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Abstract 

Animals can mediate energy and material movement within a system, which can drive 

ecosystem function. Through excretion and egestion, animals can supply ammonium to 

nutrient-poor tropical marine systems, potentially altering primary productivity. My thesis 

explores how sea cucumber identity influences rates of ammonium excretion and 

bioturbation, and how this affects seagrass growth in The Bahamas. I quantified 

ammonium excretion and bioturbation rates in two species, Holothuria mexicana and 

Actinopyga agassizii, and found that H. mexicana excretes ammonium and bioturbates 

sediment at higher rates per-individual. I conducted a manipulative field experiment to 

test whether the differences I found between species translate to differences in seagrass 

productivity when one sea cucumber species is replaced by the other. I found that fish 

biomass was more important in predicting seagrass responses than sea cucumber 

identity or density, and that reef proximity and sampling day best predicted all seagrass 

responses. My research suggests that species-specific differences in bioturbation and 

ammonium excretion rates by sea cucumbers do not extrapolate at the ecosystem level. 

Thus, H. mexicana and A. agassizii may be functionally redundant, at least in terms of 

nutrient provisioning, in the patch reef-seagrass system I investigated in The Bahamas.  

Keywords:  Animal-mediated nutrient supply; excretion; bioturbation; ecosystem 

function; sea cucumber; seagrass; coral reef  

 

 



v 

Acknowledgements 

This thesis was a challenging, exciting, and rewarding experience which wouldn’t 

have been possible without the support of so many kind people. First and foremost, I 

want to thank my Supervisor, Dr. Isabelle Côté, for being such a tremendous source of 

guidance, encouragement, and inspiration. You have helped me grow as a scientific 

diver, writer, speaker, leader, and above all, as a scientist. I bet you didn’t anticipate also 

having to teach me how to drive stick shift! Thank you for being such a role model in 

academia and beyond, and for believing in me at times when I didn’t believe in myself. I 

would also like to thank my committee member, Dr. Jonathan Moore, for your input at 

our meetings, and for your thought-provoking comments on drafts of this thesis. 

Additionally, thank you to Dr. Chelsea Little for agreeing to be my defence examiner. 

This work would not have been possible without financial support from SFU 

Graduate Fellowships, an International Research Award, and the Anne Vallée Ecological 

Fund. Thank you to the Cape Eleuthera Institute staff for field work support, especially to 

those who aided us during boat break downs! A big thank you to Ryan Gateman for 

hundreds of underwater hours, and to Beth Oishi for processing seagrass samples. To 

my field companion, Hannah Watkins, thank you for all the cuke wrangling. I have 

learned so much from working with you, both as a scientist and as a person. 

It has been an incredibly enriching experience to be part of The Marine Ecology 

Lab, the Earth to Oceans Research Group, and SFU Biology. From weekly lab meetings 

to Stats Beerz and PEEC conference planning, I have been surrounded and inspired by 

such a passionate group of dedicated scientists. Everyone’s support, feedback, and 

mentorship in developing presentations, statistical analyses, and writing has been 

instrumental. Special thanks to Jess Edwards, Jill Dunic, Tanya Prinzing, Laura 

Kroesen, Tess Forstner, Lena Ware, Gwyn Case, and Sonya Pastran. 

Lastly, I want to express deep gratitude and love for my friends and family. To my 

dear friends, thank you for enriching my life. To my partner, Matt, thank you for 

supporting me, reminding me to laugh, and keeping me balanced in all of life’s 

adventures. To my late father, Steve, thank you for imprinting your passion for the 

natural world on me. To my mom and sister, Cristine and Leah, thank you for cheering 

me on and supporting me unreservedly since day one.  



vi 

Table of Contents 

Declaration of Committee .................................................................................................. ii 
Ethics Statement ............................................................................................................... iii 
Abstract ............................................................................................................................. iv 
Acknowledgements ........................................................................................................... v 
Table of Contents .............................................................................................................. vi 
List of Tables ................................................................................................................... viii 
List of Figures ................................................................................................................... ix 
Image: Actinopyga agassizii ............................................................................................. xi 

Chapter 1. Introduction ............................................................................................. 1 
References ........................................................................................................................ 6 

Chapter 2. Interspecific differences in functional roles of two Caribbean sea 
cucumbers, Holothuria mexicana and Actinopyga agassizii ............................ 9 

Abstract ............................................................................................................................. 9 
Introduction ..................................................................................................................... 10 
Materials and Methods .................................................................................................... 12 

Study Location and Study Species ....................................................................... 12 
Sea Cucumber Body Sizes and Density ............................................................... 13 
Bioturbation and Movement .................................................................................. 14 
Empirical Estimates of Ammonium Excretion ....................................................... 15 
Data Analyses ....................................................................................................... 15 

Individual-level estimates .................................................................................... 15 
Reef-level estimates ............................................................................................ 16 

Results ............................................................................................................................ 17 
Body Size and Density .......................................................................................... 17 
Movement and Bioturbation .................................................................................. 18 
Ammonium Excretion ............................................................................................ 21 

Discussion ....................................................................................................................... 24 
Movement and Bioturbation .................................................................................. 25 
Ammonium excretion ............................................................................................ 26 
Implications for ecosystems .................................................................................. 27 

References ...................................................................................................................... 29 

Chapter 3. Species identity effects in ecological functions: the role of sea 
cucumbers in tropical seagrass beds ............................................................... 34 

Abstract ........................................................................................................................... 34 
Introduction ..................................................................................................................... 35 
Materials and Methods .................................................................................................... 38 

Study Location and Study Species ....................................................................... 38 
Experimental System and Reef Characteristics .................................................... 39 
Fish biomass surveys ............................................................................................ 40 
Intra-seasonal seagrass responses ...................................................................... 41 



vii 

Short-term seagrass response .............................................................................. 42 
Data Analyses ....................................................................................................... 43 

Results ............................................................................................................................ 46 
Baseline reef and seagrass descriptions .............................................................. 46 
Intra-seasonal seagrass responses ...................................................................... 46 
Short-term seagrass growth rate ........................................................................... 48 

Discussion ....................................................................................................................... 54 
References ...................................................................................................................... 58 

Chapter 4. General Discussion ............................................................................... 66 
Implications for fisheries management .................................................................. 67 
Future directions ................................................................................................... 69 

References ...................................................................................................................... 71 

Appendix A  Supporting Information for Chapter 2 ................................................... 72 

Appendix B.  Supporting Information for Chapter 3 .................................................. 75 

 



viii 

List of Tables 

Table 3.1.  A priori predictions of the influence of five variables on mean seagrass 
blade height, above-ground biomass, below-ground biomass, shoot 
density, %N content, and short-term growth rate. Hm: Holothuria 
mexicana, Aa: Actinopyga agassizii. ....................................................... 44 

Table 3.2.  Strength of evidence for models predicting seagrass (A) mean blade 
height, (B) shoot density, (C) % nitrogen content, (D) above-ground 
biomass, (E) below-ground biomass, and (F) short-term growth rate. The 
variables considered in the global models included sea cucumber 
treatment, sea cucumber density, sampling day, proximity to patch reef, 
and grunt biomass. See Methods for details. .......................................... 49 

 

 



ix 

List of Figures 

Figure 2.1.  (A) Map of Eleuthera Island (inset), The Bahamas, and the study area, 
Rock Sound (main panel). Each dot is a patch reef, whose colour 
represents the total density of sea cucumbers at each patch, within the 
surrounding halo of dense seagrass (size of dots not drawn to scale). (B) 
One of 35 patch reefs surveyed in this study, and (C) Co-occurring 
Actinopyga agassizii (left) and Holothuria mexicana (right). ................... 13 

Figure 2.2.  Density distribution of length for H. mexicana (26.5 ± 0.33 cm long, range: 
17 - 47 cm, N = 223) and A. agassizii (21.9 ± 0.20 cm long, range: 13 - 45 
cm, N = 462) from 35 reef patches in Eleuthera, The Bahamas. Density is 
the proportion of data points in each length bin, which sums to 1. .......... 18 

Figure 2.3.  Dot and whisker plots of (A) fecal pellet egestion, and (B) weight per 
egested fecal pellet, (C) bioturbation (g h-1), and (D) movement speed of 
H. mexicana and A. agassizii (N = 20 for each species). Dots display the 
mean, and whiskers display the 95% confidence intervals. Asterisks 
denote significant differences between groups. ...................................... 20 

Figure 2.4.  Dot and whisker plots of % OM content in egested fecal pellets of H. 
mexicana, A. agassizii, and random samples of sediment from the 
seafloor (N = 20 for each). Dots display the mean, and whiskers display 
the 95% confidence intervals. Asterisks denote significant differences 
between groups. ...................................................................................... 21 

Figure 2.5.  Estimates of (a) annual bioturbation rate (kg m-2 yr-1) and (b) hourly 
ammonium excretion rate (umol NH4

+ m-2 h-1) of H. mexicana and A. 
agassizii across 35 patch reefs in Rock Sound, The Bahamas. Each point 
represents a patch reef. Horizontal and vertical error bars represent the 
standard error (standard deviation of 5000 bootstrap resamples) of 
contributions by H. mexicana and A. agassizii at each site, respectively. 
The dashed line represents equal contributions by both species ............ 23 

Figure 2.6.  Relationship between ammonium excretion rate (μmol NH4
+ h-1) and sea 

cucumber wet weight (g) for H. mexicana (red line; y = 0.005x + 11.38; R2 
= 0.11; N = 19) and A. agassizii (blue line; y = 0.004x + 8.87; R2 = 0.06, N 
= 20). The solid lines are the lines of best fit from the linear model; the 
shaded areas within the dashed lines are the 95% confidence intervals. 24 

Figure 3.1.  (A) Map of Rock Sound with Eleuthera Island as an inset. Each coloured 
dot represents an experimental reef patch coloured by treatment (dots not 
drawn to scale of reef). The three treatments are: only Holothuria 
mexicana (blue), only Actinopgya agassizii (orange), or both species at 
unmanipulated relative abundances (natural control, green) (n = 7 for 
each treatment). (B) One of 21 patch reefs with a dense halo of seagrass, 
beyond which seagrass was sparse or absent, and (C) Co-occurring 
Actinopyga agassizii (left) and Holothuria mexicana (right). ................... 40 



x 

Figure 3.2.  Predicted seagrass (A) mean blade height (cm), (B) shoot density per 0.5 
m2, (C) % blade nitrogen content, (D) above-ground biomass (g dry 
weight), (E) below-ground biomass (g dry weight), and (F) short-term 
blade growth-rate (mm blade-1 day-1) as a function of reef proximity (m) 
from the top (generalized) linear mixed effects models. Each line 
represents a range of sampling days during the experiment; 1-30 days, 
30-60 days, and 60-90 days after experimental manipulation. Bands are 
95% confidence intervals. Raw data are plotted as points behind the 
model predictions. ................................................................................... 51 

Figure 3.3.  Parameter estimates of the top-ranked (generalized) linear mixed-effects 
models explaining (A) Ln mean blade height, (B) shoot density, (C) % 
blade nitrogen content, (D) above-ground biomass, (E) below-ground 
biomass, and (F) short-term growth-rate. Bands are 95% confidence 
intervals. On each figure, points to the right of the dashed line signify a 
predictor that increases the seagrass response, while points to the left of 
the line indicate that. ............................................................................... 52 

Figure 3.4.  Prediction lines from (generalized) linear mixed-effects model predicting 
(A) mean blade height (7% support), (B) % blade nitrogen content (10% 
support) and (C) below-ground biomass (7% support) as a function of 
proximity to reef patch (m) across three sea cucumber treatments: control 
(green), H. mexicana (blue), and A. agassizii (orange) (n= 7 reefs for 
each treatment). Bands are 95% confidence intervals. Raw data are 
plotted as points behind the model predictions. ...................................... 53 

 



xi 

Image: Actinopyga agassizii 

 
              Actinopyga agassizii 

 



 1 

Chapter 1.  
 
Introduction 

Ecosystem functioning encompasses the physical, chemical, and biological 

processes that transform and translocate energy or materials in an ecosystem (Naeem 

1998). The rates of these energy and material fluxes are governed by the interplay of 

biotic factors interacting with the abiotic environment (Reiss et al. 2009). Of the biotic 

factors, species biodiversity can affect rates of production, consumption, and 

decomposition, and is captured by the “biodiversity-ecosystem functioning” relationship 

(BEF) (Hooper et al. 2012; Duffy et al. 2017). The BEF relationship is complex, but the 

degree to which biodiversity promotes ecosystem functioning may depend, in part, on 

the species richness of an ecosystem, and how different species contribute to a given 

process (Brandl et al. 2019). In highly diverse systems such as tropical rainforests and 

coral reefs, there is evidence for positive relationships between species and functional-

group diversity, which can be attributed to niche partitioning among species (i.e., 

complementarity) (Loreau et al. 2001). Niche partitioning describes how more diverse 

species assemblages can exploit and retain limited resources with higher efficiency 

(Loreau et al. 2001; Brandl et al 2019). However, high degrees of complementarity can 

result in a lack of functional redundancy, where losses of species could be linked to 

losses of functions (Brandl et al. 2019). Indeed, redundant species are essential to 

safeguard ecosystem resilience and stability (Walker 1992; Rosenfeld 2002). Therefore, 

in a time when diversity is being lost across ecosystems due to anthropogenic stressors, 

it is important to determine how species contribute to ecosystem functioning (Loreau et 

al. 2001). 

On coral reefs, ecosystem functioning depends on four main pathways by which 

inorganic or organic matter is produced or consumed: calcium carbonate dynamics, 

herbivore-algae interactions, predator-prey interactions, and nutrient cycling (Brandl et 

al. 2019). Within each of these pathways, there are many species that potentially 

contribute to a given function. For example, herbivorous fishes on coral reefs play an 

important role in the removal of algal biomass (primary consumption), and since there is 

variation in the way in which they feed, species can be classified into functional guilds of 

browsers, croppers, scrapers, or mixed feeders while all contributing to the function of 
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algae removal (Hoey et al. 2013). Reducing diversity into a small number of 

complementary guilds makes the functional analysis of species-rich ecosystems more 

tractable. However, while complementarity among species can readily arise in relation to 

functions such as herbivory, which can be performed in a variety of ways, 

complementarity is less likely to occur in ecosystem functions like nutrient provisioning, 

where the potential for functional guild groupings is limited. When releasing nutrients, 

species are essentially redundant since they all provide the same function (i.e., provision 

of ammonium via excretion), but they may contribute at different magnitudes, leading to 

potentially important species identity effects. Important variation among superficially 

similar species could be easily missed unless species identity is taken into 

consideration. For instance, studies of marine infaunal invertebrates and of freshwater 

fishes show clear differences in the relative contribution of closely related individual 

species to nutrient generation (Ieno et al. 2006; Villéger et al. 2012). Moreover, including 

taxonomic identity improves the performance of models predicting excretion rate of coral 

reef fishes (Allgeier et al. 2015). Therefore, it is sometimes more appropriate to consider 

the identity of species rather the functional guild to which species belong to understand 

the dynamics of ecosystem functions. I addressed this question of identity-effects in 

animal-mediated nutrient provisioning using invertebrates in a coral reef-seagrass 

habitat as a model system.  

A core idea in biodiversity ecosystem functioning is that animals act as pools of 

nutrients in biogeochemical pathways (Naeem et al. 2012). Through storage and 

retention of nutrients via consumption, and supply of nutrients via excretion and 

egestion, animals link elemental pathways and can therefore alter rates of ecosystem 

processes like primary production (Naeem et al. 2012; Allgeier et al. 2017). The “top-

down” role of consumers in animal-mediated nutrient cycling has been foundational in 

the field of ecology, but the role of animals in “bottom-up” pathways through excretion 

and egestion has only been revealed in more recent time (Allgeier et al. 2017). Studies 

have shown how animals can supply a source of limiting nutrients to foundation species, 

which provide stable habitats for other species, thereby creating a self-reinforcing 

feedback cycle. Examples of these “whole community mutualisms” (Allgeier et al. 2017) 

include relationships between wildebeests and savannah grassland productivity 

(McNaughton 1988), as well as bird guano and coral growth (Savage 2019). In addition, 

in lakes, it has been established that animals can supply nitrogen and phosphorus at 
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rates comparable to other major nutrient sources, supporting the nutrient demands of 

primary producers and controlling the rate at which dissolved nutrients are taken up by 

biota (Vanni 2002; Essington and Carpenter 2000). However, the role of animals as 

nutrient providers in the marine environment has only been more recently studied, where 

marine fishes can also increase the productivity of primary producers like seagrass 

(Allgeier et al. 2013). The role of animals in mediating nutrient supply becomes 

especially important in nutrient-poor tropical systems that lack abiotic supply from 

external sources like upwelling or river inputs (Atkinson 2011). 

Specifically, seagrass meadows are one of the most widespread and important 

habitats in tropical regions, but currently face many environmental challenges associated 

with anthropogenic pressures (Hemminga and Duarte 2000, Orth et al. 2006). As 

foundation species, seagrasses act as a critical nursery habitat and provide a food 

source for numerous animals, therefore contributing to both primary and secondary 

production and consumption (Duffy 2006). Seagrasses provide over 27 ecosystem 

services that are vital to humanity (see review by Mtwanan Norlund et al. 2016). As 

such, seagrass ecosystems can be considered as “biological sentinels” or “coastal 

canaries”, because widespread seagrass declines can signal important losses of 

ecosystem services (Orth et al. 2006). Considering this, seagrasses are affected by 

changes in abiotic factors such as light, temperature, and nutrient availability, as well as 

biotic factors like the feeding and movement activities of animals (Duffy et al. 2006; 

Ogden and Zieman 1977). From a biotic standpoint, seagrasses are also affected by the 

large-scale removal of animal biomass through fisheries practices, which can drastically 

reduce nutrient provisioning by marine animals (Layman et al. 2011). In the tropics, 

seagrass beds often occur adjacent to coral reefs, and there are many abiotic and biotic 

linkages between them (Ogden and Zieman 1977). One substantial biotic link between 

these two habitats is the many reef fish and invertebrates that live and forage within 

seagrass beds, which could potentially affect nutrient dynamics (Ogden and Zieman 

1977). 

Sea cucumbers (Echinodermata: Holothuroidea) are large and abundant benthic 

macroinvertebrates that are part of many marine communities, including seagrass beds, 

and provide important ecological functions to these habitats (Purcell et al. 2016). As 

epibenthic deposit feeders, sea cucumbers consume large quantities of sediment to 

assimilate organic matter and detritus found within it (Uthicke and Karez 1999). In doing 
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so, sea cucumbers convert organic detritus into inorganic nitrogenous waste products 

through excretion, which can be taken up by primary producers (Uthicke and Klumpp 

1998; Uthicke 2001). By moving through and consuming sediment, sea cucumbers 

rework and mix surface sediment layers, a process known as bioturbation (Purcell et al. 

2016). Through bioturbation activity, sea cucumbers can enhance oxygen penetration 

into the sediment (Lee et al. 2018), which could possibly ameliorate anoxic conditions for 

marine plant roots and infaunal organisms. In experimental tanks, sea cucumber 

removal has been related to cyanobacterial mat establishment, which can create an 

oxygen barrier between the water column and the sediment profile (Moriarty et al. 1985; 

Uthicke 1999; Michio et al. 2003). Beyond this, one of the most important functions 

performed by sea cucumbers is thought to be nutrient recycling, especially in nutrient-

sparse environments like coral reefs (Purcell et al. 2016). Sea cucumbers excrete 

inorganic nitrogen in the form of ammonium after digesting nitrogen-rich compounds 

which can again, be taken up by primary producers (Uthicke 2001). Since some species 

of sea cucumbers live within seagrass beds, it is possible they may provide consistent, 

daily fluxes of ammonium provisioning to primary producers. In lab experiments, sea 

cucumbers can increase microphytobenthos productivity through ammonium 

provisioning (Uthicke & Klumpp 1998), and in field enclosures, sea cucumbers have 

been associated with increased seagrass productivity over time (Wolkenhauer et al. 

2010). However, whether seagrass productivity could be affected by sea cucumber-

mediated nutrient provisioning at the ecosystem level has not yet been tested. 

In this thesis, I explored how sea cucumber species identity influences rates of 

ammonium excretion and bioturbation, and how these ecological functions affect 

seagrass growth in a coral reef-seagrass ecosystem in The Bahamas. In Chapter 2, I 

quantified rates of ammonium excretion and bioturbation in the two commonest sea 

cucumber species, Holothuria mexicana and Actinopyga agassizii, and then used the 

individual-level rates to estimate reef-wide excretion and bioturbation based on natural 

species composition and density across 35 sites. I found species-specific differences in 

excretion and bioturbation on an individual level, but determined that reef-level 

contributions of ammonium provisioning and bioturbation depend more on sea cucumber 

density than species identity in this system. In Chapter 3, I used an ecosystem-level 

experimental approach to test whether seagrass productivity is driven, in part, by sea 

cucumber species composition, and found that fish biomass was more important in 
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predicting seagrass responses than sea cucumber identity or density, and that abiotic 

factors best predicted all seagrass responses. My research helps to fill a gap in our 

knowledge of sea cucumber ecological roles by directly testing the link between sea 

cucumber nutrient provisioning and seagrass productivity at the ecosystem level. More 

broadly, a test of sea cucumber identity effect will deepen our understanding of 

functional redundancy, and how changes in species composition on coral reefs impact 

functioning. 
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Chapter 2.  
 
Interspecific differences in functional roles of two 
Caribbean sea cucumbers, Holothuria mexicana and 
Actinopyga agassizii 

Abstract 

Ecosystem functioning is determined by rates of energy and material movement, the 

fluxes of which are governed by the species present in a system. Nutrient cycling can be 

an important driver of primary productivity on coral reefs, especially when there is little 

external input from upwelling or coastal nutrient runoff. Tropical sea cucumbers are 

among the largest invertebrates on coral reefs and can be found in high densities, yet 

the functional roles of Holothuria mexicana and Actinopyga agassizii have not been well 

quantified. These two species commonly occur in the Caribbean, where H. mexicana is 

heavily fished and A. agassizii is seldom targeted. In this study, we asked if H. mexicana 

and A. agassizii are functionally interchangeable in processes of ammonium provisioning 

and bioturbation, or if they contribute to these functions at different magnitudes. We 

empirically measured rates of ammonium excretion in the lab, and quantified rates of 

bioturbation by making in situ observations and collecting fecal casts in the field. We 

then used these species-specific functional rates to estimate reef-wide excretion and 

bioturbation at 35 reefs across Rock Sound, The Bahamas. On a per-individual level, H. 

mexicana excreted approximately 23% more ammonium and bioturbated approximately 

53% more sediment per hour than A. agassizii. However, A. agaassizii was more 

abundant at reefs, resulting in larger, reef-wide contributions to both functions by A. 

agassizii. This suggests that despite individual-level species-specific differences in the 

functions provided by H. mexicana and A. agassizii, sea cucumber density plays a larger 

role in the processes of nutrient provisioning and bioturbation in this coral-reef seagrass 

ecosystem.  

Keywords: ammonium excretion rate; bioturbation; animal-mediated nutrients; coral 

reefs; ecosystem function; sea cucumbers 
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Introduction 

The fluxes of energy and material movement within and ecosystem are controlled 

by the identity and abundance of species within it (Brandl et al. 2019). The relationship 

between these fluxes and the species diversity within a system is known as “biodiversity-

ecosystem functioning” (BEF) (Duffy et al. 2017). Ecosystem functioning can be 

measured as rates of ecosystem production, consumption, and decomposition, and is 

further influenced by the way species interact with the abiotic environment (Bellwood et 

al. 2019; Brandl et al. 2019; Williams and Graham 2019,). Some species are functionally 

redundant and perform the same role in ecosystems, meaning that changes in diversity 

will not alter rates of ecosystem processes (Loreau 2004). However, as a consequence 

of organismal traits and differential resource use, even functionally similar species will 

contribute differently to ecosystem processes (Rosenfeld 2002). Identifying the species 

and populations that contribute disproportionately to rates of ecosystem functioning is 

increasingly important in a time when ecosystems are being transformed and diversity is 

being lost across ecosystems (Loreau et al. 2001). 

Trait-based approaches have been used to predict how species influence core 

ecosystem processes, which on coral reefs include herbivore-algae interactions, 

predator-prey interactions, carbonate dynamics, and nutrient cycling (Brandl et al. 2019). 

These approaches have been useful when applied to highly biodiverse ecosystems 

where an ecological function is fulfilled by multiple species that share one or more 

characteristics relevant to that function (Strong et al. 2015; Brandl et al. 2019). Traits 

such as body mass, trophic group, and nutrient stoichiometrics are widely used as 

substitutes for functional richness to predict the role of groups of species on ecosystem 

functioning (McGill et al. 2006; Bellwood et al. 2019). However, the use of trait-

dependent groups or guilds can mask significant interspecific variation, often 

oversimplifying species contributions to ecological processes (Semmler et al. 2021). For 

instance, parrotfishes contribute to the process of carbonate dynamics through coral 

grazing and bioerosion, where species-specific differences in body size can lead to 

disproportionate contributions to bioerosion by large species at the reef-wide scale 

(Lange et al. 2020). For example, one species of bioeroding parrotfish was found to 

remove 27 times more material per year than another closely related species (Bellwood 

1995; see also Ong and Holland 2010). So, there is value in empirically measuring 
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individual-level functional rates to infer ecosystem processes, even within functional 

guilds (Lange et al 2020). This allows us to establish whether closely related species are 

similar (underpinning functional redundancy) or different (underpinning functional 

complementarity) (Semmler et al 2021). Studies of coral reef ecosystems have largely 

focused on, and largely failed to find, functional redundancy (Brandl et al. 2016; 

Burkepile and Hay 2008; McWilliam et al. 2018). This suggests that species losses on 

coral reefs could be associated with the losses of ecosystem functions, therefore 

compromising ecosystem resilience (Brandl et al. 2019). However, these studies of 

ecosystem function on coral reefs have largely focused on the ecological processes of 

primary production-consumption dynamics, calcium-carbonate dynamics, and predator-

prey interactions, with far less attention given to nutrient cycling (Brandl et al. 2019). 

The role of vertebrates, especially fishes, has dominated studies of ecosystem 

functioning on coral reefs (see Allgeier et al. 2014), even though invertebrates are 

dominant contributors to coral reef ecosystem diversity (Glynn and Enochs 2011). 

Specifically, mobile invertebrates only make up a small proportion (7.3%) of literature on 

species functional niches (Bellwood et al. 2019) yet can make up a substantial 

proportion of biomass and play a range of ecological roles. For example, sea cucumbers 

(Echinodermata: Holothuroidea) are found at high densities (up to 3 individuals per m2) 

in seagrass beds and near reef flats (Lee et al. 2018). They serve functional roles in 

bioturbation, nutrient recycling, and benthic primary productivity in tropical patch reef 

systems (Uthicke and Klumpp 1998; Uthicke 1999, 2001; Wolkenhauer et al. 2010; 

MacTavish et al. 2012; Purcell et al. 2016). As detritivores that feed on epibenthic 

organic material and meiofauna, holothuroid populations can rework up to 4600 kg of 

sediment per 1000 m2 per year (Uthicke 1999). Different sea cucumber species can 

bioturbate at various depths and intensities, ranging from some species that can fully 

bury themselves and mix the top 10 cm of sediment, to other species that only process 

the top 5 millimetres of sediment (Purcell et al. 2016; Uthicke 1999). Most importantly, 

sea cucumbers excrete ammonium (NH4
+), providing a nitrogenous source for benthic 

microalgae (Uthicke and Klumpp 1988; Uthicke 2001) and potentially to seagrass 

(Wolkenhauer et al. 2010). This is especially important on oligotrophic coral reefs, which 

primarily rely on nutrient recycling to bolster benthic primary productivity (Hatcher 1988; 

Uthicke 2001). Taken together, the functional roles provided by sea cucumbers can form 

a substantive link in transferring energy to higher marine trophic levels through the 
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ecological processes of nutrient recycling and bioturbation (Purcell et al. 2016). Given 

their apparent similarities of morphology, behaviour, and biomass, to what extent do sea 

cucumbers species provide ecological functions at the same magnitude?  

In this study, we investigated the functional redundancy of two common sea 

cucumber species in a shallow coral reef-seagrass ecosystem in The Bahamas. We 

sought to quantify whether Holothuria mexicana and Actinopyga agassizii contribute at 

interchangeable rates to ammonium excretion and bioturbation in this system. In this 

chapter, we refer to shallow sediment processing by H. mexicana and A. agassizii as 

bioturbation, though the two species do not bury into sediments. Our research objectives 

were to use empirical measures of ammonium excretion rates and field observations of 

sediment turnover rates to estimate reef-wide contributions by both species to nutrient 

recycling and bioturbation processes. Since H. mexicana is exploited disproportionately 

more in the Caribbean than A. agassizii (Rogers et al. 2018a), determining the 

magnitude of nutrient contribution and bioturbation by these species to coral reefs will 

provide insight into the potential functional loss associated with current and future sea 

cucumber fisheries. 

Materials and Methods 

Study Location and Study Species 

The study was conducted on coral reef patches along the southwestern coast of 

Eleuthera Island, The Bahamas, from May to August 2019 (Fig. 1a). Reef patches were 

located in Rock Sound, a large, shallow (< 5 m depth) sandy basin. They ranged in hard-

bottom area from 2 to 125 m2 (mean ± se: 35 ± 7 m2) and depth from 2.6 to 4.5 m (mean 

± se: 3 ± 0.1 m) and were separated from the nearest patch by a minimum of 100 m. All 

patch reefs were immediately surrounded by a halo of seagrass, Thalassia testudinum, 

that extended up to 9.6 m away from the patch edge (Fig. 1b). Beyond this distance, 

seagrass was either sparse or absent.  

The two focal sea cucumber species, Holothuria mexicana and Actinopyga 

agassizii (family Holothuriidae; Fig. 1c), are distributed widely across the Caribbean 

region, and are found at depths of 0-20 m and 0-54 m, respectively (Hendler et al. 1995). 

In our area, Holothuria mexicana was conspicuous in seagrass beds, on coral reef 
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patches, and on bare sand (Fig. 1c). We found A. agassizii on coral heads, coral rubble, 

algal turf, and in seagrass beds. Holothuria mexicana feeds approximately 12 h per day, 

whereas A. agassizii feeds approximately 10 h each day (Hammond 1982). 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.1. (A) Map of Eleuthera Island (inset), The Bahamas, and the study area, Rock 
Sound (main panel). Each dot is a patch reef, whose colour represents the total density 
of sea cucumbers at each patch, within the surrounding halo of dense seagrass (size of 
dots not drawn to scale). (B) One of 35 patch reefs surveyed in this study, and (C) Co-
occurring Actinopyga agassizii (left) and Holothuria mexicana (right). 

Sea Cucumber Body Sizes and Density 

Divers counted, identified to species, and measured the length and midbody girth 
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perimeter around the dense seagrass within which sea cucumbers were found, and the 

perimeter of the hard-bottom area of patches themselves (Fig. 1b). 

Bioturbation and Movement 

We quantified hourly bioturbation (i.e., sediment turnover) by A. agassizii and H. 

mexicana following Lee et al. (2018, adapted from Uthicke 1999), where we assumed 

that the quantity of sediment egested is equal to the quantity ingested. We selected A. 

agassizii (mean length = 20 ± 0.5 cm, range: 14 - 23 cm, N = 20) and H. mexicana 

(mean length = 24 ± 0.7 cm, range: 18 - 30 cm, N = 20) individuals that represented the 

commonest size classes across Rock Sound. We measured bioturbation and movement 

for 20 individuals of each species from 11:00 to 16:00 hrs on two patch reefs in July 

2019 that were separate from our 35 survey patches. To do so, divers tracked sea 

cucumbers by planting a metal stake labelled with flagging tape in the sediment at a 

standardized distance (ca. 1 cm) from the posterior end of the focal sea cucumber. At 

the end of each hour (for three consecutive hours), the number of fecal pellets egested 

by each individual was counted, and the linear distance moved by each individual was 

recorded. The stake was re-placed near the posterior end of the focal individual to serve 

as starting point for the next hour-long observation. After the last observation period, up 

to 10 fecal pellets for each individual were collected in Falcon® tubes, and the length and 

girth of each sea cucumber were measured. Fecal pellets were frozen and transported 

to Simon Fraser University. 

After thawing and combining pellets for each individual, we placed them in a 

drying oven for 24 h at 60°C. Pellets were then weighed to determine dry weight (DW) 

on an analytical balance to the nearest 0.001 g. Dried pellet samples were transferred 

into porcelain crucibles, placed in a muffle furnace for 2 h at 550 °C, then reweighed to 

obtain ash weight (AW). We calculated ash-free dry weight (AFDW = DW – AW) to 

determine the organic matter (OM) content in the fecal pellets. Lastly, we obtained 

measures of DW, AW, and AFDW from ambient sediment samples collected from the 

seafloor that were not in close proximity to sea cucumbers or their fecal pellets.  
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Empirical Estimates of Ammonium Excretion 

To measure excretion rates of A. agassizii and H. mexicana, divers collected 

individuals of both species haphazardly from various reef patches that were separate 

from our bioturbation and movement observations. We followed methods by Layman et 

al. (2011), modified by Schaus et al. (1997), Whiles et al. (2009), and Francis and Côté 

(2018). Individual H. mexicana and A. agassizii (N = 20 for each species) were brought 

to the Cape Eleuthera Institute (CEI, 24o 49’54.46” N, 76 o 19’56.28” W) and allowed to 

recover in sea tables for 1-2 hours before being placed in individual 20-L acid-washed 

bags filled with a known volume of pre-filtered (0.7 μm Whatman GF-F filters) sea water. 

Bags containing sea cucumbers and control bags of filtered sea water containing no sea 

cucumbers (N = 3) were sealed and incubated in a flow-through sea table to maintain 

ambient temperature (29 - 31oC) for 60 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), placed in dark bottles and refrigerated 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 weight (g), total length (cm), 

and midbody girth (cm) of each sea cucumber and allowed them to recover in sea tables 

for several hours before release onto their reef of capture.  

Data Analyses 

We transformed sea cucumber numbers at each patch into densities (i.e., 

numbers per m2 of seagrass). We ran a Welch’s t-test to assess differences in mean 

density and mean proportion of total density between sea cucumber species across 

Rock Sound. To test for differences in size distributions between A. agassizii and H. 

mexicana, we ran a two-sample Kolmogorov-Smirnov test on sea cucumber length.  

Individual-level estimates 

To test for species differences in bioturbation, we ran two-sample independent t-

tests on the following measures: (1) fecal pellet egestion rate (pellets h-1), (2) weight per 

pellet (g), (3) bioturbation rate (g of sediment h-1) and (4) organic matter (% OM). 

Additionally, we ran a two-sample independent t-test on speed (m h-1) between A. 

agassizii and H. mexicana. 
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To test for species differences in hourly ammonium excretion rate (µmol NH4
+    

h-1), we ran a linear model with sea cucumber wet weight (data-centred) and sea 

cucumber species as model predictors: 

 

where β0 represents the intercept, and βi represents the slope for a given independent 

variable. We used wet weight as a predictor in our model so it could be compared to 

other studies (see Discussion).  

Reef-level estimates 

We used the individual-level estimates of bioturbation (g h-1) and ammonium 

excretion (µmol NH4
+ h-1) described above to generate reef-level estimates of 

bioturbation (kg m-2 yr-1) and ammonium excretion (µmol NH4
+ m-2 h-1) for each species 

on each of the 35 reefs by bootstrapping confidence intervals (bootstrapping methods 

were performed after Fieberg et al. 2020).  

To generate reef-level estimates of bioturbation (kg m-2 yr-1) for each species, we 

first used a simple linear regression to test the effect of species on bioturbation rate      

(g h-1). We then scaled up bioturbation rates from g h-1 to kg yr-1 following calculations by 

Lee et al (2018). To incorporate uncertainty around this relationship, we bootstrapped 

reef-specific ‘populations’ of bioturbation rates for 5,000 iterations to obtain reef-level 

estimates at each of 35 reefs for each species. Then, we divided the bootstrapped 

estimates of bioturbation by seagrass area to obtain annual bioturbation rate per unit 

area of seagrass (kg m-2 yr-1). The spatial extent of seagrass was defined by the 

presence of a visually and considerably more dense bed of seagrass around reefs than 

between reefs, which sea cucumbers inhabit. We also converted hourly rates of 

sediment processing to rates of kg yr-1 individual -1 following methods after Lee et al 

(2018) (Table A.1). 

We used the same method as described above to estimate reef-level estimates 

of ammonium contribution (µmol NH4
+ m-2 h-1) by each species on each of the 35 reefs. 

However, because we could record length but not wet weight of sea cucumbers during 

underwater surveys, we first converted all observed sea cucumber total lengths of both 

species to wet weight, using the significant relationship generated between these two 

NH4
+ excretion = β0 + β1(wet weight) + β2(species) + β3(wet weight * species) 
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variables from the sea cucumbers used to estimate ammonium excretion rates (linear 

model; F1,36 = 15.56, p < 0.001 for both species) using the equation: 

Wet weight = β0 + β1(length) + β2(species) 
 

We added a species parameter to the linear regression above to allow the 

regression lines to vary by species. We were then able to predict ammonium excretion 

(μmol h-1) as a function of wet weight for each species. To incorporate uncertainty 

around this relationship, we bootstrapped each reef-specific ‘population’ of wet weights 

(5,000 iterations) to predict total ammonium excretion rates for each species at each 

patch reef, using the model from our empirical excretion measurements. Lastly, we 

divided our bootstrapped estimates of total ammonium excretion by the seagrass area at 

each reef to obtain excretion estimates per unit area of seagrass (µmol NH4
+ m-2 h-1). All 

statistical analyses were conducted in R (R Core Team 2020, version 1.3.959) using the 

tidyverse (Wickham et al. 2019), ggspatial (Dunnington 2020), dunn.test (Dinno 2017), 

cowplot (Wilke 2019), and viridis (Garnier 2018) packages. 

Results 

Body Size and Density 

Across all patches surveyed, H. mexicana was significantly larger than A. 

agassizii (mean ± SE [range]; Hm: 27 cm ± 0.3 cm [17 - 47 cm], Aa: 22 cm ± 0.2 cm [13 - 

45 cm], Welch’s t396.7 = 12.03, p < 0.001). The length distributions of the two species 

were also significantly different (two-sample Kolmogorov-Smirnov test; D = 0.465, p < 

0.001; Fig. 2). There were, on average, 15 (± 2 SE) sea cucumbers per patch (range: 1 - 

62; Fig. 2.1). There were significantly more A. agassizii (11 ± 2) present, on average, 

than H. mexicana (4 ± 1) per patch (paired t-test, t34 = -3.1, p = 0.003).  
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Figure 2.2. Density distribution of length for H. mexicana (26.5 ± 0.33 cm long, range: 
17 - 47 cm, N = 223) and A. agassizii (21.9 ± 0.20 cm long, range: 13 - 45 cm, N = 462) 
from 35 reef patches in Eleuthera, The Bahamas. Density is the proportion of data points 
in each length bin, which sums to 1. 

Movement and Bioturbation 

Actinopyga agassizii egested fecal pellets at approximately four times the rate of 

H. mexicana (Welch’s t19.95 = 2.9, p = 0.008; Fig. 2.3a). However, the individual pellets 

egested by H. mexicana were seven times heavier than those egested by A. agassizii 

(Welch’s t19.25 = 8.2, p < 0.001; Fig. 2.3b). Combining these measures together, 

individual H. mexicana bioturbated three times more reef sediment, on average, than A. 

agassizii (Welch’s t20.2 = 5.1, p < 0.001; Fig. 2.3c). Fecal pellets egested by A. agassizii 

had a significantly higher OM by approximately 1.5 % than those of H. mexicana (H. 

mexicana: 3.9%, A. agassizii: 5.3%; Dunn’s multiple comparison test, p < 0.001; Fig. 

2.4), and both sea cucumber species egested pellets with significantly higher levels of 

OM than found in ambient samples of sediment (Kruskal-Wallis non-parametric overall 

test, p < 0.0001; Dunn’s multiple comparison between all group pairs, p < 0.001 in all 

cases; Fig. 2.4). Holothuria mexicana moved a maximum of 170 cm in a three-hour 

observation, while A. agassizii moved at most 125 cm. Speed did not differ significantly 

between A. agassizii (0.08 ± 0.03 m h-1) and H. mexicana (0.15 ± 0.04 m h-1) (Welch’s 

t34.48 = 1.42, p = 0.17; Fig. 2.3d). 

By scaling up bioturbation rates, we found that A. agassizii and H. mexicana 

have the potential to bioturbate 5.9 (range: 4.3 - 7.5) and 12.5 (range: 9.2 - 16) kg of 
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sediment y-1 individual-1, respectively. When we scaled up these individual egestion rates 

to population-level rates, A. agassizii populations turned over, on average, significantly 

more sediment (1.9 ± 0.2 SE kg m-2 yr-1) than H. mexicana (1.0 ± 0.4 SE kg m-2 yr-1; 

paired t-test, t34 = -2.46, p = 0.019; Fig. 2.5). However, this difference appears due 

mainly to the absence of H. mexicana from several reefs. When we considered only 

reefs where both species were present (24 of 35 reef patches), A. agassizii populations 

turned over sediment at a similar rate (1.6 ± 0.2 SE kg m-2 yr-1) compared to H. 

mexicana populations (1.4 ± 0.5 SE kg m-2 yr-1; paired t-test, t24= -0.29, p = 0.77; Fig. 

2.5). At reefs with both species, Actinopyga agassizii contributed more to bioturbation at 

57% of reefs, H. mexicana contributed more at 40% of these reefs, and both contributed 

equally at a single reef (Fig. A.1).  
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Figure 2.3. Dot and whisker plots of (A) fecal pellet egestion, and (B) weight per egested fecal pellet, (C) bioturbation (g h-1), and (D) 
movement speed of H. mexicana and A. agassizii (N = 20 for each species). Dots display the mean, and whiskers display the 95% 
confidence intervals. Asterisks denote significant differences between groups. 

 
 
 

0

25

50

75

100

dd ft

Eg
es

tio
n 

(p
el

le
ts

 h
−1

 )

0.0

0.3

0.6

0.9

1.2

dd ft

Pe
lle

t w
ei

gh
t (

g)

0

1

2

3

4

dd ft

Bi
ot

ur
ba

tio
n 

(g
 h
−1

 )

0.0

0.2

0.4

0.6

dd ft

Sp
ee

d 
(m

 h
−1

 )

H. mexicana    A. agassizii H. mexicana    A. agassizii H. mexicana    A. agassizii H. mexicana    A. agassizii 

(A) (B) (C) (D) 

* * * 



 21 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.4. Dot and whisker plots of % OM content in egested fecal pellets of H. 
mexicana, A. agassizii, and random samples of sediment from the seafloor (N = 20 for 
each). Dots display the mean, and whiskers display the 95% confidence intervals. 
Asterisks denote significant differences between groups.  

Ammonium Excretion  

The sea cucumbers used to assess ammonium excretion rates were slightly 

larger, on average, than those found on the study reefs, but they spanned the ranges of 

lengths observed on reefs (Fig. 2.2). We used slightly (~11%) larger H. mexicana 

individuals (mean ± SE [range]; 787 ± 69 [361 - 1397] g) on average, than A. agassizii 

individuals (mean ± SE [range]; 706 ± 55 [110 - 1080] g) to obtain ammonium excretion 

rates (Fig 2.6).  

Species identity had a significant effect on sea cucumber ammonium excretion 

rate (linear model; F1,36 = 4.65, p = 0.04), but there was no effect of wet weight (linear 

model; F1,36 = 3.48, p = 0.07, R2 = 0.17) (Fig. 2.6). On average, individual Holothuria 

mexicana excreted NH4
+ at a rate that was approximately 23% higher than A. agassizii 

(mean ± SE; H. mexicana: 15.6 ± 1.1 μmol NH4
+ h-1, A. agassizii: 12.0 ± 1.0 μmol NH4

+    

h-1) (Welch’s t36.42 = 2.38, p = 0.023).  

Reef-level estimates of excretion showed that A. agassizii contributed 5.6 times 

more ammonium per unit area (3.1 ± 0.5 μmol NH4
+ m-2 h-1) than H. mexicana (0.54 ± 0.1 

μmol NH4
+ m-2 h-1; paired t-test, t34= 4.85, p < 0.001; Fig. 2.5). When considering only 
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reefs where both species occurred, A. agassizii populations contributed 3.3 times more 

ammonium per unit area (2.5 ± 0.6 μmol NH4
+ m-2 h-1) than H. mexicana populations 

(0.75 ± 0.1 μmol NH4
+ m-2 h-1; paired t-test, t25= -2.96, p < 0.001; Fig. 2.5). When both 

species were present, A. agassizii contributed more ammonium at 83% of reefs, H. 

mexicana contributed more at 13% of reefs, and both species contributed equally at one 

reef (Fig. A.2).  
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Figure 2.5. Estimates of (a) annual bioturbation rate (kg m-2 yr-1) and (b) hourly ammonium excretion rate (umol NH4

+ m-2 h-1) of H. 
mexicana and A. agassizii populations across 35 patch reefs in Rock Sound, The Bahamas. Each point represents a patch reef. 
Horizontal and vertical error bars represent the standard error (standard deviation of 5000 bootstrap resamples) of contributions by 
H. mexicana and A. agassizii populations at each site, respectively. The dashed line represents equal contributions by both species 

 

0.0

2.5

5.0

7.5

0.0 2.5 5.0 7.5
H. mexicana bioturbation (kg m−2   yr−1 ) 

A.
 a

ga
ss

iz
ii 

bi
ot

ur
ba

tio
n 

(k
g 

m
−2

   
yr
−1

 ) 

0

5

10

15

0 5 10 15
H. mexicana excretion (umol m−2   h−1 ) 

A.
 a

ga
ss

iz
ii 

ex
cr

et
io

n 
(u

m
ol

 m
−2

   
h−

1  ) 
H. mexicana H. mexicana 

A
. a

ga
ss

iz
ii 

A
. a

ga
ss

iz
ii 

(A) (B) 



 24 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.6. Relationship between ammonium excretion rate (μmol NH4

+ h-1) and sea 
cucumber wet weight (g) for H. mexicana (blue line; y = 0.005x + 11.38; R2 = 0.11; N = 
19) and A. agassizii (orange line; y = 0.004x + 8.87; R2 = 0.06, N = 20). The solid lines 
are the lines of best fit from the linear model; the shaded areas within the dashed lines 
are the 95% confidence intervals. 

Discussion  

This is the first study to evaluate the functional interchangeability of the two 

commonest species of sea cucumbers in The Bahamas in relation to two important 

ecological processes. Our findings provide a comprehensive estimate of contributions 

made by H. mexicana and A. agassizii to bioturbation and ammonium excretion on coral 

reefs. Rates of bioturbation and excretion for H. mexicana and A. agassizii were 

species-specific, providing evidence that the two species provide these functions at 

different levels. Although individual H. mexicana bioturbated approximately 53% more 

sediment and excreted approximately 23% more ammonium per hour than individual A. 

agassizii, differences in abundance between the two species resulted in larger reef-wide 

contributions to both functions by A. agassizii across sites. This suggests that despite 

individual differences in the magnitude of the functions provided by each species, sea 

cucumber density plays a larger role in the ecosystem processes of nutrient provisioning 

and bioturbation in this system. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Relationship between ammonium excretion rate (μmol NH4
+ h-1) and sea cucumber wet weight 

(g) for H. mexicana (red line; y = 0.005x + 11.38; R2 = 0.11; N = 19) and A. agassizii (blue line; y = 

0.004x + 8.87; R2 = 0.06, N = 20). The solid lines are the lines of best fit from the linear model; the 

shaded areas within the dashed lines are the 95% confidence intervals. 
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Movement and Bioturbation 

We highlight the ecological roles of H. mexicana and A. agassizii as motile 

bioturbators of patch reef sediments. At the individual level, A. agassizii egested pellets 

at a faster rate than H. mexicana, but their pellets were smaller. Assuming that the total 

amount of sediment egested reflects the amount ingested (Uthicke 1999; Lee et al. 

2018), individual H. mexicana bioturbated more sediment than individual A. agassizii. 

Our observed bioturbation rates of H. mexicana (12.5 kg ind y -1) were within the range of 

H. tubulosa (5.9-12.9 kg ind y-1) in the Mediterranean (Coulon and Jangoux 1993) but 

were lower than H. atra (24.5 kg ind y -1) on the Great Barrier Reef (Uthicke 1999), and 

H. scabra (34.2 kg ind y -1) in Fiji (Lee et al. 2018). A. agassizii bioturbated at a lower 

individual rate (5.9 kg ind y-1) and contributed marginally less to bioturbation rates than 

H. mexicana at sites where both species were present. However, across patch reefs, A. 

agassizii populations had a higher estimated bioturbation potential, suggesting that sea 

cucumber density plays a larger role than the bioturbation rate differences between 

species in this system. Due to logistical constraints, we measured bioturbation rates of 

H. mexicana and A. agassizii only between 09:00 and 16:00 hrs. However, since both 

species have nocturnal patterns of feeding and activity (Hammond 1982), our estimates 

of bioturbation rates across patch reefs are likely conservative.  

The organic matter content of sea cucumber pellets differed between species 

and from random samples of sediments. A. agassizii egested fecal pellets with 1.5% 

higher OM content than H. mexicana. This observed difference may be due to 

differences in the time each species spends on various substratum types. For example, 

in Discovery Bay, Jamaica, A. agassizii was observed mainly on algal turf and on 

macroalgae, whereas H. mexicana spent 90% of its time on sand (Hammond 1982), 

mirroring the microhabitat differences we observed in Rock Sound. These microhabitat 

differences suggest that variation in OM content could be due to diet differences 

between species since A. agassizii may consume more algae-rich material than H. 

mexicana. Interestingly, both species egested pellets with significantly higher OM than 

the ambient surface sediment (see also MacTavish et al. 2012; Navarro et al. 2013 for 

similar results). Other studies have found the opposite pattern where the sediments 

egested by holothuroids are lower in OM than the surrounding sediments (Amon and 

Herndl 1991; Mercier et al. 1999; Uthicke 1999; Paltzat et al. 2008; Michio et al. 2013; 

Yuan et al. 2015), leading to holothuroids being described as “sediment cleaners” 
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(Purcell et al. 2016). The higher OM levels in fecal casts of our study species could 

indicate that they both feed selectively in organically rich microhabitats (Moriarty 1982; 

Hammond 1983; Amon and Herndl 1991; Uthicke and Karez 1999; Slater et al. 2011). 

Alternatively, mucus coatings around fecal pellet casts could have resulted in higher OM 

content than ambient sediment, since we collected fecal pellets that were freshly 

egested and had not yet disintegrated. Future studies could use a stable isotope 

approach to identify the specific origins and diet sources of H. mexicana and A. 

agassizii.  

Ammonium excretion 

Individual ammonium excretion rates by H. mexicana and A. agassizii were 

species specific but did not significantly vary with body size. Ammonium excretion rates 

have only been estimated for a handful of other tropical sea cucumber species, all from 

the Western Pacific (Mukai et al. 1989; Uthicke 2001; Wheeling et al. 2007). The 

average rates estimated here for A. agassizii (12.0 μmol NH4
+ h-1) and H. mexicana (15.6 

μmol NH4
+ h-1) are at the high end of the range reported for Western Pacific tropical 

species (1-18 μM; Mukai et al. 1989; Uthicke 2001; Wheeling et al. 2007). Though H. 

mexicana had a higher average excretion rate, both species showed the same weak 

relationship with body size, indicating that individual H. mexicana excrete more nutrients 

than individual A. agassizii of the same size. This difference held over the wide range of 

weights that we tested. Note that the relationship between ammonium excretion rate and 

sea cucumber body size was weaker than expected from physiology and mass-balance 

theory. Obtaining accurate but non-destructive mass and morphology measurements of 

holothuroids is notoriously difficult because they readily change shape and retain water 

in their body cavity (Wheeling et al. 2007).   

At the reef scale, A. agassizii contributed more ammonium than H. mexicana, but 

both species contributed significantly less per unit area of seagrass than what coral reef 

fishes contribute in Rock Sound. We estimated that A. agassizii and H. mexicana 

excreted 3.06 ± 0.51 μmol NH4
+ m-2 h-1 and 0.54 ± 0.1 μmol NH4

+ m-2 h-1, respectively. In 

Rock Sound, all resident fishes together contribute, on average, ~25 μmol NH4
+ m-2 h-1 

during the daytime (Francis and Côté 2018), which is 7 times more than what H. 

mexicana and A. agassizii contribute cumulatively. Specifically, migratory grunts 

(Haemulidae) can contribute more than twice as much as resident fishes, but their 
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contribution varies both seasonally and annually (Francis and Côté 2018). However, 

over time, sea cucumbers may contribute more consistently to seagrass beds adjacent 

to reefs, as some species are known to exhibit high sight fidelity for years (Wolfe and 

Byrne 2017) Future studies should quantify both ammonium excretion and bioturbation 

rates of these species over full diel cycles to determine the extent to which their 

nocturnal activities contribute to nutrient additions and/or sediment bioturbation. Our 

study highlights the importance of addressing ammonium provisioning in nutrient cycling 

research beyond the fish and coral-centric framework. 

Implications for ecosystems 

Nutrient recycling is a necessary function that maintains high productivity on 

oligotrophic coral reefs (D’Elia and Wiebe 1990). Nutrient release by sea cucumbers is 

associated with increased benthic microalgae productivity (MacTavish et al. 2012) and 

seagrass growth (Wolkenhauer et al. 2010). In field enclosures, when bioturbation and 

feeding functions were halted by the removal of Western Pacific sea cucumbers, 

cyanobacterial mats established, reducing the oxygen penetration depth into sediments 

(Moriarty et al. 1985; Michio et al. 2003). Given the observed contributions of Caribbean 

sea cucumbers to ammonium excretion and bioturbation, decreases in sea cucumber 

density could lead to decreased rates of coral reef functioning.  

Fishing is one of the main factors that can alter natural densities of sea 

cucumbers (Purcell et al. 2014). Approximately 200 million individuals (or 10,000 tonnes 

of dried sea cucumber) are removed globally each year and traded internationally 

(Purcell et al. 2013). Such a large-scale removal is likely to have direct effects on the 

diversity, productivity, and functioning of soft-bottom habitats like seagrass beds and 

coral reef lagoons (Purcell et al. 2016). In the Caribbean region, H. mexicana has 

already been heavily exploited (Rogers et al. 2018b). In Belize, for example, H. 

mexicana makes up between 65-90% of total sea cucumber catch, and A. agassizii 

makes up approximately 1% (Rogers et al. 2018a). Most notably, a trial export fishery 

targeting H. mexicana and A. agassizii in North Andros, The Bahamas, collapsed and 

was closed after just 11 months because sea cucumber densities had dropped by 77% - 

83% compared to adjacent unfished areas (Sherman et al. 2018).  
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Ecosystem-based fisheries management should consider the importance of sea 

cucumber functional roles and implement regulations to safeguard the ecosystem 

processes they influence (Purcell et al. 2016). At first glance, an effective policy could be 

to protect lower-value species (in this case, A. agassizii) from exploitation, and allow the 

more commercially valuable species (H. mexicana) to be fished. The financial cost for 

fishers of not trading A. agassizii would be relatively low, and some of the functional 

value of sea cucumbers to the ecosystem could remain (Purcell et al. 2016). However, 

by protecting lower value species, fishers would exclusively target the higher value H. 

mexicana which, on a per-individual basis, provides higher rates of bioturbation and 

ammonium excretion. The removal of each H. mexicana therefore entails a higher 

ecological cost to the ecosystem than removal of each A. agassizii. The counter-intuitive 

suggestion to protect A. agassizii to maintain overall ecosystem function would therefore 

depend greatly on the abundance of A. agassizii from one location to another. Our 

results suggest that fisheries managers should focus on targets of sea cucumber 

abundance or density, as these measures are more direct controls of ecosystem 

function. Sustainable management of species-specific sea cucumber fisheries will 

ultimately depend on how various ecosystem responses vary (e.g., linearly or non-

linearly) with the changing magnitudes of ecological processes provided by untargeted 

sea cucumbers.
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Chapter 3.  
 
Species identity effects in ecological functions: the 
role of sea cucumbers in tropical seagrass beds 

Abstract 

The rate at which nutrients are supplied to oligotrophic systems is a critical factor 

governing primary production, which can be controlled by both the identity and biomass 

of organisms within ecosystems. Animals can mediate nutrient cycling through top-down 

or bottom-up process, the latter of which can be important in oligotrophic coral reefs. In 

contrast to tropical fish, which have been well studied, the roles of invertebrates as 

nutrient providers to primary producers such as seagrass are much less understood. We 

conducted a manipulative experiment across 21 patch reefs to test if seagrass 

productivity is driven, in part, by sea cucumber species identity: specifically, the 

composition of Holothuria mexicana and Actinopyga agassizii, the two commonest 

species in The Bahamas. We collected five measures of intra-seasonal seagrass growth 

(blade height, shoot density, % blade nitrogen content, above- and below-ground 

biomass) and one measure of short-term growth rate to quantify seagrass productivity in 

response to ammonium provisioning by H. mexicana and A. agassizii in different relative 

proportions. For three of the seagrass responses measured (% blade nitrogen content, 

above- and below-ground biomass), sea cucumber species identity played a very small 

role. For all but one model (% blade nitrogen content, for which sea cucumber density 

was a better predictor) grunt biomass was more important in predicting seagrass 

responses than sea cucumber identity or density. Above all, reef proximity and sampling 

day were the best predictors of all seagrass responses, indicating that abiotic factors 

have a stronger influence on seagrass growth in this system. This study suggests that 

the species-specific differences in ammonium excretion rates documented previously do 

not extrapolate to detectable differences in ecosystem effects. Given these results, we 

suggest that H. mexicana and A. agassizii may be functionally redundant as nutrient 

providers in this Bahamian patch reef-seagrass habitat. 
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Introduction 

Nutrient availability is a critical component to the productivity and functioning of 

marine ecosystems (Vanni 2002; Atkinson 2017). Traditionally, animals are thought to 

influence primary productivity through their top-down effects as consumers, yet the 

bottom-up effects of marine animals may be of equal or greater importance (Allgeier et 

al. 2017). Through bottom-up processes of nutrient supply through excretion and 

egestion, animals can transform and excrete otherwise limiting nutrients into inorganic 

forms that become available for uptake by primary producers (Allgeier et al. 2017; Vanni 

2002). These animal-driven nutrient dynamics have been well studied in terrestrial 

(McNaughton et al 1997; Frank et al. 1994), freshwater (Kitchell et al. 1979; Vanni 2002) 

and pelagic marine systems (Elser et al. 1988; review by Turner 2015) but their role in 

coastal marine nutrient cycling has only recently been uncovered. Studies of coastal 

systems highlight the role that fish (Allgeier et al. 2013; Lapointe et al. 2014; Burkepile et 

al. 2013; Villéger et al. 2019), tidepool invertebrates (Bracken et al. 2007), molluscs 

(Echappé et al. 2018, Androuin et al. 2018; Cherif et al. 2015), sponges (Archer et al. 

2015), and bryozoans (Hepburn and Hurd 2005; 2012) play in supplying nutrients to 

primary producers. These tightly coupled and efficient cycles between marine animals 

and primary producers are of vital importance because many of the latter, like kelps and 

seagrasses, are habitat-forming foundation species. 

Seagrasses are among the most widespread and productive ecosystems in 

coastal waters worldwide (Hemminga and Duarte 2000; reviewed by Mtwana Norlund et 

al. 2016) and understanding the processes that govern their growth and persistence is 

essential for their conservation. Seagrass beds perform numerous ecosystem functions, 

including the stabilization of sediments (Orth et al. 2006), buffering of coastal wave 

energy (Harborne et al. 2006), and sequestration of carbon in below-ground tissues 

(Duarte and Chiscano 1999; Fourqurean et al. 2012). Most notably, seagrass beds 

provide a direct food source for many species (Orth et al. 1984; Valentine and Heck 

1999) and enhance biodiversity by serving as a nursery habitat for commercially 

valuable fish and invertebrates (Heck Hay et al. 2003, Nagelkerken et al. 2000) upon 
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which many fisheries depend heavily (Duffy et al. 2006). Despite their ecological and 

economic significance, seagrasses are globally threatened due to anthropogenic 

pressures like pollution, coastal development, aquaculture, fishing practices, and climate 

change (Dunic et al. 2021; Murphy et al. 2021; Orth et al. 2006). Thus, it is important to 

understand the role of animal-mediated nutrients in shaping seagrass productivity, 

especially in oligotrophic ecosystems, such as coral reefs, where there are few nutrients 

provided by external sources like upwelling and terrestrial runoff (Atkinson et al., 2017; 

Allgeier et al., 2017) 

In tropical marine ecosystems, fishes are known to be a major source of animal-

mediated nutrients (Meyer et al. 1983, Meyer and Shultz 1985; Allgeier et al. 2013, 

2014; Dewsbury and Fourqurean 2010; Layman et al. 2011; Francis and Côté 2018 ). 

However, little research has considered the roles of macroinvertebrates despite their 

abundance, large size, and both their ecological and economic importance. For instance, 

sea cucumbers (Echinodermata: Holothuroidea) can be found at high biomass (3 

individuals m2, Lee et al. 2018) in seagrass beds and near reef flats and can grow to be 

more than 50 cm long (Bulteel et al. 1992; Coulon and Jangoux 1993; Mezali et al. 2006; 

Guzmán and Hernández 2003; Engstrom 1980). By deposit-feeding on detritus and 

organic material, these invertebrates convert organic nitrogen into inorganic forms 

(namely ammonium) for uptake by primary producers (Purcell et al. 2016). Compared to 

ambient seawater, ammonium concentrations can be significantly elevated in the water 

exhaled by sea cucumbers (Uthicke 2001). Therefore, bottom-up processes such as 

nutrient provisioning by sea cucumbers could be an important aspect of tropical 

seagrass ecosystem functioning (Purcell et al. 2016; Massin 1982; Birkeland 1988). 

Some work has already investigated the response of primary producers to sea 

cucumbers. In laboratory and closed-system field experiments, benthic microalgae 

increased in productivity when ammonium was provided by sea cucumbers (Uthicke and 

Klumpp 1997, 1998; Uthicke 2001). Similarly, in aquaculture settings, commercially 

valuable macroalgae also took up ammonium provided by temperate sea cucumber 

species (Yuan et al. 2015). Notably, in a two-year study using field enclosures, 

exclusions of sea cucumbers led to slower growth and decreased biomass of seagrass 

when compared to enclosures with sea cucumbers present (Wolkenhauer et al. 2010). 

Nevertheless, these confined experimental designs might lead to an artificially closer 

association between sea cucumbers and seagrass than exists in the wild, raising the 
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question of whether, in natural ecosystems, there is a detectable nutrient-mediated 

relationship between tropical sea cucumbers and the seagrass beds which some 

species inhabit. 

In most marine systems, multiple species of sea cucumbers co-exist in the same 

habitat and can therefore contribute to the same ecosystem functions, potentially 

providing functional redundancy. Functional traits such as morphology, body size, 

physiology, behaviour, phenology, resource use, and stress tolerance determine 

whether closely related species are either ‘perfectly’ redundant or only partially 

redundant (Jonhson 2000, Loreau 2004; Violle et al 2007). Perfect redundancy refers to 

species that are exactly equivalent in functional terms such that losing one species 

would not alter function if the lost species is replaced by its equivalent (Johnson 2000). 

In contrast, partial redundancy refers to different species that contribute to the same 

function at varying magnitudes; only partial fulfilment of a function may occur if a high-

contributing species is lost and replaced by a lower-contributing one. Redundancy is 

important because it can buffer against the loss of a function being performed, thereby 

increasing community stability (Micheli and Halpern 2005, Blüthgen and Klein 2010). 

Species identity may be of less ecological relevance when species are perfectly 

functionally redundant, but is important when species are only partially redundant. The 

identification of species that contribute relatively more to ecological functions then 

becomes a key consideration in management aimed at enhancing overall ecosystem 

functioning. Our previous finding that different species of sea cucumbers excrete 

ammonium at different rates in Bahamian patch reef-seagrass systems (Chapter 2) 

suggests the potential for partial rather than complete redundancy – in other words, a 

species identity effect – of two abundant, co-existing sea cucumber species in terms of 

ammonium provisioning function. 

In this study, we conducted a manipulative experiment across a patch reef 

ecosystem to test species identity effects in nutrient provisioning by two common 

Caribbean sea cucumber species on seagrass growth. We monitored six seagrass 

responses over a 4-month period at sites manipulated to have only Holothuria mexicana, 

only Actinopyga agassizii, or natural controls, all at unmanipulated relative abundances. 

We hypothesized that, all else being equal, if individual H. mexicana excrete ammonium 

at higher rates than A. agassizii (Chapter 2), then sites with only H. mexicana would 

receive higher rates of ammonium provisioning, and therefore increased seagrass 



 38 

productivity, compared to prior to the manipulation. In contrast, replacing all H. mexicana 

by A. agassizii should reduce ammonium availability compared to pre-manipulation 

levels. Because all else might not be equal, we also considered biotic or abiotic factors, 

such as sea cucumber density, fish biomass, reef proximity, and growing season time, 

that could play a role in shaping seagrass bed productivity. Our study sheds light on the 

effects of animal-mediated nutrient provisioning in natural marine ecosystems. 

Materials and Methods 

Study Location and Study Species 

We quantified the effects of sea cucumber nutrient provisioning by two species 

on six seagrass responses by conducting a field experiment in seagrass beds 

surrounding coral patch reefs along the southwestern coast of Eleuthera Island, The 

Bahamas, from May to August 2019. Reef patches were located in Rock Sound, a large, 

shallow (< 5 m depth) sandy basin of approximately 95 square kilometres (Fig 1a). They 

ranged in hard-bottom area from 5 to 129 m2 (mean ± se: 34 ± 7 m2) and depth from 2.6 

to 4.5 m (mean ± se: 3 ± 0.1 m). All patch reefs were immediately surrounded by a clear 

halo of dense turtle grass, Thalassia testudinum, that ranged in area from 5 to 296 m2 

(mean ± se: 60 ± 15 m2) and extended from 2.2 m to 9.6 m away from the patch edge 

(Fig 1b). Beyond this distance, seagrass was either sparse or absent (see Fig 1b. for 

visualization).  

The two commonest sea cucumber species found on reefs along Eleuthera 

Island, Holothuria mexicana and Actinopyga agassizii (family Holothuriidae), are 

distributed widely across the Caribbean Sea (Hendler et al. 1995). Holothuria mexicana 

was conspicuous in seagrass beds, on coral reef patches, and on bare sand. We found 

A. agassizii on coral heads, coral rubble, algal turf, and in seagrass meadows. On 

average, H. mexicana is larger than A. agassizii, and excretes NH4
+ at rates 

approximately 23% higher than A. agassizii (Chapter 2). However, A. agassizii is 

significantly more abundant than H. mexicana (Chapter 2). 
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Experimental System and Reef Characteristics 

We manipulated species composition of sea cucumbers on 21 patch reefs 

around which either or both sea cucumber species were naturally present. Prior to 

manipulations, we measured the perimeter of the dense seagrass area around each reef 

patch, and the perimeter of the hard-bottom area of patches themselves. Roving divers 

counted, identified to species, and measured the length and midbody girth of every sea 

cucumber encountered in and around each patch and the surrounding dense seagrass 

beds. We thoroughly examined the overhangs, crevices, and seagrass in and around 

each reef. 

We randomly assigned each reef patch to one of three experimental treatments: 

reef patches containing (1) only Actinopyga agassizii, (2) only Holothuria mexicana, and 

(3) both A. agassizii and H. mexicana at unmanipulated relative abundances (N = 7 

patches for each treatment), while ensuring treatments were interspersed throughout 

Rock Sound (Fig 1a). We manipulated species composition by substituting all of one 

species for another. We obtained individuals for substitution from nearby reef patches 

not used in the experiment. We recorded the length and midbody girth of substituted sea 

cucumbers before placing them near experimental patches. In all cases, sea cucumber 

density was maintained at the original value on each patch. We did not standardize 

overall sea cucumber density across all patches, because we wanted to isolate the 

specific effect of species identity. Altering sea cucumber density from natural levels as 

well as relative species composition would mask the effect we were testing. Divers 

visited patch reefs every two weeks, at minimum, and replaced or removed sea 

cucumbers when needed to maintain species composition and density. All sea 

cucumbers that were within 1 m beyond the edge of the dense seagrass were removed 

and placed on other patches at the start of and throughout the experiment, because sea 

cucumbers in this “buffer zone” could likely spend time inside the seagrass halo and 

alter the experimental treatments. 
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Figure 3.1. (A) Map of Rock Sound with Eleuthera Island as an inset (red box). Each 
coloured dot represents an experimental reef patch coloured by treatment (dots not 
drawn to scale of reef). The three treatments are: only Holothuria mexicana (blue), only 
Actinopgya agassizii (orange), or both species at unmanipulated relative abundances 
(natural control, green) (N = 7 for each treatment). (B) One of 21 patch reefs with a 
dense halo of seagrass, beyond which seagrass was sparse or absent, and (C) Co-
occurring Actinopyga agassizii (left) and Holothuria mexicana (right). 

Fish biomass surveys 

To account for the largest component of fish biomass on our study reefs, we 

conducted SCUBA surveys of grunts (family Haemulidae) between June and August 

2019 on each reef between 09:00 and 16:00 hrs. At each site, two divers placed two or 

three parallel 4-10 m-long belt transects on the reef (transect length and number were 

scaled to patch reef size). At a 5 m distance from the reef, we waited for approximately 3 

min to allow regular fish activity to resume. Divers then swam at a slow, controlled 
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speed, recording fish within 1 m on either side of the transect. We systematically 

quantified the abundance and total length (TL, estimated visually to the nearest cm) of 

all grunts (Haemulon flavolineatum, H. melanurum, H. plumierii, H. sciurus) and grunt 

juveniles that we could not identify to species. Survey time ranged from 5 to 20 min per 

reef, with a mean survey time of 10 min per reef. These surveys focused solely on 

estimating grunt abundance because they are the main source of nitrogen input on patch 

reefs in Rock Sound. Although grunts make up 25% ± 19% of total fish biomass on 

patch reefs in Rock Sound, they contribute up to 89% (mean ± 1 SD: 33% ± 25%) of 

total nitrogen released by all fishes over 24 h on those patches (Francis and Côté 2018). 

Moreover, they are known to undertake daily movement off reefs and spend part of the 

nighttime in seagrass meadows (Meyer et al. 1983; Meyer and Schultz 1985; Francis 

and Côté 2018), suggesting that they should be taken into consideration as a source of 

nitrogen in this habitat.  

To calculate grunt biomass at each reef, we converted fish lengths to wet mass 

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

and b are species-specific scaling constants (intercept and slope parameters) from a 

linear model of log W against log L. We used haemulid-specific parameters from The 

Bahamas (Francis and Côté 2018). To standardize measurements among sites, we 

expressed grunt biomass per unit seagrass area (kg m-2 seagrass).   

Intra-seasonal seagrass responses 

We monitored the seagrass halos surrounding each patch reef at the start of the 

experiment (end of May 2019), and then 4 weeks (July) and 9 weeks (August) later to 

quantify intra-seasonal seagrass growth patterns using a protocol modified from Francis 

and Côté (2018). At each reef, divers laid three transects radiating from the edge of the 

patch directly into the dense seagrass halo at increments of 90° around the patch 

(bearings of 0°, 90°, and 180°). Divers placed three 0.5 m2 quadrats along each transect, 

one directly next to the reef patch, a second 1 m on the inside of the edge of the dense 

seagrass halo, and a third 1 m beyond the seagrass halo edge. In each quadrat, divers 

counted the total number of T. testudinum shoots to obtain a measure of seagrass 

density and clipped 15 shoots per quadrat at the sediment surface: 10 for blade height 

measurements and 5 for % nitrogen content analysis. Each diver also collected one 

large core (10-cm diameter x 15-cm deep PVC pipe) containing blades, shoots, and 
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rhizomes from one of the inside corners of each quadrat closest to the reef. We placed 

large cores in separate mesh bags, which allowed sand and sediment to fall through but 

prevented the loss of seagrass material. We obtained measures of above- and below-

ground biomass from all quadrats along all transects at the start of the experiment, and 

from all quadrats along one transect (transect #2) at the end of the experiment. We did 

not collect cores during the middle time point due to time constraints. 

At the Cape Eleuthera Institute, we measured the total height (to the nearest 

mm) of 5 blades collected from separate shoots. We sorted each large core sample into 

above-ground (blades and shoots) and below-ground material (roots and rhizomes). 

Using a mesh-bottomed container, we soaked samples in a 10% hydrochloric acid 

solution for 1 min to remove calcareous epiphytes and dried each sample for 72 h at 

60°C to obtain above-ground and below-ground biomass (dry weight in g). For % 

nitrogen analysis, we gently scraped 4 to 6 seagrass blades (approximately 3-4 cm long, 

each) to remove epiphytes, and froze them for transport to Simon Fraser University. At 

Simon Fraser University, we pooled blade samples from the three inner, three middle, 

and three outer quadrats for each sampling period at each reef, from the first and, 

separately, last time periods. We dried blades for 72 h at 60°C in a drying oven, and 

pulverized blades into a powder using a mortar and pestle. We weighed 2-5 mg of 

seagrass powder on a microbalance, and then analyzed them for the total % of 

elemental nitrogen using an Elementar Unicube Organic Elemental Analyzer®.  

Short-term seagrass response 

To test how sea cucumber species identity influenced short-term seagrass 

growth, divers measured seagrass growth over 10 days at each of the 21 patch reefs, 8 

weeks after the start of the experiment. Over three consecutive days, at each site, divers 

laid out one transect from the edge of the patch reef into the dense seagrass halo at a 

bearing of 270°. Divers placed three 0.1 m2 quadrats along the transect as previously 

described. In each quadrat, divers counted the number of shoots, and then clipped 

blades with scissors to just above the blade-sheath junction (Moran and Bjorndal 2005). 

We allowed blades to grow for 9 days, after which divers re-counted and measured 

blade height of the newly grown shoots to the nearest mm in situ.  
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Data Analyses 

We used linear mixed-effects models (LMM) or generalized linear mixed-effects 

models (GLMM) to assess if our six seagrass responses (seagrass blade height, 

density, %N content, above-ground biomass, below-ground biomass, and short-term 

growth rate) changed over time depending on sea cucumber species treatment. We fit a 

LMM to mean seagrass blade height with a lognormal distribution, where the mean was 

an average of 5 blades measured from each quadrat. We fit GLMMs with a negative 

binomial error distribution (log-link) to model seagrass density (# shoots per 0.5 m2), 

which accounted for overdispersion of the data. We used GLMMs with gamma error 

distributions (log-link) to model %N content, above-ground biomass, below-ground 

biomass, and short-term seagrass growth rate.  

We used a model selection approach using Akaike Information Criterion 

(corrected for small sample size, AICc) and maximum likelihood (ML) to compare 

candidate models based on a priori predictions of the influence of five variables on each 

of the seagrass responses (Table 1). The five fixed effects included: treatment (3 levels: 

all A. agassizii, all H. mexicana, both species), sea cucumber density, sampling day, reef 

proximity, and grunt biomass, as well as two-way interactions between treatment and 

time for three of the seagrass responses (i.e., mean blade height, shoot density, and %N 

content; see Tables B.1 - B.6). Using likelihood ratio tests (LRTs), we determined 

whether global models of each response would be better fit with or without a quadratic 

term of reef proximity, which resulted in the addition of a quadratic term to candidate 

model sets of mean blade height, shoot density, and short-term growth rate. We 

ultimately considered 15 candidate models for blade height, %N content, above-ground 

biomass, and below-ground biomass, as well as 14 candidate models for shoot density 

and 9 candidate models for short-term seagrass growth rate. The complete sets of 

models used in our analyses are given in Tables B.1 - B.6. For each seagrass metric, we 

used the top (generalized) linear mixed-effects model from AICc selection to create 

predictions lines. Note that the maximum distance away from the patch varies among 

seagrass response metrics. This is because some seagrass metrics were collected from 

all transects in all sampling periods and were not averaged (blade height and shoot 

density), while for others, reef proximity measures were averaged (%N content), the 

datasets are smaller (above- and below-ground biomass), or data were collected from a 

single transect (short-term growth rate). 
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Table 3.1. A priori predictions of the influence of five variables on mean seagrass blade height, above-ground biomass, below-
ground biomass, shoot density, %N content, and short-term growth rate. Hm: Holothuria mexicana, Aa: Actinopyga agassizii. 

Variable Metric Variable type Justification  
for inclusion 

Expected 
trend 

References 

Treatment Sea cucumber 
species identity 

Categorical: 
natural control, Hm, Aa 

Main variable of 
interest in our study 

Hm > Aa Chapter 2 

Sea 
cucumber 
density 

Number of 
individuals m-2 
seagrass 

Continuous: 
0.02 - 1.0 
individuals m-2  

seagrass 

Sea cucumber density will reflect the 
amount of ammonium directly provided to 
seagrass by sea cucumbers 

Positive Wolkenhauer  
et al. 2010 

Sampling 
day 

Number of days 
since treatment 
manipulations 

Continuous: 
0 -75 days  
from initial  
manipulation 

Seagrass growth should increase 
throughout summer season 
(but see Lee et al. 2005) 

Positive: Kaldy and Shafer 2013, Lee 
and Dunton 1996, Dunton 1994, 
Vermaat et al. 1987 

Negative: Lee et al. 2005 

Reef 
proximity 

Distance (m) 
from quadrat to 
patch reef 

Continuous: 
0 - 9.6 m 

Seagrass height and biomass may decrease 
with increasing distance from reefs due to 
decreased nutrient diffusion and sand depth 
(see Appendix Fig B.3)                                                                                                                                                                                                                                      

Negative Allgeier et al. 2018; 
Francis & Côté 2018 

Grunt 
biomass 

kg of grunts 
counted  
m-2 seagrass 

Continuous: 
0 - 1.4 kg m-2 seagrass 

Grunt biomass will reflect the amount of 
ammonium directly provided to seagrass by 
reef fishes 

Positive Francis & Côté 2018; 
Peterson et al. 2013; 
Allgeier et al 2013; 
Shantz et al 2015; 
Meyer and Shultz 1985 
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To determine the optimal random-effects structure, we calculated an LRT statistic 

using restricted maximum likelihood (REML) on our global models to compare the 

performance of two nested models with different random-effect structures (identical 

fixed-effect structure), i.e., only site as random effect vs transect nested within site 

(Lewis et al. 2011; Zuur et al. 2009). These tests resulted in the addition of transect 

nested within site as a random effect to our model of shoot density, while site alone was 

a random effect in all other models.  

For all models, we performed the appropriate diagnostic tests to ensure model 

assumptions were met. We assessed for multicollinearity by visualizing pairwise 

correlation plot matrices and extracting variance inflation factors (VIFs) (Zuur et al. 

2009). VIF scores had values below 3, indicating that there was no collinearity among 

variables (Zuur et al. 2010). However, the fixed interaction terms between treatment and 

time in our models of mean blade height and shoot density had VIFs of 3.2 and 3.5, 

respectively. We chose to keep the interaction term in these models because the VIFs 

were relatively low. All continuous variables in our models had correlation coefficients 

well below the recommended threshold (r = 0.6) (Zuur et al. 2009). Using the 

performance package, we assessed for the presence of outliers in our models, which 

resulted in the removal of 12 outliers from the above-ground biomass data set. We 

standardized continuous predictor variables in all models by subtracting the mean and 

dividing by one standard deviation to improve regression coefficient interpretability and 

obtain effect sizes that were comparable in magnitude (Schielzeth 2010). 

We identified the best-supported models as those with the lowest AICc value, 

although models that differed from the top model by less than 2 AICc units were 

considered equally well-supported by the data (Burnham and Anderson 2002). We 

obtained conditional R2 values (which comprise variance explained by both fixed and 

random effects) and marginal R2 values (which comprise variance explained only by 

fixed effects) for all models (Nakagawa and Schielzeth, 2013). 

We used R (R Core Team 2020, version 1.3.959) to conduct all statistical 

analyses using the tidyverse (v1.3.1; Wickham et al. 2019), ggspatial (v1.1.3; 

Dunnington 2020), viridis (v0.5.1; Garnier 2018), ggpubr (v.0.4.0; Kassambara 2020), 

rstatix (v.0.6.0; Kassambara 2020), ggcorrplot (v.0.1.3; Kassambara 2020), car (v3.0-10; 

Fox and Weisberg 2019), fitdistrplus (v1.1-5; Delignette-Muller and Dutang), logspline 
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(v2.1.16; Kooperberg 2020), actuar (v3.1-4; Dutang et al. 2008), lattice (v0.20-44; 

Deepayan 2008), see (v0.6.4; Lüdecke et al. 2020), performance (v0.7.2; Lüdecke et al. 

2020), jtools (v2.1.0; Long 2020), lmtest (v0.9-38; Zeileis and Hothorn 2020), lme4 (v1.1-

27; Bates et al. 2015), glmmTMB (v1.0.2.1; Brooks et al. 2017), MuMIn (v1.43.17; 

Bartoń 2020), AICcmodavg (v2.2-2; Mazerolle 2019), dotwhisker (v0.6.0; Solt and Hu 

2021), and ggeffects (v1.1.0; Lüdecke 2018) packages. 

Results 

Baseline reef and seagrass descriptions 

There was no difference among treatments in sea cucumber density (individuals 

m-2 seagrass; Actinopyga agassizii and Holothuria mexicana combined) (Kruskal-Wallis 

test, p = 0.39; Fig B.1a) or the proportion of A. agassizii individuals (relative to H. 

mexicana) m-2 seagrass (Kruskal-Wallis test, p = 0.71; Fig B.1b) prior to experimental 

manipulations. After experimental manipulations were implemented, the overall sea 

cucumber density at patches was identical to before manipulations were made. On 

average, there were 11 (± 1 SE) sea cucumbers per patch (range: 1 - 58 individuals). 

There were also no differences among treatments in grunt biomass (kg) from the 

surveys we conducted during the experiment (Kruskal-Wallis test, p = 0.4). Grunt 

biomass on patch reefs was 0.15 (± 0.1 SE) kg m-2 seagrass, on average (range: 0 - 1.4 

kg m-2). The inner seagrass halo at all reefs (quadrats 1 and 2) had, on average, 259 (± 

8 SE) and 220 (± 8 SE) shoots per 0.5 m2, respectively, whereas the outer seagrass 

halo (quadrat 3) had 97 (± 3 SE) shoots per 0.5 m2, approximately 40% less than 

quadrats 1 and 2 (Fig B.2).  

Intra-seasonal seagrass responses 

Seagrass blade height and shoot density were best explained by the same top 

model containing both reef proximity terms and sampling day as predictors (blade 

height: 45% support; shoot density: 42%; Table 3.2). These models had 2.3 - 2.6 times 

more support than the respective second-ranked models, which contained the same 

predictors with the additional term of grunt biomass (Table 3.2). The two top models 

explained 61% and 58% of the variance in mean blade height and shoot density, 

respectively. In both cases, the seagrass response decreased with increasing distance 



 47 

from the reef patch up to ~6 m and then increased beyond that distance (Fig. 3.2 A, B; 

Fig. 3.3 A, B); both responses also increased over time. At the edge of the dense 

seagrass halo (9.6 m from the patch), seagrass blade height and shoot density were 

predicted to be 90% and 59%, respectively, of their values immediately adjacent to the 

patch (Fig. 3.2 A, B). In both cases, the negative effect of distance to the reef was more 

than twice as strong as the positive effects of reef proximity squared and sampling time 

(Table 3.2), and the effect of sampling time was stronger on blade height than on shoot 

density (Fig. 3.3A, B). There was little support for an effect of sea cucumber species 

identity (i.e., treatment) or sea cucumber density on blade height or shoot density (Fig 

3.4A; Table 3.2; Table B.1-B.2.). 

Nitrogen content in seagrass blades was best predicted by the model containing 

reef proximity and sampling day (26% support) and was almost twice as well supported 

as the second-ranked model (Table 3.2). Unlike for blade height and shoot density, 

nitrogen content of blades decreased linearly with increasing reef proximity (Fig. 3.2C, 

Fig. 3.3C), such that %N near the edge of the seagrass halo was predicted to be 5% 

lower than closest to the patch. Nitrogen content of the blades increased over time, with 

some uncertainty over the magnitude of the response (Fig. 3.3C). The third top model 

included an effect of treatment (11% support), which added some explanatory power of 

the model (39% with vs 34% without; Table 3.2) and had the most support for an effect 

of sea cucumber species identity than any other seagrass response (Fig 3.4B; Table 

B.3).  

Above-ground biomass was best predicted by the model containing reef 

proximity, sampling day, and grunt biomass (26% support). This was the only top model 

of all the seagrass responses to include grunt biomass. In contrast to blade height, shoot 

density, and %N content, above-ground biomass decreased by 24% over time. Near the 

outside of the seagrass halo (~5.5 m from the reef patch), above-ground biomass was 

predicted to be 88% lower than biomass adjacent to reef patches (Fig. 3.2D), where the 

effect of proximity was twice as strong as that of sampling day (Fig. 3.3D). Above-ground 

biomass tended to increase with grunt biomass (Fig. 3.2D), but there is considerable 

uncertainty around this effect (Fig. 3.3D). The top model explained 59% of the variance 

in above-ground biomass and received 1.4 times more support than the second top 

model, which included only an effect of reef proximity and sampling day and had the 

same explanatory power (Table 3.2). There was less support for an effect of sea 
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cucumber species identity on above-ground biomass (fourth top model; 10% support), 

though it did add a small amount of explanatory power (61% vs 59%) to the model 

(Table 3.2; Table B.4). 

Below-ground biomass was best explained by reef proximity. There was 18% 

support for this model, and it explained 23% of the variance in below-ground biomass 

(Table 3.2; Fig. 3.3E). Below-ground biomass decreased linearly with increasing 

distance from the patch such that biomass was 50% lower near the outside of the 

seagrass halo (Fig. 3.2E). Although species identity appeared in two models that were   

< 2 AICc units from the top model, these models had little support (8% and 7%) and only 

increased explanatory power by 2% (Fig 3.4C; Table 3.2; Table B.5).  

Short-term seagrass growth rate 

Short-term seagrass blade growth rate was best predicted by both indicators of 

reef proximity (30% support; Table 2.2). Growth rate decreased with increasing distance 

from the reef patch up to ~4 m and then increased slightly beyond that distance (Fig. 

2.2F, Fig. 2.3F). At the edge of the seagrass halo (5.5 m from the patch), seagrass blade 

growth rate was predicted to be 41% lower than immediately adjacent to patches. The 

second top model (which included an effect of grunt biomass) and third top model (which 

included an effect of sea cucumber density) explained the same amount of variance as 

the top model (32%). There was no support for an effect of sea cucumber species 

identity on short-term blade growth rate (Table 2.2; Table B.6). 

 



 49 

Table 3.2. Strength of evidence for models predicting seagrass (A) blade height, (B) shoot density, (C) % N content, (D) above-
ground biomass, (E) below-ground biomass, and (F) short-term growth rate. The variables considered in the global models included 
sea cucumber treatment, sea cucumber density, sampling day, proximity to patch reef, and grunt biomass. See Methods for details. 

Response Model Structure k  LL  AICc  ΔAICc  wi c wi cR2 

(A)         

Blade height proximityreef, proximityreef
2, daysampled  6 105.75 -199.34 0.00 0.45 0.45 0.61 

 proximityreef, proximityreef
2, daysampled, gruntbiomass 7 105.78 -197.36 1.99 0.17 0.61 0.61 

 proximityreef, proximityreef
2, daysampled, cucumberdensity 7 105.75 -197.29 2.05 0.16 0.77 0.61 

 treatment, proximityreef, proximityreef
2, daysampled  8 105.96 -195.66 3.68 0.07 0.84 0.61 

(B)         

Shoot density proximityreef, proximityreef
2, daysampled 7 -2547.1 5108.4 0.00 0.42 0.42 0.58 

 proximityreef, proximityreef
2, daysampled, gruntbiomass 8 -2545.9 5110.0 1.68 0.18 0.60 0.58 

 proximityreef, proximityreef
2, daysampled, cucumberdensity 8 -2547.0 5110.4 2.02 0.15 0.75 0.58 

 proximityreef, proximityreef
2, daysampled, cucumberdensity 

gruntbiomass 

9 2546.7 5111.8 3.48 0.07 0.82 0.57 

(C)          

%N content proximityreef, daysampled 5 129.46 -248.42 0.00 0.26 0.26 0.34 

 proximityreef, daysampled, cucumberdensity 6 129.96 -247.21 1.21 0.14 0.39 0.36 

 treatment, proximityreef, daysampled 7 130.80 -246.65 1.77 0.11 0.50 0.39 

 proximityreef 4 127.38 -246.43 1.99 0.10 0.59 0.32 

 proximityreef, daysampled, gruntbiomass 6 129.47 -246.23 2.18 0.10 0.68 0.34 

 proximityreef, cucumberdensity 5 127.88 -245.26 3.16 0.05 0.73 0.34 

 proximityreef, daysampled, cucumberdensity, gruntbiomass 7 129.99 -245.04 3.38 0.05 0.78 0.36 

 treatment, proximityreef 6 128.73 -244.75 3.66 0.04 0.82 0.37 
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Response Model Structure k  LL  AICc  ΔAICc  wi c wi cR2 

(D)         

Above-ground proximityreef, daysampled, gruntbiomass 6 -43.91 100.61 0.00 0.26 0.26 0.59 

biomass proximityreef, daysampled 5 -45.34 101.24 0.63 0.19 0.45 0.59 

 proximityreef, daysampled, cucumberdensity 6 -44.71 102.23 1.62 0.11 0.56 0.60 

 treatment, proximityreef, daysampled, cucumberdensity 8 -42.56 102.52 1.91 0.10 0.66 0.61 

 proximityreef, cucumberdensity, gruntbiomass 7 -43.76 102.60 1.99 0.10 0.76 0.59 

 treatment, proximityreef, daysampled 7 -43.97 103.02 2.41 0.08 0.83 0.60 
(E)          

Below-ground  proximityreef 4 -297.54 603.42 0.00 0.18 0.18 0.23 
biomass proximityreef, daysampled 5 -296.50 603.51 0.09 0.18 0.36 0.24 
 proximityreef, gruntbiomass 5 -296.97 604.44 1.02 0.11 0.47 0.24 
 proximityreef, daysampled, gruntbiomass 6 -296.00 604.73 1.31 0.10 0.57 0.25 
 treatment, proximityreef 6 -296.13 604.99 1.57 0.08 0.65 0.25 
 treatment, proximityreef, daysampled 7 -295.22 605.41 1.99 0.07 0.72 0.26 
 proximityreef, cucumberdensity 5 -297.54 605.59 2.17 0.06 0.78 0.23 
 proximityreef, daysampled, cucumberdensity 6 -296.49 605.70 2.28 0.06 0.84 0.24 
(F)         
Growth rate proximityreef, proximityreef

2 5 -716.7 1443.6 0.00 0.30 0.30 0.32 

 proximityreef, proximityreef
2, gruntbiomass 6 -715.8 1443.7 0.14 0.28 0.59 0.32 

 proximityreef, proximityreef
2, cucumberdensity 6 -716.6 1445.5 1.88 0.12 0.70 0.32 

 proximityreef, proximityreef
2, gruntbiomass, cucumberdensity 7 -715.8 1445.8 2.18 0.10 0.81 0.32 

Notes: Models with varying numbers of parameters (k) were compared using log – likelihood (LL), small-sample bias-corrected Akaike’s Information Criterion (AICc). ΔAICc are 
differences in AIC values between a given model and the best-supported model; wi are Akaike model weights and indicate the probability that model i is the best one of those 
considered given the data in hand; cwi is the cumulative model weight; cR2 is the conditional R2 and encompasses variance explained by both fixed and random effects. Models within 
ΔAICc ≤ 2 are shown in bold. We considered the model with the smallest AICc value to be the best-supported model. The models given here are those included up to 80% cumulative 
weight for each model set. A complete list of candidate models and results are given in Appendix Table B.1 – B.6. 
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Figure 3.2. Predicted seagrass (A) mean blade height (cm), (B) shoot density per 0.5 m2, (C) % blade nitrogen content, (D) above-
ground biomass (g dry weight), (E) below-ground biomass (g dry weight), and (F) short-term blade growth-rate (mm blade-1 day-1) as 
a function of reef proximity (m) from the top (generalized) linear mixed effects models. Each line represents a range of sampling days 
during the experiment; 1-30 days, 30-60 days, and 60-90 days after experimental manipulation. Bands are 95% confidence intervals. 
Raw data are plotted as points behind the model predictions. 
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Figure 3.3. Parameter estimates of the top-ranked (generalized) linear mixed-effects models explaining (A) Ln mean blade height, 
(B) shoot density, (C) % blade nitrogen content, (D) above-ground biomass, (E) below-ground biomass, and (F) short-term growth-
rate. Bands are 95% confidence intervals. On each figure, points to the right of the dashed line signify a predictor that increases the 
seagrass response, while points to the left of the line indicate that.  
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Figure 3.4. Prediction lines from (generalized) linear mixed-effects model predicting (A) 
mean blade height (7% support), (B) % blade nitrogen content (11% support) and (C) 
below-ground biomass (7% support) as a function of proximity to reef patch (m) across 
three sea cucumber treatments: control (green), H. mexicana (blue), and A. agassizii 
(orange) (N= 7 reefs for each treatment). Bands are 95% confidence intervals. Raw data 
are plotted as points behind the model predictions.  
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Discussion 

We manipulated sea cucumber species composition in natural seagrass 

meadows to examine the importance of an identity effect in the function of animal-

mediated nutrient provisioning. We found little evidence for such an effect. Sea 

cucumber species identity (i.e., treatment) appeared in the well-supported but not in the 

top models for three of the seagrass responses measured: % N content of blades, 

above- and below-ground biomass, but its addition did not substantially increase the 

explanatory power of the models. Sea cucumber density was also in the well-supported 

but not top models for three seagrass responses (% N content of blades, above-ground 

biomass, and growth-rate). Our results therefore suggest that other factors are likely 

driving variation in seagrass productivity in the patch reef-seagrass ecosystem we 

studied. Indeed, reef proximity was a strong predictor of all six seagrass responses as 

was sampling day for four responses. In addition, grunt biomass contributed to predicting 

above-ground biomass, and was included in well-supported models for four other 

responses. Our findings suggest that sea cucumber species identity does not affect 

seagrass growth, that biotic factors like fish biomass (more so) and sea cucumber 

density have a small effect, and that abiotic factors are the main drivers of seagrass 

productivity given this system and experimental design. 

All intra-seasonal seagrass responses were best predicted by reef proximity, 

usually in conjunction with sampling day. In general, all measures decreased with 

increasing distance from patch reefs, but sampling day had more variable effects. Blade 

height and shoot density changed non-linearly with distance from the reef patch, 

increasing beyond ~ 5.5 m from the patch. A similar pattern of blade height was also 

observed in the same system by Francis (2019) and by Layman et al. (2013) elsewhere 

in The Bahamas. The slight increase in these three seagrass responses on the outside 

of seagrass beds may be due to decreased grazing pressure, as herbivores face an 

increased risk of predation as they venture further from a reef (Ogden and Zieman 

1977). These increases at the outer reaches of seagrass halos could also be due to the 

release of intra-specific competition among seagrass, or inter-specific competition with 

other macroalgae, since seagrasses may compete with other primary producers through 

direct absorption of inorganic nutrients in the water column (Hemminga et al. 1991). 

Blade height, shoot density and nitrogen content increased over time, though not 
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substantially in the latter two cases, which could be due to increases in seagrass 

productivity from May to August (Pérez et al. 2003, Valentine et al. 1997), when blades 

growing later in the season have a slightly higher %N content than older blades 

(Hemminga et al. 1991). Interestingly, above-ground biomass was best predicted by 

grunt biomass along with effects of reef proximity and sampling day. Similar increases in 

T. testudinum productivity have previously been related to increases in fish biomass and 

reef proximity (Layman et al. 2013; Francis 2019). If nutrient provisioning by reef-based 

fish spreads in a diffusive way, the effects of fish biomass and reef proximity may be 

interconnected. However, because of sample size and statistical power, we could not 

test for an interaction between fish biomass and reef proximity. While we found some 

support for an effect of fish biomass on above-ground seagrass biomass, we did not find 

strong evidence for an effect of sea cucumber species identity or sea cucumber-

mediated nutrient provisioning on any other seagrass responses. 

Our short-term seagrass growth experiment was meant to provide a more tightly 

controlled look at biomass production in ‘permanent’ plots. Like blade height and shoot 

density, short-term growth rate also decreased with increasing distance from the reef 

patch and then increased again beyond that distance. Our range of growth rates (0.33-

8.5 mm leaf-1 day-1) were slightly higher than average growth rates of T. testudinum in 

nearby Florida (3-4 mm leaf-1 day-1; Zieman 1975) and the Virgin Islands (3.5-5.7 mm 

leaf-1 day-1; Gulick et al. 2021). This discrepancy may be attributed to the fact that we 

clipped blades rather than tagged them. By cutting seagrass blades it is possible that we 

mimicked grazing pressure, which can stimulate compensatory growth - an adaptation 

that allows marine grasses to sustain grazing pressure (Oesterheld and McNaughton 

1991; Ramula et al. 2019). Nevertheless, we did not detect an effect of sea cucumber 

species composition on short-term seagrass growth rate. 

Given that individual H. mexicana excrete ammonium at higher rates than A. 

agassizii (Chapter 2), we had hypothesized that sites where A. agassizii were replaced 

with H. mexicana would receive higher rates of ammonium provisioning and therefore 

experienced increased seagrass productivity. This was not the case. There are several 

potential explanations for the small or absent effect of sea cucumber species identity on 

seagrass responses around our study reefs. First, although sea cucumber density was 

never a strong predictor of seagrass responses, it may play a more important role than 

species identity (see Chapter 2). However, since we maintained natural densities in our 
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experiment, there may not have been a large enough range of sea cucumber 

abundances to detect an effect. If we had manipulated sea cucumber densities to create 

larger but unnatural variation, we may have observed a stronger response by seagrass. 

Second, we may not have detected changes in seagrass productivity because the plants 

may have already surpassed their nitrogen requirement threshold. For example, the %N 

content of blades in our system was between 1.4-2.1%, whereas seagrass is usually 

nutrient limited at levels below 1.8% (Duarte 1990). There may therefore not have been 

a large enough nitrogen deficiency in this system to detect the potential role of nutrient 

recycling by seagrass-associated animals like sea cucumbers. Therefore, nutrient 

provisioning may have dynamic importance that might only play a local role when 

systems are going through periods of low nutrient supply relative to demand. 

Furthermore, other studies have found that T. testudinum grows more rapidly in 

response to phosphorus additions, but not significantly to additions of nitrogen (Keller 

2002). Third, it is possible that other seagrass bed primary producers like macroalgae 

and seagrass epiphytes (Burkepile et al. 2013; Tomasko and Lapointe 1991) 

outcompeted seagrass for sea cucumber-derived ammonium, therefore masking any 

measurable effect on seagrass. Lastly, our short-term study and limited number of patch 

reef replicates may not have been substantial enough to detect a sea cucumber species 

effect in such a variable ecosystem. 

In conclusion, there is no support for functional differences between H. mexicana 

and A. agassizii as nutrient providers to seagrass. Thus, given these data and approach, 

we suggest that the species may be functionally redundant at the reef-wide scale in their 

function as ammonium providers, at least based on this experimental field manipulation 

in this system. The species-specific rates of ammonium excretion previously 

documented (Chapter 2) did not translate to magnitudes distinct enough to elicit 

differential productivity in seagrass beds in response to changes in sea cucumber 

species composition. In other words, replacing one species by the other while 

maintaining natural densities had no effect on seagrass productivity. In our study 

system, sea cucumber abundance is likely a larger determinant of nutrient provisioning 

magnitude and stability (Watkins et al. in prep). However, redundancy in one ecological 

function does not mean redundancy in all functions. For example, other co-existing sea 

cucumber species, like H. tubulosa and H. poli in the Mediterranean, show different 

preferential assimilation of seagrass detritus within the same food source and have 
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significantly different  δ15N signatures that suggest niche differentiation (Boncagni et al. 

2019). These species might therefore be complementary as detrital consumers, 

assimilating together a wider range of detrital material than either species alone. Given 

the variety of functions fulfilled by sea cucumbers in seagrass ecosystems (Purcell et al. 

2016), future studies should consider multiple functions of sea cucumbers at once by 

creating a joint measure for multiple processes (Reiss et al. 2009). It would be hasty to 

conclude that the absence of a species identity effect on nutrient provisioning observed 

in our study system means a perfect interchangeability of sea cucumber species across 

all their ecological roles.
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Chapter 4.  
 
General Discussion 

The functional impact of species in an ecosystem depends both on per capita 

rates of ecological processes and demographic attributes of those species (Rosenfeld 

2002; Reiss et al. 2009). Animal-mediated nutrient provisioning and bioturbation are key 

processes in coral reef habitats, the rates of which will vary depending on species 

identity and species composition in an ecosystem. In this thesis I investigated how the 

sea cucumbers Holothuria mexicana and Actinopyga agassizii function as nutrient 

providers and bioturbators in a coral reef-seagrass ecosystem, and how seagrass 

productivity is affected by sea cucumber species composition in patch reefs along 

Eleuthera Island, The Bahamas. In Chapter 2, I quantified individual-level rates of 

ammonium excretion and bioturbation in both sea cucumber species and scaled those 

functions up to reef-level estimates across 35 sites, based on natural species 

composition and density. I found that on a per-individual level, H. mexicana had higher 

rates of bioturbation and ammonium excretion than A. agassizii. However, at the reef-

wide scale, A. agassizii contributed more to bioturbation and ammonium excretion 

because they were more abundant. To my knowledge, this is the first quantification of 

excretion and bioturbation rates for H. mexicana and A. agassizii. In Chapter 3, I tested 

how seagrass productivity was affected by sea cucumber species composition by 

conducting a manipulative experiment. I found that grunt biomass was more important in 

predicting seagrass responses than sea cucumber identity or density, and that abiotic 

factors such as reef proximity and sampling day best predicted all seagrass responses. 

This was the first ecosystem-level test to assess if sea cucumber species identity affects 

primary productivity. Broadly, my research suggests that H. mexicana and A. agassizii 

are functionally interchangeable as nutrient providers seagrass in this Bahamian patch 

reef habitat, despite per capita differences between species in the functions they 

provide. These results demonstrate the importance of examining functional processes 

on a species-by-species basis.  



 67 

Implications for fisheries management 

Sea cucumber fisheries now occur in more than 70 countries, and as with many 

low-trophic-level invertebrate resources, sea cucumber fisheries are often 

undermanaged (Toral-Granda et al. 2008; Purcell et al. 2013). Approximately 10,000 

tonnes of dried sea cucumber (called ‘bêche-de-mer’, meaning ‘worm of the sea’) are 

removed from marine systems annually, and are mainly exported to China (Purcell et al. 

2013; 2018). In most cases, sea cucumber fisheries follow boom-and-bust cycles, partly 

because sea cucumbers are easy to capture, they don’t require sophisticated fishing 

equipment, and are defenceless against humans (Rogers et al. 2018; Uthicke and 

Benzie 2000). From a biological standpoint, they grow slowly, are late to mature, and are 

density-dependent reproducers (Uthicke 2004; Sherman et al. 2018). Considering this, it 

is important to understand the potential functional losses associated with the large-scale 

removal of commercially valuable sea cucumber species from coral reef-seagrass 

habitats. In the Caribbean and Gulf of Mexico, H. mexicana (donkey dung sea 

cucumber) are heavily exploited in small-scale fisheries for export to China and hold a 

market value of 16-209 US$ kg-1 (Purcell et al. 2018). In contrast, there are only a few 

reports of emerging fisheries for A. agassizii (five-toothed sea cucumber) in Mexico, 

Venezuela, and Cuba (Conand 2006; Toral-Granda 2008; Rogers et al. 2018). For 

example, in Belize, H. mexicana makes up between 65-90% of total sea cucumber 

catch, and A. agassizii makes up approximately 1% (Rogers et al. 2018). More 

specifically, in 2010, a trial export fishery opened along North Andros Island (next to 

Eleuthera Island, The Bahamas, where I conducted my research) targeting H. mexicana 

and A. agassizii (Sherman et al. 2018). The fishery collapsed and closed in just 11 

months because sea cucumber densities had dropped by 77 - 83% compared to 

adjacent unfished areas (Sherman et al. 2018). Taken together, this information 

suggests that if a sea cucumber fishery opened on Eleuthera Island, it would likely target 

H. mexicana, while A. agassizii would be seldom targeted since the latter does not hold 

a reputable market value.  

What would be the functional cost of fishing donkey dung sea cucumbers (H. 

mexicana) from seagrass beds and reefs along Eleuthera Island? Since individual H. 

mexicana excrete NH4
+ at a rate approximately 23% higher than A. agassizii (Chapter 2), 

five A. agassizii would need to be ‘added’ to make up for the functional loss of every four 

H. mexicana harvested. Moreover, since individual H. mexicana bioturbated reef sand at 
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a rate approximately 53% higher than A. agassizii (Chapter 2), three A. agassizii would 

need to be put in place to mitigate the functional loss of every two H.mexicana fished. 

Taken together, a conservative rule of thumb would be that one “dung” in the boat is 

worth one and a half “five-tooth” on the reef from a functional perspective. In the short 

term, if H. mexicana were fished, and the nutrient provisioning were replaced by the 

according abundance of A. agassizii, it is not known whether seagrass productivity 

around patch reefs would be affected (Chapter 3). However, implementing such a 

strategy to replace one species with another after fishing would require substantial 

energy, time, and financial cost, which would likely outweigh the profits of a small-scale 

fishery. Furthermore, it may not allow for long-term persistence of H. mexicana 

populations if there aren’t high enough densities for successful broadcast spawning and 

reproduction. 

What is the actual dollar value of fishing donkey dung sea cucumbers from a 

Bahamian reef? From the 2010 fishery in North Andros, The Bahamas, donkey dung sea 

cucumbers were sold for $0.20-$0.45 per individual (currency not indicated but assume 

USD) (Sherman et al. 2018). Based on the number of reefs and coastline area of 

Eleuthera Island, it is conservative to estimate that donkey dung catches would be in the 

thousands. For example, using the average price per individual of $0.28, this would 

result in roughly a $1400 catch for 5000 individuals, potentially much more if people 

processed and dried the sea cucumbers prior to selling them. This monetary gain could 

be considered low, given how lucrative dried sea cucumber is once exported. However, 

if the profits of such fishing were attained by local fishers of small island communities, it 

could make a difference in their way of life. While it may seem like an ecologist such as 

myself would advocate for a complete ban on sea cucumber fisheries, regulating 

sustainable harvests of sea cucumbers in areas that have not yet been fished could 

empower coastal village communities if local people are the ones holding the fishing 

licences. Walking through this thought exercise makes it difficult to firmly state that sea 

cucumbers should not be fished due to potential functional loss, without considering the 

social needs of people in small island communities. 

Should a sea cucumber fishery for H. mexicana be considered on Eleuthera 

Island, I would make the following recommendations prior to implementation. First, I 

would recommend conducting baseline surveys of natural species composition and 

density across all proposed fishing areas. Second, I would recommend conducting trial 
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removals of only a small proportion of the population in one area, and re-survey the area 

for several months or years to establish re-colonization rates (if at all) by H. mexicana. 

Once (and if) there were evidence of recolonization to initial densities, fishing could 

operate with catch quotas on a rotational basis, which would give areas enough time for 

sea cucumbers to recolonize and reproduce. Third, since H. mexicana is maximally 

reproductive between February and July (Guzmán et al. 2003), a sea cucumber fishing 

season could be implemented like that of Nassau Grouper (Epinephelus striatus), 

Caribbean Spiny Lobster (Panulirus argus), and Stone Crab (Menippe mercenaria) 

fisheries in The Bahamas (Callwood 2021). It would also be important to consider size 

limits, protected areas, fisher compliance, and catch reports by artisanal fishers 

(Callwood 2021). As such, many factors must be considered when managing a fishery 

using a species-by-species approach. It would be beneficial to evaluate the 

implementation of a sea cucumber fishery using an ecosystem-based management 

(EBM) approach, which would allow for cumulative effects and multiple stressors to be 

considered. For example, the prevalence and intensity of other fisheries would also 

result in losses of nutrient provisioning and bioturbation. In Chapter 3, I found that grunt 

biomass was a better predictor of seagrass productivity than sea cucumber identity or 

density, suggesting that fish biomass should be considered in the management of any 

fishery. Some marine areas may have high fish biomass and could therefore sustain 

some level of sea cucumber removal without substantial reduction in nutrient 

provisioning. Alternatively, on fish-depauperate reefs, the effects of sea cucumber 

removal could be more pronounced. The implementation and duration of sea cucumber 

fisheries are therefore context-specific, and depend on many social, environmental, and 

biological factors. 

Future directions 

My research findings and the implications for fisheries management outlined 

above lead to several directions of future work. In Chapter 2, I found differences in 

organic matter from fecal pellets of H. mexicana and A. agassizii. To further this 

investigation, it would be valuable to assess the trophodynamic structure of sea 

cucumber diets using isotope analysis, which would provide more information about how 

the two species’ diets may contribute to differences in nutrient cycling. In Chapter 3, I 

found that over a short time period, seagrass productivity was not affected by sea 
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cucumber identity. To further determine whether these two species influence seagrass 

productivity, a similar experiment could be conducted over multiple seasons or years. 

Alternatively, a closed-system lab experiment or field enclosure experiment could be 

conducted using the same treatments as in my study, which may remove the high 

variability of this system while answering a similar question on a smaller spatial scale.  

My thesis investigated two functions provided by H. mexicana and A. agassizii: 

ammonium provisioning and bioturbation. Future studies could assess multiple functions 

of sea cucumbers at once by creating a joint measure for multiple processes. When 

overall functioning is defined as a joint measure, functional redundancy can decline 

(Reiss et al. 2009). Expanding on this, considering multiple processes of interacting 

species at the scale of the whole community would test relationships between 

biodiversity and multifunctionality. For instance, Zavaleta et al. (2015) has shown that 

changes in plant species diversity in grassland experiments more strongly affected 

ecosystem functions as more functions were considered together. There are still 

considerable gaps in our understanding of how sea cucumbers shape ecosystem 

processes. However, my thesis contributes to this gap by providing detailed knowledge 

of two functions provided by H. mexicana and A. agassizii, which is crucial for the study 

of how and to what degree these common species contribute to ecological processes in 

the Caribbean. My work highlights the importance of assessing ecological roles and 

functional redundancy on a species-by-species basis, especially in a time where 

diversity is being lost and biomass is being widely removed across ecosystems. 
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Appendix A 
 
Supporting Information for Chapter 2 

Table A.1. Individual bioturbation potential of the Caribbean sea cucumbers H. mexicana 
and A. agassizii. The quantity of sediment egested is assumed to be equal to the quantity 
of sediment ingested (Uthicke, 1999). P represents the number of sediment fecal pellets. 

 Holothuria mexicana Actinopyga agassizii 

Egestion rate 4.83 P h-1 x 12h d = 57.96 P d-1 19.2 P h-1 x 10h d = 192 P d-1 

Egestion 

quantity 

57.96 P d-1 x 0.59 g pellet-1 = 34.2 g d-1 192 P d-1 x 0.084 g pellet-1 = 16.13 g d-1 

Annual 

egestion rate 

per individual 

34.2 g d-1x 365 d = 12.48 kg y-1 

individual -1 

16.13 g d-1x 365 d = 5.89 kg y-1 

individual -1 

 

 

 

 

 

 

 

 

 

 

Figure A.1. Relationship between sea cucumber wet mass (g) and length (cm) for H. 
mexicana (blue line; N = 19) and A. agassizii (orange line; N = 20). The solid lines are 
the lines of best fit from the linear model; the shaded areas within the dashed lines are 
the 95% confidence intervals.
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Figure A.2. Bootstrap estimates of sediment bioturbation (grams of sediment hour-1) by Holothuria mexicana (blue) and Actinopyga 
agassizii (orange) at 35 patch reef sites in Rock Sound, The Bahamas. Each data point is an estimate from one iteration, binned by 
the amount of bioturbation. Density is the proportion of data points in each length bin, which sum to 1. Note the different scales on 
the x-axes. 
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FIgure A.3. Bootstrap estimates of daily ammonium excretion rate (μmol NH4

+ hour-1) of Holothuria mexicana (blue) and Actinopyga 
agassizii (orange) across 35 patch reef sites in Rock Sound, The Bahamas. Each data point is an estimate from one iteration, binned 
by the amount of ammonium excretion. Density is the proportion of data points in each length bin, which sum to 1. Note the different 
scales on the x-axes. 

ESM Figure 2. Bootstrap estimates of daily ammonium excretion rate (μmol NH4+ h-1) of H. mexicana 

(red) and A. agassizii (blue) across 35 patch reef sites in Rock Sound, The Bahamas. Each data point is 

an estimate from one iteration, binned by the amount of ammonium excretion. Density is the proportion of 

data points in each length bin, which sum to 1. 
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Supporting Information for Chapter 3 

 

 

 

 

 

 

 

Figure B.1. (A) sea cucumber densities prior to experimental manipulation and (B) 
proportion of A. agassizii relative to H. mexicana per m2 seagrass prior to experimental 
manipulation at 21 reefs across Rock Sound. Large dots display the mean, and vertical 
bands display the 95% confidence interval. Pale coloured dots display the data points 
and are jittered for easier visualization. 
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Figure B.2. (A) Example of our sampling regime at a patch reef. We sampled from three 
radiating transects like the one shown here, for a total of nine quadrats (three at each 
distance) at each site. The dense seagrass halo can be seen in the inner two quadrats, 
while the sparse seagrass outside the halo is sampled in the third quadrat. (B) Seagrass 
shoot density per 0.5 m2 at near, mid, and far proximities from seagrass patches. Each 
point represents a quadrat. Data are pooled across all transects (three transects per 
site) and sites (21 reefs). Large black dots represent the mean, and whiskers display the 
95% confidence intervals. Pale black circles represent the data points and are jittered for 
easier visualization. 

 

 

Figure B.3. Depth of sandy substrate (cm) as a function of proximity to patch reef (m). 
The black line is a linear model fit to the data, and the grey bands are 95% confidence 
intervals (adjusted R2 = 0.07). Each data point is a mean of 4 measures collected from 
each corner of a 0.5 m2 quadrat. Data are from 20 of 21 reefs in this study. 
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Figure B.4. Prediction lines from (generalized) linear mixed effects models predicting 
(A) % blade nitrogen content, (B) above-ground biomass, and (C) blade growth-rate as a 
function of reef proximity (m). Each line represents the minimum (0.03 individuals m-2 

seagrass), mean (0.35 individuals m-2 seagrass), and maximum (1 individual m-2 

seagrass) sea cucumber density. Bands are 95% confidence intervals. Raw data are 
plotted as points behind the model predictions.  
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Figure B.5. Prediction lines from (generalized) linear mixed effects models predicting 
(A) mean blade height, (B) shoot density, (C) above-ground biomass, and (D) below-
ground biomass as a function of reef proximity (m). Each line represents the minimum (0 
kg m-2 seagrass), mean (0.15 kg m-2 seagrass), and maximum (1.42 kg m-2 seagrass) 
grunt biomass. Bands are 95% confidence intervals. Raw data are plotted as points 
behind the model predictions. 
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Table B.1. Results of model selection using AIC for 15 candidate linear mixed-effects models of log mean seagrass blade height as 
predicted by sea cucumber species treatment, sea cucumber density (individuals m-2 seagrass), sampling day, proximity to patch 
reef (m), and grunt biomass (kg m-2 seagrass). Bolded models are considered equally well supported.  

Model Structure k LL AICc ΔAICc wi cum wi cR2 mR2 

proximityreef, proximityreef2, daysampled  6 105.75 -199.34 0.00 0.45 0.45 0.607 0.357 
proximityreef, proximityreef2, daysampled, gruntbiomass 7 105.78 -197.36 1.99 0.17 0.61 0.606 0.357 
proximityreef, proximityreef2, daysampled, cucumberdensity 7 105.75 -197.29 2.05 0.16 0.77 0.607 0.357 
treatment, proximityreef, proximityreef2, daysampled  8 105.96 -195.66 3.68 0.07 0.84 0.605 0.359 
proximityreef, proximityreef2, daysampled, cucumberdensity, gruntbiomass,  8 105.78 -195.30 4.04 0.06 0.90 0.606 0.357 
treatment, proximityreef, proximityreef2, daysampled, cucumberdensity 9 106.00 -193.67 5.67 0.03 0.93 0.605 0.360 
treatment, proximityreef, proximityreef2, daysampled, gruntbiomass,  9 105.98 -193.63 5.71 0.03 0.95 0.604 0.359 
treatment, proximityreef, proximityreef2, daysampled, treatment x daysampled  10 106.80 -193.21 6.14 0.02 0.97 0.606 0.360 
treatment, proximityreef, proximityreef2, daysampled, cucumberdensity, 

gruntbiomass 
10 106.00 -191.60 7.74 0.01 0.98 0.605 0.360 

treatment, proximityreef, proximityreef2, daysampled, cucumberdensity, 
treatment x daysampled  

11 106.84 -191.20 8.14 0.01 0.99 0.606 0.362 

treatment, proximityreef, proximityreef2, daysampled, gruntbiomass, treatment x 
daysampled  

11 106.82 -191.16 8.18 0.01 1.00 0.606 0.360 

treatment, proximityreef, proximityreef2, daysampled, cucumberdensity, 
gruntbiomass, treatment x daysampled  

12 106.84 -189.12 10.2 0.00 1.00 0.606 0.361 

proximityreef, proximityreef2 5 50.80 -91.49 107.9 0.00 1.00 0.518 0.272 
daysampled  4 -35.85 79.78 279.1 0.00 1.00 0.285 0.085 
Intercept Only 3 -67.44 140.93 340.3 0.00 1.00 0.193 0.00 

Notes: models with varying numbers of parameters (k) were compared using log – likelihood (LL), small-sample bias-corrected Akaike’s Information Criterion (AICc). ΔAICc are 
differences in AIC values between a given model and the best-supported model; wi are akaike model weights and indicate the probability that model i is the best one of those 
considered given the data in hand; cwi is the cumulative model weight; cR2 is the conditional R2 and encompasses variance explained by both fixed and random effects; mR2 is the 
marginal R2 and encompasses variance explained by only the fixed effects. Models within ΔAICc ≤ 2 are shown in bold. We considered the model with the smallest AICc value to 
be the best-supported model.  
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Table B.2. Results of model selection using AIC for 14 candidate generalized linear mixed-effects models of seagrass shoot density 
as predicted by sea cucumber species treatment, sea cucumber density (individuals m-2 seagrass), sampling day, proximity to patch 
reef (m), and grunt biomass (kg m-2 seagrass). Bolded models are considered equally well supported.  

Model Structure k -LL AICc ΔAICc wi cum wi cR2 mR2 

proximityreef, proximityreef2, daysampled 7 2547.1 5108.35 0.00 0.42 0.42 0.577 0.316 
proximityreef, proximityreef2, daysampled, gruntbiomass 8 2545.9 5110.03 1.68 0.18 0.60 0.576 0.320 
proximityreef, proximityreef2, daysampled, cucumberdensity 8 2547.0 5110.37 2.02 0.15 0.75 0.576 0.316 
proximityreef, proximityreef2, daysampled, cucumberdensity, gruntbiomass 9 2546.7 5111.84 3.48 0.07 0.82 0.574 0.319 
treatment, proximityreef, proximityreef2, daysampled  9 2546.9 5112.12 3.77 0.06 0.88 0.580 0.325 
proximityreef, proximityreef2 6 2550.6 5113.39 5.04 0.03 0.92 0.571 0.311 
treatment, proximityreef, proximityreef2, daysampled, gruntbiomass 10 2546.7 5113.97 5.62 0.03 0.94 0.579 0.327 
treatment, proximityreef, proximityreef2, daysampled, cucumberdensity 10 2546.8 5114.15 5.80 0.02 0.96 0.579 0.325 
treatment, proximityreef, proximityreef2, daysampled, cucumberdensity, 

gruntbiomass 
11 2546.6 5115.72 7.37 0.01 0.99 0.576 0.326 

treatment, proximityreef, proximityreef2, daysampled, gruntbiomass, treatment x 
daysampled 

12 2546.2 5117.19 8.84 0.01 0.99 0.580 0.327 

treatment, proximityreef, proximityreef2, daysampled, cucumberdensity, 
treatment x daysampled 

12 2546.3 5117.35 9.00 0.00 1.00 0.580 0.325 

treatment, proximityreef, proximityreef2, daysampled, cucumberdensity, 
gruntbiomass, treatment x daysampled 

13 2546.1 5118.95 10.6 0.00 1.00 0.577 0.327 

daysampled 5 2662.0 5334.15 225.8 0.00 1.00 0.015 0.009 
Intercept Only 4 2664.1 5336.23 227.8 0.00 1.00 0.006 0.000 

Notes: models with varying numbers of parameters (k) were compared using log – likelihood (LL), small-sample bias-corrected Akaike’s Information Criterion (AICc). ΔAICc are 
differences in AIC values between a given model and the best-supported model; wi are akaike model weights and indicate the probability that model i is the best one of those 
considered given the data in hand; cwi is the cumulative model weight; cR2 is the conditional R2 and encompasses variance explained by both fixed and random effects; mR2 is the 
marginal R2 and encompasses variance explained by only the fixed effects. Models within ΔAICc ≤ 2 are shown in bold. We considered the model with the smallest AICc value to 
be the best-supported model.  
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Table B.3. Results of model selection using AIC for 15 candidate generalized linear mixed-effects models of seagrass % nitrogen 
content as predicted by sea cucumber species treatment, sea cucumber density (individuals m-2 seagrass), sampling day, proximity 
to patch reef (m), and grunt biomass (kg m-2 seagrass). Bolded models are considered equally well supported.  

Model Structure k LL AICc ΔAICc wi cum wi cR2 mR2 

proximityreef, daysampled 5 129.46 -248.42 0.00 0.26 0.26 0.341 0.052 

proximityreef, daysampled, cucumberdensity 6 129.96 -247.21 1.21 0.14 0.39 0.358 0.095 

treatment, proximityreef, daysampled 7 130.80 -246.65 1.77 0.11 0.50 0.388 0.164 

proximityreef 4 127.38 -246.43 1.99 0.10 0.59 0.323 0.034 

proximityreef, daysampled, gruntbiomass 6 129.47 -246.23 2.18 0.10 0.68 0.342 0.054 

proximityreef, cucumberdensity 5 127.88 -245.26 3.16 0.05 0.73 0.341 0.077 
proximityreef, daysampled, cucumberdensity, gruntbiomass 7 129.99 -245.04 3.38 0.05 0.78 0.359 0.097 

treatment, proximityreef 6 128.73 -244.75 3.66 0.04 0.82 0.371 0.147 

treatment, proximityreef, daysampled, cucumberdensity 8 130.94 -244.64 3.78 0.04 0.86 0.391 0.173 
treatment, proximityreef, daysampled, gruntbiomass 8 130.88 -244.52 3.89 0.04 0.90 0.391 0.171 

proximityreef, gruntbiomass 5 127.39 -244.28 4.13 0.03 0.93 0.324 0.035 
daysampled 4 126.23 -244.12 4.29 0.03 0.96 0.307 0.019 

proximityreef, cucumberdensity, gruntbiomass 6 127.92 -243.13 5.29 0.02 0.98 0.341 0.079 

treatment, proximityreef, daysampled, cucumberdensity, gruntbiomass  9 130.95 -242.35 6.07 0.01 0.99 0.392 0.174 
 Intercept only 3 124.21 -242.23 6.18 0.01 1.00 0.289 0.000 

Notes: models with varying numbers of parameters (k) were compared using log – likelihood (LL), small-sample bias-corrected Akaike’s Information Criterion (AICc). ΔAICc are 
differences in AIC values between a given model and the best-supported model; wi are akaike model weights and indicate the probability that model i is the best one of those 
considered given the data in hand; cwi is the cumulative model weight; cR2 is the conditional R2 and encompasses variance explained by both fixed and random effects; mR2 is the 
marginal R2 and encompasses variance explained by only the fixed effects. Models within ΔAICc ≤ 2 are shown in bold. We considered the model with the smallest AICc value to 
be the best-supported model.  
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Table B.4. Results of model selection using AIC for 15 candidate generalized linear mixed-effects models of seagrass above-ground 
biomass as predicted by sea cucumber species treatment, sea cucumber density (individuals m-2 seagrass), sampling day, proximity 
to patch reef (m), and grunt biomass (kg m-2 seagrass). Bolded models are considered equally well supported.  

Model Structure k -LL AICc ΔAICc wi cum wi  cR2 mR2 

proximityreef, daysampled, gruntbiomass 6 -43.91 100.61 0.00 0.26 0.26 0.589 0.470 

proximityreef, daysampled 5 -45.34 101.24 0.63 0.19 0.45 0.593 0.451 

proximityreef, daysampled, cucumberdensity 6 -44.71 102.23 1.62 0.11 0.56 0.601 0.472 

treatment, proximityreef, daysampled, cucumberdensity 8 -42.56 102.52 1.91 0.10 0.66 0.610 0.517 

proximityreef, cucumberdensity, gruntbiomass 7 -43.76 102.60 1.99 0.10 0.76 0.593 0.477 

treatment, proximityreef, daysampled 7 -43.97 103.02 2.41 0.08 0.83 0.600 0.484 
treatment, proximityreef, daysampled, gruntbiomass 8 -43.09 103.58 2.96 0.06 0.89 0.596 0.491 

treatment, proximityreef, daysampled, cucumberdensity, gruntbiomass 9 -42.38 104.53 3.91 0.04 0.93 0.606 0.514 

proximityreef, gruntbiomass 5 -47.43 105.42 4.81 0.02 0.95 0.561 0.435 
proximityreef 4 -48.60 105.57 4.95 0.02 0.97 0.567 0.422 

proximityreef, cucumberdensity 5 -48.15 106.87 6.25 0.01 0.98 0.572 0.436 
proximityreef, daysampled, gruntbiomass 6 -47.35 107.50 6.89 0.01 0.99 0.563 0.439 

treatment, proximityreef 6 -47.52 107.83 7.22 0.01 1.00 0.569 0.444 

daysampled 4 -79.16 166.70 66.09 0.00 1.00 0.095 0.028 
Intercept only 3 -80.76 167.74 67.13 0.00 1.00 0.065 0.000 

Notes: models with varying numbers of parameters (k) were compared using log – likelihood (LL), small-sample bias-corrected Akaike’s Information Criterion (AICc). ΔAICc are 
differences in AIC values between a given model and the best-supported model; wi are akaike model weights and indicate the probability that model i is the best one of those 
considered given the data in hand; cwi is the cumulative model weight; cR2 is the conditional R2 and encompasses variance explained by both fixed and random effects; mR2 is the 
marginal R2 and encompasses variance explained by only the fixed effects. Models within ΔAICc ≤ 2 are shown in bold. We considered the model with the smallest AICc value to 
be the best-supported model.  
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Table B.5. Results of model selection using AIC for 15 candidate generalized linear mixed-effects models of seagrass below-ground 
biomass as predicted by sea cucumber species treatment, sea cucumber density (individuals m-2 seagrass), sampling day, proximity 
to patch reef (m), and grunt biomass (kg m-2 seagrass). Bolded models are considered equally well supported.  

Model Structure k LL AICc ΔAICc wi cum wi  cR2 mR2 

proximityreef 4 -297.54 603.42 0.00 0.18 0.18 0.230 0.064 

proximityreef, daysampled 5 -296.50 603.51 0.09 0.18 0.36 0.244 0.079 

proximityreef, gruntbiomass 5 -296.97 604.44 1.02 0.11 0.47 0.237 0.086 

proximityreef, daysampled, gruntbiomass 6 -296.00 604.73 1.31 0.10 0.57 0.250 0.097 

treatment, proximityreef 6 -296.13 604.99 1.57 0.08 0.65 0.251 0.124 

treatment, proximityreef, daysampled 7 -295.22 605.41 1.99 0.07 0.72 0.262 0.131 

proximityreef, cucumberdensity 5 -297.54 605.59 2.17 0.06 0.78 0.230 0.063 

proximityreef, daysampled, cucumberdensity 6 -296.49 605.70 2.28 0.06 0.84 0.244 0.079 

proximityreef, cucumberdensity, gruntbiomass 6 -296.84 606.41 2.99 0.04 0.88 0.563 0.439 
proximityreef, daysampled, cucumberdensity, gruntbiomass 7 -295.83 606.62 3.20 0.04 0.92 0.248 0.100 

treatment, proximityreef, daysampled, gruntbiomass 8 -295.06 607.36 3.94 0.03 0.94 0.263 0.136 
treatment, proximityreef, daysampled, cucumberdensity 8 -295.21 607.67 4.25 0.02 0.97 0.263 0.133 

Intercept only 3 -301.25 608.71 5.29 0.01 0.98 0.065 0.000 

daysampled 4 -300.25 608.84 5.42 0.01 0.99 0.154 0.016 
treatment, proximityreef, daysampled, cucumberdensity, gruntbiomass 9 -295.05 609.67 6.25 0.01 1.00 0.262 0.136 

Notes: models with varying numbers of parameters (k) were compared using log – likelihood (LL), small-sample bias-corrected Akaike’s Information Criterion (AICc). ΔAICc are 
differences in AIC values between a given model and the best-supported model; wi are akaike model weights and indicate the probability that model i is the best one of those 
considered given the data in hand; cwi is the cumulative model weight; cR2 is the conditional R2 and encompasses variance explained by both fixed and random effects; mR2 is the 
marginal R2 and encompasses variance explained by only the fixed effects. Models within ΔAICc ≤ 2 are shown in bold. We considered the model with the smallest AICc value to 
be the best-supported model.  
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Table B.6. Results of model selection using AIC for 9 candidate generalized linear mixed-effects models of seagrass growth-rate as 
predicted by sea cucumber species treatment, sea cucumber density (individuals m-2 seagrass), grunt biomass (kg m-2 seagrass), 
and proximity to patch reef (m). Bolded models are considered equally well supported.  

Model Structure k LL AICc ΔAICc wi cum wi cR2 mR2 

proximityreef, proximityreef2 5 -716.7 1443.6 0.00 0.30 0.30 0.323 0.218 

proximityreef, proximityreef2, gruntbiomass 6 -715.8 1443.7 0.14 0.28 0.59 0.319 0.225 

proximityreef, proximityreef2, cucumberdensity 6 -716.6 1445.5 1.88 0.12 0.70 0.320 0.216 

proximityreef, proximityreef2, gruntbiomass, cucumberdensity 7 -715.8 1445.8 2.18 0.10 0.81 0.319 0.226 
proximityreef, proximityreef2, treatment 7 -715.9 1446.1 2.54 0.09 0.89 0.328 0.233 

proximityreef, proximityreef2, treatment, gruntbiomass 8 -715.4 1447.1 3.48 0.05 0.94 0.323 0.234 
proximityreef, proximityreef2, treatment, cucumberdensity 8 -715.7 1447.8 4.20 0.04 0.98 0.325 0.230 

proximityreef, proximityreef2, treatment, cucumberdensity, gruntbiomass 9 -715.4 1449.1 5.54 0.02 1.00 0.323 0.233 

Intercept only 3 -775.0 1556.1 112.5 0.00 1.00 0.081 0.000 
Notes: models with varying numbers of parameters (k) were compared using log – likelihood (LL), small-sample bias-corrected Akaike’s Information Criterion (AICc). ΔAICc are 
differences in AIC values between a given model and the best-supported model; wi are akaike model weights and indicate the probability that model i is the best one of those 
considered given the data in hand; cwi is the cumulative model weight; cR2 is the conditional R2 and encompasses variance explained by both fixed and random effects; mR2 is the 
marginal R2 and encompasses variance explained by only the fixed effects. Models within ΔAICc ≤ 2 are shown in bold. We considered the model with the smallest AICc value to 
be the best-supported model.  

 


