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production around artificial reefs in seagrass beds
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both belowground (BGPP) and aboveground primary production (AGPP);
thus, we quantified ecosystem-scale production via these different mechanis-
tic pathways. We found that (1) populations of small fish generated greater
total primary production (TLPP = BGPP + AGPP) than large fish, (2) fish
that foraged more increased TLPP more than those that spent time sheltering
on ARs, and (3) small fish that foraged more led to greatest increases in
TLPP. The mechanism by which this occurred was primarily through
increased BGPP, highlighting the importance of cryptic belowground dynam-
ics in seagrass ecosystems. Populations of extremely bold individuals
(i.e., foraged significantly more) slightly increased TLPP but strongly affected
the distribution of production, whereby bold individuals increased BGPP,
while populations of shy individuals increased AGPP. Taken together, these
results provide a link between consumer body size, variation in consumer behav-
ior, and primary production—which, in turn, will support secondary production
for fisheries. Our study suggests that human-induced changes—such as fishing—
that alter consumer body size and behavior will fundamentally change ecosystem-
scale production dynamics. Understanding the ecosystem effects of harvest on
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consumer populations is critical for ecosystem-based management, including the
development of ARs for fisheries.
KEYWORDS
artificial reef, behavior, body size, consumer-mediated nutrients, individual variation,
individual-based model, production

INTRODUCTION and behavioral ecologists have identified a “shy-bold

Predation is considered to be one of the most important
top-down processes for structuring ecological communi-
ties (Estes et al., 2011). In a seminal experiment, Werner
et al. (1983) found that the presence of predatory bass
influenced the spatial distribution of their prey (sunfish)
and that there was a strong interaction between prey
body size and foraging behavior, whereby small prey
were forced to shelter and forage in habitats with lower
quality resources. In many ways, exploitation by humans
can similarly affect the structure of ecological communi-
ties by reducing the body size (Peres, 2000) and changing
the behavior (Ripple & Beschta, 2003) of prey. The impli-
cations of these changes for population and community
dynamics are well documented, especially in fisheries
(Guerra et al., 2020; Januchowski-Hartley et al., 2011;
Robinson et al.,, 2017). Less considered are the ways
in which consumers drive primary production through
bottom-up processes. In many ecosystems, consumer
body size and foraging behavior regulate the amount of
nutrients supplied (Allgeier et al., 2017; Atkinson
et al., 2017; McNaughton et al., 1997; Vanni, 2002), with
consequences for primary production, which serves as
the basis of energy flow in many ecosystems (DeAngelis
et al., 1989; Ryther, 1969). Top-down processes influence
consumer body size and behavior in predictable ways,
but what remains less clear is if and how changes in
nutrient supply feed back to affect the amount and spa-
tial distribution of primary production in ecosystems.
Consumer body size is the most widely recognized
driver of nutrient supply rates because mass-specific met-
abolic rates decrease with body size, and thus, smaller
individuals excrete more nutrients per unit mass (Allgeier
et al., 2015; Brown et al., 2004; Vanni & MclIntyre, 2016).
Therefore, if predation risk forces small individuals to
shelter (McElroy et al., 2018; Werner et al., 1983), one
expectation might be that small individuals will have dis-
proportionate effects on primary production near shelter
because they (1) spend more time there and (2) supply
nutrients at higher rates per unit mass than larger
individuals. A less considered attribute in consumer-
mediated nutrients is variation in foraging behavior
among individuals within a population. Psychologists

continuum,” whereby shy individuals are often quick to
retreat to shelter and bold individuals are more active
and exploratory (Wilson et al., 1993). Using acoustic
telemetry on snapper species, Allgeier, Cline, et al. (2020)
estimated that bold and highly mobile individuals greatly
increased (1) the total nutrient supply to mangrove estu-
aries because movement increased their metabolism and
(2) the spatial distribution of nutrients because they had
longer foraging bouts. Thus, this study shows that under-
standing the extent to which individuals differ in their
foraging behavior may better predict ecosystem-scale
nutrient cycling than knowing the average effects of indi-
viduals within a population. Taken together, understand-
ing how consumer body size and behavior affect nutrient
cycling is critical for predicting how changes in consumer
populations may affect ecosystem-scale processes.
Ecosystem-based management of fisheries considers
the implications of fishing on processes beyond those of
the target species (Crowder et al., 2008). This concept has
long been recognized—Ryther (1969) estimated the pri-
mary production required to sustain global fishery pro-
duction for upper trophic levels and fishery harvest—but
is only more recently gaining traction (Chassot et al.,
2010; Marshak & Link, 2021). Estimating primary pro-
duction for fisheries is particularly important in ecosys-
tems with biogenic habitats such as seagrass beds,
mangroves, coral reefs, and kelp forests, which them-
selves serve as the fundamental habitat for fish and their
prey. In subtropical seagrass beds that are nutrient lim-
ited, artificial reefs (ARs) have been shown to enhance
ecosystem-scale primary production via consumer-
mediated nutrients (Allgeier et al., 2013; Esquivel et al.,
2022; Layman et al., 2016). Importantly, the mechanism
by which this occurs is that the biogeochemical hotspots
created by the concentration of fish excretion causes
the seagrass to switch allocation from growth in below-
ground to aboveground tissues (Allgeier et al., 2013,
2018; Chapin, 1980; Layman et al., 2016). Doing so allows
the plant to produce more biomass per unit nutrient than
it can in low-nutrient conditions (e.g., where fish are not
aggregating). Given our understanding of these mecha-
nisms, ARs built in seagrass beds are an ideal system to
test the implications of changes in fish body size and
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behavior on belowground (BGPP) and aboveground pri-
mary production (AGPP)—the basal resource that fuels
secondary production for fisheries.

Here, we used an individual-based model (IBM) param-
eterized with empirical data of an AR around which fish
shelter to test how fish populations of different body sizes
and foraging behaviors affected ecosystem-scale primary
production in a nutrient-limited seagrass ecosystem.
Importantly, to help identify the mechanisms by which
the effects occur we asked the following questions for
both aboveground and belowground seagrass production
dynamics:

Q1. How do body size and population-level
foraging behavior independently and interac-
tively mediate primary production?

Q2. How does variation in individual-level
foraging behavior interact with body size and
population-level foraging behavior to affect
primary production?

METHODS
Model environment

To test how population-level and individual-level forag-
ing behaviors affect seagrass primary production relative
to body size, we used an individual-based simulation
model (arrR R package; Esquivel et al., 2022). The model
is parameterized with extensive field data collected in
previous studies, which provides fine-tuned seagrass pro-
duction parameters and allows us to account for physio-
logical differences associated with fish body size and
foraging behavior for fish excretion. Importantly, published
model results reflect real-world patterns from nutrient-
limited systems (Allgeier et al., 2018; Layman et al., 2013).
The model simulates movement, foraging, and excretion of
fish individuals in a grid-based seagrass environment. The
environment consists of 50 X 50 1-m? cells, each of which
contains water column nutrients, detrital biomass, and
belowground and aboveground seagrass biomass. Five cells
in the center of the seagrass environment represent an AR
on and around which fish individuals can shelter. These
cells do not contain belowground and aboveground seagrass
biomass but do have nutrients and detrital biomass in the
water column. Importantly, the system is closed; that is,
nutrients cycle through the system, but no nutrients enter
or exit the model environment.

The cycling of nutrients occurs as follows: (1) Water
column nutrients are taken up by seagrass and allocated
to belowground and aboveground biomass—this alloca-
tion changes with nutrient load and subsequently the

amount of biomass in these two compartments and is
based on empirical data from Layman et al. (2016). (2) A
fraction of the standing seagrass (above and below-
ground) biomass sloughs and directly enters the detrital
biomass pool, and a fraction of the detrital biomass is
remineralized to the water column nutrient pool. (3) Fish
consume nutrients from the detrital biomass pool. (4) Fish
recycle nutrients either via excretion that enters the water
column nutrient pool directly or through mortality in which
case nutrients enter fish detrital biomass, decompose to
detrital biomass, and are then remineralized to the water
column. (5) Water column nutrients and detritus move
through the model environment in a nondirectional man-
ner via diffusion to neighboring cells (see Appendix SI:
Figure S1 for modeling scheduling and processes).

Seagrass production

Seagrass production is based on a single-nutrient primary
production model following DeAngelis (1992) that allows
seagrass to lose biomass as detritus, take up nutrients
from the water column, and grow in biomass in below-
ground and aboveground tissue (Esquivel et al., 2022).
Seagrass growth follows basic plant allocation rules in
nutrient-poor systems such that belowground biomass is
prioritized over aboveground biomass (Chapin, 1980).
Specifically, water column nutrients are allocated first
for BGPP to enhance root biomass and then for AGPP
once a threshold of standing belowground biomass is
met (Esquivel et al., 2022). Nutrient uptake rates, above-
ground and belowground biomass values, and allocation
thresholds are parameterized with extensive empirical
data (Allgeier et al., 2013; Layman et al., 2016; Lee &
Dunton, 1999).

To test the effect of consumers on primary produc-
tion, we quantified BGPP, AGPP, and total primary pro-
duction (TLPP = BGPP + AGPP; in grams per square
meter per day). To understand the spatial distribution of
production, we quantified all measures of production in
two regions in the seagrass environment: seagrass cells
within 5 m of the reef (herein reef-adjacent seagrass produc-
tion) and those more than 5 m beyond the reef (herein open
seagrass production). This distinction follows empirical evi-
dence of nutrient enrichment by aggregating fish within a
<5m range of ARs built in Caribbean seagrass beds
(Allgeier et al., 2013, 2018; Andskog et al., 2023; Brines
et al.,, 2022; Layman et al., 2013).

Fish energetics

Fish individuals perform two main functions in the
model: (1) consume nutrients from detrital biomass to
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meet their bioenergetic demands for growth and (2) sup-
ply and move nutrients in the environment through
excretion. Fish can store excess consumption in individ-
ual energy reserves to maintain energetic mass balance
when detritus is depleted or when not foraging (see Fish
foraging behavior). For all fish individuals in the model,
we used the energetic parameters for Haemulon plumierii
(white grunt), a common and commercially important
fish species that is common on ARs in the Caribbean
(Allgeier et al., 2013; Yeager et al., 2012) and for which
there are extensive empirical data (Allgeier, Wenger, &
Layman, 2020).

Fish foraging behavior

Individual fish behavior includes three different
behavior states that are determined largely by their
energy reserves and their location in the environment:
(1) Sheltering: Individuals shelter near an AR cell (<1 m)
when their energy reserves are above a threshold of their
maximum reserves (e.g., 50%; see Simulation experiment).
While sheltering, individuals do not forage (Ogden &
Ehrlich, 1977; K.S.M. and J.E.A., personal observations,
2023) and solely use their stored energy reserves to main-
tain energetic mass balance. (2) Foraging: When energy
reserves fall below the threshold indicated in behavior
state 1, individuals move some distance sampled from
a log distribution in arbitrary directions to forage on
detritus within the open seagrass. (3) Returning: Once
maximum energy reserves are full, individuals move
directly back to the closest AR cell to shelter and do
not forage (return to sheltering). Importantly, individ-
uals are only in one behavior state each timestep and
excrete nutrients throughout all three behavior states,
although excretion rates fluctuate with individual
activity level (Allgeier, Cline, et al., 2020; Hanson
et al., 1997). Behavior states 2 and 3 were combined to
calculate the proportion of time that individuals spend
in an active movement state (herein foraging), while
behavior state 1 was used to calculate the proportion of
time that individuals spend on the reef (herein
sheltering).

Simulation experiment

Population-level and individual-level foraging
behavior

For Question 1 (Q1), population-level foraging behavior
was altered by creating a continuous gradient of the
mean foraging time spent by a given population of fish.

This was done by varying two energetic parameters:
Parameter A determines how fast an individual can fill
their energy reserves, that is, it sets the maximum detrital
biomass that individuals could forage each timestep, and
parameter B determines how long they can stay shel-
tering at the AR, that is, it determines the threshold at
which an individual can drain their reserves before
needing to forage again (Appendix S1: Figure S2). A
sensitivity test revealed that changes to parameter
A had a greater influence on primary production
(Appendix S1: Figure S3); thus, parameter B was calcu-
lated based on a negative curvilinear relationship with
parameter A. Importantly, in the medium foraging
treatment, individuals spent on average around 60% of
time foraging and 40% of time sheltering (Appendix S1:
Figure S2b), values that are similar to the foraging
patterns of white grunts in the wild (Ogden &
Ehrlich, 1977).

For Question 2 (Q2), variation in individual-level
foraging behavior was altered by creating populations
dominated by bold (forage more), shy (shelter more),
and normal (mix of foraging and sheltering behaviors)
individuals (Appendix S1: Figure S4). To do this, each
individual fish was assigned different values for param-
eters A (by sampling from different distributions) and
B (by calculating based on the relationship described
above). We sampled parameter A from (1) a left-
skewed distribution, which resulted in more foraging;
(2) a right-skewed distribution, which resulted in more
sheltering; and (3) a normal distribution, which
ensured a mix of foraging and sheltering. Altering
parameters A and B for each individual changed the
amount of time spent foraging and sheltering, thus cre-
ating populations dominated by bold, shy, and normal
individuals. Because more active individuals have
higher metabolisms (Kerr, 1982) and metabolism rates
are positively correlated with excretion rates (Hanson
et al., 1997; Schreck et al., 1990), bold individuals that
spend more time foraging excrete more nutrients
(Allgeier, Cline, et al., 2020).

Fish body size

For Q1 and Q2, we created populations of small-bodied
individuals (10 cm) and large-bodied individuals (18 cm)
based on field observations (Munsterman and Allgeier,
unpublished). We also used three levels of population
biomass (low, medium, and high) that were equal for
both small- and large-bodied populations. Population
biomass was maintained by setting an initial length
and a maximum length for individuals to grow, beyond
which individuals die and were replaced with new
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individuals of the same initial size (Appendix S1:
Figure S5). All populations followed the same growth
curves, although higher growth rates of small indi-
viduals led to slightly increased turnover rates for
small-bodied populations. Importantly, diffusion pro-
cesses alleviated nutrient pulses from dead fish, resulting in
relatively similar detrital pools across small- and large-
bodied populations (Appendix S1: Figure S6).

Model simulations

While most model processes are deterministic, there
are two sources of model stochasticity: (1) stochasticity
in model parameters during the initialization (i.e.,
behavior parameters were sampled from beta and nor-
mal distributions to create individual-level foraging
behaviors in Q2) and (2) internal stochasticity of fish
movement processes (i.e., movement distances and
directions are sampled from lognormal and uniform
distributions, respectively, for each timestep in Q1 and
Q2). Due to this stochasticity, we simulated all combi-
nations of foraging behavior (population-level Ql,
population-level and individual-level Q2), body size,
and biomass parameter combinations 50 times (Appendix
S1: Table S1). Each combination was simulated for
10 years, and only the final 5 years were used for our anal-
ysis to ensure that the ecosystem had reached stable
dynamics (Appendix S1: Figure S6).

Statistical analysis

To test the independent and interactive effects of body
size and foraging behavior on seagrass production the fol-
lowing linear models were used:

Q1 : Production
= body size + population-level foraging + body size
X population-level foraging

Q2 : Production
= Dbody size + population-level foraging
+ individual-level foraging + body size
X population-level foraging X individual-level foraging

We ran separate models for the following response
variables: ecosystem-scale TLPP, AGPP, and BGPP,
reef-adjacent TLPP, and open seagrass TLPP. Because
fish biomass is well established to have strong effects
(MclIntyre et al., 2007), we ran separate models for
three biomass levels (low, medium, and high) for each

response variable. All continuous variables (production
values and Q1 population-level foraging) were stan-
dardized, and square root transformed, and all models
met assumptions of normality. Partial eta-squared
values (npz) were calculated to assess the proportion of
variance explained by each predictor variable using the
effectsize package in R (Ben Shachar et al., 2020).

RESULTS

Q1: Body size and population-level foraging
on measures of production

Ecosystem-scale TLPP was positively related to foraging
time (greater population-level foraging; Figure 1a). Across
all biomass levels, the effect of foraging (Figure 1f) was
large and consistent for BGPP (np2 = 0.83-0.9), AGPP
(np2 = 0.89-0.9), open seagrass TLPP (>5m from reef;
np2 = 0.51-0.55), and reef-adjacent TLPP (<5m from
reef; ,> = 0.67-0.74). In comparison, the effect of forag-
ing for TLPP (n,”> = 0.47-0.95) was more variable than all
other measures of production. Body size had a strong
effect on all measures of primary production, whereby
smaller individuals increased production in all cases.

There was a significant interaction between foraging and
body size for both BGPP and AGPP, whereby populations
with small individuals that foraged a lot synergistically
increased BGPP (Figure 1b) and small individuals that spent
most of their time sheltering synergistically increased AGPP
(Figure 1c). Notably, behavior and body size trends for BGPP
paralleled those of open seagrass TLPP (Figure 1d) and
AGPP paralleled those of reef-adjacent TLPP (Figure le).
The strength of the interaction between foraging and body
size (Figure 1f) was similar for BGPP (n,” = 0.58-0.7),
AGPP (n,” =0.58-0.75), open seagrass TLPP (n,” =
0.51-0.55), and reef-adjacent TLPP (n,”> = 0.67-0.74) but
much lower for TLPP (np2 =0.12-0.2).

Q2: Variation in individual-level foraging
on measures of production

TLPP was greatest in populations dominated by bold indi-
viduals (that foraged more) with high population-level for-
aging (high mean foraging time among all individuals in a
population) and small body sizes (Figure 2a). BGPP showed
trends similar to TLPP (Figure 2b). In contrast, AGPP was
greatest in populations dominated by shy individuals (that
sheltered more) with low population-level foraging and
small body sizes (Figure 2c).

The positive effect of bold individuals was greatest
for BGPP at all three biomass levels (np2 = 0.92-0.96;
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FIGURE 1 Effects of body size and population-level foraging on: ecosystem-scale (a) total primary production (TLPP; belowground
primary production [BGPP] + aboveground primary production [AGPP]) in grams per square meter per day, (b) BGPP, (c) AGPP, (d) TLPP
in open seagrass (>5 m from the reef), and (e) TLPP adjacent to the reef (<5 m from the reef). Values are means + SD in production (y axis)
and proportion of time that individuals in a population spent foraging (x axis) across 50 iterations (note the SD for production is small and
obscured by the data points). Symbols represent body size (squares for small and circles for large), and colors represent biomass levels (high,
medium, and low biomass). Note the different y axes due to the spatial scale at which production was calculated: Panels a-c were calculated
across the ecosystem-scale, panels d and e were calculated from cells >5 m from the reef for open TLPP and cells <5 m from the reef for reef
TLPP. (f) Partial eta-squared values (means + SD across three biomass levels) for independent variables: foraging, body size, and their
interaction. Colors correspond to each of the response variables in the five models in panels a-e. Fish illustrations by Katrina

S. Munsterman.

Figure 2d) and less so for TLPP (n,”=0.87-0.96). @DISCUSSION

Bold individuals had a large negative effect on

AGPP (np2 = 0.95-0.98). Large body sizes had the Recent efforts have focused on how consumers affect the
largest negative effect on TLPP (np2 = 0.96-1), followed supply of nutrients to ecosystems, but a critical challenge
by BGPP (n,°=0.74-0.97) and AGPP (n,°= is quantifying how these inputs affect ecosystem-scale
0.01-0.58). processes. This is especially important in the context of
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FIGURE 2 Combined effects of body size, population-level foraging, and variation in individual-level foraging on ecosystem-scale

(a) total primary production (TLPP; belowground primary production [BGPP] + aboveground primary production [AGPP]) in grams per
square meter per day, (b) BGPP, and (c) AGPP measured in grams per square meter per day (note y-axis scale). Values are means + SD in
production across 50 iterations (note the SD is small and obscured by the data points). Symbols represent body size (squares for small and
circles for large), and colors represent biomass levels (low, medium, and high biomass). The background green color gradient illustrates the
relative amount of production for each measure, a-c. (d) The difference in mean production + SD for each independent variable (bold to shy
individual-level foraging, high to low population-level foraging, large to small body size) was calculated. Colors correspond to each of the

response variables in the three models in panels a-c. Fish illustrations by Katrina S. Munsterman.

anthropogenic change because humans are rapidly
changing consumer populations. We used a highly para-
meterized and empirically vetted individual-based model
(IBM) to test how consumer populations of different body

sizes and behaviors alter ecosystem-scale primary pro-
duction. Because we were able to quantify aboveground
and belowground seagrass dynamics, we could identify
the specific mechanisms by which these changes occur.
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We found that populations with smaller individuals had
the overall greatest effect on total primary production
(TLPP) to the extent that a population of small-bodied
fish can have tantamount effects to populations with
greater biomass of large-bodied fish. Foraging behavior
also had substantial effects: TLPP was greatest when the
population as a whole foraged more (population-level
behavior). In contrast, high levels of variation in
individual-level behavior had greater effects on where
seagrass production occurred: Bold individuals increased
belowground production (BGPP) while shy individuals
increased aboveground production (AGPP). Given both
consumer body size and behavior are heavily impacted
by humans, our findings that these factors strongly drive
ecosystem primary production are highly relevant for
conservation especially if ecosystem-based management
is a priority.

Small and active individuals had the greatest effect on
production dynamics, highlighting an overarching out-
come of the study: Consumer metabolism governs ecosys-
tem processes. Body size is often a key focus in ecological
studies because many ecological processes scale with
body size (e.g., excretion: Allgeier et al., 2015; Fritschie &
Olden, 2016; Vanni & MclIntyre, 2016; and consumption:
Munsterman et al., 2021; Ruttenberg et al., 2019). Small
individuals with higher rates of metabolism excrete larger
quantities of nutrients per unit body mass (Brown et al.,
2004). In our study, populations dominated by small indi-
viduals drove the highest rates of production across all
measures: TLPP, BGPP, and AGPP. Body size effects were
most evident in BGPP and were so strong that small indi-
viduals at medium biomass (mean size 10 cm at 1.1 kg
total biomass) had nearly the same BGPP as populations
of large individuals with more than double the biomass
(mean size 18 cm at 2.3 kg total biomass). These striking
findings portend the strength of the indirect effect
humans may have on ecosystem-scale processes—changing
the size structure of populations via overexploitation also
has implications for ecosystem primary production.

In addition to body size, individuals that foraged
more (as opposed to sheltered) also increased TLPP due
to increased metabolism. Population-level foraging
behavior drove different spatial dynamics in seagrass pro-
duction, particularly when measuring its effects on BGPP
and AGPP. Supplemental model runs revealed that across
both high and low foraging treatments, BGPP was similar
in open and reef-adjacent seagrass, while AGPP was
much greater in reef-adjacent seagrass where fish shel-
tered (Appendix S1: Figures S7 and S8). The mechanism
by which this occurs in nutrient-limited systems is that
sheltering fish supply nutrients at sufficiently high con-
centrations that seagrass shifts nutrient allocation from
belowground to aboveground tissues near the reef. Field

studies from artificial reefs (ARs) built in Caribbean
seagrass beds have found enhanced aboveground
seagrass production around ARs (Allgeier et al., 2018;
Andskog et al., 2023; Layman et al., 2013). These consumer-
mediated nutrient hotspots have been found in other sys-
tems as well, including fish on coral reefs (Meyer
et al., 1983; Shantz et al., 2015), snow geese in the tundra
(Valéry et al., 2010), and river otters at the terrestrial-
aquatic interface (Ben-David et al., 1998). The ecosystem-
scale implications of these localized effects, however, are
difficult if not impossible to quantify empirically. Through
the use of empirically vetted models, our study quantifies
the ecosystem effects of nutrient hotspots and identifies the
consumer attributes that determine them. An important yet
counterintuitive implication of our study is that ecosystem-
scale primary production may increase as humans promote
smaller consumer body sizes and bolder behaviors both
directly through harvest and indirectly by removing top
predators (Genner et al., 2010; Madin et al., 2016). Andskog
et al. (2023) demonstrated empirically that ARs enhance
reef-scale primary production even in heavily fished ecosys-
tems where fish body size is truncated, and our study shows
that these impacts extend to the ecosystem scale.

A surprising result from our study was that variation
in individual-level foraging behavior had only a minor
positive effect on TLPP despite having substantial effects
on where it occurred (BGPP and AGPP). Individual varia-
tion has gained a lot of attention in ecology because of
the importance of individual-level traits for ecological
processes (Schmitz, 2008; Violle et al., 2012). In nutrient-
poor subtropical systems, individual variation in fish
behavior has been shown to alter supply rates and spatial
distribution of nutrients (Allgeier, Cline, et al., 2020). In our
study, populations dominated by bold individuals who for-
aged more produced the greatest BGPP because these indi-
viduals spent more time in open seagrass and their excreted
nutrients were first allocated to belowground tissues,
whereas populations dominated by shy individuals who
sheltered more produced the greatest AGPP as excess nutri-
ents were allocated to aboveground tissues. Taken as a
whole, the net effect was minor but still resulted in an
increase in TLPP in populations dominated by bold individ-
uals. This demonstrates that extreme behaviors—either
bold or shy—mainly affect where primary production
occurs: Bold individuals have greater effects across the sea-
scape for BGPP, while shy individuals are most important
for concentrating nutrients near the reef to enhance AGPP.
Interestingly, these different behaviors should also change
the capacity of seagrass beds to sequester and store carbon.
Belowground tissues have been shown to be more impor-
tant for carbon sequestration (Mazarrasa et al., 2018) and
storage (Shayka et al., 2023) than aboveground tissues.
Thus, the fact that bold individuals, which are expected to
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increase with reduced predator populations (Hulthén
et al., 2017), should then increase carbon storage in seagrass
beds, highlights an additional pathway by which human-
mediated change can alter cryptic belowground dynamics
in seagrass ecosystems.

Our study builds on a growing body of evidence that
ARs can enhance ecosystem-scale primary production via
nutrients from aggregating fish (Allgeier et al., 2013;
Esquivel et al., 2022; Layman et al., 2016). ARs create
structures for fish to shelter from predators (Hixon &
Carr, 1997), are widely used as a tool for fishery augmen-
tation (Grossman et al.,, 1997), and are the third most
common marine infrastructure globally (Bugnot et al.,
2021). However, the utility of AR habitats for fisheries
hinges on whether ARs simply attract fish (promoting
overfishing) or whether they enhance fish production
(Bohnsack, 1989; Powers et al., 2003). Here, we identify
the consumer attributes that enhance ecosystem-scale
primary production, which, in turn, should support
greater secondary production for fisheries (Layman &
Allgeier, 2020; Ryther, 1969). Our findings are partly
based on model assumptions that are consistent with
established theories and empirical data; future empirical
research is essential to provide additional evidence that
human-induced changes to consumer populations may
fundamentally alter ecosystems processes. Specifically,
our study suggests that shifts in consumer body size to
smaller individuals may increase primary production,
thus increasing carbon sequestration in seagrass (but
see Van Dam et al., 2021). Overfishing of top predators
may promote bolder individuals that distribute nutri-
ents across the seascape and enhance belowground tis-
sues for carbon sequestration and storage. Yet, even
when consumer populations are heavily influenced by
anthropogenetic impacts, we propose that ARs built in
biogenic habitats, especially those in nutrient-limited
systems, will enhance primary production and may aid
in ecosystem-based management.

AUTHOR CONTRIBUTIONS

All authors developed the concepts, questions, and model
structure. Katrina S. Munsterman and Maximilian H. K.
Hesselbarth coded the model. Katrina S. Munsterman
performed statistical analyses. Katrina S. Munsterman
wrote the first draft of the manuscript. All authors con-
tributed critically to the drafts and gave final approval for
publication.

ACKNOWLEDGMENTS

We thank the Coastal Ecology and Conservation Lab at
the University of Michigan for discussions on study
design. This research was supported in part through com-
putational resources and services provided by Advanced

Research Computing (ARC), a division of Information
and Technology Services (ITS) at the University of
Michigan, Ann Arbor. Funding was provided by the
National Oceanic and Atmospheric Administration
National Marine Fisheries Service - Sea Grant Joint Fellow-
ship to Katrina S. Munsterman and Lucille and David
Packard Fellowship and National Science Foundation OCE
#1948622 to Jacob E. Allgeier.

CONFLICT OF INTEREST STATEMENT
The authors declare no conflicts of interest.

DATA AVAILABILITY STATEMENT

Model code (Hesselbarth et al.,, 2024) is available on
Zenodo at https://doi.org/10.5281/zenodo.13859459. Analy-
sis scripts (Munsterman and Hesselbarth 2024) are available
on Zenodo at https://doi.org/10.5281/zenodo.12727774.

ORCID
Katrina S. Munsterman
9303-2049

Maximilian H. K. Hesselbarth ‘© https://orcid.org/0000-
0003-1125-9918
Jacob E. Allgeier

https://orcid.org/0000-0002-

https://orcid.org/0000-0002-9005-6432

REFERENCES

Allgeier, J. E., D. E. Burkepile, and C. A. Layman. 2017. “Animal
Pee in the Sea: Consumer-Mediated Nutrient Dynamics in the
World’s Changing Oceans.” Global Change Biology 23:
2166-78.

Allgeier, J. E.,, T. J. Cline, T. E. Walsworth, G. Wathen, C. A.
Layman, and D. E. Schindler. 2020. “Individual Behavior
Drives Ecosystem Function and the Impacts of Harvest.” Sci-
ence Advances 6: eaax8329.

Allgeier, J. E., C. A. Layman, C. G. Montafia, E. Hensel,
R. Appaldo, and A. D. Rosemond. 2018. “Anthropogenic Ver-
sus Fish-Derived Nutrient Effects on Seagrass Community
Structure and Function.” Ecology 99: 1792-1801.

Allgeier, J. E., S. Wenger, and C. A. Layman. 2020. “Taxonomic Identity
Best Explains Variation in Body Nutrient Stoichiometry in a
Diverse Marine Animal Community.” Scientific Reports 10: 13718.

Allgeier, J. E., S. J. Wenger, A. D. Rosemond, D. E. Schindler, and
C. A. Layman. 2015. “Metabolic Theory and Taxonomic Iden-
tity Predict Nutrient Recycling in a Diverse Food Web.”
Proceedings of the National Academy of Sciences of the
United States of America 112: 112.

Allgeier, J. E., L. A. Yeager, and C. A. Layman. 2013. “Consumers
Regulate Nutrient Limitation Regimes and Primary Produc-
tion in Seagrass Ecosystems.” Ecology 94: 521-29.

Andskog, M. A., C. Layman, and J. E. Allgeier. 2023. “Seagrass
Production around Artificial Reefs Is Resistant to Human
Stressors.” Proceedings of the Royal Society B 290: 20230803.

Atkinson, C. L., K. A. Capps, A. T. Rugenski, and M. J. Vanni. 2017.
“Consumer-Driven Nutrient Dynamics in Freshwater Ecosys-
tems: From Individuals to Ecosystems.” Biological Reviews 92:
2003-23.

35UB0 7 SUOWIIOD SAIIR.ID 3ol jdde ay Ag pausenoh afe Sie YO ‘SN JO S9N 104 ARig1TaUIUQ AB|IAA UO (SUORIPUOD-PUR-SLLIB)WOD"AS | IM AReiq 1RU1UO//SANY) SUORIPUOD PUe WS | 84} 39S *[7202/TT/z] U0 Ariqiauliuo AS|IM * SRUI0NQIGSIBRISIBAIUN - YUEqRSSOH “M'H UeliwixXe N Aq GG0€ dea/z00T 0T/I0p/od A8 1M ARq 1 puIUO'S feuIno fess//sdny woiy papeojumoq ‘0 ‘Z85S6£6T


https://doi.org/10.5281/zenodo.13859459
https://doi.org/10.5281/zenodo.12727774
https://orcid.org/0000-0002-9303-2049
https://orcid.org/0000-0002-9303-2049
https://orcid.org/0000-0002-9303-2049
https://orcid.org/0000-0003-1125-9918
https://orcid.org/0000-0003-1125-9918
https://orcid.org/0000-0003-1125-9918
https://orcid.org/0000-0002-9005-6432
https://orcid.org/0000-0002-9005-6432

10 of 11

MUNSTERMAN ET AL.

Ben Shachar, M., D. Liidecke, and D. Makowski. 2020. “Effectsize: Esti-
mation of Effect Size Indices and Standardized Parameters Aims
of the Package.” The Journal of Open Source Software 5: 2815.

Ben-David, M., R. T. Bowyer, L. K. Duffy, D. D. Roby, and D. M.
Schell. 1998. “Social Behavior and Ecosystem Processes: River
Otter Latrines and Nutrient Dynamics of Terrestrial Vegeta-
tion.” Ecology 79: 2567-71.

Bohnsack, J. A. 1989. “Are High Densities of Fishes at Artificial
Reefs the Result of Habitat Limitation or Behavioral Prefer-
ence?” Bulletin of Marine Science 44: 631-645.

Brines, E. M., M. A. Andskog, K. S. Munsterman, C. A. Layman,
M. McCoy, and J. E. Allgeier. 2022. “Anthropogenic Nutrients
Mitigate Importance of Fish-Mediated Nutrient Supply for
Seagrass Beds in Haiti.” Marine Biology 169: 38.

Brown, J. H., J. F. Gillooly, A. P. Allen, V. M. Savage, and G. B.
West. 2004. “Toward a Metabolic Theory of Ecology.” Ecology
85:1771-89.

Bugnot, A. B.,, M. Mayer-Pinto, L. Airoldi, E. C. Heery, E. L.
Johnston, L. P. Critchley, E. M. A. Strain, et al. 2021. “Current
and Projected Global Extent of Marine Built Structures.”
Nature Sustainability 4: 33-41.

Chapin, F. S. 1980. “The Mineral Nutrition of Wild Plants.” Annual
Review of Ecology and Systematics 11: 233-260.

Chassot, E., S. Bonhommeau, N. K. Dulvy, F. Mélin, R. Watson,
D. Gascuel, and O. Le Pape. 2010. “Global Marine Primary
Production Constrains Fisheries Catches.” Ecology Letters 13:
495-505.

Crowder, L. B., E. L. Hazen, N. Avissar, R. Bjorkland, C. Latanich,
and M. B. Ogburn. 2008. “The Impacts of Fisheries on Marine
Ecosystems and the Transition to Ecosystem-Based Manage-
ment.” Annual Review of Ecology, Evolution, and Systematics
39: 259-278.

DeAngelis, D. L. 1992. “Nutrient Interactions of Detritus and
Decomposers.” In Dynamics of Nutrient Cycling and Food
Webs, edited by D. L. DeAngelis, 123-141. Dordrecht:
Springer.

DeAngelis, D. L., P. J. Mulholland, A. V. Palumbo, A. D. Steinman,
M. A. Huston, and J. W. Elwood. 1989. “Nutrient Dynamics
and Food-Web Stability.” Annual Review of Ecology and
Systematics 20: 71-95.

Esquivel, K. E., M. H. Hesselbarth, and J. E. Allgeier. 2022.
“Mechanistic Support for Increased Primary Production
around Artificial Reefs.” Ecological Applications 32: e2617.

Estes, J. A., J. Terborgh, J. S. Brashares, M. E. Power, J. Berger,
W.J. Bond, S. R. Carpenter, et al. 2011. “Trophic Downgrading
of Planet Earth.” Science 333: 301-6.

Fritschie, K. J., and J. D. Olden. 2016. “Disentangling the Influences
of Mean Body Size and Size Structure on Ecosystem Function-
ing: An Example of Nutrient Recycling by a Non-Native Cray-
fish.” Ecology and Evolution 6: 159-169.

Genner, M. J., D. W. Sims, A. J. Southward, G. C. Budd,
P. Masterson, M. Mchugh, P. Rendle, E. J. Southall, V. J.
Wearmouth, and S. J. Hawkins. 2010. “Body Size-Dependent
Responses of a Marine Fish Assemblage to Climate Change
and Fishing over a Century-Long Scale.” Global Change Biol-
ogy 16: 517-527.

Grossman, G. D., G. P. Jones, and W. J. Seaman, Jr. 1997. “Do
Artificial Reefs Increase Regional Fish Production? A Review
of Existing Data.” Fisheries 22: 17-23.

Guerra, A. S., A. B. Kao, D. J. McCauley, and A. M. Berdahl. 2020.
“Fisheries-Induced Selection against Schooling Behaviour in
Marine Fishes.” Proceedings of the Royal Society B: Biological
Sciences 287: 20201752.

Hanson, P. C., T. B. Johnson, D. E. Schindler, and J. F. Kitchell.
1997. Fish Bioenergetics 3.0. Madison, WI: University of Wis-
consin Sea Grant Institute.

Hesselbarth, M., K. Munsterman, and J. E. Allgeier. 2024.
“Allgeier-Lab/arrR: Submission Ecological Applications
(v1.2).” Zenodo. https://doi.org/10.5281/zenodo.13859459.

Hixon, M. A., and M. H. Carr. 1997. “Synergistic Predation, Density
Dependence, and Population Regulation in Marine Fish.”
Science 277: 946-49.

Hulthén, K., B. B. Chapman, P. A. Nilsson, L.-A. Hansson, C. Skov,
J. Brodersen, J. Vinterstare, and C. Bronmark. 2017. “A Preda-
tion Cost to Bold Fish in the Wild.” Scientific Reports 7: 1239.

Januchowski-Hartley, F. A., N. A. J. Graham, D. A. Feary,
T. Morove, and J. E. Cinner. 2011. “Fear of Fishers: Human
Predation Explains Behavioral Changes in Coral Reef Fishes.”
PLo0S One 6: €22761.

Kerr, S. R. 1982. “Estimating the Energy Budgets of Actively Preda-
tory Fishes.” Canadian Journal of Fisheries and Aquatic Sci-
ences 39: 371-79.

Layman, C. A., and J. E. Allgeier. 2020. “An Ecosystem Ecology
Perspective on Artificial Reef Production.” Journal of Applied
Ecology 57: 2139-48.

Layman, C. A,, J. E. Allgeier, and C. G. Montafia. 2016. “Mechanis-
tic Evidence of Enhanced Production on Artificial Reefs: A
Case Study in a Bahamian Seagrass Ecosystem.” Ecological
Engineering 95: 574-79.

Layman, C. A., J. E. Allgeier, L. A. Yeager, and E. W. Stoner. 2013.
“Thresholds of Ecosystem Response to Nutrient Enrichment
from Fish Aggregations.” Ecology 94: 530-36.

Lee, K.-S., and K. H. Dunton. 1999. “Inorganic Nitrogen Acquisition
in the Seagrass Thalassia testudinum: Development of a
Whole-Plant Nitrogen Budget.” Limnology and Oceanography
44:1204-15.

Madin, E. M. P, L. M. Dill, A. D. Ridlon, M. R. Heithaus, and R. R.
Warner. 2016. “Human Activities Change Marine Ecosystems
by Altering Predation Risk.” Global Change Biology 22: 44-60.

Marshak, A. R., and J. S. Link. 2021. “Primary Production Ulti-
mately Limits Fisheries Economic Performance.” Scientific
Reports 11: 12154.

Mazarrasa, 1., J. Samper-Villarreal, O. Serrano, P. S. Lavery, C. E.
Lovelock, N. Marba, C. M. Duarte, and J. Cortés. 2018. “Habi-
tat Characteristics Provide Insights of Carbon Storage in
Seagrass Meadows.” Marine Pollution Bulletin 134: 106-117.

MCcElroy, K. N., M. P. Beakes, and J. E. Merz. 2018. “Hide and Seek:
Turbidity, Cover, and Ontogeny Influence Aggregation Behav-
ior in Juvenile Salmon.” Ecosphere 9: e02175.

MclIntyre, P. B, L. E. Jones, A. S. Flecker, and M. J. Vanni. 2007.
“Fish Extinctions Alter Nutrient Recycling in Tropical Fresh-
waters.” Proceedings of the National Academy of Sciences 104:
4461-66.

McNaughton, S. J., F. F. Banyikwa, and M. M. McNaughton. 1997.
“Promotion of the Cycling of Diet-Enhancing Nutrients by
African Grazers.” Science 278: 1798-1800.

Meyer, J. L., E. T. Schultz, and G. S. Helfman. 1983. “Fish Schools:
An Asset to Corals.” Science 220: 1047-49.

35UB0 7 SUOWIIOD SAIIR.ID 3ol jdde ay Ag pausenoh afe Sie YO ‘SN JO S9N 104 ARig1TaUIUQ AB|IAA UO (SUORIPUOD-PUR-SLLIB)WOD"AS | IM AReiq 1RU1UO//SANY) SUORIPUOD PUe WS | 84} 39S *[7202/TT/z] U0 Ariqiauliuo AS|IM * SRUI0NQIGSIBRISIBAIUN - YUEqRSSOH “M'H UeliwixXe N Aq GG0€ dea/z00T 0T/I0p/od A8 1M ARq 1 puIUO'S feuIno fess//sdny woiy papeojumoq ‘0 ‘Z85S6£6T


https://doi.org/10.5281/zenodo.13859459

ECOLOGICAL APPLICATIONS

11 of 11

Munsterman, K., and M. Hesselbarth. 2024. “Allgeier-
Lab/Munsterman-etal: Second submission (v1.1).” Zenodo.
https://doi.org/10.5281/zenodo.12727774.

Munsterman, K. S., J. E. Allgeier, J. R. Peters, and D. E. Burkepile.
2021. “A View from both Ends: Shifts in Herbivore Assem-
blages Impact Top-Down and Bottom-Up Processes on Coral
Reefs.” Ecosystems 24: 1702-15.

Ogden, J. C., and P. R. Ehrlich. 1977. “The Behavior of Heterotypic
Resting Schools of Juvenile Grunts (Pomadasyidae).” Marine
Biology 42: 273-280.

Peres, C. A. 2000. “Effects of Subsistence Hunting on Vertebrate
Community Structure in Amazonian Forests.” Conservation
Biology 14: 240-253.

Powers, S. P., J. H. Grabowski, C. H. Peterson, and W. J. Lindberg.
2003. “Estimating Enhancement of Fish Production by Off-
shore Artificial Reefs: Uncertainty Exhibited by Divergent Sce-
narios.” Marine Ecology Progress Series 264: 265-277.

Ripple, W. J., and R. L. Beschta. 2003. “Wolf Reintroduction, Preda-
tion Risk, and Cottonwood Recovery in Yellowstone National
Park.” Forest Ecology and Management 184: 299-313.

Robinson, J. P. W., I. D. Williams, A. M. Edwards, J. McPherson,
L. Yeager, L. Vigliola, R. E. Brainard, and J. K. Baum. 2017.
“Fishing Degrades Size Structure of Coral Reef Fish Commu-
nities.” Global Change Biology 23: 1009-22.

Ruttenberg, B. I, T. C. Adam, A. Duran, and D. E. Burkepile. 2019.
“Identity of Coral Reef Herbivores Drives Variation in Ecological
Processes over Multiple Spatial Scales.” Ecological Applications 29:
€01893.

Ryther, J. H. 1969. “Photosynthesis and Fish Production in the Sea.
The Production of Organic Matter and its Conversion to
Higher Forms of Life Vary throughout the World Ocean.”
Science (Washington) 166: 72-76.

Schmitz, O. J. 2008. “Herbivory from Individuals to Ecosystems.”
Annual Review of Ecology, Evolution, and Systematics 39:
133-152.

Schreck, C. B., P. B. Moyle, and American Fisheries Society, eds.
1990. Methods for Fish Biology. Bethesda, MD: American
Fisheries Society.

Shantz, A. A., M. C. Ladd, E. Schrack, and D. E. Burkepile. 2015.
“Fish-Derived Nutrient Hotspots Shape Coral Reef Benthic
Communities.” Ecological Applications 25: 2142-52.

Shayka, B. F., M. H. K. Hesselbarth, S. R. Schill, W. S. Currie,
and J. E. Allgeier. 2023. “The Natural Capital of Seagrass
Beds in the Caribbean: Evaluating their Ecosystem Services
and Blue Carbon Trade Potential.” Biology Letters 19:
20230075.

Valéry, L., M.-C. Cadieux, and G. Gauthier. 2010. “Spatial Heterogene-
ity of Primary Production as Both Cause and Consequence of For-
aging Patterns of an Expanding Greater Snow Goose Colony.”
Ecoscience 17: 9-19.

Van Dam, B. R, M. A. Zeller, C. Lopes, A. R. Smyth, M. E.
Bottcher, C. L. Osburn, T. Zimmerman, D. Profrock, J. W.
Fourqurean, and H. Thomas. 2021. “Calcification-Driven CO,
Emissions Exceed “Blue Carbon” Sequestration in a Carbonate
Seagrass Meadow.” Science Advances 7: eabj1372.

Vanni, M. J. 2002. “Nutrient Cycling by Animals in Freshwater Eco-
systems.” Annual Review of Ecology and Systematics 33: 341-370.

Vanni, M. J., and P. B. McIntyre. 2016. “Predicting Nutrient Excre-
tion of Aquatic Animals with Metabolic Ecology and Ecological
Stoichiometry: A Global Synthesis.” Ecology 97: 3460-71.

Violle, C., B. J. Enquist, B. J. McGill, L. Jiang, C. H. Albert,
C. Hulshof, V. Jung, and J. Messier. 2012. “The Return of the
Variance: Intraspecific Variability in Community Ecology.”
Trends in Ecology & Evolution 27: 244-252.

Werner, E. E., G. G. Mittelbach, D. J. Hall, and J. F. Gilliam. 1983.
“Experimental Tests of Optimal Habitat Use in Fish: The Role
of Relative Habitat Profitability.” Ecology 64: 1525-39.

Wilson, D. S., K. Coleman, A. B. Clark, and L. Biederman. 1993.
“Shy-Bold Continuum in Pumpkinseed Sunfish (Lepomis
gibbosus): An Ecological Study of a Psychological Trait.”
Journal of Comparative Psychology 107: 250-260.

Yeager, L. A., C. L. Acevedo, and C. A. Layman. 2012. “Effects of
Seascape Context on Condition, Abundance, and Secondary
Production of a Coral Reef Fish, Haemulon plumierii.” Marine
Ecology Progress Series 462: 231-240.

SUPPORTING INFORMATION

Additional supporting information can be found online
in the Supporting Information section at the end of this
article.

How to cite this article: Munsterman, Katrina S.,
Maximilian H. K. Hesselbarth, and Jacob

E. Allgeier. 2024. “Smaller and Bolder Fish
Enhance Ecosystem-Scale Primary Production
around Artificial Reefs in Seagrass Beds.”
Ecological Applications €3055. https://doi.org/10.

1002/eap.3055

35UB0 7 SUOWIIOD SAIIR.ID 3ol jdde ay Ag pausenoh afe Sie YO ‘SN JO S9N 104 ARig1TaUIUQ AB|IAA UO (SUORIPUOD-PUR-SLLIB)WOD"AS | IM AReiq 1RU1UO//SANY) SUORIPUOD PUe WS | 84} 39S *[7202/TT/z] U0 Ariqiauliuo AS|IM * SRUI0NQIGSIBRISIBAIUN - YUEqRSSOH “M'H UeliwixXe N Aq GG0€ dea/z00T 0T/I0p/od A8 1M ARq 1 puIUO'S feuIno fess//sdny woiy papeojumoq ‘0 ‘Z85S6£6T


https://doi.org/10.5281/zenodo.12727774
https://doi.org/10.1002/eap.3055
https://doi.org/10.1002/eap.3055

	Smaller and bolder fish enhance ecosystem‐scale primary production around artificial reefs in seagrass beds
	Abstract
	INTRODUCTION
	METHODS
	Model environment
	Seagrass production
	Fish energetics
	Fish foraging behavior

	Simulation experiment
	Population‐level and individual‐level foraging behavior
	Fish body size
	Model simulations

	Statistical analysis

	RESULTS
	Q1: Body size and population‐level foraging on measures of production
	Q2: Variation in individual‐level foraging on measures of production

	DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT
	ORCID
	REFERENCES
	SUPPORTING INFORMATION


