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Abstract

Ecosystem engineers (e.g., seagrasses) have profound effects on biodiversity and community structure. Sponges possess
traits (e.g., providing structure) that suggest they may act as ecosystem engineers, but we know little about their
relationships with the animal communities that inhabit seagrass beds. This study explored the effects of the marine sponge,
Ircinia felix, on fish and invertebrate taxa richness, abundance, turnover, and community composition in a seagrass bed
through a 1-year field experiment performed in The Bahamas. We recorded the fish and invertebrate communities present
in 5X5 m plots with the addition of either a live sponge, a polypropylene sponge replica (structure), or no additional struc-
ture (control). Both taxonomic groups responded to the addition of a live sponge. Taxa richness and abundance
increased at least fourfold over a year in the presence of 1. felix, but decreased twofold or more in the other plot types. Live
sponge presence increased the number of new taxa gained by at least 24%, and reduced the number of taxa lost compared
to other plot types. Finally, we found that the fish community composition shifted in a more consistent direction in the presence of a live
sponge than in the other plots. Our study shows that sponges can act as ecosystem engineers in subtropical seagrass systems
and additional research is needed to determine the full extent and implications of their ecological effects.
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Introduction

Ecosystem engineers (sensu Jones et al. 1994) are organ-
isms that impact ecosystem structure and function by alter-
ing the physical and/or biological aspects of a system. They
create or modify entire habitats, ultimately influencing
the distribution, diversity, and abundance of other organ-
isms (Byers et al. 2006). Jones et al. (1994) coined the term
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ecosystem engineer almost 30 years ago; however, we still
lack an understanding of which taxa fill this role in many
systems (Byers et al. 2006). More so, we lack an under-
standing of the multitude of ecosystem engineers within
one system and their potential to affect the community and
ecosystem characteristics interactively.

Seagrasses—a type of ecosystem engineer that forms
meadows (or beds) supporting a wide range of organisms—
are considered foundation species (Hori et al. 2009). They
provide shelter to numerous species at multiple life stages
(James and Heck 1994; Nakamura et al. 2012), are a food
source for consumers (Vicente et al. 1980), and play a key
role in nutrient cycling (Hemminga et al. 1991). Thalassia
testudinum, turtle grass, positively affects crustacean and
fish abundance, species diversity, and species evenness when
compared to sand habitat (Heck et al. 1980; Orth et al. 1984;
Arrivillaga and Baltz 1999; Duffy 2006). In addition, fish
and invertebrate diversity and abundance are influenced by
the morphological components and structural complexity of
seagrass beds (Duffy 2006; Hori et al. 2009). Sponges are
among the many organisms seagrass beds support
and possess traits (e.g., create structure) that suggest
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they may act as ecosystem engineers in seagrass sys-
tems (Bell 2008).

Sponges can add to the structural complexity of a habi-
tat, alter localized water flow, stabilize substrate, and act as
a settlement substrate for sessile organisms (Wulff 1984;
Bell 2008). Dense aggregations of sponges (e.g., sponge
grounds, gardens, or reefs) are known to increase local bio-
diversity when compared to non-sponge habitats (Avila and
Ortega-Bastida 2015; Beazley et al. 2013; Maldonado et al.
2017). In addition, sponges can add structural complexity,
increase the flow of energy, and positively affect the asso-
ciated biodiversity in systems formed by other foundation
species (e.g., coral reefs and mangroves; Riitzler 2004; de
Goeij et al. 2013; Seemann et al. 2018). Some sponges have
extensive microbial and macrofaunal communities on and
within their bodies (Wulff 2006; Taylor et al. 2007; Bell
2008) and can provide camouflage and protection to other
organisms (McClay 1983; Martin et al. 1992). Sponges and
their associated microbial communities can also act as a
source of bioavailable forms of phosphorus and nitrogen in
seagrass beds, a trait that is likely particularly important in
oligotrophic systems (Diaz and Ward 1997; Southwell et al.
2008; Archer et al. 2017). Likely as a result of this nutrient
cycling, at least one sponge, Ircinia felix, facilitates primary
producers (seagrasses and macroalgae) in subtropical sea-
grass beds (Archer et al. 2021). Combined, these traits sug-
gest that sponges have considerable potential to enhance the
biodiversity of seagrass communities.

Despite their potential to positively affect the distribu-
tion, diversity, and abundance of other organisms within
a system, the effects of sponges on communities are often
underappreciated (Bell 2008). Sponges in seagrass beds are
particularly understudied (Bachtiar et al. 2022) and their
contributions to the maintenance of biodiversity in seagrass
beds are poorly understood. This is surprising, as sponges
of all growth forms can be abundant in seagrass beds from
the Caribbean to the Indo-Pacific (Archer et al. 2015, Ismet
et al. 2020; Bachtiar et al. 2022). Seagrass beds are influ-
enced by anthropogenic factors that threaten their biodi-
versity and function worldwide (Orth et al. 2006; Waycott
et al. 2009; Tin et al. 2021). Therefore, it is important to
understand what drives diversity in these systems so that we
can facilitate management and restoration. To this end, we
investigated the effect of live sponge presence on biodi-
versity within a relatively undisturbed seagrass ecosys-
tem using 1. felix. While I. felix is typically considered a
reef-associated species, there are records of it occurring
frequently within mangrove and seagrass habitats (Diaz
2005, Archer, unpublished data). In The Bahamas, I.
felix is patchily distributed within seagrass beds, with densi-
ties of up to 4 individuals per m? (Archer, unpublished data).

We investigated the impact of the sponge, Ircinia felix,
on seagrass bed-associated communities. Using a 1-year
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field experiment, we examined how live sponge presence
influenced fish and invertebrate taxa richness, abundance,
taxa turnover, and community composition. Because both
structural complexity and productivity might affect fish
and invertebrate communities, and /. felix increases growth
and abundance of seagrasses and macroalgae, we further
explored direct and indirect effects of live sponge presence
on the community. We tested if the fish and invertebrate
communities were influenced by the presence of the sponge
alone (i.e., a direct effect), the enhancement of the domi-
nant primary producers (macroalgae and seagrasses; i.e., an
indirect effect), or a combination of the two. We predicted
that seagrass plots with /. felix would have higher taxa rich-
ness and abundance than seagrass plots without /. felix. Fur-
thermore, we expected that this difference would be mostly
driven by indirect effects on the colonization and retention
of species resulting from increases in structural complex-
ity and productivity of the primary producers caused by
live sponge presence. We hypothesized that the pres-
ence of I. felix would result in a change in community
structure over time.

Methods
Study Site and Experimental Design

This study was conducted in a continuous subtidal sea-
grass bed (bed dimensions were ~ 20 X35 m, ~ 1 m depth
at low tide) on the southern region of Great Abaco Island,
The Bahamas (26.02610 N, 77.37408 W). Within this sea-
grass bed, we delineated fifteen 5 X 5 m plots by placing
wooden stakes at the corners and center of each plot on
June 9, 2013. All plots were separated by > 2 m. Plot size
and spacing were chosen to ensure independence based
on observed thresholds of response to nutrient addi-
tions in this system (Layman et al. 2013). We sampled the
fish and epibenthic macroinvertebrate communities, as well
as all explanatory variables (see below), once before the
beginning of the experiment and again at 1 and 12 months
after the treatments were established. Sponge (n=15), struc-
ture (n=35), and control (n=15) treatments were randomly
assigned to plots. At the center of each sponge treatment
plot, we placed one living sponge (/. felix, average vol-
ume =+ standard deviation (SD), 2.5+ 0.75 L). The struc-
ture treatment received a polypropylene model of a sponge
also placed at the center of each plot. Because live sponges
did not attach to transplant tiles as expected, both live and
model sponges were contained within a cage to keep the
sponge stationary. The control plots remained unaltered.
Within the first month of the experiment, we replaced 3 live
sponges when they showed signs of dying. Live sponges
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were monitored throughout the rest of the experiment, but
no additional replacements were necessary.

Faunal Community

We monitored the response of the fish and epibenthic mac-
roinvertebrate communities 1 month after the addition of
the live sponge and structure treatments and again after
1 year. On each sampling occasion, all fish were identified
to the lowest possible taxonomic unit, counted, and recorded
within each plot during a 5-min period. Fish were always
observed from the southeast corner of the plot by the same
observer throughout the study. Plots were always observed
between 8 and 10 am and the order that plots were observed
was randomized. A 5-min observation period was chosen
based on preliminary data from this system. Small silvery
pelagic fishes which form large schools (e.g., fishes in the
families Atherinopsidae and Clupeidae) were excluded from
analyses following Peters et al. (2015). The macroinver-
tebrate community was quantified within a 3 X 1 m band
extending from the center of the plot (Fig. S1). All mac-
roinvertebrates were identified to lowest possible taxonomic
level and recorded. If identification was not possible in situ,
a representative sample was photographed and subsequently
collected. Colonial tunicates were excluded from analysis,
as counts are not an accurate reflection of their abundance.
Fish and non-clonal macroinvertebrates (hereafter referred to
as invertebrates) were considered separately in all analyses.

Primary Producer Covariates

Archer et al. (2021) showed that I. felix facilitated pri-
mary producers in these same experimental plots. Sea-
grass growth, and seagrass and macroalgal abundance
from Archer et al. (2021) were used to calculate seagrass
productivity, and seagrass and macroalgal structure for our
analysis. Seagrass (7. testudinum) growth was measured
using the standard blade hole punching technique (Zieman
1974). Macroalgae were counted in three 1 X 1 m quadrats
extending from the center toward the north side of the
plot. Seagrass shoots were counted in four 20 X 20 cm “sub
quadrats” in each of the three larger macroalgae quadrats.
Seagrass productivity was calculated by multiplying the
average growth per shoot by the total shoot density for 7.
testudinum for each plot at each sampling point. Seagrass
structure was calculated as the mean number of seagrass
shoots (i.e., shoot density) for all seagrass species (Hal-
odule wrightii, Syringodium filiforme, and T. testudinum).
Macroalgal structure was calculated as the total macroal-
gal abundance across all taxa at each sampling event. Drift
algae (e.g., Karenia brevis) were not included. All predic-
tor variables were measured at the same sampling times
as our response variables. Seagrass productivity, seagrass

structure, and macroalgal structure were centered and
standardized by two standard deviations to allow effect
size comparisons between continuous and factor covariates
within models (Schielzeth 2010).

Statistical Analyses

All statistical analyses were conducted in R version 4.1.0 (R
Core Team 2021). In our results, we report means and stand-
ard deviations (SD) for observed values and effect sizes (/)
and 95% confidence intervals (CI) from statistical models.
When not reported in the main results, test statistics and p
values can be found in the Supplemental Material.

Total Abundance and Taxa Richness

We analyzed total abundance and taxa richness of two
faunal communities: fish and invertebrates. First, we
used analysis of variance (ANOVA) to confirm that
faunal communities did not differ in total abundance or
taxa richness between the treatment plot types at the start
of the experiment (sampling month =0). Next, we tested
for differences in overall abundance and taxa richness of
each faunal community using univariate generalized linear
mixed models (GLMMSs), with the live sponge presence
treatment as the reference level whenever treatment was
included in the model. We chose multiple model configura-
tions to represent the biological hypotheses that could best
explain community changes within seagrass plots. Specifi-
cally, live sponge presence (i.e., plot-level treatment as the
only predictor), seagrass productivity, seagrass structure,
and macroalgal structure were each modeled separately
and additively to represent live sponge presence alone, the
independent effect of each of the three characteristics of
primary producers, and the combined effects of changes in
primary producers and the presence of the sponge (model
structures are presented in the supplemental material). All
models included a random effect for plot, sampling month
as a fixed factor and, for models including treatment, an
interaction between treatment and time (see supplemental
material for model equations). All models were fitted with
a Conway—Maxwell-Poisson distribution, parametrized
via the mean and a log link and implemented using the
glmmTMB package (Brooks et al. 2017; Huang 2017).
Residuals were tested for compliance with model assump-
tions using the DHARMa package (Hartig 2020) and a cus-
tom-built function to test for over-dispersion. We used the
package AICcmodavg (Mazerolle 2020) to create model
selection tables based on corrected Akaike Information
Criterion scores (AICc). All models within two A AICc of
the best-supported model were considered well-supported.
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Taxa Turnover

Increases in taxa richness through time can result from either
increases in colonization rates or a reduction in the loss of
taxa. To assess the relative rates at which taxa were gained or
lost between sampling events, we used the turnover function
in the codyn package (Hallett et al. 2020) which calculates
turnover as the number of species gained plus the number
of species lost divided by the total species observed in both
time points. Using ANOVA, we assessed both compo-
nents of taxa turnover separately for each faunal com-
munity in each plot type and compared patterns of turnover
among treatments at 1 and 12 months into the experiment.
When significant differences were detected, we compared
treatments using a Tukey Honest Significant Difference test.

Compositional Vectors

To assess community changes in a way that simultaneously
accounts for changes in taxa richness, taxa identity, and
abundance, we calculated compositional vectors for each
faunal community in each plot (McCune et al. 2002). We
used a PCA with a Hellinger’s transformation following
methods from Legendre and Legendre (2012) and Legendre
and Gallagher (2001), as this approach helps minimize the
effect of large differences in abundance between taxa. We
then conducted a principal components analysis (uncon-
strained by environmental predictors) using the rda func-
tion in the vegan package (Oksanen et al. 2020). The scores
from this analysis were used to calculate a vector length and
angle from the start of the experiment to the end (sampling
months 0 and 12 respectively) for each plot as per McCune
et al. (2002). Vector lengths and angles were both tested
for homogeneity of variance between treatments using the
Brown-Forsythe Test (Brown and Forsyth 1974). Because
vector lengths did not meet the assumptions of parametric
tests (primarily homogeneity of variance, Figs. S3A and
S4A), we performed a Kruskal-Wallace test to compare
treatments. Where this test was significant, we used a Dunn
test for post-hoc comparisons with p values adjusted using
the Holm method. Angles are a form of circular data and
therefore must be treated differently than standard linear
response variables (Landler et al. 2021). Because the com-
munity did not change in plots (i.e., vector length=0) the
number of angles differs between treatments. There is no
statistical test for circular data that can both handle large dif-
ferences in group variances and small sample sizes (Landler
et al. 2021), so we excluded groups with significantly dif-
ferent group-level variances from further analysis. With the
remaining data, we performed a multivariate ANOVA with
the two components of the angle (sine and cosine) making
up the response variables. For visualization purposes, all
vectors were standardized to the same initial position and
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then plotted to show how much a community changed over
time (i.e., vector length) and in which direction across taxa
space the community shifted (i.e., vector angle).

Results
Total Abundance and Taxa Richness
Fish

Throughout the experiment, a total of 15 fish taxa were
observed. At the start of the experiment between 0 and 2
individual fish, never of the same taxa, were found in each
plot (mean=0.5, SD=0.6). Halichoeres bivittatus (Slippery
dick) was the most common taxa. One month later, the maxi-
mum number of individuals per plot was 4, belonging to as
many as 4 taxa (mean abundance=1.6, SD=1.2
and mean richness=1.3, SD=1.0) with H. bivittatus
remaining the most abundant taxa across treatment types. By
the second summer of the experiment, the maximum number
of individuals had increased to 7, belonging to as many
as 6 taxa (mean abundance=1.8, SD=2.2 and mean
richness=1.5, SD=1.9). Juvenile grunts (Haemulidae spp.)
were slightly more abundant than H. bivittatus.

Changes in fish abundance and fish taxa richness were
best explained by the live sponge presence model (Tables 1
and S1). In the presence of a live sponge, fish abundance
increased fourfold 1 month into the experiment and sev-
enfold by the next summer (f = 1.5, CI=0.4 to 2.6 and
p =2.0,CI=09to 3.1 at 1 and 12 months, respectively,
Fig. 1) and taxa richness increased almost fourfold and six-
fold over the same time frames (f = 1.3, CI=0.3 to 2.3 and
p=138,CI=0.9to 2.8 at 1 and 12 months, respectively,
Fig. 2a). By contrast, changes were negligible for both control
and structure plots (Figs. 1 and 2a). After a year, there was a
10th as many individual fish and distinct taxa in control plots
as in live sponge plots and sevenfold fewer fish and less
than a 10th the taxa richness in structure plots (Tables S2
and S3).

Invertebrates

A total of 32 invertebrate taxa were observed in the experi-
ment. At the start of the experiment, between 0 and 4 indi-
vidual invertebrates from up to 3 taxa were found in each plot
(mean abundance =1.3, SD=1.3 and mean richness=1.1,
SD=1.0). Phrontis alba, variable dog whelks, were the most
abundant taxa. One month later, the maximum number of
individuals per plot was up to 11 individuals belonging
to up to 5 taxa (mean abundance=4.1, SD=3.3 and
mean richness =2.6, SD=1.2) with more Viatrix globulifera
(turtle grass anemones) and Cerithium spp. (ceriths) recorded
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Table 1 Well-supported models

o k AlC, AAIC,  Akaike Weight LL

(those within two A AICc of

the top model) of changes in Abundance

abundance and taxa richness Fish
Live sponge presence 11 133.27 0.00 0.54 —51.63
Invertebrates
Live sponge presence 11 190.38 0.00 0.32 —80.19
Live sponge presence + Seagrass productivity 12 190.50 0.12 0.30 —78.38
Live sponge presence + Seagrass structure 12 191.98 1.60 0.14 —-79.11
Taxa richness
Fish
Live sponge presence 11 115.98 0.00 0.61 —42.99
Invertebrates
Live sponge presence 11 155.64 0.00 0.36 —62.82
Macroalgal structure 6 155.67 1.04 0.22 —-71.23

than P. alba. By the second summer of the experiment, the
maximum number of individuals was 13, belonging to as
many as 7 taxa (mean abundance=4.1, SD=3.7 and
mean richness =3, SD=2.2) and P. alba were once again the
most abundant taxa per plot, followed by Callinectes sapidus
(blue crabs).

Changes in invertebrate abundance and taxa richness
were also best explained by the live sponge presence model
(Table 1), but other models were equally well-supported for
both abundance and taxa richness (Tables 1 and S4). Con-
sidering only treatment effects, abundance of invertebrates
increased almost sixfold 1 month into the experiment and sev-
enfold after a year in the presence of a live sponge (f = 1.8,
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Fig. 1 Abundance of fish (a) and invertebrates (b) in each plot for
each sampling period: before the experiment (month=0), first experi-
mental sample (month=1), and 1 year later (month=12). Large dots
are the treatment means, small dots the individual plot counts, and the
error bars represent standard deviations truncated at zero

CI=1to2.6 and f=2.0, CI=1.2 to 2.7, respectively, Fig. 1).
After a year, abundances were more than threefold and fivefold
lower in both control and structure plots than in sponge plots
(Table S5). Seagrass productivity appeared to explain some of
this change (2 SD increase in productivity resulted in a 1.7-fold
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Fig.2 Taxa richness (a) and the components of taxa turnover (b) for
fish (upper panel of a and fish shapes in b) and invertebrates (lower
panel of a and crab shapes in b) from start of experiment to the first
experimental sample (left panel of b), and between that first experi-
mental sample and one year later (right panel of b). The size of the
animal shapes in b indicate the relative number of taxa found in each
plot during each experimental sample
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increase in invertebrate abundance; f = 0.53, CI=0.04 to 1.02,
Table S6) but, after accounting for the differences in seagrass
productivity, live sponge presence explained an independent
sixfold increase in invertebrate abundance after a year (f = 1.8,
CI=1 to 2.6 with seagrass productivity included in the model
vs. f = 2.0, CI=1.2 to 2.7 without). Likewise, the model
including seagrass structure was well-supported (Table 1);
however, its contribution was equivocal (f = 0.36, CI=—-0.05
to 0.77, Table S7) suggesting that new growth rather than shoot
density alone had some impact on invertebrate abundance.
Invertebrate taxa richness also increased almost threefold and
fivefold in the presence of a live sponge after 1 month and
1 year, respectively (f = 0.98, CI=0.29 to 1.67 at 1 month
and f = 1.5, CI=0.9 to 2.2 at 12 months, Fig. 2). After a year,
taxa richness was more than twofold lower in control plots and
more than fourfold lower in structure plots than in the sponge
plots (Table S8). However, the other well-supported model for
invertebrate taxa richness did not include the treatment effect,
suggesting that the effect of the sponge might be accounted for
through differences in macroalgal structure facilitated by the
presence of a sponge (2 SD increase in macroalgal structure
resulted in a 1.7-fold increase richness; f = 0.54, CI=0.23 to
0.85; Fig. 3, Table S9).

Taxa Turnover
Between the start of the experiment and the first sam-

pling event, most plots in all treatment types gained more
taxa than they lost (Fig. 2b left panel), and this resulted
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Fig. 3 Invertebrate taxa richness can be explained by algae abun-
dance almost as well as by experimental treatment. Line and shading
represent the predicted relationship with CI 1 year after initiation of
experiment from a GLMM with only algae abundance and time as
fixed effects. Dots indicate the values for individual plots during each
sample such that the most transparent points were sampled before the
experiment as cluster in the bottom left and only live sponge plots
tend to be found closer to the upper right later in the experiment
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in no difference between treatments for both fish (gained:
Fy1,=177, p=0.2; lost: F) ,=1.4, p=0.3) and inver-
tebrates (gained: F, ,=1.43, p=0.3; lost: F, ,=0.25,
p=0.8). After a year, however, live sponge treatment plots
gained 28% (3.7% to 53%) more new fish taxa than control
plots and 40% (15% to 64%) more than structure plots, while
structure and control plots did not differ (— 12%, —36% to
13%; overall: F, 1,=9.95, p=0.003). Likewise, live sponge
treatment plots gained 24% more new invertebrate taxa than
control plots (1% to 48%) and structure plots (0.5% to 47%)
with no consistent difference between structure and control
plots (0.4%,—23% to 24%; overall: F, ,=5.02, p=0.03).
Live sponge plots also retained 37% (4% to 69%) more fish
taxa than structure plots, while control plots did not dif-
fer from either sponge (— 7%, —39% to 26%) or structure
(30%, —2.5% to 62%; overall: F,1,=5.15, p=0.02; Fig. 2b
right panel). This pattern was similar for both fish and inver-
tebrates, although overall the proportion of invertebrates lost
did not differ between treatments (F, ,=1.89, p=0.2).

Compositional Vectors

Over the 1-year experiment, fish communities in live sponge
plots moved on average 4.5 times farther in taxa space than
control plots, and 2.7 times farther than structure plots (over-
all: ;(22 = 8.67, p=0.01; live sponge vs control, z=2.74,
padj=0.02; live sponge vs structure, z=2.30, Padi =0.04;
Figs. 4a and S3A, Table S10). There was no difference in the
amount of change in the fish community between structure
and control treatment plots (z=—0.44, Padj= 0.66; Figs. 4a
and S3A, Table S10). The distance live sponge plots moved
in taxa space was also more consistent than both control
and structure plots (Fz’7 =6.08, p=0.03; control, structure,
and live sponge plot SD of vector lengths: 0.29, 0.40, and
0.05, respectively). Only 2 each of the control and structure
plots exhibited any difference in the fish community across
time while all five live sponge plots shifted in taxa space.
Because so few control and structure plots moved in fish
taxa space, we did not run statistical tests on the angles of
these compositional vectors, but instead provide a qualita-
tive description. All live sponge plots moved in the same
direction within taxa space (Fig. 4; circular SD of the angle
of movement: 0.47), which corresponds to the presence of
juvenile damselfish and grunts (Fig. 4b). The two structure
plots that exhibited movement in taxa space moved in oppo-
site directions (2.71° vs. 182.71° relative to the positive
x-axis), whereas two control plots moved in the same
general direction (37.11° and 84.43°; Fig. 4a).

By contrast, invertebrate communities showed no dif-
ferences in vector length between treatments (overall:
;(22 = 0.14, p=0.93); no treatment was significantly more
variable than the others (Fre= 6.36, p=0.92; SD of vec-
tor lengths: 0.22, 0.42, and 0.09 for control, structure, and
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Fig.4 Compositional vectors a
representing the direction and

magnitude of change in the fish

(a) and invertebrate (¢) commu-

nities. The thicker line indicates

when two plots showed identical

changes. No changes occurred

in the fish communities of three

control plots and two structure

plots (a) and in the invertebrate
community of one structure plot

(¢) and are, therefore, not illus-

trated here. The taxa contribut-

ing the most to these ordination

results are shown in the biplots

to the left of the compositional Cc
vectors (b: fish, d: invertebrates)

live sponge plots, respectively), and only one structure
plot did not move at all taxa space by the end of the exper-
iment (Figs. 4c and S4A, Table S11). However, treatments
did differ in how variable the direction of this movement
was (F,3=29.67, p<0.001) such that structure and live
sponge plots moved in relatively consistent directions
while control plots did not (Figs. 4 and S4B-D; circular
SD of the angle of movement for control, structure, and
live sponge plots: 2.00°, 0.87°, and 0.91°). Furthermore,
structure and live sponge plots moved in different direc-
tions from each other (mean angle of movement for struc-
ture vs live sponge plots: 200° vs. 81°; Figs. 4 and S4C-
D, Table S11; approximate F,¢=28.01,p=0.02, n2 =0.73,
0.03-0.89 95% CI).

Discussion

Ecosystem engineers can affect habitat structure, resource
availability, and community structure and dynamics (Anderson
1992; Jones et al. 1994; Byers et al. 2006). Here, we present, to
the best of our knowledge, the first in sifu experiment exam-
ining if sponges act as ecosystem engineers in seagrass
beds. We tested the effect of I. felix presence on taxa
richness, abundance, turnover, and community composition in
subtropical seagrass beds during a yearlong experiment. We
found that live sponge presence alone explained most of the
observed changes in fish and invertebrate communities. Over-
time, live sponge presence was associated with the addition of
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new fish and invertebrate taxa and the retention of previously
present fish taxa. This resulted in a shift in overall taxa space
for both the fish and invertebrate communities.

Many studies have reported increased invertebrate
taxa richness and diversity related to the productive and
structurally complex habitat seagrass provides (Heck and
Wetstone 1977; Orth et al. 1984; Edgar and Robertson
1992; Webster et al. 1998; Barry et al. 2021). Although the
live sponge presence model explained the most variation
in invertebrate taxa richness and abundance, other models
fell within 2 A AICc values and thus cannot be ruled out:
macroalgal structure, live sponge presence + seagrass
productivity, and live sponge presence + seagrass structure
(Table 1). This result suggests that live sponge presence
may impact the invertebrate community indirectly via
the enhancement of primary producers. Sponges and
the microbes that live within them can act as a source of
bioavailable forms of phosphorus and nitrogen in seagrass
beds, and primary producers may benefit from an increase
in these nutrients in oligotrophic systems (Diaz and Ward
1997; Southwell et al. 2008). This effect was observed in
this same system where the presence of /. felix led to an
increase in macroalgal abundance and both the abundance
and productivity of seagrasses (Archer et al. 2021). The
increased structural complexity and food availability
provided by the primary producers, but facilitated by
sponges in our study system, may have contributed to
the increase in invertebrate richness and abundance
observed in live sponge plots.

@ Springer
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However, our results also suggest that sponges influence
invertebrate taxa richness and abundance through mecha-
nisms beyond these hypothesized mechanisms of external
structure and increasing productivity and structural com-
plexity of primary producers. There are many potential
mechanisms for this. For example, sponges can produce
biochemicals that can attract settling juvenile invertebrates
(Bingham and Young 1991) or deter invertebrate predators,
particularly those that consume sponges (Thacker et al.
1998). Additionally, while our fake sponge models mim-
icked the external structure a sponge provides, they did not
include the complex internal structure of tissue and canals
present in a live sponges. This may have played an important
role, as sponges host diverse invertebrate communities, such
as shrimps, amphipods, copepods, and brittle stars, within
their aquiferous systems and tissues (Pearse 1950; Duffy
1996; Ribeiro et al. 2003). I. felix can host over 6
species of infaunal invertebrates at densities up to 33 indi-
viduals per cm™ of sponge (Greene 2008). Although we did
not account for these infaunal invertebrate communities in
this study, these infaunal residents could form a link between
sponges and the abundance of larger fauna. For example,
the snapping shrimp living within large sponges contribute
to the auditory cues that juvenile spiny lobsters (Panulirus
argus) use to identify suitable settlement habitat (Butler
et al. 1995, 2016). While spiny lobsters were not a large
contributor to the patterns observed in this study (only one
was observed—it was in a live sponge plot), the use of sound
as a settlement cue is common within marine taxa (Mann
et al. 2007; Radford et al. 2007; Vermeij et al. 2010; Lillis
et al. 2014). Sponge presence can result in increased
soundscape complexity in nearshore environments (Butler
et al. 2016). Experiments should be designed to assess
the importance of these alternative mechanisms yet, regard-
less, the presence of a live sponge increased the richness and
abundance of invertebrates in this community.

Similarly, the presence of a sponge increased taxa rich-
ness and abundance of fishes and our results suggest this
was, again, not fully explained by our hypothesized mecha-
nisms of increased structure and/or primary productivity of
the system. Ferrari et al. (2018) showed that fish abundance
could be best explained by benthic biota and complexity
metrics in subtropical reefs. Gratwicke and Speight (2005)
found fish species richness is positively correlated
with rugosity in subtropical habitats, including sea-
grass beds. However, our results suggest I. felix effects
on fish taxa richness and abundance exceed what
would be expected from macrostructure alone, as the pres-
ence of a sponge replica (i.e., structure plots) did not result
in increased fish richness or abundance. It is possible that
the increase in fish richness and abundance is related to
the increase in invertebrates. Brook (1977) suggested that
fish populations in 7. testudinum-dominant seagrass beds

@ Springer

were limited by abundance of polychaetes and crustaceans.
Yeager et al. (2012) showed that higher food availability
associated with increase seagrass cover positively cor-
relates with abundance of white grunts (Haemulon
plumierii). Where sponges are present, fish communi-
ties include species typically associated with reefs, such
as grunts, damselfish (Pomacentridae spp.), and Nassau
grouper (Epinephelus striatus; Cocheret de la Moriniére
et al. 2003; Nagelkerken et al. 2008). These live sponge
plot-associated taxa all rely, at least in part, on inverte-
brate prey. Juvenile grunts use seagrass as nursery habi-
tat (Arrivillaga and Baltz 1999; Cocheret de 1a Moriniere
et al. 2003; Yeager et al. 2012), and they and beaugregory
damselfish (Stegastes leucostictus, observed in sponge
plots) rely on invertebrates as a food source (Cervigon
1966). Nassau groupers associate with structure and
younger individuals use seagrass beds to feed on crusta-
ceans (Eggleston et al. 1998). Likely, the increased taxa
richness and abundance of invertebrates with live sponge
presence contributed to the colonization of structure-
associated fish species that could take advantage of increased
invertebrate abundance.

We also found that live sponge presence was correlated
with both gaining new taxa and retaining existing taxa. This
may be due to an increase in available niches through both
increased levels of primary production and microstructural
complexity provided by the sponge, or alleviation of other
abiotic or biotic stressors. Like for diversity and abundance,
other studies describe taxa gain as associated with higher
structural complexity (Sam et al 2019; Carvalho et al. 2021)
and taxa loss with decreasing complexity (Fabricius et al.
2014). In fact, for some fish functional groups, habitat com-
plexity can predict patterns of abundance better than other
metrics (Ferrari et al. 2018). Similarly, higher habitat com-
plexity can minimize loss of reef fish species richness when
disturbance causes a reduction in live coral cover (Emslie
et al. 2014). Consistent with these observations, we found
that more fish taxa were retained in the presence of a live
sponge. However, our results suggest that the live sponge
presence affects taxa turnover through more than just added
structure. Thus, the increased taxa retention and taxa gain
appears to be due at least in part to mechanisms that only
a living sponge can provide, including enhancement of pri-
mary producers. This is consistent with the hypothesis that
many habitat-forming ecosystem engineers increase produc-
tivity and alleviate stressful conditions leading to increased
biodiversity (Altieri and van de Koppel 2014), lending sup-
port to the conclusion that sponges can act as ecosystem
engineers in seagrass systems.

Live sponge presence and structure treatments were
attached to the seagrass plots via a cage to prevent the
sponge from being removed by waves and currents. While
it is possible that a cage could have an effect on the fish
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and invertebrate communities, the only time the struc-
ture treatment differed from the control treatment was
in the variability of the direction of invertebrate com-
munity vectors. This occurred despite no differences in
abundance, richness, or turnover between control and
structure plots, and the direction of the vectors com-
pletely non-overlapping with those of the sponge treat-
ment plots. If the cage was affecting the fish and inver-
tebrate communities, similar changes should have been
detected in both the live sponge presence and structure
treatments, but not in the control. Since this was not
the case, it is likely that the reduced variability in the
structure plots occurred by chance.

Other potential limitations to our study could be the low
experimental replication and frequency of observations.
A common challenge with long term field experiments
is having relatively low experimental replication. How-
ever, using a Before-After Control-Impact study design, as
we have here, helps to limit spurious statistical inference
(Christie et al. 2019). In addition, we only assessed territo-
rial species with small home ranges and high site fidelity
that were likely to respond to habitat features at the scale
of this experiment. Finally, we gather multiple lines of con-
gruent evidence (i.e., abundance and richness of two major
taxonomic groups, taxa turnover, and community com-
position vector plots) that, when considered together,
tell one cohesive story which increases confidence in
the results.

It is important to understand the effects of ecosystem
engineers on the organisms around them because they can
result in changes in community structure and dynamics,
ultimately influencing ecosystem functions and services
provided by the community. We studied the effect of the
presence of an ecosystem engineer, /. felix, on seagrass beds
and found that live sponge presence can increase fauna rich-
ness and abundance, reduce turnover rates, and shift associ-
ated communities. This study is another in situ example of
how an ecosystem engineer can affect an entire community,
even when other, seemingly dominant, ecosystem engineers
exist within that system. Overall, we found that live sponge
presence was correlated with taxa retention and taxa gain
suggesting that sponges may assuage conditions that lead to
taxa loss in subtropical seagrass beds. Where sponges are
abundant, they enhance diversity of the community around
them (Beazley et al. 2013; Maldonado et al. 2017). Here, we
show that even a single sponge may sufficiently alter local
conditions such that shifts in the community structure and
ecosystem processes occur. Thus, considering sponges in the
management of subtropical seagrass ecosystems may help
to alleviate taxa loss (Gratwicke and Speight 2005; Wulff
2006; Taylor et al. 2007; Bell 2008; Ferrari et al. 2018;
Archer et al. 2021).
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