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1.  INTRODUCTION

In many coastal ecosystems, benthic suspension
feeders control the rates of biogeochemical cycling
and the strength of benthic−pelagic coupling via
removal of dissolved and particulate organic matter
(DOM and POM) (Gili & Coma 1998, Petersen 2004,
Jiménez & Ribes 2007). These influential suspension
feeders (e.g. bivalves, ascidians, bryozoans, poly-
chaetes, cnidarians, echinoderms, and sponges) also
alter turbidity, oxygen concentration, and sedimenta-
tion levels in a wide range of ecosystems, from tropi-
cal waters to Antarctica (Grebmeier & Barry 1991,
Barnes & Clarke 1995, Orejas et al. 2000, Jonsson et
al. 2005). When sufficiently dense, aggregations of

suspension feeders exert strong top-down control of
pelagic plankton communities and sometimes ex -
perience density-dependent regulation (i.e. compe -
tition) due to depletion of limiting water-column re -
sources (Hily 1991, Newell 2004, Dame & Olenin
2005, Wulff 2017).

Sponges are important filter feeders in many mar-
ine ecosystems (Riisgård & Larsen 2010), but until
recently there have been few studies of density-
dependent and species-specific effects of sponge
communities on water-column filtration (Reiswig
1974). Contemporary studies of sponge feeding show
that they can have stronger effects on nutrient pro-
cesses than bivalves, especially in shallow subtropi-
cal and tropical ecosystems (Lesser 2006, Bell 2008,
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Alexander et al. 2014, McMurray et al. 2014, Easson
et al. 2015). Sponges consume a diverse array of sus-
pended picoplankton including bacteria and viruses
in sizes ranging mainly from 0.5 to 50 µm, and their
filtration efficiencies (i.e. particle removal) typically
exceed 75% (Reiswig 1971, Pile et al. 1997, Ribes
et al. 1999, Hadas et al. 2009). Where abundant,
sponges form an important benthic−pelagic link (Diaz
& Ward 1997) by altering organic and inorganic mat-
ter acquired from the water column into forms (i.e.
chemical states, organic particles) that are used by
other benthic organisms (Diaz & Rützler 2001, Web-
ster & Taylor 2012, de Goeij et al. 2013).

Much of the nutrient conversion efficiency of
sponges is attributable to their multifaceted relation-
ships with symbiotic bacteria, archaea, and some
eukaryotes (fungi and microalgae) living within the
interstices of their tissues (Weisz et al. 2007, Webster
& Taylor 2012, Thomas et al. 2016). For this reason,
sponges have been categorized into one of 2 broad
functional groups based on their microbial communi-
ties. The bacteriosponges (Reiswig 1981) harbor di -
verse and abundant microbial communities and are
referred to as high microbial abundance (HMA)
sponges (Hentschel et al. 2003). HMA sponges often
have dense tissues that contain large anaerobic areas
and microbial biomass that can comprise up to 40%
of their volume (Webster & Taylor 2012). They also
have low pumping/clearance rates, cycle dissolved
organic carbon (DOC), and fix nitrogen; thus, most of
their energetic requirements are hypothesized to be
provided by symbiotic microbial constituents (Taylor
et al. 2007, Weisz et al. 2007). In contrast, low micro-
bial abundance (LMA) sponges (Hentschel et al.
2003) harbor comparatively depauperate microbial
communities and are thought to rely on the filtration
of POM from the water column to meet their nutri-
tional needs (Reiswig 1974). However, recent studies
(Morganti et al. 2017, Rix et al. 2017) have shown that
some LMA sponges also feed on DOM. Because of
the unique, species-specific differences in microbial
community composition among sponge species (Lee
et al. 2011), the effect of each species on water-col-
umn parameters is likely to be idiosyncratic and envi-
ronmentally dependent.

To date, studies of the effects of sponges and their
associated symbionts on nutrient cycling have relied
on the use of either incubator-based or in situ meas-
urements on individual sponges. Incubator-based
measurements may overestimate nutrient cycling
and particle filtration (e.g. Pile et al. 2003, Jiménez
& Ribes 2007) if sponges filter the same water
repeatedly. Alternatively, if oxygen and nutrient

availability decline and wastes build up unnaturally
within the incubator, then sponge filtration is likely
to be suppressed (Hadas et al. 2009, Maldonado et
al. 2012). In situ measurements of changes in water-
column constituents are made by comparing water
entering and leaving the incurrent and excurrent
canals of a sponge (Yahel et al. 2003, Maldonado et
al. 2012); these provide a more natural approxima-
tion of a sponge’s effect on the water column. But
such results are based on single-specimen measure-
ments and are usually short in duration. Thus, they
do not capture variability in feeding rates and can-
not be easily manipulated to measure the effects of
intra- or interspecific competition (Patterson et al.
1997). Moreover, the possible synergistic or inhibi -
tory ef fects of multiple individuals or species on fil-
tration cannot be ascertained from single individual
experiments, whether measured in incubators or in
situ. These experimental drawbacks limit the extra -
polation of filtration to community or ecosystem
scales or to estimates of the effect of changes in fil-
ter feeder abundance or diversity due to natural or
anthropo genic perturbation. Although some investi-
gators have scaled up measurements made on indi-
viduals to communities based on total sponge bio-
mass (see McMurray et al. 2014, 2017), this does
not account for potential interactions and emergent
effects among individuals in sponge communities.
Most studies of sponge filtration have also been
conducted on coral reefs or rocky bottoms in water
that is several to tens of meters deep, but extra -
polating the effects of sponge filtration on  water-
column characteristics in those environments is
likely to underestimate their effects in shallow water
habitats, where sponges filter a larger fraction of the
water column.

In the shallow waters surrounding the Florida
Keys, Florida (USA), including portions of Florida
Bay, sponge communities are threatened by the per-
sistent effects of a multitude of stressors including
recurrent cyanobacteria blooms, highly variable
 temperature and salinity regimes, and, to a much
lesser extent, commercial sponge fishing (Cropper &
DiResta 1999, Stevely et al. 2011, Kearney et al.
2015, Butler et al. 2017). Repeated cyanobacteria
blooms, first documented in 1991 (Butler et al. 1995,
Boyer et al. 1999), have had the most dramatic
impact on sponge communities. Each has triggered
sponge die-offs over large areas (up to 500 km2) in
south-central Florida Bay, where sponge densities
and diversity have been reduced by 90% or more
(Herrnkind et al. 1997, Torres et al. 2006, Stevely et
al. 2011). The large-scale losses of sponges are
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thought to have dramatic consequences for water-
column geochemistry and plankton community com-
position (Lynch & Phlips 2000, Peterson et al. 2006,
Weisz et al. 2007), but those conclusions are based
on experiments that did not take into account intra-
and interspecies interactions that may occur in
dense sponge communities.

The aim of our study was to determine potential
effects of the loss of sponge biomass and species
composition on the structure of planktonic communi-
ties and nutrient cycling in the shallow water Florida
Keys ecosystem. To do so, we conducted experiments
in flow-through mesocosms uniquely designed to
quantify the effects of changes in sponge community
biomass and species identity on water-column prop-
erties at ecologically relevant water velocities.

2.  MATERIALS AND METHODS

2.1.  Origin and preparation of sponges

To assess the effects of species-specific sponge loss
on water-column constituents and nutrient concen-
tration, we conducted a series of experiments in cus-
tom-made flow-through mesocosms using 10 species
of sponges common in Florida Bay and representing
both major functional groups (mostly HMA and some
LMA) (see Table 2) (Weisz et al. 2008, Hardoim et
al. 2009, Gloeckner et al. 2014). Some species have
not been categorized as HMA or LMA
sponges, so we assumed classifications
based on other species within the same
genus. To procure the large numbers of
sponges needed to conduct these experi-
ments, individual sponges of each species
were collected from the seafloor and cut
into multiple smaller pieces (~300 cm3).
Sufficient tissue (~2 cm thick) from
each individual source sponge was left
attached to the seafloor to facilitate
regrowth (Stevely 1985). The  experimental
sponge cuttings were then attached with
plastic cable ties to individually tagged
concrete brick baseplates and returned to
the seafloor for a few months to heal,
adhere to the baseplate, and grow. An
equivalent number of brick baseplates
without sponges were placed for an equiv-
alent period of time on the seafloor for use
as experimental controls to  account for the
potential effects of fouling micro organisms
on the bricks used to anchor sponges.

2.2.  Mesocosms

We constructed 6 flow-through rectangular meso-
cosms (fiberglass tanks; 25 cm high × 30 cm wide ×
2.4 m long) for use in our experiments on Long Key,
FL (USA) (Fig. 1). The mesocosms were set up out-
doors under a 50% shade cloth canopy. A flume-like
de sign was employed instead of round tanks (Mal-
donado et al. 2012) to re duce water recirculation
 during our experiments, thus minimizing the con-
founding effects of water refiltering by sponges. This
design enabled us to standardize flow rate and en -
sure that possible changes in water quality due to
the presence of other organisms (e.g. algae, sediment
micro bial community) were minimized. We were not
attempting to achieve laminar flow in the meso-
cosms, merely the unidirectional movement of sea-
water to mimic the natural, tidally driven flow of sea-
water through a stand of sponges on the seafloor.
Unfiltered seawater drawn from Florida Bay (2 m
depth) by a 1.5 hp pump was introduced at one end
of each mesocosm through three 5 cm diameter pipes
that were equipped with valves to adjust flow. The
water delivery system was new and custom built
for this experiment, so the chemical and biological
 constituents of the water entering the mesocosms
were probably minimally impacted by fouling organ-
isms in the piping system. A honeycomb-like baffle
(7.5 cm long pieces of 1.3 cm diameter PVC stacked
to the water surface) was installed in each mesocosm
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Biomass and Sponge Mesocosm Sponge Estimated 
flow regime volume turnover turnover treatment 

(l) (l min−1) (l min−1) turnover 
(min)

High biomass, low flow 6.408 4 34.60 5.88
Low biomass, low flow 2.136 4 11.53 23.89
High biomass, high flow 6.408 16 34.60 9.67
Low biomass, high flow 2.136 16 11.53 −40.32

Table 1. Estimated rates of water flow through mesocosms and filtered
by sponges at each treatment level based on filtration rates of Sphe-
ciospongia vesparium. Sponge volume is the estimated liters of sponge
per high and low biomass treatments. Mesocosm turnover is the esti-
mated time for mesocosm water volume (180 l) to be completely cycled
without sponges present. Sponge turnover is the estimated time sponges
would need to turn over the water in the mesocosm with no input of
 water based on reported sponge filtration rates of 0.09 l s−1 l−1 sponge
biovolume (Wall et al. 2012). Estimated treatment turnover is the pro-
jected length of time it would take sponges to clear a mesocosm of water
during the experiment; it represents the combined time of sponge turn-
over of the water column based on treatment volume and tank turnover
without sponges. The negative value of the low biomass, high flow treat-
ment indicates that sponges are never able to completely process the 

mesocosms’ water volume
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15 cm from the supply pipes to more
evenly disperse the water through the
1.8 m long × 0.3 m wide working area
in each mesocosm. A weir was in -
stalled at the opposite end of the
mesocosm at a 70° angle relative to
the bottom to prevent water from
striking the rear wall and rebounding
through the working area of the
mesocosm. Seawater drained behind
the weir into a reservoir through two
5 cm drain lines, where a  hand-
operated valve was used to collect
samples from the seawater effluent.
Water was not recirculated after pass-
ing through the mesocosm. After
each trial, the walls of the mesocosms
were cleaned of fouling organisms,
and seawater was allowed to flow
through each mesocosm for at least
12 h without sponges present. To
reduce the buildup of fouling organ-
isms in the intake pipes, the system
was intermittently drained and left
empty.

2.3.  Experimental treatments

A 3-factor, fully crossed design was
used to test for the effects of differ-
ences in sponge biomass (high bio-
mass, low biomass, and a sponge-free
control), sponge species identity (one
of 10 species plus 1 sponge-free control), and flow
regime (high, low turnover). This design resulted in
a total of 44 treatments, each of which was replicated
7 times.

The sponge biomass levels and the identity of
 species selected for use in our experiments were
based on sponge surveys conducted at sites located
throughout the Florida Keys (Butler et al. 2015). Esti-
mates of the volume of individual species derived
from those 100 m2 surveys were scaled to the size of
the mesocosms, so that the high and low sponge bio-
mass treatment levels used in our experiments repre-
sented the upper and lower quartiles (i.e. 25 and
75%) of the estimated natural sponge biomass in an
equivalent water volume. Natural biomass was cal-
culated as the average volumes of sponges (based on
height and diameter) based on length, width, and
depth of the survey area. Based on these calculations,
natural sponge volumes were on average 14 337 cm3

at 25% and 43 012 cm3 at 75%. These estimates were
scaled to the mesocosm volume, so that experimental
sponge volumes were 2136 and 6408 cm3 in the low
and high biomass treatments, respectively. Using this
approach, the biomass of each experimental repli-
cate was equivalent in each treatment. Sponge bio-
mass in the 2 treatments was standardized using total
volume displacement of all sponges in the mesocosm
to control for differences in sizes and shapes of the
sponge species selected for use in these trials. To
estimate biomass by volume displacement, experi-
mental sponges (attached to brick bases) were sub-
merged in buckets, and the displaced water was
measured using a graduated cylinder. To compen-
sate for water displaced by the bricks to which
sponges were attached, the volume of control bricks
was measured and subtracted from the volume
measured for the sponge plus brick replicates. To
achieve the treatment biomass, and because the dis-

136

Fig. 1. (a) Six mesocosm flume tanks in operation, (b) underwater view of
sponge cuttings within a mesocosm flume tank, and (c) diagram of a meso-
cosm flume tank showing water movement (depicted by red arrows). Raw
seawater enters the mesocosm at left, passes through a baffle to reduce turbu-
lence, flows through the working section of the mesocosm, and then spills
over a weir (which reduces backflow) into the drain section, where a subsam-
ple of the water is collected in a flask for analysis. The  dimensions at various
locations around the mesocosm are listed by letters at the bottom left of the 

diagram
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placement volumes varied greatly among the sponge
species, sponge density varied across the treatments.

Flow regimes in our experiments mimicked the
range of flows observed during typical tidal changes
in Florida Bay (Wang et al. 1994). To better estimate
common velocities in nearshore Florida Bay hard-
bottom areas, we made a series of vertical velocity
profiles at 8 hard-bottom sites (2 to 3 m deep) during
spring tides using a WaterMark USGS current meter
(Model 6205). Based on those field measurements,
mean velocity in the center of the mesocosms was set
at 3 cm s−1 in the low flow regime treatment and
12 cm s−1 in the high flow regime treatment. Water
turnover rate through the flume tanks (approximate
volume 180 l) without sponges present averaged 4 l
min−1 (45 min) in the low flow treatments and 16 l
min−1 (11 min) in the high flow treatments. When
sponges are present and there is no replenishment,
high biomass treatments can turn over the mesocosm
volume at a rate of 34.6 l min−1 and low biomass
treatments at 11.53 l min−1. The turnover presence of
sponges in the 4 treatments (high biomass, low flow
[HBLF]; low biomass, low flow [LBLF]; high biomass,
high flow [HBHF]; low biomass, high flow [LBHF]) is
projected to be 5.88, 23.89, 9.67, and −40.32 min,
respectively. In the LBHF treatment, water replenish-
ment exceeded the rate of sponge  filtration. The
velocity slowed near the walls of the mesocosms;
thus, sponges were placed no closer than 5 cm from
the sides of each mesocosm and were raised ~5 cm
from the bottom because of their attachment to brick
baseplates.

The high flow regime reduced the residence time
of water in the mesocosm, which presumably in -
creased the supply of POM, DOM, and nutrients to
sponges and reduced the recycling of water by
sponges as it would in nature. Although our meso-
cosm design reduced the amount of water re pro -
cessed by sponges, differences in sponge biomass in
the treatments and filtration rates among species
means that some refiltration may have occurred, par-
ticularly in the low flow regime treatment. Based on
estimates of filtration by Spheciospongia vesparium
(0.09 l s−1 l−1 sponge biovolume; Wall et al. 2012),
we estimated the possible refiltration of water within
mesocosms for each of our treatment groups
(Table 1). These estimates are likely to represent an
upper bound because S. vesparium filters water at a
higher rate than is suspected for most of the other
species tested. In our HBLF treatment, we estimate
that sponges may have filtered the water in the
mesocosm at approximately 8 times the rate of re -
plenishment. In the LBLF treatment, they perhaps

could have filtered the water twice as fast as it was
replenished in the mesocosm. However, in our high
flow treatments, we estimate that at high biomass,
sponges could possibly filter the water in the meso-
cosm about twice the rate of its replenishment but
less than once in the low biomass treatment.

2.4.  Preliminary trials

Preliminary trials were conducted in February to
April 2015, using S. vesparium and Ircinia campana
in all combinations of high and low biomass and
flow regime to determine the appropriate acclima-
tion period and sampling interval for our experi-
ments. To determine the time needed for sponges to
begin filtering, fluorescein dye was injected into the
water near the incurrent canals of representative
sponges on an hourly basis. We observed that all of
the sponge species began filtering within an hour of
their placement into the mesocosms.

During preliminary trials, water was collected at
the mesocosm outlets at 4 h intervals over 3 consecu-
tive days and the concentrations of nitrite + nitrate
(NO2

− + NO3
−), ammonium (NH4

+), and phosphate
(PO4

3−) analyzed to determine if sponge effects on
water chemistry were consistent over time or affec -
ted by diel cycles (Patterson et al. 1997). Those
results revealed that the most distinct filtration
effects occurred during mid-afternoon; minimal dif-
ferences from controls were detected at night and in
the morning. Based on these preliminary results, we
used an acclimation period of 24 h and collected
water from experimental treatments at 14:00 h. We
would have preferred to sample water periodically
throughout each experimental trial, but such an ap -
proach was cost prohibitive given the large number
of treatment combinations and replicates.

2.5.  Experimental design

To initiate an experiment, sponge cuttings (Fig. 1)
were haphazardly selected from those established
earlier and left on the seafloor to grow. Any flora or
fauna (e.g. algae or other encrusting sponges) at -
tached to the sponges or to the brick baseplate (in -
cluding control bricks without sponges) were re -
moved underwater and the sponges then placed in
aerated, seawater-filled coolers for transport (~1 h) to
the mesocosm facility. Treatments were randomly
assigned to each mesocosm before trials began.
Sponges were placed in the mesocosms and allowed

137



Mar Ecol Prog Ser 608: 133–147, 2019

to acclimate for 24 h at the determined treatment
flow regime. We had 6 mesocosms, so we ran 4
experimental treatments and 2 controls (i.e. seasoned
bricks placed in the mesocosms, at high and low flow
regimes) simultaneously. Trials were not conducted if
rain occurred during the 24 h period preceding trials,
or if winds exceeded 30 kph, to minimize the effects
of freshwater runoff and wind mixing of sediments
on seawater chemistry. After each 24 h trial, 2 l of
seawater was collected from the outlet of each meso-
cosm. At the conclusion of each trial, sponges were
returned to their original locations on the seafloor
and were not used again for a period of at least 3 wk;
over 3000 separate sponge cuttings were used in this
experiment.

2.6.  Nutrient analysis and plankton counts

All glassware used in this study was acid washed,
rinsed with deionized water, and sterilized in a muf-
fle furnace prior to use. Each sample container was
rinsed with treatment seawater 3 times before ali -
quots were collected from the mesocosms. Water col-
lected for nutrient and DOC analysis was filtered
through a 0.7 µm GF/F filter and stored at −30°C for
no longer than 2 mo before processing. Treatment
effects on NO2

− + NO3
−, NH4

+, and total PO4
3− con-

centrations were documented using a SAN++ auto-
mated wet chemistry analyzer. For chlorophyll analy-
sis, filters were extracted using 10 ml of acetone for
24 h and then processed using a TD-700 fluorometer
(Turner Designs). DOC samples were processed
using a Shimadzu total organic carbon analyzer
(TOC-V). The instrument was calibrated after each
run of 30 samples over 200 runs, standardized from a
1000 ppm standard of potassium biphthalate. The
accuracy of each run varied between 0.08 and
0.2 ppm (checked for drift every 5 samples), and indi-
vidual samples were repeatedly tested until a coeffi-
cient of variation (CV) of <2% was reached.

Samples from treatments containing the sponges S.
vesparium, I. campana, Ircinia sp., Cinachyrella allo-
clada, and Tectitethya crypta were selected to assess
the extent to which bacteria were removed from the
water column by each separate sponge species. To
quantify treatment effects on bacterial cells in the
water column (Shibata et al. 2006), 10 ml of water
was collected from each mesocosm water sample and
fixed with 1 ml of filtered formalin (37% formalde-
hyde). For bacterial analysis, fixed water was filtered
onto WhatmanTM black Nuclepore filters, and filters
were mounted and stained using Vectashield DAPI

stain with mounting medium. Slides were sealed
with clear nail polish and frozen at −80°C for storage.
All slides were analyzed within 1 mo of fixation to
minimize sample degradation. We used an epifluo-
rescent microscope and 377 nm cube to count the
presence of bacteria; 25 images were haphazardly
taken from each prepared slide for bacterial enumer-
ation (Patel et al. 2007).

2.7.  Statistical analysis

To test for treatment effects on the multiple de -
pendent variables measured in this study, we used a
3-factor MANOVA using the factors sponge species
identity, sponge biomass, and flow regime; the re -
sponse variables tested were bacterioplankton, DOC,
PO4

3−, NO2
− + NO3

−, NH4
+, and chl a. Because of the

number of treatments and replicates in the study,
 trials were conducted across multiple months; thus,
daily fluctuations in the concentrations of dependent
variables were normalized by subtracting depend-
ent variable concentrations from the corresponding
daily values in control mesocosms. Therefore,  water-
column constituent values used in these analyses are
based on the differences in water-column parameters
measured concurrently in the outflows from control
mesocosms and the mesocosms containing sponge
treatments. The MANOVA as sumptions of normality,
homogeneity of variances, and collinearity were
tested, and the data were rank transformed because
the MANOVA assumption of non-collinearity was
not met. An additional MAN OVA was performed to
test the differences between HMA and LMA sponges
for each treatment group. For this, 8 levels were
 created representing the 4 treatment groups classi-
fied as HMA and 4 treatments classified as LMA. An
ANCOVA was also performed using control meso-
cosm water constituent values as covariates to de -
termine the relative effect of ambient conditions on
changes to nutrient concentrations attributable to
sponge filtration in the 4 treatments (i.e. high and low
sponge biomass × high and low water turnover).

When treatment effects were significant (p <
0.05), post hoc Tukey’s tests were used to examine
differences among species and microbial associa-
tions (HMA, LMA) across 4 sponge biomass/water
turnover treatments: HBHF, HBLF, LBHF, and LBLF.
A Bonferroni correction of significant p-values was
made to control for experiment-wise error when
testing for each response variable, so only Tukey’s
test p-values < 0.008 were considered significant.
Effect sizes and least significant differences (error
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bars) were also plotted to inspect for significant
relationships among treatments (Williams & Abdi
2010, Hector 2015). To assess whether sponge filtra-
tion rates depended on ambient concentrations of
water-column constituents, we performed a linear
regression analysis for each species and treatment
group and separate linear regression analyses for all
species and treatments combined (McMurray et al.
2017). All statistical analyses were conducted using
SPSS (V.22).

3.  RESULTS

The results of the MANOVA conducted on the
main effects (species identity, biomass, and water
turnover) showed that all treatments significantly
(p < 0.008) affected the concentrations of water-
column constituents with the exception of turnover
effects on NO2

− + NO3
− (p = 0.249) and DOC (p =

0.148) and biomass on NO2
− + NO3

− (p = 0.011)
(Table S1 in the Supplement at www. int-res. com/
articles/ suppl/ m608 p133 _ supp. pdf). In general, re -
gardless of sponge species or biomass, concentra-
tions of chl a, NH4

+, DOC, and bacterioplankton were
lower (Figs. S1 & S2), whereas NO2

− + NO3
− and

PO4
3− (Fig. S3) concentrations were higher in meso-

cosms with sponges relative to control mesocosms.
The strength of these effects, however, was heavily
dependent on species identity (Table S1, Fig. 2) and
a particular response variable. When comparisons of
sponge effects were based on functional classifica-
tion (HMA or LMA), clear differences were detected
between the treatments (Fig. 3). HMA sponges re -
moved relatively greater concentrations of chl a,
NH4

+, and DOC, whereas LMA sponges produced
relatively greater concentrations of NO2

− + NO3
− and

PO4
3−.

All species effects were pooled to estimate the
cumulative effect of a natural multispecies situation,
and pairwise comparisons showed the interaction of
biomass and water turnover significantly increased
the change in concentrations of PO4

3− (p < 0.008),
NO2

− + NO3
− (p < 0.008), NH4

+ (p < 0.008), DOC (p <
0.008), and chl a (p = 0.003) (Table S1, Fig. 4). High
sponge biomass had a significant positive effect on
PO4

3− (p < 0.008) but not on NO2
− + NO3

− (p = 0.011)
and a significant negative effect on the concentra-
tions of chl a (p < 0.008), NH4

+ (p < 0.008), and DOC
(p < 0.008). The magnitude of each response was
generally greater in the low turnover regime treat-
ment than in the high turnover regime treatment.
The linear regression analyses showed that there is a

positive relationship between ambient water quality
conditions and sponge effects on those response vari-
ables (Table S2, Fig. 5). The greater the concentra-
tion of a nutrient in the control, the greater the
change in the response variable.

3.1.  Chl a

We observed a mean decrease in the concentration
of chl a across all species and treatments of 0.23 ±
0.01 µg l−1 (mean ± SE), an approximately 41% de -
crease from the control treatments (Table 2). In the
HBHF treatment, the mean decrease was 0.21 ±
0.01 µg l−1, in the HBLF treatment it was 0.28 ±
0.02 µg l−1, in the LBHF treatment it was 0.17 ±
0.01 µg l−1, and in the LBLF treatment it was 0.25 ±
0.01 µg l−1. Pairwise comparisons showed that the
decrease of chl a was significantly greater (p < 0.008)
in the HBLF treatment than in any of the other treat-
ments, whereas the smallest decrease was docu-
mented in the LBHF treatment. HMA sponges
decreased chl a concentration about 0.26 ± 0.01 µg l−1

and LMA sponges about 0.20 ± 0.01 µg l−1, a statisti-
cally significant difference (p < 0.008). All LMA
sponges were statistically similar in their effects on
chl a; Hippospongia lachne had the greatest (p <
0.008) effect on chl a, and Ircinia campana, Niphates
erecta, Spheciospongia vesparium, and Cinachyrella
alloclada had the least.

3.2.  Ammonium

The mean decrease of NH4
+ across all species and

treatments was 1.82 ± 0.07 µM, a value approxi-
mately 51% lower than that measured in the con-
trols. In the HBHF treatment, the mean decrease was
1.54 ± 0.12 µM, in the HBLF treatment it was 2.73 ±
0.23 µM, in the LBHF treatment it was 1.34 ±
0.06 µM, and in the LBLF treatment it was 1.75 ±
0.08 µM. Pairwise comparisons showed that the de -
crease of NH4

+ was significantly greater in the HBLF
treatment than in any of the other treatments (p <
0.008). No other significant differences among the
remaining treatments were detected. The mean de -
crease of NH4

+ across HMA sponges was 2.48 ±
0.12 µM as compared to 1.23 ± 0.05 µM in LMA
sponges. HMA sponges had a significantly greater
effect on NH4

+ decrease than LMA sponges (p <
0.008). Of the 10 sponges tested in this study, H.
lachne had the greatest (p < 0.008) effect on NH4

+

decrease and N. erecta the least.
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Fig. 2. Species-specific effects of sponge biomass and flow on the mean decrease or increase of the water quality constituents
(a) chl a, (b) ammonium, (c) dissolved organic carbon (DOC), (d) nitrite + nitrate, and (e) phosphate, and (f) mean across all
species. Values represent the mean (±1 SE) change of each variable in comparison to controls. Lower case letters represent 

statistically significant differences among treatments (p < 0.008). Full species names are in Table 2

Grouping Common Microbial Chl a NO2
− + NO3

− NH4
+ PO4

3− DOC
name association

Species
Spheciospongia Loggerhead HMA −30.00 ± 25.60 90.51 ± 118.81 −26.14 ± 17.15 115.18 ± 147.20 −34.09 ± 15.14
vespariuma,b

Ircinia campanaa,c Vase HMA −22.75 ± 24.22 55.54 ± 65.81 −63.30 ± 14.21 88.20 ± 85.76 −49.10 ± 20.47
Spongia barbarad Yellow HMA −48.01 ± 16.16 86.28 ± 47.64 −42.29 ± 24.27 48.57 ± 33.99 −56.10 ± 23.51
Hippospongia lachned Sheepswool HMA −51.33 ± 20.83 55.82 ± 72.32 −62.39 ± 22.88 47.40 ± 37.77 −35.37 ± 12.29
Ircinia sp.a,b Brown branching HMA −47.26 ± 33.29 106.97 ± 101.55 −61.40 ± 16.95 66.01 ± 53.03 −70.80 ± 24.83
Spongia graminead Glove sponge HMA −45.44 ± 17.00 84.73 ± 82.97 −51.67 ± 25.19 59.73 ± 72.43 −43.59 ± 21.70
Niphates erectab Lavender rope LMA −27.25 ± 18.98 64.99 ± 50.14 −23.52 ± 16.65 172.82 ± 238.01 −19.90 ± 11.91
Cinachyrella allocladaa,b Golf ball LMA −28.26 ± 17.29 93.81 ± 68.14 −37.10 ± 18.15 44.89 ± 33.95 −22.02 ± 20.36
Tectitethya cryptaa,e Green volcano LMA −39.78 ± 17.53 130.02 ± 78.97 −38.50 ± 14.62 103.03 ± 138.58 −28.98 ± 17.96
Aplysina fulvaf Yellow rope HMA −46.53 ± 20.29 62.30 ± 55.49 −32.50 ± 14.03 36.38 ± 27.65 −44.91 ± 15.47

Treatment 
High biomass, high flow −37.04 ± 22.51 99.28 ± 89.66 −44.76 ± 27.50 112.98 ± 175.50 −42.06 ± 24.45
Low biomass, high flow −30.16 ± 21.26 99.15 ± 88.73 −36.08 ± 15.88 58.01 ± 69.25 −36.92 ± 27.67
High biomass, low flow −46.56 ± 24.51 64.75 ± 50.08 −46.33 ± 27.34 109.87 ± 115.33 −40.71 ± 21.43
Low biomass, low flow −41.56 ± 23.96 71.00 ± 82.48 −51.04 ± 19.93 40.01 ± 29.26 −41.85 ± 21.50
aSpecies selected for the study of bacterioplankton concentrations; bMicrobial associations from Gloeckner et al. (2014); 
cMicrobial associations from Marino et al. (2017); dUnpublished microbial associations; eMicrobial associations from Reiswig (1974);
fMicrobial associations from Weisz et al. (2007)

Table 2. Mean percent change (±1 SD) in chl a and nutrients (NO2
– + NO3

–; NH4
+; PO4

3–; DOC) in seawater exiting mesocosms containing
sponges compared to that in control treatments with no sponges. The top portion of the table presents species-specific data depicted by the
 scientific and common names of sponges along with their microbial associations (HMA: high microbial abundance; LMA: low microbial 

abundance).  The bottom portion of the table summarizes data by biomass and water flow treatments
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3.3.  Dissolved organic carbon

The mean decrease in DOC across all species and
treatments was 165 ± 101 µM, a concentration that
was approximately 40% lower than that measured in
the controls. The decrease in the HBHF treatment
was 156 ± 9.90 µM, in the HBLF treatment it was 167
± 9.28 µM, in the LBHF treatment it was 165 ±
15.91 µM, and in the LBLF treatment it was 173 ±
11.22 µM. There was no statistically significant dif-
ference be tween treatment combination effects on
DOC decrease. HMA sponges decreased DOC by an
average of 197 ± 7.08 µM, approximately double that
of LMA sponges, 89 ± 5.72 µM, which was a signifi-
cant effect (p < 0.000). Of the 10 species, Ircinia sp.
and Spongia barbara had the largest effect on DOC
decrease and N. erecta the least.

3.4.  Nitrite + nitrate

Sponges increased nitrogen (NO2
− +

NO3
−) concentrations across all species

and treatments (0.36 ± 0.01 µM, mean
± SE), an approximately 43% in crease
over controls. In the HBHF treatment
the mean increase was 0.36 ± 0.02 µM,
in the HBLF treatment it was 0.41 ±
0.03 µM, in the LBHF treatment it was
0.38 ± 0.02 µM, and in the LBLF treat-
ment it was the lowest, at 0.28 ±
0.02 µM. Among treatments, HBLF
and LBHF had a larger but non-signifi-
cant effect on NO2

− + NO3
− concentra-

tion. LMA sponges had a significantly
greater effect on NO2

− + NO3
− concen-

tration (p < 0.008) increase than HMA
sponges, registering a mean value of
0.41 ± 0.02 µM compared to 0.30 ±
0.01 µM in HMA sponges. Tectitethya
crypta had the greatest (p < 0.008)
 effect on NO2

− + NO3
− increase and I.

campana the least.

3.5.  Phosphate

Across all species and treatments,
sponges in creased PO4

3− concentra-
tions by 43% (0.06 ± 0.003 µM, mean ±
SE). Concentration increases in PO4

3−

were greatest (p < 0.05) in the HBLF
(0.10 ± 0.01 µM) and HBHF (0.07 ±
0.01 µM) treatments as compared to
those in both the LBHF and LBLF

treatments (both averaged 0.04 ± 0.002 µM). The
LMA sponges created a significantly (p < 0.008)
greater increase on PO4

3− (0.07 ± 0.004 µM) than did
HMA sponges (0.05 ± 0.003 µM). N. erecta had the
greatest (p < 0.008) effect on PO4

3− concentrations,
whereas Aplysina fulva had the least.

3.6.  Bacterioplankton

Sponge identity, biomass, and water turnover each
had significant independent effects (p < 0.001) in
decreasing bacterioplankton concentrations in the
mesocosms in comparison to the controls, but the 2-
way interactions between species and biomass (p =
0.064) and the 3-way interaction of species × biomass
× turnover (p = 0.553) were non-significant. How-

142

0.0 0.5 1.0 1.5 2.0 2.5

0.0

0.5

1.0

1.5

2.0

2.5

C
hl

 a
 d

ec
re

as
e 

(µ
g 

l–1
)

0.0 1.81.61.41.21.00.80.60.40.2
0.0

0.5

1.0

1.5

2.0

2.5

3.0

N
itr

ite
+

ni
tr

at
e 

in
cr

ea
se

 (µ
M

)

0 2 4 6 8 10

0

2

4

6

8

10

A
m

m
on

iu
m

 d
ec

re
as

e 
(µ

M
)

0.60.0 0.2 0.4

Control concentration

0.0

0.1

0.2

0.3

0.4

0.5

P
ho

sp
ha

te
 in

cr
ea

se
 (µ

M
)

0.6

0.7

200 400 600 800
1000

1200

Control concentration

0

4.0
×10

2

2.0
×10

2D
O

C
 d

ec
re

as
e 

(p
p

m
)

6.
0×

10
2

10
3

8.
0×

10
2

1.2
×10

3

a

b

c

e

d

y = 0.8034x + 219.56
R2 = 0.716
p = 0.0001
N = 286

y = 0.7725x + 2.3994
R2 = 0.555
p = 0.000
N = 286

y = 0.7367x – 0.0134
R2 = 0.712
p = 0.000
N = 286

y = 0.7694x – 0.1306
R2 = 0.834
p = 0.000
N = 286

y = 0.8769x + 0.2806
R2 = 0.871
p = 0.000
N = 286

–

–

–

–

–

–

–

–

–

–

–

–

– – – – – –

– – – – – –

– – – – – – – – – – – – – – – –

– – – –

–

–

–

–

–

–

–

–

–

–

–

–

–

–
–
–
–
–
–
–
–

Fig. 5. Results from multiple regres-
sion analysis between changes when
sponges were present and ambient
conditions for each nutrient variable:
decrease of (a) chl a, (b) ammonium,
and (c) dissolved organic carbon
(DOC), and increase of (d) nitrite +
nitrate and (e) phosphate. R-squared 

values are presented



Valentine & Butler: Sponges structure water-column characteristics

ever, when water turnover was crossed with either
biomass or species, there was a significant effect on
bacterioplankton reduction (p = 0.003 and p < 0.001,
respectively). In general, T. crypta and C. alloclada
were the most efficient filterers of bacterioplankton,
whereas I. campana had the least effect on bacterio-
plankton concentrations.

4.  DISCUSSION

Our results show that sponge species identity,
functional group (i.e. HMA vs. LMA), and biomass
interacted in complex ways with rates of water turn-
over to control biogeochemical cycling and the con-
centrations of water-column constituents. In general,
the strength of the effects of sponges on response
variables was greatest when sponge biomass was
high and water turnover low, the latter mimicking
conditions during slack tides in Florida Keys hard-
bottom areas. That said, the effects varied greatly
from species to species and among dependent vari-
ables. No one species of sponge had consistently
strong effects on all response variables. This demon-
strates the complex effect of sponge community
structure (i.e. species biomass, identity, and func-
tional group) and its interaction with water residence
time on the biochemical character of the water col-
umn. Therefore, the effect of sponges on the water
column will likely be context dependent and vary
with location, but in ways that can be predicted from
community structure and water flow. Moreover, our
results highlight the important biochemical cycling
function of sponges that is lost when sponge commu-
nities are eradicated or when their diversity is dimin-
ished by harmful algal blooms (HABs).

We observed a net decrease in the presence of
NH4

+ in comparison to our controls, and similar to
results reported by Morganti et al. (2017), there was
a larger decrease in nitrogenous waste products
when HMA sponges were present relative to LMA
sponges. However, other incubation studies (South-
well et al. 2008) of similar sponge species (Ircinia
campana and Niphates erecta) found an increase in
NH4

+ in contrast to our findings. We also observed
much lower concentrations of NO2

− + NO3
− after fil-

tration by I. campana but higher concentrations after
filtration by N. erecta (0.201 and 0.309 µM l−1 s−1,
respectively) in comparison to incubation studies
(0.833 and 0.014 µM l−1 s−1, respectively) (Southwell
et al. 2008). In incubation experiments, Spheciospon-
gia vesparium reduced chl a by 0.2 to 0.3 µg l−1 over
a 60 min period (Peterson et al. 2006), whereas we

recorded 0.17 µg l−1 s−1. If we extrapolated our data to
an hourly scale, the rate would have been 10.2 µg l−1

h−1, much higher than that documented in Peterson
et al. (2006). Peterson et al. (2006) indicated that this
plateau in chl a reduction was likely due to food con-
centrations falling below a threshold density, and our
results confirm that such a mechanism exists.

Common attributes of ecosystem structure and
function can be altered or lost when the density and
diversity of suspension feeders are reduced, often
resulting in cascades through an ecosystem (Ellison
et al. 2005, Hooper et al. 2005). It is clear from our
results that sponges (and their microbial symbionts)
likely play an important role in mediating the nitro-
gen cycle (particularly nitrification) in the shallow
waters surrounding the Florida Keys. Sponge filter
feeding also profoundly reduced concentrations of
DOC, chl a, and bacterioplankton in our mesocosms.
Individual species strongly affected just a single
response variable. For example, I. campana — a large
vase sponge that is highly sensitive to HABs — dra-
matically reduced  water- column concentrations of
NH4

+ but had a negligible effect on chl a in compari-
son with other species. In contrast, the presence of
the hardy sponge Tectitethya crypta elevated con-
centrations of NO2

– + NO3
– but had little effect on

DOC compared to other species,
The variable effects of sponge species on nutrient

concentrations observed in our experiments were
likely driven by distinct microbial constituents associ-
ated with sponge species. We cannot yet separate the
confounding effects of sponge genotype from the
unique microbial symbionts associated with each in-
dividual sponge. But our inability to differentiate host
versus microbial effects does not diminish the signifi-
cance of species-specific ecosystem effects, especially
since sponge−microbial community associations are
often stable over time (Erwin et al. 2012). Our results
also highlight the interactive influence of water flow
and turnover on the effects of sponge filtration.

Our experiments show that sponge effects on water
quality properties were harder to detect when the
rate of water turnover was high. When turnover was
low, the filtration signal was more pronounced, in -
dicating that sponges were actively depleting the
water column of resources at a rate that exceeded
replenishment. These data suggest that the shallow
water sponges we studied may be better adapted and
more efficient filterers at low rates of water turnover.
However, we did not address feeding efficiency of
individual sponges in this experiment; thus, we must
attribute some of the greater depletion in low flow
treatments to refiltration. Other studies have found
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that increased water velocity or turnover has incon-
sistent effects on the rates of filtration by suspension
feeders (Peterson & Black 1987, Ackerman 1999). For
example, Lassen et al. (2006) reported that at low
water velocities, when turnover is limited, concen -
trations of phytoplankton are diminished, and in
response, bivalves maintain high rates of filtration to
maximize uptake of particulate organic matter. Our
results indicate that sponge filtration rates generally
increased with increasing concentrations of the re -
sponse variables, which further complicate the inter-
active effects of sponge abundance, water flow, and
food availability on rates of filtration. Previous stud-
ies have also found a positive relationship be tween
the concentration of available resources and sponge
filtration and retention rates (Archer et al. 2017,
McMurray et al. 2017).

Our study included only high and low water flow
regimes meant to bracket the common tidally driven
flow present in the shallow water habitats of the
Florida Keys. Further testing across a broader range
of tidal flows is needed to more fully characterize the
effect of flow regime and turnover on species-specific
sponge filtration efficiencies. Data on tidal regime
and species-specific response to flow versus turnover
will permit more accurate projections of filtration
rates of sponges at ecosystem scales, dynamics that
are now ignored when estimating the effects of
sponge filtration over large spatial scales. When we
created a low flow environment that mimicked shal-
low water, slack tide conditions, there was likely
refiltration of water by sponges, especially at high
biomass. Refiltration by sponges was probably mini-
mal in our high flow treatments, especially when
sponge biomass was low. Although our mesocosms
were designed to minimize container effects and
back eddies, our apparatus likely did not exclude
such effects in their entirety. To overcome any limita-
tions posed by experimental containers, we are now
conducting similar experiments in situ, to better
emulate the effect of ambient conditions on sponge
community ecosystem effects.

Although it is clear that local hydrodynamics play
an important role in determining the effects of
sponges on water-column constituents, the effects of
species identity and sponge biomass are even more
pronounced. As resource-rich water passes over a
sessile filter-feeding community, the organisms that
first encounter the water mass experience minimal
refiltration, whereas those located downstream in the
community will receive water depleted of some
resources (O’riordan et al. 1995, Jones et al. 2011).
Therefore, in high biomass communities, as the

water mass is cleared of food particles and usable
nutrients are fixed into other forms, resource avail-
ability could become a limiting factor to growth and
reproduction. Indeed, we have evidence from field
experiments that sponge growth in Florida Bay is
strongly dependent on the local density of this rather
enclosed sponge community. However, the notion
that sponge growth can be limited by planktonic
resource availability runs counter to the prevailing
paradigm that sponges on deeper coral reefs are gen-
erally not nutrient limited (Pawlik et al. 2015).

The species richness of shallow hard-bottom
sponge communities in the Florida Keys (Stevely et
al. 2011) is far lower than that on nearby coral reefs
(Pawlik 2011), but it is nonetheless highly variable
among locations (2 to >25 species per site) as is
sponge density (CV = 172). Those communities can
also change rapidly and dramatically over time. In
the past 30 yr, sponge communities have been devas-
tated in areas of persistent environmental degrada-
tion (e.g. HAB-induced sponge die-offs) or when
subject to hurricanes and, to a lesser extent, commer-
cial harvest (Stevely et al. 2011, Butler et al. 2017).
Although HAB-associated mortality is relatively uni-
form among sponge species, commercial harvest
alters the relative abundances of sponges because
fishers target just a few species (e.g. Hippospongia
lachne, Spongia barbara, S. graminea). These spatio-
temporal fluctuations in sponge community composi-
tion and density will thus be reflected in species-
 specific effects on water-column properties. In short,
because sponges are not equal in their effect on
 ecosystem processes, neither are the implications of
community assembly or sponge loss.

Our experiments also show that commercially tar-
geted sponges, such as H. lachne, decrease the con-
centration of NH4

+ and chl a more than any other
sponge species. The commercially valuable sponge
species are also among those most sensitive to
destruction by HABs (Butler et al. 2015, 2017). In con-
trast, some widespread sponge species of no com-
mercial importance and which are resistant to HABs
(e.g. Cinachyrella alloclada) had minimal effects on
water-column nutrients in our mesocosms. Thus, re -
ductions in the natural diversity as well as the density
of these important filter feeders significantly alter
biogeochemical cycling and thus benthic−pelagic
linkages (Peterson et al. 2006). Management and re -
storation of sponge communities after HAB-associ-
ated die-offs should consider the implications of spe-
cies-dependent effects and perhaps focus on finding
and restoring those that are most resilient and bene-
ficial to ecosystem processes.
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In summary, our study established that sponge spe-
cies identity and biomass along with water flow influ-
ence a range of water-column properties, including
nitrogen and carbon cycles. Extrapolating our meso-
cosm-based results to natural sponge communities
suggests that differences in sponge community
assemblages as well as the loss of sponges due to
environmental change are likely to trigger idiosyn-
cratic shifts in plankton communities and nutrient
concentrations. We only tested 1 species at a time in
this set of mesocosm experiments, each at 2 different
biomass and flow regime treatments. What remains
to be documented is whether the ecosystem effects of
sponge filtration and nutrient conversion differ
across the range of naturally occurring sponge com-
munities, that is, between diverse communities and
the monospecific communities that we explored
here. In essence, the question is not only whether
sponge diversity matters but also whether more
diverse communities interact in synergistic or in -
hibitory ways that affect ecosystem function. We ex -
plored that question in another study, the  results of
which will soon follow.
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