for this species (Figure B.2), we estimated that this 

produced a NH4
+ concentration of approximately 15 µmol L-1 (95% CI: 13.8 - 17.3 µmol L-

1). We combined different volumes of this nutrient-enriched water with non-enriched 

filtered seawater collected at a depth of 1 m near one of the seagrass beds to 

completely fill clear 1.5 L polyethylene bottles and create a gradient of nutrient 

enrichment (Experiment 1 approximate concentrations: 0, 2.5, 5, 10, 15 µmol L-1; 

Experiment 2 approximate concentrations: 0, 0.5, 1, 2.5, 5, 10, 15 µmol L-1). The highest 

concentration (~15 µmol L-1) represents a density of ~ 900 juvenile grunts per m3, which 

can occur on some of the reef patches in the region (FTF, pers. obs). We replicated 

each concentration 5 times (i.e., five bottles of each concentration) in each of the two 
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experiments for a total of 25 bottles in experiment 1 (although one 0 µmol L-1 bottle was 

lost post-deployment) (Figure 3.1), and 35 bottles in experiment 2. We anchored the 

bottles using several additional cinder blocks at one location at 3-m depth near one of 

our experimental reef patches to simulate natural temperature and light conditions in our 

study area (Figure 3.1).  

Both incubations ran for 72 hours, which is within the range of incubation periods that 

allows for phytoplankton growth but avoids confounding effects from intraspecific 

competition or zooplankton predation that can occur with longer incubation times 

(Ishizaka et al. 1983, Alpine and Cloern 1988, Elser et al. 1990). Upon collection, we 

placed bottles in the dark to prevent further photosynthesis and filtered the contents of 

each bottle through 0.7 µm Whatman GF-F filter papers at the Cape Eleuthera Institute. 

Filter papers were frozen and transported to Simon Fraser University for subsequent 

chlorophyll analysis using fluorometry (Marker 1980). We were only able to quantify 

measures of phytoplankton quantity, not quality (i.e., nutrient content), during this study. 

Data analysis 

Algae: Ash-free dry weight  

To determine if algal biomass differed among H. flavolineatum treatments, we modelled 

ash-free dry weight of algae using a linear mixed-effects model, with H. flavolineatum 

treatment as a fixed effect and individual enclosure nested within site as a random 

effect, using maximum likelihood fitting. We compared this model to a null model with the 

same random effects structure using a likelihood ratio test. 

Algae: chlorophyll   

We could not apply linear modelling to chlorophyll measurements from the tiles, as the 

distribution of data points was heavily right-skewed due to several extreme outliers. 

While these data are likely valid and biologically plausible due the tendency of algae to 

settle around conspecifics and therefore cause concentrated points of growth on a tile, 

our sample size of chlorophyll collections was very small and not sufficient to show the 

full pattern of algal growth. These data are included in Figure B.1 but are not further 

analyzed or discussed in the manuscript.  
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Seagrass 

To determine if % nitrogen content of seagrass differed among H. flavolineatum 

treatments, we modelled % nitrogen content using a linear mixed-effects model, with H. 

flavolineatum treatment as a fixed effect and reef site as a random effect, using 

maximum likelihood fitting.  

We included a variance structure allowing for different variances in each treatment to 

account for heteroscedasticity in the residuals.  We compared this model to a null model 

with the same random effects and variance structure using a likelihood ratio test. 

Phytoplankton  

Chlorophyll growth in bottles was modelled using a Monod curve (a derivation of the 

Michaelis–Menten curve commonly used for phytoplankton growth; (Sandgren 1988, 

Klausmeier et al. 2004)), a linear model and an intercept-only model, all fit using 

maximum likelihood. We compared these models using a model selection approach 

corrected for small sample size (i.e., Akaike Information Criterion, AICc; (Hurvich and 

Tsai 1989, Burnham and Anderson 2002)). We identified the best-supported model as 

that with the lowest AICc value (Burnham and Anderson 2002). Models that differed from 

the top model by less than 2 AICc units (i.e., Δ AICc < 2) were considered equally well 

supported by the data (Burnham and Anderson 2002). Confidence bands around each 

curve were calculated using the delta method (Dorfman 1938). All analyses were 

conducted in R (v.3.1.1, R Core Team 2018) using the packages msm, lmtest, nlme, and 

AICmodavg.  

Results 

Algae response 

Ash-free dry weight (g) of algae on tiles was better predicted by the model with H. 

flavolineatum treatment than by a null model (Likelihood ratio test: X2 = 9. 62, df = 2, p = 

0.02). According to this model, tiles from control enclosures with no H. flavolineatum had 

the lowest ash-free dry weights of algae, with mean ash-free dry weight of algae on tiles 

from the 10 H. flavolineatum treatment being 12% higher than controls (Figure 3.2). 
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Mean ash-free dry weight of algae on tiles from the 30 H. flavolineatum treatment was 

26–34% higher than when fewer fish were present (Figure 3.2).  

 
Figure 3.2  Algal biomass, as estimated by ash-free dry weight of algae, on 

ceramic tiles exposed to three densities of French grunts H. 
flavolineatum (0, 10 and 30 fish) for five weeks in Eleuthera, The 
Bahamas.  

Means and 95% confidence intervals are shown in black; raw data are shown as light grey points.    

T. testudinum response 

The % nitrogen content of seagrass was also better predicted by the model with H. 

flavolineatum treatment than by a null model (Likelihood ratio test: X2 = 7.48, df = 2, p = 

0.008). The % nitrogen content of seagrass collected near enclosures with 30 H. 

flavolineatum was 4.8% and 7% higher (in relative terms) than that of seagrass near 

enclosures with 10 fish or no fish, respectively (Figure 3.3). In comparison, the mean % 

nitrogen content from blades around 10-fish enclosures was only 2% higher than that of 

seagrass collected around enclosures with no fish.    
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Figure 3.3  Percent nitrogen content of blades of seagrass Thalassia 

testudinum adjacent to enclosures holding varying densities of 
French grunts H. flavolineatum (0, 10 and 30 fish) for seven weeks in 
Eleuthera, The Bahamas. 

Mean and 95% confidence intervals are shown in black; raw data are shown as light grey points. 

Phytoplankton response 

Phytoplankton growth was best modelled by a Monod curve in both bottle incubation 

experiments (Table 3.1). Chlorophyll increased at a decelerating rate with increasing 

amounts of H. flavolineatum excretion (Figure 3.4). Chlorophyll increased rapidly 

between 0 and 5 µmol of excretion before levelling out at ~ 1 ug L-1. 
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Table 3.1  Results of model selection using AICc for three candidate models of 
chlorophyll growth (µg L-1) in relation to added fish excretion (µmol) 
in two separate experiments. 

Experiment Rank Model -Log 
likelihood 

 k AICc DAICc wi 

1 1 Monod -9.27  3 -11.57 0.0 1 

 2 Linear 6.68  2 20.31 31.89 0 

 3 Intercept only 15.75  1 35.88 47.45 0 

 
  

    
  

2 1 Monod -1.00  3 4.955 0.0 1 
 2 Linear 6.99  2 20.95      16.00 0 
 3 Intercept only    10.90  1 26.38      30.92 0 

k is the number of parameters in each model; DAICc is the difference in AICc values between a given model and the 
best-supported model; and wi is the probability that model i is the best one of those considered given the data in hand. 

 
Figure 3.4  Chlorophyll concentration (ug L-1) as a function of approximate 

amount of H. flavolineatum excretion in two 72-hour bottle 
experiments. 

Each panel represents one experiment and the data are fitted with Monod curves (black lines); 
shaded areas are 95% confidence bands.  

Discussion 

Fish excretion is a major potential source of nutrients for coral reef communities (Allgeier 

et al. 2017, Chapter 2), but these nutrients will only contribute to ecosystem functioning if 
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they are actively used by reef primary producers (Vanni 2002). In the absence of other 

community processes such as herbivory and predation, excretion from H. flavolineatum 

in enclosures led to positive responses in two major groups of benthic producers, turf 

algae and seagrass. Both turf algae biomass and % nitrogen content of seagrass were 

best explained by models that included fish density. Fish excretion also led to a positive 

response in pelagic phytoplankton communities, with phytoplankton growth increasing 

with increasing excretion until reaching saturation at higher concentrations. These 

experimental results demonstrate a direct link between fish excretion and reef primary 

production, indicating that fish-derived excretion can drive this aspect of ecosystem 

functioning on coral patch reefs.  

Coral reef primary producers are often nutrient-limited (Turner 2015, Allgeier et al. 

2017), and as a result should readily uptake any biologically available sources of 

nutrients, such as excretion from reef fish. Our study builds on research quantifying the 

magnitudes of nutrient supply from coral reef fish (Layman et al. 2011, Burkepile et al. 

2013, Allgeier et al. 2017, Chapter 2) by directly demonstrating that benthic primary 

producers, specifically turf algae and seagrass, respond positively to these fish-derived 

nutrients. Generalized linear models including fish treatment best explained variation in 

turf algae biomass in experimental enclosures, suggesting that fish excretion promotes 

turf algae growth. Moreover, our chlorophyll A measurements (Figure B.1) suggest that 

much of the biomass accumulated on our experimental tiles was indeed composed of 

primary producers. Turf algae are an important food source for fish and invertebrate 

herbivores on patch reefs (Bruggemann et al. 1994, Chapter 2, Vermeij et al. 2010), and 

increases in the biomass of these primary producers could directly benefit grazers. 

Previous observational studies have shown associations between fish aggregations and 

algae production (Burkepile et al. 2013, Lapointe et al. 2014), but the directionality of this 

link can be ambiguous without additional information. For example, Shantz et al. (2015) 

found lower algae biomass on reefs with more fishes (and higher nutrient input), which 

was the result of higher grazing rates by herbivores on the more productive reefs. Inputs 

of fish-derived nutrients can also alter benthic algal communities in ways that we could 

not evaluate in our study. For instance, certain algae species could experience faster 

growth due to nutrient inputs than others, leading to shifts in a reef’s algae community 

composition.  
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While primary producers can respond to nutrient enrichments through new biomass 

production, increases in nutrient storage by existing producers can also indicate uptake 

of available nutrients. For example, increases in algal nutrient content have been 

observed in response to higher fish excretion (Burkepile et al. 2013, Lapointe et al. 2014, 

Shantz et al. 2015), suggesting that fish excretion can enhance both growth and the 

nutritional value of algae. In our field experiment, shifts in the % nitrogen content in 

seagrass blades around our enclosures were also best explained by a model that 

included fish treatment. Values of seagrass blade % nitrogen content in our study were 

within the range of values found in seagrass beds throughout the Florida Keys 

(Fourqurean and Zieman 2002) and were on average higher than measurements from 

other areas in the Bahamas (Layman et al. 2013).  Our experimental findings support 

previous studies that show a correlation between nitrogen content in seagrass blades 

and nutrient enrichment from fish excretion around artificial reefs (Allgeier et al. 2013, 

Layman et al. 2016, Allgeier et al. 2017). Increases in nutrient content occur in seagrass 

blades as opposed to roots and rhizomes under more enriched conditions (Layman et al. 

2016), leading to a higher nutritional value of blades for herbivore grazers (Valentine and 

Heck 2001, Allgeier et al. 2017). 

Fish excretion can support benthic communities on reefs, but excreted dissolved 

nutrients are also available to pelagic phytoplankton, whose growth rates are limited by 

nutrient availability in the surrounding water column (Tilman 1982, Sommer 1989, Elser 

et al. 1990, Vanni and Layne 1997). We found that pelagic phytoplankton readily used 

fish excretion, with phytoplankton growth increasing with increasing excretion 

concentration following a Monod curve. These results support other studies 

demonstrating increases in phytoplankton growth   (Ishizaka et al. 1983, Sterner 1986, 

Elser and Goldman 1991, Schindler 1992, Vanni and Layne 1997) and biomass (Vanni 

and Findlay 1990, Schindler 1992, Payne and Moore 2006) and changes in community 

structure (Vanni and Findlay 1990, Vanni and Layne 1997) with increasing animal 

excretion. Although our phytoplankton communities are not necessarily representative of 

natural communities as larger phytoplankton and zooplankton were filtered out prior to 

incubations (Nogueira et al. 2014), our experiments demonstrate that fish excretion can 

increase production of small pelagic phytoplankton.  

Positive responses of benthic and pelagic primary producers in this study, combined with 

known positive responses of corals to fish excretion (Meyer and Schultz 1985, Holbrook 
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et al. 2008, Shantz et al. 2015), indicate that fish-mediated nutrients can help drive 

production in all of the major groups of primary producers found on and around patch 

reefs. This division of excreted nutrients among multiple producers likely occurs at 

varying rates and, coupled with other processes such as herbivory and predation, makes 

it difficult to directly translate our experimental responses to primary producer biomass 

and abundance on natural reefs. On one hand, it is likely that the growth rates and 

nutrient shifts we observed in algae and seagrass in our enclosures could occur on reef 

patches such as the ones we studied, as excretion rates in our experimental treatments 

(~15 µmol hr-1 m2 in low density and 45 µmol hr-1 m2 in high density) fell within the range 

of patch-wide excretion rates observed previously on our reefs (Chapter 2).  On the 

other hand, given our anecdotal observation of a small 6-cm striped parrotfish, a 

common species on our patch reefs, accidentally entering one of our high-density 

enclosures and consuming all algal growth on four tiles in a few hours, we think it likely 

that herbivory on our reefs is high compared to algal growth, and algal growth is unlikely 

to surpass herbivore demands even the sites that receive the highest excretion rates 

(i.e., between 150 and 350 µmol hr-1 m-2; Chapter 2). As a result, while algae production 

rates may be similar between natural reefs and our experiment, actual standing algae 

biomass and algae composition on patch reefs will likely reflect herbivory, with grazing 

limiting standing algae biomass and altering algae community structure by potentially 

favouring species with low palatability or rapid regrowth. Similarly, while phytoplankton 

growth reached saturation at concentrations of 15 µmol L-1 in our bottle experiments, 

naturally occurring phytoplankton communities are unlikely to reach saturation on reef 

patches due to zooplankton consumption and the division of excretion among multiple 

producers.  

The uptake of fish excretion by numerous primary producers on patch reefs highlights 

the importance of fish communities in maintaining and driving primary production in 

these ecosystems.  As a result, shifts in fish biomass, and by extension fish excretion, 

due to anthropogenic stressors such as overfishing (Layman et al. 2011), or the 

introduction of invasive species (Capps and Flecker 2013, Rubio et al. 2016), will directly 

impact primary production and ecosystem functioning on patch reefs. Further research 

identifying response thresholds by different producers to fish excretion is needed to 

determine how shifts in fish biomass and excretion will impact reef productivity.  
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Chapter 4.  
 
Inferring potential drivers of seagrass growth from 
spatial patterns and cross-system linkages in 
tropical coastal ecosystems 

Abstract 

Seagrasses are the foundation of highly productive tropical marine ecosystems, and 

determining key factors that influence their growth is important for understanding the 

distribution of these critical coastal habitats. Patterns of seagrass growth can be strongly 

influenced by biotic factors, such as the movement of fish from adjacent coral reef 

habitats. Reef fish may shape seagrass beds through grazing, but may also enhance 

seagrass growth through their excretion, a mechanism that has not been well examined 

as potential driver of seagrass patterns in natural reef systems. We examined spatial 

patterns of seagrass Thalassia testudinum beds around 24 coral patch reefs in 

Eleuthera, The Bahamas, to infer if fish, either through herbivory or excretion, were 

potential drivers of seagrass growth in this system. We collected four measures (i.e., 

blade height, above-ground biomass, below-ground biomass, and blade % nitrogen 

content) to quantify growth patterns of seagrass at increasing distances away from reefs. 

We found no evidence of sand ‘halo’ formation at any of our sites. Seagrass height and 

biomass were greatest next to reefs and decreased with increasing distance from reefs. 

Herbivore biomass was generally low and there was no clear effect of herbivore biomass 

on average seagrass above-ground biomass, below-ground biomass, or blade height 

around reefs. Higher rates of reef fish excretion had a positive but small effect on 

seagrass height, but no effect on seagrass biomass or % N content. Our study suggests 

that fish communities may not be the main mechanism shaping seagrass beds at patch 

reef-seagrass interfaces in the Bahamas; other factors (e.g., abiotic conditions like sand 

depth) may have a stronger influence on seagrass growth and distribution in these 

systems.  
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Introduction 

Seagrasses are the foundation of highly productive ecosystems in shallow coastal 

waters (Larkum et al. 2006) and understanding the processes that influence their 

distribution and growth is critical for their conservation. Seagrass meadows can perform 

a suite of ecosystem functions in coastal areas, including providing nursery habitat for 

juvenile fish (Heck and Wetstone 1977, Ogden and Zieman 1977, Orth et al. 1984, Bell 

and Pollard 1989), stabilizing near-shore sediments (Harborne et al. 2006), maintaining 

water quality (Harborne et al. 2006), and providing food for numerous animal species 

(Heck and Wetstone 1977, Orth et al. 1984, Valentine and Heck 1999). The distribution 

and growth of these marine plants is influenced by many abiotic factors, including 

nutrient availability, light, sedimentation, and hydrodynamics (Stapel et al. 1996, 

Fonseca and Bell 1998, Lee et al. 2007). Seagrass beds are also influenced by biotic 

factors, such as the movement and feeding activities of animals (e.g., Ogden and 

Zieman 1977). Many of the factors that influence seagrass growth are driven by the 

transport or movement of materials from nearby environments (Ogden and Zieman 

1977, Valentine and Heck 2005). For example, the nocturnal feeding migrations of 

invertebrates such as lobsters may transfer large amounts of carbon in and out of 

seagrass beds (Valentine and Heck 2005). As a result, the degree of connectivity 

between seagrass habitats and surrounding coastal ecosystems may strongly dictate 

seagrass productivity.  

In tropical regions, linkages between seagrass beds and nearby coral reefs can 

influence patterns of seagrass growth (Ogden and Zieman 1977). Tropical seagrasses 

often grow beside or interspersed with coral reefs and exchanges of material between 

these systems are common. For example, detrital material from old seagrass blades or 

detached reef algae can move from one system to the other and influence primary and 

secondary productivity in the recipient system (Ogden and Zieman 1977, Kenworthy and 

Thayer 1984, Wernberg et al. 2006). The proximity of these habitats to each other can 

also influence the abiotic conditions each one experiences. For example, coral reefs can 

alter water dynamics in adjacent seagrass beds by buffering current flow (Harborne et al. 

2006), and seagrass beds can increase concentrations of carbonate in the water 

column, facilitating the development of coral reef structures (Unsworth et al. 2012). 

Perhaps one of the biggest linkages between reefs and seagrass systems is the 
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movement of large numbers of animals between them. Seagrass habitats provide critical 

nursery habitat for juvenile reef fish that take advantage of the availability of shelter, 

food, and low competition in seagrass beds before moving to coral reef habitats as 

adults (Robblee and Zieman 1984, Thayer et al. 1984). Many adult reef fish and 

invertebrates live close to and often forage in seagrass beds (Ogden and Zieman 1977). 

Consequently, the presence and activities of these animals may strongly influence 

seagrass growth through either top-down or bottom-up processes.  

Grazing by herbivorous coral reef fish and invertebrates can be a strong top-down driver 

of seagrass growth in tropical systems (Valentine and Heck 1999). Seagrasses act as a 

major source of food for many reef grazers (Sweatman and Robertson 1994, White et al. 

2011). In some cases, herbivory is so intense immediately surrounding a reef that 

grazers completely consume all of the seagrass, forming a clear, bare ‘halo’ of sand. A 

large body of literature exists on the formation of sand halos by herbivores in reef 

systems around the world (Randall 1965, Ogden and Zieman 1977, Sweatman and 

Robertson 1994, Alevizon 2002, Madin et al. 2011, Ollivier et al. 2018). These sand 

halos are often limited to narrow bands of only a few meters, as increasing predation risk 

restricts herbivore grazing farther away from a reef (Ogden and Zieman 1977, Madin et 

al. 2011). Like fish, invertebrate grazers can also drive the formation of sand halos in 

seagrass beds. For example, halo formation around some Caribbean reefs was 

previously primarily attributed to the urchin Diadema antillarum (Ogden et al. 1973, 

Zieman et al. 1984, Alevizon 2002). However, the loss of many large-bodied fish 

herbivores through fishing and the near extirpation of D. antillarum by disease in the 

Caribbean (Hughes 1994, Jackson et al. 2001, Gardner et al. 2003, Valentine and Heck 

2005) have likely reduced the influence of these grazers in shaping seagrass beds 

surrounding modern-day Atlantic reefs. The loss of these major grazers could lead to 

reductions in the frequency of sand halo occurrences, and even permit seagrass 

regrowth in existing sand halos, but such shifts have not been documented.   

While reef fish can reduce seagrass biomass through herbivory, reef fish communities 

also provide nutrients through their excretion, which can enhance the growth and 

development of seagrass beds. Coral reef fish aggregations provide large fluxes of 

inorganic nutrients that are immediately available for use by reef primary producers and 

adjacent seagrass ecosystems (Chapter 2, Meyer et al. 1983, Geesey et al. 1984, 

Crandall and Teece 2012, Allgeier et al. 2013, Allgeier et al. 2014). These ecosystems 
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often occur in nutrient-limited waters, where large inputs of animal-mediated nutrients 

may be the major nutrient source driving productivity (Allgeier et al. 2017). Thus, through 

processes of both herbivory and nutrient excretion, fishes could increase or decrease 

seagrass growth around coral reefs. Shifts in fish community composition or total 

abundance resulting, for example, from the harvest of large-bodied grazers (Jackson et 

al. 2001), could change the net impact of fish on seagrass. For instance, in areas where 

grazers no longer form a large portion of reef communities, excretion may be more 

important than herbivory in shaping seagrass, but the influence of fish excretion from 

natural reefs on seagrass growth has not been quantified. 

Grazing and nutrient provisioning by fish communities can impact seagrass beds by 

influencing several different seagrass characteristics. For example, fish grazers can 

directly influence seagrass above-ground biomass and blade height by consuming this 

material (Heck and Wetstone 1977, Orth et al. 1984, Valentine and Heck 1999). 

Increased nutrient availability from fish can also influence seagrass biomass and blade 

height, as seagrass will put more biomass into leaf growth than below-ground rhizome 

growth in higher nutrient conditions (Larkum et al. 2006). Higher blade nutrient uptake 

can lead to correspondingly higher nutrient storage in leaves as well as lower below-

ground biomass production (Sweatman and Robertson 1994, Cornelisen and Thomas 

2004, 2006, Lee et al. 2007, Medina-Gómez et al. 2016). While grazing can drastically 

reduce biomass and blade height, and, in extreme examples, form sand ‘halos’ near 

reefs (Randall 1965, Ogden and Zieman 1977, Sweatman and Robertson 1994, 

Alevizon 2002, Madin et al. 2011, Ollivier et al. 2018), nutrient input from reef fish has 

been suggested as a potential mechanism that maintains dense seagrass biomass on 

the outward edge of sand halos in the Bahamas (Alevizon 2002). In the Caribbean, 

studies of artificial reefs have shown that aggregations of fish can enhance seagrass 

blade height as well as blade nutrient content in proximity to higher densities of fish 

(Alevizon 2002, Dewsbury and Fourqurean 2010, Layman et al. 2013).  

We examined spatial patterns of seagrass beds around coral patch reefs in Eleuthera, 

The Bahamas, to try and infer potential drivers of seagrass growth in this system. We 

predicted that if seagrass biomass and blade height are more limited close to than far 

from reefs and reduced near reef patches with more fish grazers, herbivory by reef 

fishes is potentially a primary driver of seagrass growth characteristics.  In contrast we 

predicted that if seagrass biomass, blade height, as well as nutrient content are higher 
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immediately adjacent to reefs with more fish excretion, and diminish with increasing 

distance from reef communities, then fish communities may drive seagrass growth 

through excretion provisioning. We hypothesized that if seagrass spatial patterns do not 

match either of these predictions, then other abiotic factors, such as sedimentation or 

water hydrodynamics, may play a larger role than fish communities in shaping these 

seagrass habitats.  

Material and Methods 

Study location 

We quantified patterns of seagrass growth around 24 patch reefs in The Bahamas, from 

May to August 2014.  The patch reefs were located in Rock Sound, a large, shallow 

(maximum depth: 5 m), sandy basin at the southern end of Eleuthera Island. Study reefs 

ranged in size from 8 to 212 m2 (mean ± se: 92 ± 14 m2) and were separated from their 

nearest neighbour by at least 200 m of sandy substrate, which likely prevented all but 

the largest of fish from using multiple coral patches. All of our patch reefs were 

immediately surrounded by beds of the seagrass Thalassia testudinum; beyond close 

proximity (< 20 m) to patch reefs, seagrass was either absent or cover was very low (< 

5% cover, see Figure C.1 for visualization) throughout Rock Sound.  

Reef characteristics 

We measured rugosity and total hard area for each patch reef. To measure rugosity, a 

proxy for reef complexity (Alvarez-Filip et al. 2009), we laid a 13-m chain on the reef 

patch following the reef contour and measured the linear distance between the ends of 

the chain, re-laying the chain 3-5 times per patch (with number of replicates scaled to 

reef patch size). Rugosity was calculated as the ratio of the chain length divided by the 

linear distance between the chain ends, with higher values indicating a more rugose reef 

(Alvarez-Filip et al. 2009). We measured total hard area for each patch by multiplying the 

lengths of the two widest perpendicular cross sections of the hard substrate section of 

the patch.   
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Fish biomass surveys 

To generate estimated rates of fish excretion and herbivore biomass we conducted four 

sets of fish biomass surveys between May and August 2014 on each of our study sites. 

During each survey, we quantified fish abundance at each site using transects 

conducted on SCUBA between 10:00 and 16:00. At each site, two divers placed two or 

three 6-8-m-long parallel transects on the reef (transect length and number were scaled 

to patch size). Divers waited for 5 min at a distance of 2-3 m from the reef to allow 

normal fish activity to resume, and then slowly swam the length of each transect, 

recording the size (total length in cm) and species of all fish within 1 m on either side of 

the transect line. Following transect surveys, divers conducted a roving survey of each 

patch, lasting up to 15 min (with survey time scaled to patch size), to record the number 

of more cryptic species that were difficult to detect on transect surveys, such as bottom-

dwelling fish and predatory fish. Two roving divers, with no overlap in their search areas, 

systematically examined the periphery, overhangs, and crevices of each patch reef and 

identified and estimated the size of all the fish they observed.  

We classified three groups of herbivores from our reef surveys (scarid parrotfish, 

sparisomid parrotfish, and acanthurid surgeonfish) as potential grazers on seagrass 

beds (Francis et al. 2019, Kirsch et al. 2002, Goecker et al. 2005, Armitage and 

Fourqurean 2006). All three groups of herbivores were observed to graze on seagrass 

near our study patches (Francis et al. 2019). Although specific grazing rates were not 

rigorously quantified in that study, bite rates on seagrass from these three groups were 

low (scarids: 10.8 bites/min, n = 32 fish, sparisomids: 6.3 bites/min, n = 22; acanthurids: 

0.9 bites/min, n = 5), with a large number of bites appearing to selectively target 

epiphytes growing on seagrass blades instead of seagrass itself (F. Francis, pers. obs). 

As a result, our use of herbivore biomass in this paper as a proxy for grazing is likely an 

overestimation of actual herbivory on seagrass in our study system. We did not include 

invertebrate grazers in our analysis as the main grazing urchin, Diadema antillarum, was 

not present on our reefs. The white urchin, Tripneustes ventricosus, was scarce, and 

found mainly on the reef patches, with very few observed in the surrounding seagrass.  
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We converted all individual fish sizes from both survey methods to fish biomass using 

length to weight parameters from either Fishbase (Froese and Pauly 2018) or our own 

empirical measures (Chapter 2). We combined individual fish biomass estimates with 

family-specific ammonium excretion models (Chapter 2) to generate modelled excretion 

rate estimates (µmol hr-1) for each individual fish. Individual modelled excretion rate 

estimates were summed over each transect and scaled up to whole reef area to match 

the roving survey data. Transect and survey estimates were divided by total reef hard 

area to get estimates of fish ammonium excretion (µmol hr-1 m -2) for each patch reef and 

averaged over our four survey sets to generate average excretion rates over the 4-

month period prior to our seagrass measurements. Individual herbivore biomass 

estimates were similarly combined to generate average fish herbivore biomass (g m -2) 

for each patch. 

Seagrass collection 

 In August 2014, we collected four measures (i.e., blade height, above-ground biomass, 

below-ground biomass, and blade % nitrogen content) to quantify growth patterns of the 

seagrass surrounding each patch reef. At each reef, three divers placed three 10-m-long 

transects radiating from the edge of the reef patch, directly into the surrounding 

seagrass halo at increments of 120° around the reef (with the first transect placed at a 

randomly selected bearing relative to 0°). To quantify blade height, each diver placed a 

0.5 m2 quadrat at 0, 1, 2, 4, 6, 8, and 10 m along each transect and measured the 

height of 15 blades within each quadrat (to the nearest mm), for a total of 45 blades at 

each distance at each patch reef. Each diver also noted the distance from the reef patch 

where seagrass cover fell below < 5% (see Figure C.1). Divers then converged on one 

transect selected at random to quantify seagrass biomass and blade % nitrogen (N) 

content. Two divers worked together to collect a 10-cm diameter by 15-cm deep core 

from the centre of each quadrat along the transect. Core samples were placed in mesh 

bags that were fine enough to prevent any loss of seagrass material but allowed 

sediment to fall through. After each core collection, the third diver collected 30 seagrass 

blades from each quadrat for % N analysis. We rinsed seagrass core samples at the 

Cape Eleuthera Institute to remove excess sediment and immediately froze both core 

samples and blades collected for nitrogen content analysis for transport to Simon Fraser 

University.  
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At Simon Fraser University we sorted each core sample into above-ground biomass 

(short shoots and blades) and below-ground biomass (roots and rhizomes). We dipped 

samples in a solution of 10% hydrochloric acid for 1 min to remove calcareous epiphytes 

and dried each sample for 72 h at 60°C to obtain dry weight (g). For % N analysis, we 

scraped seagrass blades to remove epiphytes, dried blades for 72 h at 60°C, and then 

emulsified them for % N content analysis using a Carlo Erba CHNS elemental analyzer. 

Although we collected blades for % N analysis at 8 distances from each patch, we only 

analyzed blades from distances of 0, 1, 4 and 10 m due to time and financial constraints.  

Data analysis 

To assess seagrass bed characteristics around our patch reefs, we fit sets of 

generalized linear mixed-effects models (GLMMs) with gamma error distributions to our 

four response variables: seagrass height, above-ground biomass, below-ground 

biomass, and % N content. The model sets for seagrass height, above-ground biomass, 

and below-ground biomass contained the biologically plausible combinations of four 

fixed effects – distance from patch reef, fish excretion, herbivore biomass, reef hard area 

– as well as the two-way interactions between the latter three fixed effects (see Table 

C.1). The model set for blade % N content did not include herbivore biomass as a 

predictor (but was otherwise identical), since there is no likely mechanism through which 

herbivores would influence this response variable. All models included patch reef as a 

random effect. The model sets for seagrass height, above-ground biomass, and below-

ground biomass also contained an additional polynomial term for distance from reef 

(Table C.1). This additional term allowed for potential non-linear relationships between 

these responses and distance, such as a halo effect caused by herbivores suppressing 

seagrass height and biomass in proximity to the reef. We did not include rugosity in our 

model sets because there was very little variation in rugosity among reefs. In total, we 

considered 13 candidate models for height, above-ground biomass, and below-ground 

biomass, and 9 models for % N content, with the complete sets of models given in Table 

C.1. 

We fit our models with gamma-distributed errors because our data were continuous and 

right-skewed, with variance approximately constant on the log scale. Gamma error 

distributions cannot accommodate data with zeros, which was not an issue for seagrass 

height and % N content data. However, we observed zero below- and above-ground 
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biomass in a small number of core samples (n = 8 and n = 10, respectively). For these 

two response variables, we determined the probability of non-zero biomass by fitting 

simple GLMs with binomial-distributed errors (i.e., hurdle models) and distance from reef 

as a fixed effect. Due to the very small number of zero data points, we could not include 

random effects or multiple predictor variables in these hurdle models. 

We used a model selection approach using Akaike Information Criterion (Hurvich and 

Tsai 1989, Burnham and Anderson 2002) to identify the relative quality of our gamma 

GLMMs. We identified the best-supported model as that with the lowest AIC value 

(Burnham and Anderson 2002), and models that differed from the top model by less than 

2 AIC units (i.e., Δ AIC  < 2) were considered equally well supported by the data 

(Burnham and Anderson 2002). Because multiple models for each response differed 

from the top model by less than 2 AIC units, we generated model-averaged predictions 

for each of the four model sets (Burnham and Anderson 2002). We generated 95% 

confidence bands for these model-averaged predictions using the most complex model 

for each model set – a common method for obtaining confidence intervals for model-

averaged predictions from GLMMs (Kabaila et al. 2016, Dormann et al. 2018). For the 

two response variables with hurdle models (i.e., above- and below-ground biomass), we 

combined the hurdle-model predictions (Figure C.2) with the model-averaged predictions 

from the GLMMs. Although these combined predictions are lower at further distances 

from reef patches than the model-averaged predictions, the difference is small; for this 

reason, and due to the mathematical difficulties in obtaining estimates of uncertainty for 

combined predictions (Dormann et al. 2018), we present only the model-averaged 

predictions with 95% confidence bands here. We conducted all analysis in R (R Core 

Team 2018) using the lme4, MuMIn, and AICcmodavg packages. 

Results 

Fish and seagrass bed descriptions 

Fish abundance was highly variable across our study reefs, leading to a wide range of 

excretion rate estimates (46 to 690 µmol hr-1 m-2) and herbivore biomass estimates (2 to 

59 g m-2). Herbivore biomass contributed a small portion of total fish biomass, because 

the majority of scarid and sparisomid parrotfish grazers were small, juvenile life stages 

(mean ± se total length: 5.7 ± 0.1 cm). Modelled excretion estimates and herbivore 
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biomass were not correlated with reef hard area (r < 0.27, p > 0.2). Seagrass was 

visually considerably denser around reefs than between reefs (Figure 4.1), and the band 

of dense seagrass (i.e., > 5% cover) extended 3.6 to 11.6 m from the edge of patch 

reefs (mean ± se: 8.4 ± 0.5 m).  

 
Figure 4.1  One of our study patch reefs and surrounding seagrass bed with no 

evident sand ‘halo’. 
The patch reef is approximately 4 m wide with a total hard area of 25 m2. 

Distance effects 

Distance was a strong predictor of each of the four seagrass responses and was 

included in the top five models for all four model sets (Figure 4.2, Table 4.1). We did not 

observe any sand ‘halos’ around any of our patch reefs, and blade height, above-ground 

biomass, and below-ground biomass all declined with increasing distance from patch 

reefs (Figure 4.2A-4.2C). While both blade height and seagrass below-ground biomass 

decreased more or less exponentially with increasing distance from patch reefs, above-

ground biomass appeared to be relatively constant up to 1 m from the reef before 

decreasing. Mean model predictions showed that blade height decreased by 27%, 

above-ground biomass by 72%, and below-ground biomass by 69% from 0 to 10 m 
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away from the reef. Seagrass blade % N content showed the opposite pattern and 

increased slightly with increasing distance from a patch reef, but the effect of distance on 

% N content was small (Figure 4.2D). Mean predicted seagrass blade % N increased by 

3.9% from 0 to 10 m distance from the patch.  

 
Figure 4.2  Relationships between four seagrass characteristics, A) blade 

height, B) above-ground biomass, C) below-ground biomass, and D) 
% nitrogen content, and distance from patch reefs in Eleuthera, The 
Bahamas. 

Black lines are average model predictions with coloured 95% confidence bands (see Table C.1 
for full set of generalized non-linear gamma mixed-effects models). Raw data are plotted as 
points behind model predictions with 40% transparency for easier visualization. 
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Table 4.1  Results of model selection using AIC for candidate non-linear 
mixed-effects models of A) above-ground biomass, B) below-ground 
biomass, C) seagrass height (cm), and D) % N content, in relation to 
distance from reef, (distance from reef)2, excretion, herbivores, and 
reef hard area.   

Model k DAIC wi 
 

Seagrass above-ground biomass 
distance + distance2 + area 6 0 0.18 

distance + distance2 + herbivores 6 0.55 0.13 
distance + distance2 + area + herbivores 7 0.68 0.13 

distance + distance2  5 0.76 0.12 
distance + distance2 excretion * herbivores 8 1.07 0.10 

distance + distance2 + area + excretion 7 1.97 0.07 
 

Seagrass below-ground biomass 
   

distance + distance2 + area 6 0 0.22 
distance + distance2 5 0.05 0.22 

distance + distance2 + herbivores 6 1.66 0.10 
distance + distance2 + area + excretion 7 1.82 0.09 

distance + distance2 + area + herbivores 7 1.95 0.08 

Seagrass height 
   

distance + distance2 + excretion 6 0 0.23 
distance + distance2 + excretion * area 8 0.44 0.19 
distance + distance2 + excretion + area 7 0.90 0.15 

distance + distance2 + excretion + herbivores 7 1.91 0.09 
 

% nitrogen content 
   

distance + excretion + area 6 0 0.27 
distance + area 5 0.01 0.27 

distance + excretion 5 1.15 0.15 
distance 4 1.56 0.12 

distance+ excretion *area 7 2.00 0.1 
k is the number of parameters in each model; DAIC is the difference in AIC values between a given model and the 
best-supported model; wi is the probability that model i is the best one of those considered given the data in hand.  
Only models with DAIC £ 2 are shown.  Complete model selection results are given in Table C.1. 

Excretion effects 

Although excretion was in at least one of the well-supported models (i.e., those with Δ 

AIC < 2) for all four seagrass response variables (Table 4.1), there was little effect of fish 

excretion on above-ground biomass, below-ground biomass, or blade % nitrogen 

content (Figure 4.3 A,B,D).  Seagrass responses changed by only -0.6, 1.8, and 2.9 %, 

respectively, over the range of excretion rates observed on the patch reefs. Excretion 

was more important for seagrass blade height than the other response variables (Figure 

4.3C), but the effect was relatively small. Seagrass height models with an excretion 
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predictor accounted for 86% of model support (by AIC weights; Table C.1), and our 

model-averaged predictions indicated that at the maximum observed excretion rate, 

seagrass height would increase by 18% relative to the same reef at the lowest observed 

excretion rate.  

 
Figure 4.3 Relationships between four seagrass characteristics A) blade 

height, B) above-ground biomass, C) below-ground biomass, and D) 
% nitrogen content, and ammonium excretion on patch reefs in 
Eleuthera, The Bahamas.  

Black lines are average model predictions with coloured 95% confidence bands (see Table C.1 
for full set of generalized non-linear gamma mixed-effects models). Raw data are plotted as 
points behind model predictions with 40% transparency for easier visualization. 
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 Herbivore effects 

There was no clear effect of herbivore biomass on average seagrass above-ground 

biomass, below-ground biomass, or blade height around reefs (Figure 4.4). However, 

above-ground biomass was slightly suppressed between 0 and 1 m within a reef (Figure 

4.2B), suggesting that herbivory may have a minor effect on seagrass above-ground 

biomass in immediate proximity to reefs.  

 
Figure 4.4  Relationships between three seagrass characteristics, A) blade 

height, B) above-ground biomass, and C) below-ground biomass, 
and herbivore biomass on patch reefs in Eleuthera, The Bahamas. 

Black lines are average model predictions with coloured 95% confidence bands (see Table C.1 
for full set of generalized non-linear gamma mixed-effects models). Raw data are plotted as 
points behind model predictions with 40% transparency for easier visualization.  
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Reef area effects 

Reef area was in at least one of the well supported models (i.e., those with Δ AIC < 2) 

for all four seagrass response variables (Table 4.1) but effects of area on responses 

were mixed. While the effect of reef size on both blade height and seagrass % N content 

was negligible, above-ground and below-ground biomass increased by 20.45% and 

15%, respectively, when reef area increased from 8 m2, our smallest patch, to 200 m2, 

our largest one. 

Discussion 

Our findings suggest that although nutrients from reef fish may have some influence on 

seagrass growth, neither fish excretion nor herbivory are likely the primary mechanisms 

driving patterns of seagrass productivity in the natural patch reef systems we studied. 

There was no evidence of sand ‘halo’ formation at any of our sites, and no effect of 

herbivore biomass on seagrass height, biomass, or % N content around reefs.  While 

fish grazing may have removed some seagrass very close to reefs, leading to the 

relatively constant seagrass above-ground biomass observed from 0 m to 1 m from 

reefs, seagrass height and biomass were nevertheless greatest immediately next to a 

reef. This suggests that reef fish excretion may primarily enhance growth near reefs and 

potentially counter any effects of herbivory. Higher rates of reef fish excretion had a 

positive effect on seagrass height but not on seagrass biomass or % N content. The fact 

that seagrass blade % N content was not higher near the reef, in close proximity to the 

source of reef fish excretion, might suggest that % N content levels in our system are 

near or above the threshold for N limitation in seagrasses. In addition to effects from fish, 

we also observed a positive effect of greater reef area on seagrass biomass, although 

not on seagrass height or % N content. While fish excretion had some small positive 

effects on seagrass growth, our study suggests that fish communities may not be the 

main mechanism shaping seagrass beds at patch reef-seagrass interfaces in the 

Bahamas.   

The scarcity of large herbivorous fishes and large invertebrates in many areas of the 

Caribbean (Hughes 1994, Jackson et al. 2001, Gardner et al. 2003, Valentine and Heck 

2005) has likely diminished the role of herbivory in shaping seagrass beds in Atlantic 

patch reef systems. While grazing by the urchin D. antillarum was historically the primary 
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driver of sand halos around reefs in the Atlantic (Ogden et al. 1973, Zieman et al. 1984, 

Alevizon 2002), these invertebrates were completely absent at our sites. Large fish 

grazers were also scarce on our reefs, and the majority of herbivorous fish were small 

juvenile parrotfish. There is often high predation risk associated with grazing in seagrass 

beds and, as a result, larger fish that are protected by their size from predators are likely 

responsible for sand ‘halo’ formation around reefs, not smaller juveniles (Randall 1965, 

Madin et al. 2011, Downie et al. 2013, Ollivier et al. 2018). Although small seagrass-

dwelling species of parrotfish (e.g., the bucktooth parrotfish, Sparisoma radians) can 

lead to shifts in seagrass biomass (Randall 1965, Ogden and Zieman 1977, Kirsch et al. 

2002, Goecker et al. 2005), the parrotfish species in our system were mainly reef-

associated species. Low abundances of these grazers may also have resulted in low 

competition for food such as turf algae on reefs, reducing the need for herbivores to feed 

on more exposed and less palatable T. testudinum (Armitage and Fourqurean 2006). 

Light grazing may be responsible for the relatively constant seagrass above-ground 

biomass we observed between 0 and 1 m form reefs as small parrotfish and surgeonfish 

did take bites on seagrass near the reefs (Francis et al. 2019). It is also possible that 

they were primarily feeding on nutrient-rich epiphyte communities growing on seagrass 

blades (Armitage and Fourqurean 2006). Reduced epiphyte cover on blades from 

grazing can actually enhance seagrass growth (Howard and Short 1986, Cornelisen and 

Thomas 2004), and may have worked in tandem with inputs of fish excretion to mask 

any small effects of herbivory in close proximity to reefs. Another possibility is that light 

grazing might actually stimulate growth in seagrass, masking any visible biomass 

reductions from herbivory. This has been demonstrated in the Gulf of Mexico where 

grazing by urchins increased shoot production of T. testudinum in the summer, which 

made up for and even surpassed reductions in seagrass biomass caused by grazing 

(Valentine et al. 1997). As our study took place during the summer when new seagrass 

growth is likely highest (Valentine et al. 1997), herbivory effects may have been partially 

masked by rapid regrowth and might be more evident in other seasons. We did not 

observe any large mammals or reptile grazers such as manatees or turtles near our 

reefs, making it unlikely that these large grazers influence seagrass growth in this 

system. 

Fish excretion may not be a major mechanism shaping patterns of seagrass around our 

natural reef sites because of the high nutrient content of seagrass in this system and the 
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potential competition for fish-derived nutrients between seagrass and other reef primary 

producers. We observed increased seagrass height and biomass near our reefs, which 

mirrored patterns of higher seagrass growth around artificial reefs and structures 

(Alevizon 2002, Dewsbury and Fourqurean 2010, Layman et al. 2013). However, while 

higher fish excretion on reefs was associated with increased seagrass blade height, we 

did not see similar increases in seagrass biomass or % N content. There are several 

potential reasons for the small or absent effect of fish excretion on seagrass 

characteristics around our study reefs. The first is that natural reefs in our study all 

supported fish communities, resulting in a smaller (i.e., 1.5-fold) variation in fish 

excretion between our reefs compared to the range of excretion levels found in studies 

on artificial reefs or caging experiments where controls with no fish are often compared 

to areas with high densities of fish (e.g., 5-fold increase in low and high fish densities in 

Layman et al. 2013). As a result, a stronger effect of fish-derived nutrients may have 

been visible if we had manipulated fish densities to create a bigger, but unnatural, 

variation in fish excretion. Secondly, while we expected greater uptake and storage of 

nitrogen in seagrass blades nearer to fish nutrient sources (Larkum et al. 2006), we may 

not have seen an increase in uptake near reefs because % N content in seagrass blades 

in our system was generally greater than 1.8% – the threshold at with nutrient tissue 

content is predicted to stop responding to added nitrogen enrichment (Duarte 1990, 

Armitage and Fourqurean 2006). While % N content of seagrass blades increased with 

higher levels of fish excretion around artificial reefs near Abaco Island, The Bahamas, 

seagrass in these areas had % N content levels well below this enrichment threshold 

(Layman et al. 2013). In other experimental reefs where initial blade % N content was 

above 1.8%, there was no change in % N content over time in response to increases in 

fish excretion on reefs (Dewsbury and Fourqurean 2010). Finally, competition between 

multiple reef primary producers and seagrass for nutrients may also have resulted in 

reduced effects of fish excretion on seagrass growth and nutrient uptake around our 

natural reefs. Reef primary producers such as algae (Chapter 3) and coral can take up 

nutrients from fish (Shantz et al. 2015), and nutrient enrichment can also stimulate 

epiphyte growth (Tomasko and Lapointe 1991). Although we did not quantify epiphyte 

cover, epiphytes did appear more abundant on blades nearer to reefs (F. Francis, pers. 

obs). This higher abundance could be due to higher nutrient concentrations near the reef 

or to altered water flow in proximity to the reef structure that allowed epiphytes to more 

readily attach to seagrass blades. The combined demand for nutrients from reef algae, 



 

56 

coral, and even phytoplankton in the water column (Chapter 3) may have resulted in 

partitioning of fish-derived nutrients between several sources, dampening the visible 

effect of these nutrient enrichments on any single group.  

Fish communities might influence seagrass characteristics around patch reefs but other 

factors, such as abiotic conditions, might have a stronger influence on seagrass growth 

and distribution in these systems.  Some factors that are known to affect seagrass 

growth, such as salinity and temperature (Livingston et al. 1998, Larkum et al. 2006, 

Medina-Gómez et al. 2016), likely remained fairly constant across our reef sites as all 

reef patches were located at a uniform depth in the same general area of the sound. 

However, the strong negative effect of distance from a reef on seagrass height and 

biomass, coupled with the positive effect of greater reef area on seagrass biomass, 

suggests that increased sand accumulation around larger reefs may be a potentially 

important driver of seagrass growth in this system. Sand can accumulate around reefs 

either via reef erosion or reduced water flow around a reef (Sheppard et al. 2017), and 

larger reef areas may potentially amplify sand accumulation. Opportunistic sampling of 

sand depths at a few of our study reef sites showed that sediment depth was indeed 

greater beside patch reefs and decreased with increasing distance from a reef (Figure 

C.3). While sand depths near reefs were adequate to meet the 25-30 cm sediment depth 

requirement for T. testudinum growth (Larkum et al. 2006), depths further than ~6 m 

from a reef were often too shallow, coinciding with the sharp declines in seagrass height 

and biomass we observed at these distances. While further investigation is needed to 

properly assess this relationship, these observations provide some explanation of why 

the effects of fish communities might be low on seagrass in this system, and strongly 

suggest a link between patch reef sand accumulation and seagrass growth.  

 The relative importance of abiotic and biotic factors on seagrass growth is likely to vary 

across seagrass ecosystems. In reefs in our study, nutrient provisioning from fish 

communities may have a marginal influence on seagrass characteristics, but physical 

abiotic factors such as sand availability likely play a bigger role in driving seagrass 

growth. While studies have demonstrated that herbivory has historically shaped 

seagrass growth patterns around some Atlantic patch reefs (Ogden et al. 1973, Zieman 

et al. 1984, Alevizon 2002), herbivory may no longer be a driving force on many 

herbivore-depauperate reefs in the modern Atlantic (Jackson et al. 2001). Although 

abiotic factors may drive seagrass growth in the absence of biotic factors in our study, 
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further studies are needed to fully quantify how seagrass growth relates to sand 

accumulation around patch reefs. Studies on reef-seagrass interfaces where herbivore 

grazing halos were previous documented could also be informative in determining if, in 

the absence of major grazers, there is any evidence of a shift from biotic to abiotic 

drivers of seagrass growth in these areas.  
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Chapter 5.  
 
Invasive predators can maintain reef nutrient 
dynamics by replacing native fish excretion 

Abstract 

Invasive species can significantly alter biodiversity and ecosystem function in invaded 

regions. The recent invasion of the Western Atlantic by Indo-Pacific lionfish (Pterois sp.) 

has reduced native fish biomass on some coral reefs but the effects of these invasive 

predators on reef nutrient dynamics have not been assessed. We tested the extent to 

which lionfish change the function of native fish communities as nutrient sources for 

coral reefs using an 18-month-long large-scale experimental manipulation of lionfish 

densities on a series of patch reefs in Eleuthera, The Bahamas. We also evaluated the 

relationship between native reef fish vulnerability to lionfish predation and their overall 

contribution to nutrient supply. High densities of invasive lionfish caused declines in 

small and medium-sized native prey fish on coral patch reefs over a 1.5-year period. 

Similar changes in biomass were not seen in large size classes of fish, which contributed 

the majority of reef-wide ammonium excretion. As a result, the limited reductions in 

native fish excretion caused by lionfish predation on small fish were approximately 

matched by inputs from lionfish excretion, resulting in overall maintenance of reef-wide 

ammonium budgets. Native fish with high vulnerability to lionfish predation contributed 

negligible amounts to overall reef-wide ammonium budgets due to their small size and 

low abundance. Thus, from a functional perspective, nutrient provisioning by coral reef 

fish appears to be robust to invasive lionfish predation and, in areas with high lionfish 

densities, reefs may actually experience enhanced nutrient supply, at least over short 

time scales. 

Introduction 

Invasive species are a major ecological disturbance that can significantly alter 

biodiversity and ecosystem function. Biotic invasions are occurring at an ever-increasing 

rate around the world (Vitousek et al. 1997, Levine and D'antonio 2003, Seebens et al. 

2018), leading to a wide range of impacts at all levels of biological organization in 
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recipient systems (Molnar et al. 2008, Sax and Gaines 2008, Fei et al. 2014, Gallardo et 

al. 2016). While many studies focus on the impacts of invasive species at the species or 

community level (Lockwood et al. 2013), invasive species can also destabilize functional 

processes such as energy and nutrient transfers at the ecosystem level (Croll et al. 

2005, Maron et al. 2006, Graham et al. 2018). Changes to ecosystem function can occur 

from losses or disturbances to native species and communities (Sax and Gaines 2008) 

or through the addition of new biomass or services from invaders (Schlaepfer et al. 

2011, Bertness and Coverdale 2013, Munshaw et al. 2013, Twardochleb and Olden 

2016, Moore and Olden 2017, Graham et al. 2018). These impacts can lead to increases 

or decreases in the bioavailability of nutrients in a system and, depending on the 

magnitude of change relative to the demands of a particular system, can alter overall 

primary productivity in invaded regions.   

While much of the literature on ecosystem impacts from invasions focuses on nutrient 

cycling from invasive plants (Ehrenfeld 2003, Vilà et al. 2011), invasive animals can also 

impact ecosystem nutrient dynamics by altering rates of animal-mediated nutrient supply 

(Vanni 2002, Schmitz et al. 2010). Animals supply nutrients such as nitrogen and 

phosphorus to the environment through their waste products in forms that are directly 

available for uptake by primary producers (Williams and Carpenter 1988, Bianchi et al. 

2014, Manno et al. 2015, Turner 2015). When animals aggregate in sufficiently high 

numbers and/or occur in ecosystems where other sources of nutrients are limited, the 

supply of animal-mediated nutrients can be sufficient to drive primary productivity in 

terrestrial, freshwater, and marine ecosystems (Vanni 2002). In some cases, successful 

invaders can enhance existing consumer-mediated nutrient supply when they establish 

at high abundances, leading to increases in nutrient availability and productivity. For 

example, aggregations of invasive catfish in Mexico create hotspots of nutrient release in 

otherwise nutrient-limited streams (Capps and Flecker 2013). Similarly, invasive species 

can act as functional substitutes for native species that are less resilient to 

anthropogenic disturbances (Lagrue et al. 2014). Invaders can also break nutrient supply 

pathways by consuming or outcompeting native species that play a key role in 

ecosystem nutrient supply. For instance, seabirds are often major sources of nitrogen to 

coastal island habitats; however, predation by invasive rats can reduce bird biomass on 

invaded islands, leading to shifts in primary productivity in adjacent habitats (Croll et al. 

2005, Wardle et al. 2009, Graham et al. 2018). While invasive impacts on animal-
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mediated nutrient supply have received some attention in terrestrial and freshwater 

ecosystems (Croll et al. 2005, Capps and Flecker 2013, Munshaw et al. 2013, Capps et 

al. 2015, Moore and Olden 2017, Graham et al. 2018), impacts in marine systems have 

not been well explored.   

The recent invasion of the Western Atlantic by Indo-Pacific lionfish (Pterois sp.) has led 

to the direct decline of native fish biomass on some coral reefs (Côté and Smith 2018), 

but the potential effects of these invasive predators on reef nutrient dynamics have not 

been assessed. Invasive lionfish were introduced into coastal waters of Florida in the 

1980s (Schofield 2009) and have since spread throughout the Bahamas, Caribbean, and 

the Gulf of Mexico (Côté et al. 2013a, Côté and Smith 2018, Schofield 2018). High 

abundances of these extremely successful mesopredators can reduce the biomass and 

diversity of native fish on coral reefs (Albins and Hixon 2008, Green et al. 2012, Albins 

2015), with some reefs in the Bahamas experiencing a 65% decline in native fish 

biomass over a period of just two years (Green et al. 2012). On an ecosystem level there 

is some evidence that these predators can indirectly alter benthic production on reefs by 

directly reducing herbivory through consumptive and non-consumptive effects on native 

fish grazers (Eaton et al. 2016, Kindinger and Albins 2017). However, lionfish-driven 

declines could also impact nutrient cycling at the ecosystem scale as coral reef fish can 

be the main sources of nutrients to nutrient-poor coral and seagrass ecosystems (Meyer 

et al. 1983, Geesey et al. 1984, Allgeier et al. 2013, Allgeier et al. 2014). Excretion from 

fish can support the growth of important primary producers, such as corals (Shantz et al. 

2015), seagrass (Layman et al. 2013), and algae (Burkepile et al. 2013), and excretion 

quantity is related to both fish abundance and the size of individual fish (Chapter 1). 

Lionfish could ultimately have mixed effects on the supply of fish-mediated nutrients in 

reef systems – lionfish could severely deplete excretion inputs from native fish through 

consumption while simultaneously acting as a replacement source of nutrients to reefs.  

The balance between the loss of excreted nutrients by depleted native prey and the 

addition of nutrients by lionfish excretion on coral reefs is potentially strongly linked to 

native community disassembly rules of lionfish predation. Community disassembly refers 

to the non-random loss of species in an ecosystem (Zavaleta et al. 2009), and 

understanding patterns of non-random species loss and their impacts on ecosystem 

function is a critical aspect of marine conservation ecology (Dulvy et al. 2003, Graham et 

al. 2011, Darling et al. 2013). Species invasions often contribute to these non-random 
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community shifts by targeting prey species with specific traits (Dornelas et al. 2014).  

Lionfish, like many marine predators, are gape-limited and mainly consume prey fish 

under 15 cm in total length (Green et al. 2014). This size restriction, in combination with 

a preference for prey with specific traits like elongated body shape and solitary 

behaviour (Green and Côté 2014), makes some native species (e.g., smaller, benthic 

species) more vulnerable to lionfish predation. There is evidence that lionfish can cause 

extirpations of specific prey species (Albins 2013, 2015, Ingeman 2016), and the net 

impact of lionfish predation on fish-mediated nutrient supply is likely tied to the relative 

importance of these vulnerable species to overall reef nutrient provisioning. If targeted 

prey species do not contribute much to overall reef excretion, fish-mediated nutrient 

excretion may be an ecosystem process that is relatively robust to lionfish predation. 

We tested the degree to which invasive lionfish enhance, reduce, or maintain the 

function of native fish communities as nutrient sources for coral reefs using an 18-month 

large-scale experimental manipulation of lionfish densities on a series of patch reef 

communities in the Bahamas. We predicted that reefs with more lionfish would 

experience both higher lionfish excretion as well as higher loss of native fish biomass to 

lionfish predation, and overall reef-fish nutrient provisioning would be determined by the 

relative contribution of these two processes. We predicted that because lionfish are 

gape-limited and tend to mostly eat smaller fish, they should cause substantial 

reductions in fish-mediated nutrient provisioning only if small native fish comprise a 

significant proportion of the original reef fish biomass. We also tested whether 

community disassembly from lionfish predation is linked to nutrient provisioning on coral 

reefs by evaluating the direction of the relationship between reef fish vulnerability to 

predation and their contribution to nutrient supply. We predicted that the short-term 

impacts of lionfish predation on nutrient supply might be negligible if the main 

contributors to nutrient budgets are larger native fish that are beyond the gape limit of 

lionfish.  

Methods  

Lionfish and prey biomass estimates 

To test how invasive lionfish influence fish community nutrient provisioning, we 

quantified excretion budgets for patch reefs that were part of an 18-month manipulative 
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field experiment designed to test thresholds of lionfish predation (see (Green et al. 

2014). In brief, divers manipulated lionfish densities on 24 patch reefs in Eleuthera, The 

Bahamas, to create four treatments (n = 6 reefs per treatment) of lionfish densities.  

These densities were derived from a model that estimated the reef-specific probability 

that significant native prey depletion would occur.  Target lionfish densities were 

expected to lead to prey depletion with probabilities of 0% (i.e., when all lionfish were 

removed; reef-specific density = 0, or ‘no’ lionfish), 25% (reef-specific density = 1-2 

lionfish per reef, or ‘few’ lionfish), 75% (reef-specific density = 3-8 lionfish per reef, or 

‘some’ lionfish) and 95% (reef-specific density = 9 – 22 lionfish per reef, or ‘many’ 

lionfish) (Green et al. 2014). Divers maintained lionfish numbers at target densities of 

site-specific average sizes (see Table 2 in Green et al. 2014) every month and 

monitored native fish at the start of the experiment and every 6 months thereafter for 18 

months (December 2009, June 2010, December 2010, and June 2011). Divers counted 

native fish on belt transects (three to five 8 m x 2 m transects per reef, depending on 

reef size) and visually estimated fish total length to the nearest cm. Native fish and 

lionfish total lengths were converted to biomass (g) using species-specific length-weight 

parameters (Green et al. 2014). We only included native resident reef fish in our analysis 

(see Table D.1) and excluded transient fish groups (e.g. Carangidae, 

Ginglymostomatidae, Ephippidae) and highly migratory groups, such as Haemulidae.   

Patch reef excretion budgets  

We combined individual biomass estimates for lionfish and native fish with family-

specific ammonium excretion models (Chapter 2) to generate modelled ammonium 

excretion rate estimates (µmol hr-1) for every individual fish observed. We summed these 

individual fish excretion rate estimates to generate reef-wide ammonium excretion 

budgets for lionfish (µmol hr-1 reef1), as well as the three size classes of native fish used 

by (Green et al. 2014): small-sized (i.e., 0 – 5 cm TL), medium-sized (6 – 15 cm TL), and 

large-sized individuals (> 15 cm). Note that lionfish are gape-limited, and hence can only 

consume the small- and medium-sized fish classes. We examined changes in reef-wide 

ammonium excretion budget contributions for the three size classes of native fish and for 

lionfish at 6, 12, and 18 months after the start of the experiment. We expressed the 

overall reef-wide ammonium excretion rate at each time period as a proportion of the 
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initial reef-wide excretion rate, which included pre-manipulation native rates plus 

manipulated lionfish rates. 

Vulnerability to predation and excretion contributions 

To assess how native fish community disassembly caused by lionfish predation 

influences community nutrient supply, we related the ammonium excretion rate of 

individual native fish to their potential vulnerability to lionfish predation. We predicted 

vulnerability for each individual fish observed at the beginning on the experiment using a 

trait-based model of vulnerability (Green and Côté 2014).  We characterized the body 

size (mass in g), body shape (ratio of fish height to total length from Green and Côté 

(2014)), position in water column (benthic, demersal, pelagic), and social behaviour 

(solitary, shoaling or schooling) of each native fish. These traits were combined with 

model parameter estimates based on in situ observations of prey selection by individual 

lionfish from Green and Côté (2014) to estimate each individual’s probability of being 

consumed (on a scale from 0 to 1) by lionfish. 

Data analysis  

To assess how and whether lionfish predation affects nutrient provisioning on coral 

reefs, we fit three sets of linear mixed-effects models to our modelled individual-fish 

ammonium excretion rates – one model set for each of the three size classes of native 

fish. The model sets each comprised three models with different fixed effects: one model 

with time period as a predictor, another with time period and lionfish density, and a third 

model with the two-way interaction between time period and lionfish density.  All models 

included a random effect of site on the intercept and an exponential variance structure to 

account for heteroscedasticity in the residuals. We used a model selection approach 

using Akaike Information Criterion corrected for small sample size (AICc) (Hurvich and 

Tsai 1989, Burnham and Anderson 2002) to identify the relative quality of our models. 

We identified the best-supported model as that with the lowest AICc value (Burnham and 

Anderson 2002). Using the parameter estimates from the top models, we generated 

predictions of reef-wide ammonium excretion for each of the three size classes of native 

fish in the final time period (i.e., 18 months after the start of the experiment) for our ‘zero’ 

and ‘many’ lionfish density treatments. We combined these predictions for the three 

sizes classes of native fish and propagated the standard errors to obtain overall reef-
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wide ammonium excretion rates from all native fish, and from all native fish and lionfish 

together. All analyses were conducted in R using the lme package (R Core Team 2018).  

Results 

Reef ammonium excretion budgets 

There was large variation in overall reef-wide ammonium excretion estimates within 

each of the four lionfish density treatments (Table 5.1), with an overall decline in reef-

wide excretion over the 18-month study period (Figure 5.1). In general, most of reef-wide 

ammonium excretion by native fish was produced by larger-bodied reef fish (> 15 cm) 

and medium-sized fish (5-15 cm TL) (Figure 5.2B, C); small prey fish (< 5 cm) made up 

only 0.9 – 4.1% of the reef-wide excretion budget from native fish (Figure 5.2A). Lionfish 

excretion accounted for 0% – 24.8% of overall reef-wide ammonium excretion with 

increasing densities (Figure 5.1D). Over time, the absolute inputs from lionfish to overall 

reef-wide excretion remained constant within density treatments, as would be expected if 

reef-specific target densities were successfully maintained, but their contribution relative 

to native fish increased (Figure 5.1B-D). After 18 months, lionfish contributed ~50% of 

the overall reef-wide ammonium excretion budget in the ‘many lionfish’ treatment (Figure 

5.1D).  

Table 5.1  Reef-wide excretion rates for native fish and for lionfish at the start 
of an experiment in which lionfish densities were manipulated on 
patch reefs in Eleuthera, The Bahamas. 

Treatment Native fish  
(µmol hr-1 reef-1)  

Lionfish  
(µmol hr-1 reef-1) 

 mean ± SE range mean ± SE range 

‘no’ lionfish 4879.8 ± 1263.6 947.2 ± 10491.4 0 0 
‘few’ lionfish 3510.4 ± 730.8 1054.8 ±  7202.3 220.2  ± 33.2 72.7 - 299.1 

‘some’ lionfish 3382.8 ± 701.5 883.5 ± 7288.4 729.6 ± 94.0 464.4 – 941.0 
‘many’ lionfish 3252.9 ± 824.5 957.0 ± 8372.8 1883.9 ± 204.2 1189.6 -2554.4 

Target lionfish densities were derived from a model that estimated the reef-specific probability that significant native 
prey depletion would occur (see Methods) and maintained by divers on patch reefs for the duration of the experiment.  
‘No’ lionfish = 0 lionfish, ‘few’ = 1-2 lionfish per reef, ‘some’ = 3-8 lionfish per reef, and many’ = 9 – 22 lionfish per reef. 
(n = 6 reefs per treatment) 
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Figure 5.1  Mean proportion of initial reef-wide ammonium excretion rate 

contributed by each of three size classes (< 5 cm, 5 -15 cm, > 15 cm 
total length) of native coral reef fish, as well as invasive lionfish, 
over 18 months on Bahamian reef patches with varying manipulated 
densities of lionfish (n = 6 sites per treatment). 

(A) No lionfish, (B) few lionfish, (C) some lionfish, and (D) many lionfish. Exact lionfish densities 
corresponding to each of the four treatments varied by reef (see Methods). Error bars are 
standard errors for all groups combined. 
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Figure 5.2  Change in the proportion of initial reef-wide ammonium excretion of 

over an 18-month period contributed by native coral reef fish on 
Bahamian reef patches with varying manipulated densities of 
invasive lionfish (n = 6 sites per treatment). 

(A) Small native fish (< 5 cm total length), (B) medium-sized native fish (5-15 cm total length), (C) 
large native fish (> 15 cm total length), and (D) all native fish plus invasive lionfish. Error bars are 
standard errors. 

Over time, the proportion of total initial ammonium excretion contributed by the two 

smallest size classes of native fish remained relatively similar in the three lowest lionfish 

density treatments but was considerably lower in the highest lionfish density treatment 

(Figure 5.2A, B). In contrast, there was no variation in ammonium excretion from larger 

fish across lionfish density treatments (Figure 5.2C).  When lionfish contributions to reef-

wide excretion rate were considered in addition to those from all native fish combined, 

the proportion of initial ammonium excretion at the final time period was similar across 

the four lionfish density treatments (Figure 5.2D). 
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For all three size classes of native reef fish, reef-wide ammonium excretion rates were 

best predicted by the model that included time period, lionfish density, and the 

interaction between the two (Table 5.2). In each model set, this full model accounted for 

100% of model support. There were strong differences in reef-wide ammonium excretion 

predicted by the top models between the ‘zero’ and ‘many’ lionfish density treatments for 

the small and medium size classes of fish, but not for the large size class (Figure 5.3). 

Since larger fish excreted so much more than small- and medium-sized fish, there was a 

difference in mean reef-wide ammonium excretion but a lot of overlap in the confidence 

intervals of treatments when predicted excretion rates from the three size classes of 

native fish were combined into a single reef-wide excretion rate (Figure 5.3). When we 

factored in the excretion from lionfish in the ‘many’ lionfish density treatment, the overall 

reef-wide excretion increased accordingly, and there was an even stronger similarity in 

total reef excretion rate between the no lionfish and ‘many’ lionfish density treatments 

(Figure 5.3).  

Table 5.2  Results of model selection using AICc for linear mixed-effects 
models of ammonium excretion rates by A) small native reef fish (< 5 
cm total length), B) medium-sized native fish (5-15 cm total length) 
and C) large native reef fish (> 15 cm total length), in relation to time 
period since the start of the experiment and lionfish density 
treatment. 

Model k DAICc wi Marginal R2 Conditional R2 

A) Small fish (<5 cm)  
period * lionfish density 19 0 1 0.89 0.90 
period + lionfish density 10 67.26 0 0.87 0.88 

period 7 86.76 0 0.80 0.87 
B) Medium fish (5-15 cm)  
period * lionfish density 19 0 1 0.88 0.93 
period + lionfish density 10 100.23 0 0.88 0.94 

period 7 144.48 0 0.71 0.94 
C) Large fish (> 15 cm)  
period * lionfish density 19 0 1 0.56 0.79 
period + lionfish density 10 119.1 0 0.55 0.76 

period 7 159.09 0 0.47 0.78 
k is the number of parameters in each model; DAIC is the difference in AIC values between a given model and the 
best-supported model; wi is the probability that model i is the best one of those considered given the data in hand; 
marginal R2 is describes the proportion of variance explained by the fixed effects; conditional R2 describes the 
proportion of variance explained by the fixed effects and random effects combined.  



 

68 

 
Figure 5.3  Mean predicted total reef ammonium excretion rates by native fish 

and invasive lionfish on Bahamian patches reefs maintained at 
contrasting lionfish densities for 18 months. 

Predictions were derived from mixed-effects linear models for three size classes of native reef 
fish (< 5 cm, 5-15 cm, > 15 cm total length). Mean predictions and standard errors from the three 
sizes classes were aggregated to generate predictions for all native fish combined as well as for 
all native fish combined and lionfish. Error bars are standard errors.    

Vulnerability to lionfish predation and excretion rate 

There was a negative relationship between an individual native fish’s vulnerability to 

lionfish predation and excretion rate (Figure 5.4). Only 3.9% of the total number of native 

fish observed across reefs at the start of the experiment had a high (> 0.5) probability of 

lionfish predation.  These individuals comprised five species from two families (Gobiidae 

and Blenniidae). These species are primarily small-bodied, benthic and non-schooling, 

characteristics that translate into a high vulnerability to lionfish predation. Individual 

excretion rates for individual fish from these highly vulnerable species were relatively low 

(mean excretion rate ± SE: 2.7 ± 0.09 µmol hr-1) compared to those of fish with lower (< 

0.5) vulnerability to lionfish predation (mean excretion rate ± SE: 21.4 ± 0.9 µmol hr-1). 

The majority of native fish observed on our study reefs at the beginning of the 

experiment had very low risk of predation but, due to their large size, made substantial 

contributions to overall reef-wide ammonium excretion budgets (Figure 5.4).  
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Figure 5.4  Vulnerability to lionfish predation of individual native fish observed 

on Bahamian patch reefs at the beginning of the lionfish density 
manipulation experiment (n = 6496 individuals) in relation to their 
(log) ammonium excretion rate (µmol hr-1).   

Vulnerability to lionfish predation was assessed based on morphological and behavioural traits, 
following Green and Côté (2014).  Vulnerability increases with higher scores and warmer colours 
and 50% transparency was used to better visualize overlapping data points. 

Discussion 

Our study is the first to demonstrate how a marine invasive species can replace and 

potentially preserve a key ecosystem function despite causing shifts in native community 

composition over a short time scale. High densities of invasive lionfish caused declines 

in small and medium-sized native prey fish on coral patch reefs over a 1.5-year period. 

Similar changes in biomass were not seen in large size classes of fish, which contributed 

the majority of reef-wide ammonium excretion. As a result, the limited reductions in 

native fish excretion caused by lionfish predation on small fish were approximately 
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matched by inputs from lionfish excretion, resulting in overall maintenance of reef-wide 

excretion budgets. Native fish with high vulnerability to predation contributed negligible 

amounts to overall reef-wide budgets due to their small size and low abundance in this 

system. Thus, from a functional perspective, nutrient provisioning by coral reef fish 

appears to be maintained despite invasive lionfish predation and, in areas with high 

lionfish densities, reefs may actually experience enhanced nutrient supply, at least over 

short time scales.  

The impacts of invasive lionfish on reef communities are potentially mixed as lionfish can 

maintain or enhance one ecosystem function while compromising other ecosystem 

processes. While the loss of native fish biodiversity can pose a major risk to overall reef 

ecosystem stability (Johnson et al. 1996) and functional processes such as cleaning 

interactions (Tuttle 2017) and herbivory (Albins 2013, Eaton et al. 2016, Kindinger and 

Albins 2017, Tuttle 2017), lionfish maintain reef fish nutrient provisioning despite 

predation on native fish on short time scales. Although system-wide biomass declines 

over time make it difficult to estimate prey loss from direct lionfish consumption in our 

study, we calculated that even on patch reefs with one or two lionfish (i.e., the ‘few’ 

lionfish treatment), lionfish excreted on average 1.6 times more than small native fish did 

on the same reefs at the start of the experiment. As a result, it is clear that small prey 

fish biomass in this system is far below the threshold where the loss of their excretion 

would exceed lionfish contributions to excretion on our reefs. This is due to vulnerable 

small species having both very small individual excretion rates and low overall 

abundances in our system. Although declines in native fish from lionfish predation have 

been reported in a number of studies, some invaded reefs such as those in Belize and 

Venezuela have experienced no declines in native fish biomass (Elise et al. 2015, 

Hackerott et al. 2017). In these cases, lionfish likely enhance existing reef nutrient 

supply. The ability of invasive species to maintain or add to animal-mediated nutrient 

dynamics has been shown in freshwater systems (Lagrue et al. 2014, Moore and Olden 

2017, Graham et al. 2018), but our study is the first record of this process in a marine 

invasion. Lionfish maintenance of fish nutrient supply demonstrates one pathway by 

which invasive species can provide a functional substitute for species that are lost 

(Schlaepfer et al. 2011).  

Predator effects on the size structure of prey can have varied effects on nutrient 

provisioning in an ecosystem (Hall et al. 2007, Leroux and Loreau 2010). Because fish 
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with high vulnerability to lionfish predation are generally very small, reductions in their 

biomass result in relatively small changes to overall reef-wide nutrient provisioning. Due 

to small individual excretion rates and low overall abundances of these prey species, 

fish-mediated nutrient pathways are relatively robust to lionfish predation over short time 

scales in our system. Even in cases where lionfish have led to local extirpations (Albins 

2013, 2015, Ingeman 2016), individuals of extirpated species have relatively small 

individual masses (e.g., Gramma loreto with maximum total length of 8 cm) and 

consequently small individual excretion rates. As a result, losses of these small prey 

species will only impact reef-wide nutrient provisioning in systems where they occur in 

very high abundances. In systems like ours, where excretion contributions from 

vulnerable species are limited, community disassembly from stressors such as 

overfishing, which generally targets larger species, should have much bigger influences 

on the vulnerability of ammonium budgets to anthropogenic change. For example, 

coastal areas where Lutjanus griseus, a commercial important fish in the Bahamas, are 

present received ~450% more nitrogen supply than sites where snapper were fished 

(Layman et al. 2011, Allgeier et al. 2016). The presence of invasive lionfish on reefs may 

also help to preserve ecosystem functioning from a nutrient perspective in the face of 

reef degradation as invasive species may be more tolerant of stressful environments 

(Moore and Olden 2017).  The incredible ability of lionfish to survive in a range of 

environments (Côté and Smith 2018) may make nutrient supply on invaded reef 

communities more robust to stressors such as fishing pressures than other key reef 

functions.  

Despite their potential to maintain or bolster reef nutrient budgets on short time scales, 

lionfish could diminish reef fish excretion budgets over longer time scales if they target 

juvenile stages of larger reef fish. Lionfish diet analysis and observations of predation 

events show that lionfish consume juveniles of multiple species of parrotfish as well as 

several species of invertivores and mesopredators that make up larger sizes classes of 

fish on our reefs as adults (Côté and Maljković 2010, Albins 2013, Côté et al. 2013b). 

While these individual juvenile fish have low predicted vulnerability to predation due to 

their tendency to shoal or school (Green and Côté 2014), lionfish do target these 

species, perhaps more often after depleting more vulnerable, solitary species such as 

gobies and blennies.  Declines in larger size classes of native fish have yet to be 

documented on invaded coral reefs but losses of juvenile life stages to lionfish predation 
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could impact the abundance of larger fish over time (Albins 2013, Green et al. 2014, 

Albins 2015). There is some evidence of declines in a medium-sized invertivore 

(Haemulon aurolineatum) from lionfish predation on juveniles (Ballew et al. 2016), but 

overall it is difficult to attribute declines in larger-sized fish species to lionfish predation 

due to multiple stressors acting on coral reef fish communities (Côté and Smith 2018). 

Nutrient budgets could also diminish if lionfish overconsume their prey sources and then 

abandon the depleted area, removing both prey fish excretion and their own.  

Although invasive lionfish can maintain nitrogen budgets on reefs, the potential exists for 

lionfish nutrient supply to negatively impact reefs by enhancing algal growth on 

herbivore-depauperate reefs. Lionfish can reduce herbivory by juvenile parrotfish on 

benthic algae either through direct consumption and/or indirectly via fear effects (Eaton 

et al. 2016, Kindinger and Albins 2017). Although there is currently no direct evidence of 

reef-wide increases in benthic algae cover mirroring these experimental findings, the 

addition of nutrients by lionfish excretion could compound the potential ecological 

cascade from lionfish to algae growth via predation on herbivores. There is evidence in 

other areas that fish-mediated nutrients can maintain algal cover on degraded reefs 

(Burkepile et al. 2013), and future studies that monitor shifts in benthic primary 

productivity on reefs in relation to lionfish predation should consider the possible 

interaction between lionfish excretion and lionfish predation on reef benthic cover.   

Our study demonstrates how a marine invader can maintain one reef ecosystem function 

despite having negative impacts on other aspects of reef community dynamics. While 

lionfish may maintain nutrient provisioning over short time scales, further research is 

necessary to determine if lionfish will lead to long-term declines in reef nutrient budgets, 

and if lionfish nutrient supply could work in tandem with herbivore declines to hasten 

changes in reef benthic communities.  While efforts to control lionfish in invaded areas 

are necessary to reduce their negative impacts on native fish communities, it is 

unrealistic to attempt to fully eradicated these predators from invaded areas (Green et al. 

2014, Côté and Smith 2018). Thus, their apparent role in acting as functional substitutes 

for native reef nutrient provisioning demonstrates one aspect of ecosystem function that 

lionfish may preserve despite their lasting presence on Atlantic coral reefs. 
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Chapter 6.  
 
General discussion 

In all honesty, when I began my PhD journey, I did not imagine that I would spend the 

next five years of my life studying the importance of fish pee in the ocean. My 

undergraduate perception of the role of animals in ecology was centred around trophic 

interactions, where animals are consumers in food webs, that influence ecosystem 

dynamics mainly through ‘sexy’ processes like predation and competition. This thesis 

has certainly turned my perception of the role of animals on its head. In hindsight, given 

the key role that animal waste products play in supporting our agricultural practices, it 

should not have been surprising to me that animal excretion would be a key process 

influencing primary productivity in the underwater world too.  

The persistence of diverse and productive coral reef ecosystems in nutrient-poor tropical 

waters has long posed a conundrum to researchers. Recently, it has become 

increasingly evident that nutrient provisioning from fish may help maintain these 

charismatic and diverse systems (Allgeier et al. 2017). Understanding the role that 

animals play in biogeochemical pathways has emerged as a fundamental component of 

functional ecology (Vanni 2002), and with this thesis I aimed to provide new insights into 

how reef fish can mediate nutrient supply and influence primary productivity in tropical 

systems. I feel extremely fortunate that this thesis has both given me the opportunity to 

study an iconic marine ecosystem that spurred my early fascination with the marine 

world, and the chance to contribute to an emerging body of research on a relatively 

unexplored functional process that may shape these widely studied, yet enigmatic, 

systems.  

Research significance  

Empirical measures of marine reef fish excretion have until this point been relatively 

limited, but they are needed to quantify reef fish nutrient supply. The second chapter of 

my thesis quantifies and compares empirical measures of excretion rates for several 

groups of Bahamian coral reef fish and adds to the handful of existing studies that 

quantify marine reef fish excretion rates (Allgeier et al. 2017). This chapter highlights the 
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need for further empirical measures of excretion from other groups of fish, especially 

outside of the Caribbean region. It also demonstrates the need to combine fish 

behavioural ecology with a quantification of excretion rates to determine the distribution 

and availability of these nutrients over spatial and temporal scales in seascapes. In the 

third and fourth chapters of my thesis, I move away from simply quantifying nutrient 

provisioning and attempt to shed light on how reef ecosystems incorporate and use 

nutrients from fish excretion. While it is evident from my findings that reef producers do 

respond to reef fish excretion, it is clear that responses can be varied and further 

research on fish-mediated nutrient uptake and ecosystem responses is needed, 

especially in natural systems. Finally, the fifth chapter of my thesis demonstrates that 

while we are just beginning to understand the role of fish in shaping reef productivity, 

anthropogenic threats are already altering the role of fish-mediated nutrient provisioning 

on reefs. This chapter helps to illuminate the varied impacts that stressors may have on 

ecosystem functioning and reveals that, from the perspective of nutrient provisioning, 

invasive species may maintain this aspect of ecosystem functioning despite causing 

negative shifts to native fish biodiversity and other functional processes. Overall, my 

thesis contributes to our understanding of the role of coral reef fish in reef nutrient 

cycling and provisioning, but also brings to light several broad areas for future research, 

particularly in the face of the numerous anthropogenic stressors facing modern-day coral 

reefs. 

Are other reef animals more than just a drop in the bucket? 

Quantifying the amount of nutrients animals excrete is the first step in understanding 

how animals mediate nutrient dynamics in an area. Given that most of the world’s animal 

biomass is marine and that fish comprise over one-third of the animal biomass on Earth 

(Bar-On et al. 2018), it makes sense that efforts to quantify animal excretion in aquatic 

systems have focused on this key group of animals. However, despite existing empirical 

measurements, more empirical assessments are needed for different groups of coral 

reef fish. In my thesis I focus on common species of Caribbean reef fish, but most of the 

other empirical excretion measures on tropical marine fish also come from this region of 

the Atlantic (e.g., Layman et al. 2011, Allgeier et al. 2016). Similar studies are needed in 

the Pacific and on other groups of fish that might make up large portions of reef 

biomass. For example, there are numerous cryptic species of reef fish, some of which 
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are very poorly studied (Brandl et al. 2018), and the excretion rates of these species are 

entirely unknown. Some of these species might be highly abundant suggesting that they 

could play an important role in cycling even if their individual sizes and excretion rates 

are small. Cryptic species may be especially important in recycling and maintaining 

nutrients within reefs due to their close association with the benthos and small home 

ranges within reefs.  On the other end of the size scale, focus should also be placed on 

quantifying the contributions of large mobile fish such as sharks or pelagic fin fish that 

occasionally visit reefs but whose contributions are likely highly related to their 

movement patterns (Chapter 2). While these species have large per-capita excretion 

contributions due to their size, these contributions may be negligible to overall reef 

budgets depending on how infrequently they visit any given reef. 

In addition to fish, a host of other animals live on coral reefs, but their contributions to 

nutrient provisioning have not been well quantified. In some cases, groups of benthic 

macroinvertebrates, such as urchins, can be very abundant in shallow coastal waters 

and may make significant contributions to total amounts of animal-mediated nutrients in 

these areas. While the role of some invertebrates such as bivalves in nutrient cycling 

has been well studied in many areas (e.g., Vaughn and Hakenkamp 2001, Atkinson et 

al. 2013), the role of invertebrates in coral reef nutrient dynamics has not been well 

explored. Excretion rates have been quantified for some species of echinoderms 

(Williams and Carpenter 1988, Uthicke 2001), but more empirical measures are needed. 

For example, on study reefs in my thesis we often saw large sea cucumbers in 

surrounding seagrass beds, that likely contribute to animal-derived excretion to these 

areas. Similarly, spiny lobster, which is an important fishery in many Caribbean countries 

(Marine Stewardship Council 2018), are abundant in shallow coastal waters but their 

contributions to nutrient cycling have not been assessed. Quantifying the role of 

invertebrates is also important when we consider how much spatial and temporal 

variation there can be in rates of nutrient supply from common groups of reef fish 

(Chapter 2). While many fish rest on or leave reefs at night, some macroinvertebrates 

become more active (Francis et al. 2019) and may contribute a larger proportion of 

nutrient excretion to reefs at night. Therefore, quantifying excretion rates for these 

groups of animals is necessary to understand overall animal-mediated nutrient 

provisioning in reefs and shallow coastal areas.  
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Measuring ecosystem uptake and response to fish-mediated 
nutrients 

One of the biggest challenges in understanding the role of fish in reef nutrient cycling is 

quantifying how these nutrients are used by reef primary producers. It is easier to 

quantify nutrient sources than ecosystem responses and designing experiments that 

isolate the effects of animal-mediated excretion additions is challenging. The disparity 

between studies that simply quantify nutrient contributions and those that try and 

quantify the impacts of nutrient supply was evident in my initial foray into the literature on 

animal-mediated cycling. In 2013, I did a systematic survey of papers in Web of Science 

that focussed on animal-mediated excretion and the effects of these supplies on 

recipient ecosystems.  Out of the 43 studies I found that matched my initial search 

criteria, ~90% of the studies reported the amount or rate of nutrients that were added to 

the recipient system by the animal source. However, only 40% measured an ecosystem 

response or uptake of some kind to the animal-mediated nutrient subsidy. This disparity 

is not surprising given the difficulties of measuring ecosystem responses but suggests 

that more studies looking at system uptake and response are needed. Since 2013, there 

have been several studies on coral reefs that have measured some sort of ecosystem 

response to fish-mediated nutrients (reviewed by Allgeier et al. 2017), including two 

chapters of this thesis. However, given the number of primary producers that can use 

fish-mediated nutrients (Chapter 3), as well as variations in spatial and temporal 

amounts of excretion by fish (Chapter 2), responses from reef primary producers likely 

vary widely between systems.  

One of the difficulties of studying ecosystem responses in marine systems is the high 

turnover of primary producer biomass in marine and aquatic areas compared to 

terrestrial systems (Bar-On et al. 2018). For example, while productivity of phytoplankton 

may be high, the standing biomass at any given time is low, which makes it hard to 

quantify how these producers are using nutrients. Consequently, more controlled, 

manipulative experiments measuring producer responses to fish excretion, such as 

those I conducted in Chapter 3, are needed. While correlative studies looking at fish 

excretion and reef producers over a natural gradient are useful, it is difficult to determine 

if the changes in primary producers are caused by the addition of limiting nutrients or by 

other variables, such as increased energy flow to the system. It is also difficult to isolate 

the impact of nutrient provisioning when other processes such as herbivory are at play. 
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One technique that could be useful in assessing the uptake of fish-mediated nutrients in 

a system is stable isotope analysis, which could help determine if producers are 

incorporating animal-derived nutrients into their tissues. While many studies measure 

the uptake of marine nutrients into terrestrial systems using heavy nitrogen δ15N in foliar 

nitrogen (e.g., Field and Reynolds 2011), this technique could be used within marine 

systems to look at the influence of nitrogen from an animal origin. Fish preferentially 

retain lighter isotopes of N and excrete δ15N at higher rates than other processes, such 

as bacteria fixation, that provide biologically available nitrogen for primary producers.  

Primary producers preferentially take up δ15N over δ14N (Polis et al. 2004), so measuring 

stable isotopes ratios in producers such as seagrass or algae exposed to different 

concentrations of fish excretion may help to illuminate if primary producers are actually 

incorporating excretion from fish into their tissues.  

Fish-mediated nutrients in a changing world 

One of the most surprising findings from my thesis was that invasive lionfish can replace 

the functional role of native prey fish as nutrient providers on reefs. Most of the literature 

detailing the lionfish invasion on Caribbean reefs has found negative impacts of these 

predatory fish (see review by Côté and Smith 2018) and, from a nutrient cycling 

perspective, it was reassuring to see, at least in the short term, that these otherwise 

destructive invasive predators can maintain fish nutrient provisioning on invaded reefs. 

While the long-term impacts of lionfish on reef nutrient cycling have yet to be explored, it 

is evident that they can maintain nutrient provisioning in the short term because nutrient 

supply from fish is driven mostly by fish biomass, not the taxonomic identity of fish 

making up that biomass.  

However, while invasive fish predators may not have strong negative effects on fish-

mediated nutrient cycling, other anthropogenic stressors such as overfishing (e.g., 

Layman et al. 2011) which can greatly reduce fish biomass, can drastically affect fish-

mediated nutrient provisioning, and in my mind warrant considerable future research 

attention. A recent study estimated that humans have decreased fish biomass by 0.1 

gigatons of carbon, an amount equal to the current global biomass of livestock (Bar-On 

et al. 2018). My thesis has corroborated previous work showing that fish biomass is a 

main determinant of the amount fish-mediated nutrient supply in an area (Allgeier et al. 

2017), and the loss of fish biomass from overfishing is likely a major stressor on this 
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functional process around the world. Several papers have demonstrated that overfishing 

can reduce animal-mediated nutrient provisioning in the Caribbean to the extent that that 

the loss of fish biomass from fishing is a much bigger threat to biogeochemical 

processes than shifts or changes to fish biodiversity (Layman et al. 2011, Allgeier et al. 

2016). These findings highlight the need for more studies that examine the relationship 

between key fisheries species and nutrient provisioning in other areas of the world.  

Nutrient excretion rates are impacted by both animal stoichiometry and metabolic 

processes (Vanni 2002) and, as a result, anthropogenic eutrophication and increasing 

ocean temperatures are two other key stressors that will likely impact fish-mediated 

nutrient dynamics in coastal systems. Nutrients from anthropogenic inputs can 

negatively impact primary producers as they often contain nutrients at different ratios 

than animal-mediated nutrients. As a result, these inputs do not serve to replace the fish-

mediated nutrients that are used by reef primary producers (Allgeier et al. 2014, Shantz 

et al. 2015). While anthropogenic nutrients may alter primary productivity, they may also 

alter rates of nutrient provisioning from fish themselves. Excretion rates are directly 

related to the material an animal consumes (Vanni 2002), and alterations to the ratios of 

nutrients in ingested material could impact excretion rates of nutrients like nitrogen and 

phosphorus. Thus, further research examining variation in species stoichiometry in 

relation to eutrophication and changes in elemental compositions in fish food sources is 

needed. Climate change and warming ocean temperatures could also impact fish-

mediated nutrient cycling as warmer temperatures can increase a species’ metabolic 

rate, resulting in altered rates of nutrient excretion (Vanni 2002). Climate change may 

also cause shifts in benthic primary producer assemblages to more heat-tolerant species 

of coral and algae (Darling et al. 2013), which may have different nutrient uptake rates 

and varied responses to fish-mediated nutrient supply. These potential shifts reinforce 

the need for more studies targeted at understanding how primary producers respond to 

and use fish-mediated nutrients. Understanding the extent to which different benthic 

assemblages will respond to both altered fish excretion rates and large reductions in 

fish-mediated nutrients is necessary to inform conservation efforts in coral reef 

ecosystems.  
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Fish pee and conservation in the sea 

This thesis has made me appreciate that studying the impacts of fish-mediated nutrients 

requires an interdisciplinary approach incorporating various fields such behavioural 

ecology, functional ecology, and even biochemistry. This cross-disciplinary approach 

can be daunting but is necessary to examine how animal interactions and 

biogeochemical pathways intersect and shape marine biogeochemistry in shallow 

coastal habitats. Considering both top-down and bottom-up influences of animals is 

needed to fully elucidate the functional role that animals play in reef and seagrass 

systems, and I believe that fish-mediated, and more generally animal-mediated, 

provisioning needs to be incorporated into conservation decisions if we want to 

successfully preserve these coastal habitats.  

One of the main aims of a fish-mediated nutrient supply conservation strategy, would be 

to simply conserve fish biomass on reefs. While efforts to reduce fishing pressures and 

preserve overall coral reef ecosystems have similar goals, from a purely nutrient-based 

perspective, preserving biodiversity and species richness are less important than simply 

conserving the amount of animal material on a reef. As a result, a nutrient-based 

strategy might target fisheries that cause the highest biomass loss in reef fish or animal 

populations. Interestingly, this strategy could put a focal lens on studying invertebrate 

fisheries, as benthic invertebrates such as sea cucumbers, which have high biomass 

and may contribute significant amounts to excretion budgets, are heavily fished in some 

areas but poorly regulated in comparison to fin fish populations. Preserving fish-

mediated nutrient supply would also involve a focus on habitat connectivity and require 

an understanding of how fish move and use a given coral reef system. For example, in 

my study system, invertivorous grunts provide nutrients to reefs that are subsidized from 

feeding areas up to several hundred meters away from the reef. Ensuring that these 

habitat connections remain intact would be critical to maintaining these nutrient supplies. 

While I have only outlined two areas of focus for preserving fish-mediated and animal-

mediated nutrient provisioning, these elements already demonstrate the need for a 

cross-disciplinary approach to make informed conservation decisions for preserving this 

key ecosystem function in tropical coastal habitats. 
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Appendix A.  
 
Supporting information for Chapter 2 

Supplementary figures and tables 

 

 
Figure A.1 Total ammonium excretion rate (µmol h-1m-2) by fish on each of 16 

coral reef sites (numbered vertically 1 – 16) for May 2014 during the 
day (right half of each panel) and at night (left half of each panel), 
calculated using different models. 

A) Parrotfish excretion rate model applied to all fish species, B) damselfish excretion rate model 
applied to all fish, C) parrotfish excretion rate model applied to all families for which we did not 
have specific family models, and D) damselfish excretion rate model applied to all families for 
which we did not have specific family models. Parrotfish and damselfish rates were chosen as 
these two families had the highest and lowest excretion rates for larger fish, respectively, 
resulting in the largest discrepancies in overall excretion calculations. Dark bars represent 
excretion from resident fish species, and stacked light bars, excretion from migratory fish species. 
point represents an individual fish.  
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Table A.1 List of fish families observed in 2014 surveys and their total 
abundance counts, biomass proportions, size ranges (cm), mean 
length (cm), mean weight (g), migratory behaviour, and their active 
period. 

 
Family  

Total 
count 

% of 
total 

biomass 

Size 
range 
(cm) 

Mean 
size 
(cm) 

Mean 
weight (g) 

Migratory 
or resident  

Active 
period 

Angelfish 105 14.3 4 - 40 17.9 252.8 resident day 

Butterflyfish 87 0.3 2 - 12 5.6 7.0 resident day 

Cardinal fish 2 0.0 3-5 4 1.1 resident night 

Cowfish 2 0.1 19 - 22 20.5 164.0 resident day 

Damselfish 866 2.2 1 - 16 5.8 5.0 resident day 

Goby 23 0.0 1 - 6 3.7 0.8 resident day 

Grouper 73 5.5 3 - 40 19.2 140.0 resident day 

Grunt 20319 28.9 1 - 32 11.2 41.9 migratory 
(night) 

night 

Lionfish 263 12.7 3 - 32.5 15.8 90.0 resident day/night 

Parrotfish 1778 7.7 1 - 35 5.9 9.2 resident day 

Pufferfish 160 1.4 3 - 45 5.9 17.4 resident day 

Snapper 236 6.0 6 - 39 14.9 92.3 resident day 

Spadefish 14 5.6 22 - 37 28.0 742.2 resident day 

Squirrelfish 12 0.3 5 - 22 10.5 42.0 resident night 

Surgeonfish 181 8.3 1 - 30 11.9 85.6 resident day 

Triggerfish 3 0.6 20 - 30 24.0 393.2 migratory 
(day) 

day 

Wrasse 1782 5.5 1 - 25 6.9 5.9 resident day 
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Table A.2 Length and weight parameters (intercept (a) and slope (b)) for 
families observed in 2014 surveys. Parameters were obtained from 
empirically measurements from this study as well as from Fishbase 
(Froese and Pauly, 2018). 

Family Data 
source 

Data collection 
location 

Length 
measure Length to weight 

parameters 

Fork length to 
total length 
parameters 

     (a)  (b)  (a) (b) 

Grunt Ch 2 
Eleuthera, 
Bahamas Total length 0.012 3.072 NA NA 

Lionfish Ch 2 
Eleuthera, 
Bahamas Total length 0.004 3.355 NA NA 

Parrotfish Ch 2 
Eleuthera, 
Bahamas Total length 0.017 2.939 NA NA 

Wrasse Ch 2 
Eleuthera, 
Bahamas Total length 0.011 2.945 NA NA 

Damselfish Ch 2 
Eleuthera, 
Bahamas Total length 0.031 2.667 NA NA 

Goby Ch 2 
Eleuthera, 
Bahamas Total length 0.011 3.029 NA NA 

Angelfish Fishbase 
Southern Florida, 

USA Total length 0.034 2.968 NA NA 

Butterflyfish Fishbase 
Southern Florida, 

USA Total length 0.022 3.19 NA NA 

Cardinal fish Fishbase 
Bayseian model 

estimates Total length 0.010 3.100 NA NA 

Cowfish Fishbase 
Southern Florida, 

USA Total length 0.175 2.263 NA NA 

Grouper Fishbase 
Southern Florida, 

USA Fork length 0.006 3.229 0.000 1.000 

Puffer Fishbase 
Bayseian model 

estimates Total length 0.022 2.960 NA NA 

Snapper Fishbase 
Southern Florida, 

USA Fork length 0.030 2.815 0.200 1.080 

Spadefish Fishbase 
Southern Florida, 

USA Fork length 0.093 2.684 0.000 1.063 

Surgeonfish Fishbase 
Southern Florida, 

USA Fork length 0.042 2.835 0.000 1.113 

Squirrelfish Fishbase 
Southern Florida, 

USA Fork length 0.015 3.059 0.000 1.240 

Triggerfish Fishbase 
Southern Florida, 

USA Fork length 0.027 2.990 0.000 1.261 
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Appendix B.  
 
Supporting information for Chapter 3 

Supplementary figures and tables 

 
Figure B.1 Chlorophyll concentrations (ug L-1) in 1 cm2 scrapings from ceramic 

tiles exposed to varying densities of French grunts H. flavolineatum 
(0, 10 and 30 fish). 

Raw data are shown. 
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Figure B.2 Relationship between (log) excretion rate (umol L-1h-1) and (log) body 

mass (g) of French grunts (Hamuleon flavolinatum) from coral reef 
patches in Eleuthera, The Bahamas, as empirically measured in 
Chapter 2. 

Shaded area is 95% confidence bands. 
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Appendix C.  
 
Supporting information for Chapter 4 

Supplementary figures and tables 

 
Figure C.1 Quadrats at each of our 7 collection distances along a transect at one of our 

study reef patches showing gradient of seagrass cover with increasing distance 
from the reef patch. 

Divers determined 7 m to be the cut off for 5% seagrass cover (transition between 6 and 8 m 
images) at this patch. 

0 m 1 m 2 m 4 m 

6 m 8 m 10 m 



 

102 

 
Figure C.2 Model predictions showing the probability of non-zero biomass for above- 

(left) and below-ground (right) samples of seagrass with increasing distance 
from the reef. 

Black points are raw data with jitter for easier visualization. 

 
Figure C.3 Depth of the sandy substrate with increasing distance from a patch reef. 

Points are combined raw data from 4 patch reefs (3 of which were used in this 
study) and the green line is a linear model fit to the data for visualization 
purposes. 

No analysis or model selection was performed on these data. 
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Table C.1 Results of model selection using AIC for candidate non-linear mixed-effects 
models of A) above-ground biomass, B) below-ground biomass, C) seagrass 
height (cm), and D) % N content, in relation to distance from reef, (distance 
from reef)2, excretion, herbivores, and reef hard area. 

Model k DAIC wi 
 

A) Seagrass above-ground biomass 
distance + distance2 + area 6 0 0.18 

distance + distance2 + herbivores 6 0.55 0.13 
distance + distance2 + area + herbivores 7 0.68 0.13 

distance + distance2  5 0.76 0.12 
distance + distance2 excretion * herbivores 8 1.07 0.10 

distance + distance2 + area + excretion 7 1.97 0.07 
distance + distance2 + excretion + herbivores 7 2.51 0.05 

distance + distance2 + excretion + area + herbivores 8 2.64 0.05 
distance + distance2 + area * herbivores 8 2.67 0.05 

distance + distance2 + excretion 6 2.67 0.05 
distance + distance2 + excretion * area 8 2.76 0.04 

distance + distance2 + excretion * area + herbivores 9 3.65 0.03 
distance + distance2 + excretion * area + area * herbivores 10 5.64 0.01 

 
B) Seagrass below-ground biomass 

   

distance + distance2 + area 6 0 0.22 
distance + distance2 5 0.05 0.22 

distance + distance2 + herbivores 6 1.66 0.10 
distance + distance2 + area + excretion 7 1.82 0.09 

distance + distance2 + area + herbivores 7 1.95 0.08 
distance + distance2 + excretion 8 2.05 0.08 

distance + distance2 + excretion * area 8 2.85 0.05 
distance + distance2 + excretion + herbivores 7 3.65 0.04 

distance + distance2 + area * herbivores 8 3.73 0.03 
distance + distance2 + area + excretion + herbivores 8 3.78 0.03 

distance + distance2 + excretion * herbivores 8 4.50 0.02 
distance + distance2 + area * excretion + herbivores 9 4.84 0.02 

distance + distance2 + area * excretion + area * herbivores 10 6.57 0.01 

C) Seagrass height 
   

distance + distance2 + excretion 6 0 0.23 
distance + distance2 + excretion * area 8 0.44 0.19 
distance + distance2 + excretion + area 7 0.90 0.15 

distance + distance2 + excretion + herbivores 7 1.91 0.09 
distance + distance2 + excretion * area + herbivores 9 2.37 0.07 
distance + distance2 + excretion + area + herbivores 8 2.90 0.05 

distance + distance2 5 3.02 0.05 
distance + distance2 + area 6 3.10 0.05 

distance + distance2 + excretion * herbivores 8 3.36 0.04 
distance + distance2 + excretion * area + area * herbivores 10 4.20 0.03 

distance + distance2 + herbivores 6 4.91 0.02 
distance + distance2 + area + herbivores 7 5.10 0.02 
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Model k DAIC wi 
Distance + distance2 + area * herbivores 8 7.10 0.01 

 
D) % nitrogen content 

   

distance + excretion + area 6 0 0.27 
distance + area 5 0.01 0.27 

distance + excretion 5 1.15 0.15 
distance 4 1.56 0.12 

distance+ excretion *area 7 2.00 0.1 
excretion + area 5 4.56 0.03 

area 4 4.58 0.03 
excretion 4 5.47 0.02 

Intercept only 3 5.88 0.01 
excretion * area 6 6.56 0.01 

k is the number of parameters in each model; DAIC is the difference in AIC values between a given model and the 
best-supported model; wi is the probability that model i is the best one of those considered given the data in hand.  
Models in bold are considered to be equally well supported. 
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Appendix D.  
 
Supporting information for Chapter 5 

Supplementary figures and tables 

Table D.1 Size classes of native fish species (n = 65), represented by total 
length (TL), observed on our 24 coral patch reefs off Eleuthera 
Island, The Bahamas. 

Family Species name 0–5 cm TL 6–15 cm TL >15 cm TL 
Acanthuridae Acanthurus bahianus x     

Acanthurus chirurgus x x x 
Acanthurus coeruleus x x x 

Apogonidae Apogon binotatus x x   
Apogon maculatus   x   

Aulostomidae Aulostomus maculatus x x x 
Callionymidae Callionymus bairdi x x   
Carangidae Decapterus sp. x x   

Chaenopsidae Chaenopsis ocellata   x   
Chaetodontidae Chaetodon capistratus x x   

Chaetodon ocellatus x x   
Gobiidae Coryphopterus eidolon x     

Coryphopterus glaucofraenum x x   
Elacatinus genie x     

Elacatinus randalli x     
Gnatholepis thompsoni x x   

Grammatidae Gramma loreto x x   
Holocentridae Holocentrus adscensionis   x x 

Holocentrus rufus   x x 
Sargocentron coruscum   x   

Labridae Bodianus rufus x x x 
Clepticus parrae x     

Halichoeres bivittatus x x   
Halichoeres garnoti x x   

Halichoeres maculipinna x x   
Halichoeres pictus x     
Halichoeres poeyi x     

Halichoeres radiatus x x   
Thalassoma bifasciatum x x x 
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Family Species name 0–5 cm TL 6–15 cm TL >15 cm TL 
Xyrichtys splendens x     

Labrisomidae Malacoctenus macropus x x   
Malacoctenus triangulatus x x   

Lutjanidae Lutjanus mahogoni   x x 
Ocyurus chrysurus x x x 

Mullidae Mulloidichthys martinicus   x x 
Pseudupeneus maculatus   x x 

Opistognathidae Opistognathus aurifrons   x   
Opistognathus whitehursti   x   

Ostraciidae Lactophrys triqueter     x 
Pomacanthidae Holacanthus ciliaris x x x 

Pomacanthus arcuatus   x x 
Pomacentridae Abudefduf saxatilis x x x 

Chromis cyanea x x   
Chromis insolata x     

Stegastes diencaeus x x   
Stegastes dorsopunicans x x   

Stegastes leucostictus x x   
Stegastes partitus x x   

Stegastes planifrons x x   
Stegastes variabilis x x   

Scaridae Cryptotomus roseus x x   
Scarus coeruleus x x   

Scarus iserti x x x 
Scarus vetula x x x 

Sparisoma atomarium x x   
Sparisoma aurofrenatum x x x 

Sparisoma viride x x x 
Serranidae Cephalopholis cruentata   x x 

Epinephelus striatus   x x 
Hypoplectrus sp.* x x   
Serranus baldwini   x   
Serranus tigrinus x x   

Sparidae Calamus calamus x x x 
Tetraodontidae Canthigaster rostrata x x   

Lionfish can consume fishes less than 15 cm total length. This table is modified from TABLE A1 in Green et al. 2014. 

 


