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1  | INTRODUC TION

There has been considerable interest in the causes of worldwide de-
clines in coral cover, phase shifts in coral reef community structure, 
and the apparent rise in diseases of coral reef organisms (Lesser, 
2004). In particular, worldwide coral bleaching events (Hoegh-
Guldberg, Poloczanska, Skirving, & Dove, 2017; Hughes et al., 
2017) have caused high rates of coral mortality, and phase shifts to 

dominance by other taxa such as soft corals and sponges (Norström, 
Nyström, Lokrantz, & Folke, 2009). As a result of these ecological 
changes, coral reefs have become the “poster child” for ecosystems 
experiencing profound ecological changes now, and predicted to 
worsen into the future in the Anthropocene, where high biodiversity 
coral reefs will probably exist in very few places (Hoegh-Guldberg 
et al., 2017). Sponges, in particular, have been predicted to become 
“winners” under these climate change scenarios when phase shifts 
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Abstract
Recent observations have shown that increases in climate change-related coral 
mortality cause changes in shallow coral reef community structure through phase 
shifts to alternative taxa. As a result, sponges have emerged as a potential can-
didate taxon to become a “winner,” and therefore a numerically and functionally 
dominant member of many coral reef communities. But, in order for this to occur, 
there must be sufficient trophic resources to support larger populations of these 
active filter-feeding organisms. Globally, climate change is causing an increase in 
sea surface temperatures (SSTs) and a decrease in salinity, which can lead to an 
intensification in the stratification of shallow nearshore waters (0–200 m), that af-
fects both the mixed layer depth (MLD) and the strength and duration of inter-
nal waves. Specifically, climate change-driven increases in SSTs for tropical waters 
are predicted to cause increased stratification, and more stabilized surface waters. 
This causes a shallowing of the MLD which prevents nutrients from reaching the 
euphotic zone, and is predicted to decrease net primary production (NPP) up to 
20% by the end of the century. Lower NPP would subsequently affect multiple 
trophic levels, including shallow benthic filter-feeding communities, as the coupling 
between water column productivity and the benthos weakens. We argue here that 
sponge populations may actually be constrained, rather than promoted, by climate 
change due to decreases in their primary trophic resources, caused by bottom-up 
forcing, secondary to physical changes in the water column (i.e., stratification and 
changes in the MLD resulting in lower nutrients and NPP). As a result, we predict 
sponge-dominated tropical reefs will be rare, or short-lived, if they occur at all into 
the future in the Anthropocene.
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in community structure occur (Bell, Bennett, Rovellini, & Webster, 
2018; Bell, Davy, Jones, Taylor, & Webster, 2013; Bell, Rovellini, 
et al., 2018). But there is not widespread support for a general in-
crease in sponge populations on shallow reefs; site-specific in-
creases (McMurray, Finelli, & Pawlik, 2015) and decreases (Wulff, 
2006) have been reported for sponge populations monitored over 
extended time periods.

In their hypothesis on climate change and sponge resilience, 
Bell, Bennett, et al. (2018) and Bell, Rovellini, et al. (2018) cor-
rectly note that understanding the ecological impacts of increased 
sponge populations on coral reefs must address their effects on 
carbon fluxes, and the potential for food limitation. Here, we 
describe a scenario where sponge populations may actually be 
constrained rather than promoted by climate change due to de-
creases in their primary trophic resources. This would be caused 
by bottom-up forcing, following oceanographic changes in the 
water column (see Figure 1 and below). As a result, we argue that 
sponge-dominated shallow tropical reefs may be rare, if they occur 
at all, and that predicting which reefs will become dominated by 
sponges will require long-term studies integrating oceanography 
with the ecology of coral reefs.

2  | TROPHIC ECOLOGY OF SPONGES

Sponges play a significant role in benthic–pelagic coupling via 
filtration of large quantities of both dissolved and particulate or-
ganic matter (DOM and POM; Lesser, Slattery, & Mobley, 2018). 

Experimental evidence on shallow reefs has also shown the im-
portance of both POM (Trussell, Lesser, Patterson, & Genovese, 
2006) and DOM (de Goeij, Moodley, Houtekamer, Carballeira, & 
van Duyl, 2008) in the trophic ecology of sponges. While DOM, 
and specifically dissolved organic carbon (DOC), can contribute 
up to 97% of a sponge's carbon requirements (reviewed in de 
Goeij, Lesser, & Pawlik, 2017), dissolved and particulate organic 
nitrogen (DON and PON) are also important to maintain balanced 
growth (de Goeij et al., 2017; Lesser, Slattery, et al., 2018). Sponge 
consumption of large amounts of DOM has been shown to cause 
the release of cellular debris, primarily choanocytes, that fuel a 
“sponge loop” detrital pathway of significant importance to higher 
trophic levels on coral reefs (de Goeij et al., 2013, 2017; Rix et al., 
2016, 2018). Additionally, it is now known that the consumption 
of either particulate organic carbon (POC) and/or DOC can re-
sult in the production of sponge detritus (Maldonado, 2015). But 
while most sponges consume both POC and DOC, not all sponges 
produce detritus (e.g., McMurray, Stubler, Erwin, Finelli, & Pawlik, 
2018). The amount of detritus produced also decreases with in-
creasing depth (Lesser, Slattery, et al., 2019), and may be a result 
of the decreased availability of DOC, while POC increases, with 
increasing depth (Lesser, Slattery, Laverick, Macartney, & Bridge, 
2019). The general increase in trophic resources, as carbon and 
nitrogen, with increasing depth (Lesser, Mueller, et al., 2019; 
Lesser, Slattery, et al., 2019) results in faster growing, and larger, 
sponges dominating the community on deep, mesophotic, reefs 
(>30  m: Lesser, 2006; Lesser & Slattery, 2018; Lesser, Slattery, 
et al., 2018). This occurs because PON, as a component of POM, is 

F I G U R E  1   Illustration showing (a) the 
physical oceanography of a contemporary 
coral reef from shallow (<30 m) to 
mesophotic (30–150 m) depths down to 
the mixed layer depth (~100 m), and (b) the 
same coral reef in 2100 with the changes 
in physical forcing, productivity, and 
changes in reef community structure (see 
text for detailed description). Redrawn 
from Fordyce et al. (2019) with permission 
from the authors
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a very important source of nitrogen that varies along the shallow to 
mesophotic depth gradient down to depths of at least 90 m (Lesser, 
2006; Lesser, Slattery, et al., 2019). Suspension-feeding sponges 
filter POM, with its lower C:N ratios compared to DOM (Lesser, 
Mueller, et al., 2019; Lesser, Slattery, et al., 2018), mostly in the 
form of picoplankton, with clearance rates of 83%–90% (Lesser, 
2006; Slattery & Lesser, 2015).

Additional nutrient and food resources in the form of zooplank-
ton (Andradi-Brown et al., 2017), picoplankton (Lesser, 2006), and 
inorganic nutrients (Figure 2) on many shallow (<30  m) and meso-
photic (~30 to 150  m) coral reefs are provided by upwelling or in-
ternal waves (e.g., Leichter & Genovese, 2006; Leichter, Stewart, & 
Miller, 2003; Lowe & Falter, 2015; Williams et al., 2018). Given this 
evidence, and the available experimental data, a strong argument can 
be made for the importance of bottom-up forcing in the ecology of 
sponges on coral reefs (de Goeij et al., 2017; Lesser, 2006; Lesser & 
Slattery, 2013; Lesser, Slattery, et al., 2018; Slattery & Lesser, 2015; 
Wulff, 2017), although there is not universal agreement (e.g., Pawlik, 
McMurray, Erwin, & Zea, 2015).

3  | E VIDENCE FOR BOT TOM-UP FORCING 
OF SPONGE POPUL ATIONS FROM 
MESOPHOTIC COR AL REEFS

The trophic ecology of sponges describes a large portion of 
the variability in the population dynamics of sponges on meso-
photic coral ecosystems (MCEs; Lesser, Slattery, et al., 2018). 
Understanding this deep sponge system provides important in-
sights into the potential effects of food limitation, and provides 

an analog for what may occur on shallow coral reefs structured 
by climate change-driven decreases in net primary production 
(NPP). The structure and function of MCEs changes along the 
mesophotic depth gradient based on the availability of light and 
trophic resources (Lesser, Mueller, et al., 2019; Lesser & Slattery, 
2018; Lesser, Slattery, et al., 2018, 2019). In particular, while corals 
and macroalgae decrease in abundance with increasing depth into 
the mesophotic zone due to light limitation (Lesser, Slattery, et al., 
2018, 2019), sponges increase in abundance with increasing depth 
in many coral reef ecosystems (Lesser & Slattery, 2018; Lesser, 
Slattery, et al., 2018, 2019; Slattery & Lesser, 2012). This change in 
community composition with depth also affects the availability of 
DOM, since benthic primary producers are an important source of 
bioavailable DOM on coral reefs (Haas et al., 2011; Mueller et al., 
2014). Additionally, decreasing irradiance reduces DOM produc-
tion by benthic primary producers (Mueller, den Haan, Visser, 
Vermeij, & van Duyl, 2016; Mueller et al., 2014), which is consist-
ent with observations that DOM concentrations decrease with in-
creasing depth (Lesser, Mueller, et al., 2019; Lesser, Slattery, et al., 
2019; Slattery & Lesser, 2015). In contrast, POM increases with 
increasing depth into the mesophotic zone as zooplankton and as 
picoplankton (Lesser, 2006; Lesser, Mueller, et al., 2019; Lesser, 
Slattery, et al., 2019).

Given this inverse relationship between DOM and POM across 
a depth gradient, the relative importance of DOM in sponge nu-
trition may decrease with depth while the importance of POM 
importance will increase. But, Lesser, Mueller, et al. (2019) show 
that even though DOM, as both DOC and DON, decreases with in-
creasing depth, its availability is still significantly greater than POM. 
The C:N ratio of sponge tissues is generally low, suggesting carbon 
sufficiency across habitats and depths (de Goeij et al., 2017; Lesser, 
Slattery, et al., 2018). It has been suggested, however, that sponges, 
and specifically sponge growth and biomass accumulation, may be 
limited by the availability of nitrogen (de Goeij et al., 2017; Lesser, 
Slattery, et al., 2018). This is due to the fact that DOM on coral reefs 
has a high C:N ratio (>10; Ogawa & Tanoue, 2003; Rix et al., 2016; 
Tanaka et al., 2011). So, if sponges depend on DOM for a large pro-
portion of their carbon, this would result in nitrogen limitation and 
the need for other sources of nitrogen such as POM (Lesser, Slattery, 
et al., 2018). Given the lower C:N ratio of POM compared to DOM, 
one hypothesis is that the balance between new sponge growth, 
which includes the production of choanocyte chambers, and cell 
turnover might be shifted in favor of new sponge growth at deeper 
depths. Again, the value of POM, while a small fraction of the total 
available carbon for sponges, is significant for its nitrogen content 
which narrows the C:N ratio of carbon remaining after the mainte-
nance demands associated with respiration have been met, and may 
contribute to balanced growth for sponge communities in the me-
sophotic zone compared to shallow reef sponges (Lesser, Mueller, 
et al., 2019; Lesser, Slattery, et al., 2018).

Arguments have been made against the important role of bot-
tom-up effects in sponge communities, specifically that food is not 
limiting and top-down effects are more important in structuring 

F I G U R E  2   Significant effect of depth on NOx (NO
−

2
 and NO

−

3
)  

in µmol/L (mean ± SE) concentration around Lee Stocking Island 
(Bock Wall), Bahamas in summer 2009. NOx concentration was 
reanalyzed from Morrow, Fiore, and Lesser (2016)
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sponge populations (Pawlik, Loh, McMurray, & Finelli, 2013; Pawlik 
et al., 2015). Despite evidence to the contrary (Lesser, 2006; 
Trussell et al., 2006), and criticisms of the experimental design 
and analysis of Pawlik et al. (2013) supporting the top-down hy-
pothesis (Lesser & Slattery, 2013), more recent data support the 
concept of food limitation with its potential influences on the pop-
ulation dynamics of sponges (Wooster, McMurray, Pawlik, Morán, 
& Berumen, 2019).

4  | SPONGE-LOOP AND VICIOUS CIRCLE 
HYPOTHESES

Our long-term understanding of how highly productive coral reefs 
maintain such high biomass and biodiversity under oligotrophic con-
ditions (i.e., “the paradox of the reef”) was recently challenged with 
the discovery of the “sponge loop” pathway (de Goeij et al., 2013). 
In essence, sponges efficiently transform a proportion of the trophic 
resources they consume (i.e., DOM and POM) to higher trophic lev-
els via a detritus-based pathway (de Goeij et al., 2017). The sponge 
loop hypothesis continues to stimulate significant research interest 
in the coral reef community (Lesser, Mueller, et al., 2019; Maldonado, 
2015; Pawlik et al., 2015; Slattery & Lesser, 2015), which has led to 
a number of recent studies examining where and when the sponge 
loop is operating on coral reefs (e.g., shallow reef flats: McMurray 
et al., 2018; mesophotic reefs: Lesser, Mueller, et al., 2019). Soon 
after the sponge loop hypothesis was proposed, Pawlik, Burkepile, 
and Thurber (2016) expanded upon the important role of sponges 
under changing reef conditions (i.e., community phase shifts) to ex-
plain the lack of resilience of Caribbean reefs, a hypothesis referred 
to as the “vicious circle.” Here, as coral mortality continues to in-
crease, the increased release of DOC from the expanding popula-
tions of macroalgae will result in greater carbon fluxes through the 
sponge loop, as well as an increase in the fluxes of dissolved inor-
ganic nitrogen (DIN) species to support macroalgal populations in 
a reciprocal positive interaction that facilitates phase shifts to 
sponge- and macroalgae-dominated communities at the expense of 
corals (Pawlik et al., 2016). The vicious circle requires that sponges 
effectively compete with seawater microbes for DOC (i.e., “microbial 
loop”), and potentially use more recalcitrant forms of DOC by the 
sponge directly. Given the kinetics of DOC uptake between most 
bacteria (higher affinity, lower maximal uptake rate), including those 
of the sponge microbiome, relative to eukaryotic cells (lower affinity, 
higher maximal uptake rate), and known concentrations of DOC in 
coral reef waters, neither sponges, their microbiomes, nor seawa-
ter microbes are likely experiencing any kinetic restraints, or carbon 
limitation, as it relates to DOC. And while a significant amount of 
attention, and importance, has been placed on benthic macrophytes 
as a source of DOC on coral reefs (Haas et al., 2011), DOM release 
from phytoplankton and picoplankton can represent over 50% of the 
DOM pool (Becker et al., 2014). Important contributions to the DOM 
pool come from Synechococcus and Prochlorococcus, both important 
particulate food sources for sponges as well (Lesser, Slattery, et al., 

2018). In fact, planktonically derived DOC has been shown to be an 
important source of carbon over large spatial and temporal scales 
for those coral reefs with rapid flushing, and therefore shorter resi-
dence times in the overlying water column (e.g., Nelson, Alldredge, 
McCliment, Amaral-Zettler, & Nelson, 2011). This oceanic DOM has 
been suggested to be of the more recalcitrant type, and it can also be 
metabolized by the bacterioplankton communities associated with 
coral reefs (Nelson et al., 2011). Nonetheless, many aspects of DOM 
release by phytoplankton and picoplankton under climate change 
scenarios remain largely unknown (Thornton, 2014).

5  | CLIMATE CHANGE-REL ATED EFFEC TS 
ON THE PHYSIC AL OCE ANOGR APHY OF 
COR AL REEFS

The ecological effects of climate change stressors are routinely 
interpreted from organismal level studies relative to predicted 
changes in ocean acidification and/or warming (Doney et al., 2012). 
But climate change effects on organismal performance occur si-
multaneously with changes in the abiotic and biotic properties of 
the surrounding water. In particular, the distribution, productivity, 
and phenology of phytoplankton in the oceans are primarily driven 
by autotrophic phytoplankton and picoplankton regulated by the 
availability of light. However, nutrients (i.e., nitrogen), which are 
themselves affected by oceanic circulation patterns (Behrenfeld 
et al., 2006), are also crucial resources for phytoplankton communi-
ties. In contrast to the deep permanent thermocline, thermoclines 
and mixed layer depth (MLD) in tropical locations vary between 60 
and 125 m (Figure 1a; Montégut, Madec, Fisher, Lazar, & Iudicone, 
2004). This variability is seasonal in nature and shows a deepening 
of the MLD during the winter and a shallowing during the summer 
in tropical waters (Kara, Rochford, & Hurlburt, 2003; Tai, Wong, & 
Pan, 2017). Climate change-related increases in sea surface tem-
perature (SST), and reduced winds, will increase and intensify the 
stratification of shallow nearshore tropical waters (0–200  m), re-
sulting in widespread shoaling of the MLD (Alexander et al., 2018; 
Behrenfeld et al., 2006; Capotondi, Alexander, Bond, Curchister, & 
Scott, 2012; Gittings, Raitsos, Krokos, & Hoteit, 2018; Signorini, 
Franz, & McClain, 2015). The shallowest MLDs are already ob-
served during the maximum mean monthly seawater temperatures 
on coral reefs from around the world and range in depth from 16 
to 53 m (Wyatt et al., 2019). This is caused by the increase in solar 
insolation during the summer months, and results in a strong den-
sity gradient at the bottom of the MLD that prevents the mixing 
of nutrient-rich waters within the shallow euphotic zone creating a 
zone of nutrient limitation above the MLD and light limitation below 
the MLD for phyto- and icoplankton (Figure 1b). Regional changes 
in the physical oceanography of tropical oceans can also contribute 
to the increasing occurrence of local perturbations such as marine 
heatwave hotspots which have similar oceanographic features; in-
creased heat absorbed in shallow waters, increased stratification, 
and a decrease in the MLD (Fordyce, Ainsworth, Heron, & Leggat, 
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2019). The depths observed for the maximum MLD overlap with the 
maximum depths of the euphotic zone (i.e., 1% of downwelling irra-
diance [Ed]) observed on many coral reefs from 58 to 102 m (Lesser, 
Slattery, et al., 2018). For Lee Stocking Island, Bahamas, the bottom 
of the euphotic zone is at 81 m (Lesser et al., 2010), and the depth of 
the MLD in August is ~32 m (Wyatt et al., 2019). The depth-depend-
ent distribution of nutrients at this same location (Figure 2) during 
the summer shows NOx concentrations of <0.5 µmol/L at depths 
less than 30 m and significantly increasing concentrations of NOx 
(>1 µmol/L) with increasing depth. The source of these nutrients is 
the transport of sub-thermocline water masses by transient inter-
nal waves, which occurs on many coral reefs in the Caribbean and 
Pacific (Leichter, Helmuth, & Fischer, 2006; Reid et al., 2019), or the 
mineralization of DOM and POM by the sponge holobiont resulting 
in the release of dissolved inorganic nutrients (DIN; Fiore, Baker, 
& Lesser, 2013). In addition, the pattern of increasing nutrient 
concentration with depth also correlates with the depth-depend-
ent increase in autotrophic picoplankton (i.e., low-light adapted 
prochlorophytes) and heterotrophic picoplankton with increasing 
depth (Lesser, 2006; Lesser, Mueller, et al., 2019).

Given the temperature-driven projected changes in MLDs for 
tropical waters based on global general circulation models, the mag-
nitude of changes in the MLD is dependent on the rate of SST warming, 
but in all model outputs, an increase in stratification and shallowing of 
the MLD with SST increases is predicted (Yeh, Yim, Noh, & Dewitte, 
2009). The observed pattern of shallow and stable MLDs, caused by 
seasonal warming, will likely become a longer, potentially permanent, 
feature of shallow waters surrounding coral reefs under projected cli-
mate change scenarios (Figure 1b). As described above, a shallow MLD 
around many of the worlds coral reefs would likely reduce deep-water 
nutrients from reaching the upper euphotic zone, with predicted de-
creases in NPP of up to 20% by the end of the century realized on 
coral reefs (Capotondi et al., 2012; Fu, Randerson, & Moore, 2016; 
Steinacher et al., 2010). In the Mediterranean, warming-enhanced 
stratification has already been demonstrated and experiments pre-
dict that reduced food supplies will create energetic constraints and 
mass mortalities of benthic invertebrate communities in the future 
(Coma et al., 2009). Modeling, using long-term data at specific loca-
tions, rather than synoptic coverage of temperature, light, and chl a 
biomass, has suggested that the coupling between increases in SST 
and shallowing of the MLD is not as consistent or strong as suggested 
(Somavilla, González-Pola, & Fernández-Diaz, 2017), but the main 
finding of this study was that winter deepening of the MLD has been 
occurring over decadal timescales. Additionally, nutrient and food 
subsidies contained in deeper waters below the tropical thermocline 
normally transported upslope to shallow coral reefs by vertical mixing 
caused by internal waves, will be affected by increasing SSTs, stratifi-
cation, and decreases in wind velocities which cause both weakened 
internal waves and a decrease in the vertical deliveries of these sub-
sidies by upwelling (Figure 1b; Woodson, 2018). However, increases 
in internal wave activity and strength have also been observed at 
unique locations such as Luzon Strait, Philippines, where some of 
the largest amplitude internal waves in the ocean occur when SSTs 

increase, and stratification increases (DeCarlo, Karnauskas, Davis, & 
Wong, 2015). This points out that there will undoubtedly be reef to 
reef variability in the MLD of tropical oceans due to a large num-
ber of variables such as season, wind forcing, tides, current shear, 
etc., but the large-scale modeling projections predict a shallowing of 
MLDs driven primarily by increased solar insolation in surface waters 
and subsequent stratification in the world's oceans (Alexander et al., 
2018; Behrenfeld et al., 2006; Capotondi et al., 2012; Gittings et al., 
2018; Signorini et al., 2015).

The lowering of NPP would affect multiple trophic levels, includ-
ing shallow benthic filter-feeding communities such as sponges, as 
the coupling between water column productivity and the benthos 
weakens (Fu et al., 2016; Steinacher et al., 2010). The decrease of 
NPP has been predicted to have significant impacts in some of the 
least productive waters globally, including many coral reef ecosystems 
(e.g., tropical North Atlantic: Polovina, Howell, & Abecassis, 2008). 
While phytoplankton biomass declines with decreasing NPP, autotro-
phic picoplankton have been predicted to increase (Flombaum et al., 
2013). Picoplankton are important trophic resources for sponges, par-
ticularly on deep reefs where POC concentrations exceed those of 
shallow reefs (Lesser, 2006; Lesser & Slattery, 2013), so increases in 
this resource should select for sponges as “winners” under predicted 
changes in climate (Bell, Bennett, et al., 2018; Bell, Rovellini, et al., 
2018). But a recent holistic model of autotrophic picoplankton abun-
dances, incorporating temperature, chlorophyll biomass, nutrients, 
and irradiance (photosynthetically active radiation [PAR] and UVR), 
predicts that Synechococcus, Prochloroccocus, and picoeukaryote 
abundances will actually decline by 32%, 18%, and 42%, respectively, 
with a 2°C increase in ocean warming, subsequent stratification, and 
the associated decrease in nutrient delivery (Agusti, Lubían, Moreno-
Ostos, Estrada, & Duarte, 2019). This should also cause changes to the 
optical properties of the water column (i.e., scattering and absorption) 
that might lead to increased penetration of solar irradiance, both its 
visible and ultraviolet components (Figure 1b), which might further 
depress low-light adapted picoplankton production (Agusti et al., 
2019). A decrease in NPP will also result in a decrease in the amount 
of DOM released by the phytoplankton community, and subsequently 
the abundance of heterotrophic picoplankton available as a food re-
source for sponges (de Goeij et al., 2017; Lesser & Slattery, 2013). This 
climate change-mediated scenario predicts that diminishing trophic 
resources for sponges will have significant effects on the distribution, 
growth, and abundance of sponge populations, which will ultimately 
affect their functional role on coral reefs relative to nutrient cycling 
and the sponge loop pathway (e.g., Bell, Rovellini, et al., 2018; de Goeij 
et al., 2017).

6  | BIOGEOGR APHIC AL DIFFERENCES: 
THE PACIFIC VERSUS THE C ARIBBE AN

When comparing shallow reef sponge population dynamics between 
the Pacific and the Caribbean, there appears to be consistent dif-
ferences in abundance and cover for emergent, open reef, sponges. 
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Caribbean reefs consistently average ~16% higher open reef sponge 
cover compared to most of the Pacific where sponge cover is typically 
<1.5%, although sponge cover can be as high as 29% on some reefs 
in Indonesia (Pawlik et al., 2016). When examining sponge cover at 
mesophotic depths, however, no significant differences were detected 
at a depth range of 60–90  m water depth between two Caribbean 
and four Indo-Pacific reefs (Slattery & Lesser, 2012). But in that study, 
Indo-Pacific MCE sponge biomass was significantly lower than that of 
Caribbean MCEs, since cover was dominated by encrusting sponges 
in the Indo-Pacific compared to massive growth forms on Caribbean 
reefs (Slattery & Lesser, 2012).

Where sponge cover is high in the Pacific, it has been reported 
to be dominated by foliose species that are primarily photoautotro-
phic (Wilkinson & Cheshire, 1990) because of their symbionts (i.e., 
cyanobacteria). Sponges harboring cyanobacterial symbionts would 
appear to be at a distinct advantage given the observed resistance 
to thermal stress experimentally demonstrated for photoautotrophic 
sponges from the Great Barrier Reef (GBR; Bennett et al., 2017). 
Studies on the presence of cyanobacteria in Caribbean sponges 
suggest that many species, in fact, harbor cyanobacterial symbionts 
(Erwin & Thacker, 2007), and therefore, the potential for photoaut-
otrophy to contribute to overall carbon metabolism and potential re-
sistance to thermal stress. Previous work by Wilkinson and Cheshire 
(1990) described the Caribbean basin as selecting for heterotrophic 
sponges due to a greater abundance and utilization of planktonic 
food, whereas the Indo-Pacific, specifically the GBR, appeared to 
favor photoautotrophic sponges due to enhanced light transparency 
under oligotrophic conditions. They reported no photoautotrophic 
sponges at their Caribbean location (i.e., reefs around Carrie Bow 
Cay, Belize) based on ratios (<1.5) of short-term productivity to res-
piration measurements. However, their physiological measurements 
were based on lower irradiances than at the sponge collection sites, 
and are in contrast with multiple reports of symbiotic cyanobacteria 
in over a third of the Caribbean sponge fauna (Thacker & Freeman, 
2012; Usher, 2008). Additionally, as it relates to any biogeographic 
differences in food supply, the POM on Pacific coral reefs (Charpy, 
Rodier, Fournier, Langlade, & Gaertner-Mazouni, 2012) is comparable 
to that of the Caribbean (Lesser, 2006; Lesser & Slattery, 2013) and is 
actively grazed by a diverse number of suspension feeders including 
sponges (Houlbreque, Delesalle, Blanchot, Montel, & Ferrier-Pagès, 
2006; Lesser, 2006; Lesser & Slattery, 2013; Ribes, Coma, Atkinson, & 
Kinzie III, 2003, 2005). Similarly, DOM concentrations, both DOC and 
DON, as well as DIN (i.e., NOx), does not differ significantly between 
Pacific (GBR and Hawaii) and Caribbean (Curaçao) shallow coral 
reefs (Lesser, Morrow, & Pankey, 2019; Lesser, Morrow, et al., 2018). 
Lastly, the underwater light environment does not differ significantly 
between these regions as the irradiances of PAR (400–700 nm) and 
downwelling attenuation coefficients (Kd/m) on Caribbean reefs 
are similar (Lesser, 2000; Lesser, Slattery, & Leichter, 2009; Lesser 
et al., 2010) to those of offshore reefs of the GBR (Wilkinson, 1983; 
Wilkinson & Trott, 1985) and other locations in the Pacific (Lesser, 
Slattery, et al., 2018). This suggests that POM and DOM, as well as 
light, are not strong drivers regulating the population dynamics of 

photoautotrophic versus heterotrophic sponges between the two 
regions, and that the dominance of photoautotrophic sponges in the 
Pacific has not been clearly shown. In fact, recent molecular data 
show that many sponges in both the Pacific and Caribbean harbor 
cyanobacterial symbionts (Erwin & Thacker, 2007; Konstantinou, 
Gerovasileiou, Voultsiadou, & Gkelis, 2018; Usher, 2008) with their 
inherent potential for photoautotrophy.

Is it even possible that a decline in NPP would significantly affect 
the trophic biology of shallow coral reef sponge populations? A sim-
ple “back of the envelope” calculation for the sponge, Callyspongia 
vaginalis, a low microbial abundance (LMA) sponge, from the 
Caribbean, is presented to illustrate the potential effects of declin-
ing NPP for sponges. LMA sponges have been reported to be less 
dependent on DOM, and recent data show that only 4% of the total 
carbon intake for this sponge is from DOM, while the remainder is 
from POM, both detritus and live POC (McMurray et al., 2018). Given 
this, the following calculation is based solely on climate change-re-
lated predictions for declines in the phytoplankton and picoplankton 
communities, or live POM, as discussed above. First, we took the C. 
vaginalis feeding data from Belize (Lesser & Slattery, 2013) at 7.5, 
15, 23, 30, and 46 m, and used an MLD of 30 m for Belize (Wyatt 
et al., 2019, table S1). Within that mixed layer, we then assumed a 
decrease of 20% in NPP at depths equal to or less than 30 m, and we 
recalculated the amount of energy acquired in J/day without chang-
ing the values at 46 m, which would be below the MLD. Then, using 
the sponge respiration data from Trussell et al. (2006) for 12 and 
23 m, converted to J/day as energetic costs, we conducted a linear 
regression of that data which showed a significant decrease in en-
ergetic costs with increasing depth (y = 1,030.7–20.77x, R2 =  .413, 
p = .045), and calculated individual costs in J/day for sponges across 
the depth range described above. We did not include any thermal 

F I G U R E  3   Scope for growth (J/day) for the sponge Callyspongia 
vaginalis before and after a predicted 20% decrease in net primary 
productivity assuming constant feeding
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(i.e., Q10) effects for predicted temperature increases in respiration 
which would have resulted in increased energetic costs, and then 
calculated the instantaneous scope for growth (SFG) for all sponges. 
Prior to the 20% decline in NPP, sponges at 7.5 and 15 m were al-
ready exhibiting a negative SFG (Figure 3), similar to values observed 
for shallow populations of C. vaginalis on Conch Reef, Florida (Trussell 
et al., 2006). After the 20% decrease in NPP, all sponge populations at 
depths <30 m exhibited negative SFG. Sponges at 30 m saw a ~32% 
drop in energy available for growth, whereas sponges below the MLD 
were still in positive SFG (Figure 3). So, for shallow sponge commu-
nities, a 20% decrease in food is likely to have profound effects on 
sponge populations based on this scenario, and given similar levels of 
POM and DOM in the Pacific, similar effects could potentially occur 
on those reefs as well.

7  | CONCLUSIONS

Taken together, if climate change proceeds as predicted up to, and 
beyond, the year 2100, the physical oceanography of coral reefs are 
likely to change in profound ways (Figure 1) that will affect NPP, and 
the trophic resources that sponges require on shallow reefs in par-
ticular (Figure 3). This portends that rather than seeing an increase in 
population size (Bell, Bennett, et al., 2018; Bell et al., 2013), sponge 
populations may actually decrease on shallow reefs as food be-
comes limiting. Supporting evidence for this comes from the depth-
dependent changes in sponge populations as food resources change 
with depth; MCE sponge density is greatest where food resources 
are most abundant (Lesser & Slattery, 2018; Lesser, Slattery, et al., 
2018, 2019) and the differences between POC and PON availabil-
ity at 50 m are ~30% and ~50% greater than for sponges at shal-
low depths (Lesser, Slattery, et al., 2019). While sponge population 
dynamics can be influenced by predation (Pawlik, 1998) and com-
petition (Wulff, 2017), ultimately their ecology is more strongly 
influenced by bottom-up forcing, or food, as both DOM and POM 
(de Goeij et al., 2017; Lesser & Slattery, 2013; Lesser, Slattery, 
et al., 2018; Wulff, 2017). Given that both the “sponge loop” and 
“vicious circle” nutrient and energy pathways are dependent on the 
consumption of POM and DOM resources in the water column by 
sponges, these pathways are likely to be significantly altered, if not 
uncoupled from the ecology of sponges in the future. Additionally, 
recent experimental data reveal that predicted levels of ocean acidi-
fication and thermal stress under the IPCC A2 model (i.e., equiva-
lent to RCP 6.0) could have significant effects on the microbiome of 
sponges causing community level destabilization and a decrease in 
potential primary productivity (Lesser, Fiore, Slattery, & Zaneveld, 
2016). Experiments using levels of ocean acidification and tempera-
ture stress equivalent to RCP 8.5 model predictions revealed multi-
ple, negative, effects on different life-history phases of sponges that 
were different for photoautotrophic versus heterotrophic sponges, 
and the negative temperature effects (i.e., tissue necrosis, mortality, 
and elevated respiration) on adult heterotrophic sponges were ex-
acerbated by exposure to ocean acidification (Bennett et al., 2017). 

Taken together, the combined organismal effects and the predicted 
changes in the physical environment described above do not support 
predictions of sponge-dominated coral reefs in the future.

Bell, Rovellini, et al. (2018) describe five specific questions that 
should be answered to better understand how sponge-dominated 
reefs would occur, function, and be maintained. We agree with the 
directions for future research on sponge ecology proposed by Bell, 
Rovellini, et al. (2018), and encourage the inclusion of novel ap-
proaches consistent with the anthropogenic-based changes we are 
now faced with (e.g., Williams et al., 2019). In particular, we suggest 
that it is essential to understand the physical and optical oceanog-
raphy of coral reefs generally because sponge populations are not 
the only taxa to utilize picoplankton on coral reefs (Houlbréque 
et al., 2006; Ribes, Coma, Atkinson, & Kinzie III, 2003, 2005). The 
inherent variability in the physical and optical attributes of indi-
vidual coral reefs (Freeman, Miller, Norris, & Smith, 2012; Leichter 
et al., 2013) must be understood in order to contextualize the tro-
phic ecology of sponges related to food resource availability, as well 
as carbon, nitrogen, and energy fluxes at the organismal and reef 
scales. These bottom-up processes, along with a robust experimen-
tal approach examining the roles of competition and predation, will 
ultimately determine the dynamics of sponge populations under cli-
mate change-related forcing of the physical environment. Sponges 
may yet survive the Anthropocene, but a closer look at predicted 
environmental changes across coral reefs as a whole suggest the 
likelihood of more varied, and potentially negative responses by this 
taxon to climate change.

ACKNOWLEDG EMENTS
The authors would like to thank Alexander J. Fordyce for provid-
ing, and giving permission to us, to redraw Figure 1. A special thanks 
to Dr. M. Sabrina Pankey for redrawing Figure 1. Support for MCE 
research was provided by NSF Biological Oceanography (OCE-
1632348/1632333) to MPL and MS, respectively.

ORCID
Michael P. Lesser   https://orcid.org/0000-0002-0741-3102 
Marc Slattery   https://orcid.org/0000-0001-8325-3262 

R E FE R E N C E S
Agusti, S., Lubían, L. M., Moreno-Ostos, E., Estrada, M., & Duarte, C. 

M. (2019). Projected changes in photosynthetic picoplankton in a 
warmer subtropical ocean. Frontiers in Marine Science, 5, 506. https://
doi.org/10.3389/fmars.2018.00506

Alexander, M. A., Scott, J. D., Friedland, K. D., Mills, K. E., Nye, J. A., 
Pershing, A. J., & Thomas, A. C. (2018). Projected sea surface tem-
peratures over the 21st century: Changes in the mean, variability and 
extremes for large marine ecosystem regions of Northern Oceans. 
Elementa: Science of the Anthropocene, 6, 9.

Andradi-Brown, D. A., Head, C. E. I., Exton, D. A., Hunt, C. L., Hendrix, 
A., Gress, E., & Rogers, A. D. (2017). Identifying zooplankton commu-
nity changes between shallow and upper-mesophotic reefs on the 
Mesoamerican Barrier Reef, Caribbean. PeerJ, 5, e2853. https://doi.
org/10.7717/peerj.2853

Becker, J. W., Berube, P. M., Follett, C. L., Waterbury, J. B., Chisholm, S. W., 
DeLong, E. F., & Repeta, D. J. (2014). Closely related phytoplankton 

https://orcid.org/0000-0002-0741-3102
https://orcid.org/0000-0002-0741-3102
https://orcid.org/0000-0001-8325-3262
https://orcid.org/0000-0001-8325-3262
https://doi.org/10.3389/fmars.2018.00506
https://doi.org/10.3389/fmars.2018.00506
https://doi.org/10.7717/peerj.2853
https://doi.org/10.7717/peerj.2853


LESSER and SLATTERY      |  3209

species produce similar suites of dissolved organic material. Frontiers 
in Microbiology, 5, 111.

Behrenfeld, M. J., O’Malley, R. T., Siegel, D. A., McClain, C. R., Sarmiento, 
J. L., Feldman, G. C., … Boss, E. S. (2006). Climate-driven trends in 
contemporary ocean productivity. Nature, 444, 752–755. https://doi.
org/10.1038/natur​e05317

Bell, J. J., Bennett, H. M., Rovellini, A., & Webster, N. S. (2018). Sponges 
to be winners under near-future climate scenarios. BioScience, 68, 
955–968. https://doi.org/10.1093/biosc​i/biy142

Bell, J. J., Davy, S. K., Jones, T., Taylor, M. W., & Webster, N. S. (2013). 
Could some coral reefs become sponge reefs as our climate changes? 
Global Change Biology, 19, 2613–2624. https://doi.org/10.1111/
gcb.12212

Bell, J. J., Rovellini, A., Davy, S. K., Taylor, M. W., Fulton, E. A., Dunn, M. 
R., … Webster, N. S. (2018). Climate change alterations to ecosystem 
dominance: How might sponge-dominated reefs function. Ecology, 
99, 1920–1931. https://doi.org/10.1002/ecy.2446

Bennett, H. M., Altenrath, C., Woods, L., Davy, S. K., Webster, N., & 
Bell, J. (2017). Interactive effects of temperature and pCO2 on 
sponges: From the cradle to the grave. Global Change Biology, 23, 
2031–2046.

Capotondi, A., Alexander, M. A., Bond, N. A., Curchister, E. N., & Scott, J. 
D. (2012). Enhanced upper ocean stratification with climate change 
in the CMIP3 models. Journal of Geophysical Research, 117, C04031. 
https://doi.org/10.1029/2011J​C007409

Charpy, L., Rodier, M., Fournier, J., Langlade, M. J., & Gaertner-Mazouni, 
N. (2012). Physical and chemical control of the phytoplankton of 
Ahe lagoon, French Polynesia. Marine Pollution Bulletin, 65, 471–477. 
https://doi.org/10.1016/j.marpo​lbul.2011.12.026

Coma, R., Ribes, M., Serrano, E., Jiménez, E., Salat, J., & Pasqual, J. 
(2009). Global warming-enhanced stratification and mass mortality 
events in the Mediterranean. Proceedings of the National Academy of 
Sciences of the United States of America, 106, 6176–6181. https://doi.
org/10.1073/pnas.08058​01106

de Goeij, J. M., Lesser, M. P., & Pawlik, J. R. (2017). Nutrient fluxes and 
ecological functions of coral reef sponges in a changing ocean. In 
J. L. Carballo & J. J. Bell (Eds.), Climate change, ocean acidification and 
sponges (pp. 373–410). Cham, Switzerland: Springer International.

de Goeij, J. M., Moodley, L., Houtekamer, M., Carballeira, N. M., & van 
Duyl, F. C. (2008). Tracing 13C-enriched dissolved and particulate 
organic carbon in the bacteria-containing reef sponge Halisarca 
caerulea: Evidence for DOM feeding. Limnology and Oceanography, 
53, 1376–1386.

de Goeij, J. M., van Oevelen, D., Vermeij, M. J. A., Osinga, R., Middelburg, 
J. J., de Goeij, A. F. P. M., & Admiral, W. (2013). Surviving in a marine 
desert: The sponge loop retains resources within coral reefs. Science, 
342, 108–110. https://doi.org/10.1126/scien​ce.1241981

DeCarlo, T. M., Karnauskas, K. B., Davis, K. A., & Wong, G. T. F. (2015). 
Climate modulates internal wave activity in the Northern South 
China Sea. Geophysical Research Letters, 42, 831–838.

Doney, S. C., Ruckelshaus, M., Emmett Duffy, J., Barry, J. P., Chan, F., 
English, C. A., … Talley, L. D. (2012). Climate change impacts on ma-
rine ecosystems. Annual Review of Marine Science, 4, 11–37. https://
doi.org/10.1146/annur​ev-marin​e-04191​1-111611

Erwin, P. M., & Thacker, R. W. (2007). Incidence and identity of photo-
synthetic symbionts in Caribbean coral reef sponge assemblages. 
Journal of the Marine Biological Association of the UK, 87, 1683–1692. 
https://doi.org/10.1017/S0025​31540​7058213

Fiore, C. F., Baker, D. M., & Lesser, M. P. (2013). Nutrient biogeochemis-
try in the Caribbean sponge, Xestospongia muta: A source or sink of 
dissolved inorganic nitrogen? PLoS ONE, 8, e72961.

Flombaum, P., Gallegos, J. L., Gordillo, R. A., Rincón, J., Zabala, L. L., Jiao, 
N., … Martiny, A. C. (2013). Present and future global distributions of 
the marine bacteria Prochlorococcus and Synechococcus. Proceedings 

of the National Academy of Sciences of the United States of America, 
110, 9824–9829.

Fordyce, A. J., Ainsworth, T. D., Heron, S. F., & Leggat, W. (2019). Marine 
heatwave hotspots in coral reef environments: Physical drivers, 
ecophysiological outcomes, and impact upon structural complex-
ity. Frontiers in Marine Science, 6, 498. https://doi.org/10.3389/
fmars.2019.00498

Freeman, L. A., Miller, A. J., Norris, R. D., & Smith, J. E. (2012). 
Classification of remote Pacific coral reefs by physical oceanographic 
environment. Journal of Geophysical Research, 117, C02007. https://
doi.org/10.1029/2011J​C007099

Fu, W., Randerson, J. T., & Moore, J. K. (2016). Climate change impacts on 
net primary production (NPP) and export production (EP) regulated 
by increasing stratification and phytoplankton community structure 
in the CMIP5 models. Biogeoscience, 13, 5151–5170.

Gittings, J. A., Raitsos, D. E., Krokos, G., & Hoteit, I. (2018). Impacts of 
warming on phytoplankton abundance and phenology in a typical 
tropical marine ecosystem. Scientific Reports, 8, 2240. https://doi.
org/10.1038/s4159​8-018-20560​-5

Haas, A. F., Nelson, C. E., Wegley Kelly, L., Carlson, C. A., Rohwer, F., 
Leichter, J. J., … Smith, J. E. (2011). Effects of coral reef benthic pri-
mary producers on dissolved organic carbon and microbial activity. 
PLoS ONE, 6, e27973. https://doi.org/10.1371/journ​al.pone.0027973

Hoegh-Guldberg, O., Poloczanska, E. S., Skirving, W., & Dove, S. (2017). Coral 
reef ecosystems under climate change and ocean acidification. Frontiers 
in Marine Science, 4, 158. https://doi.org/10.3389/fmars.2017.00158

Houlbreque, F., Delesalle, B., Blanchot, J., Montel, Y., & Ferrier-Pagès, 
C. (2006). Picoplankton removal by the coral reef community of La 
Prévoyante, Mayotte Island. Aquatic Microbial Ecology, 44, 59–70.

Hughes, T. P., Barnes, M. L., Bellwood, D. R., Cinner, J. E., Cumming, 
G. S., Jackson, J. B. C., … Scheffer, M. (2017). Coral reefs in the 
Anthropocene. Nature, 546, 82–90. https://doi.org/10.1038/natur​
e22901

Kara, A. B., Rochford, P. A., & Hurlburt, H. E. (2003). Mixed layer depth 
variability over the global ocean. Journal of Geophysical Oceanography, 
108(C3), 3079.

Konstantinou, D., Gerovasileiou, V., Voultsiadou, E., & Gkelis, S. (2018). 
Sponges-cyanobacteria associations: Global diversity overview and 
new data from the Eastern Mediterranean. PLoS ONE, 13, e0195001. 
https://doi.org/10.1371/journ​al.pone.0195001

Leichter, J., Alldredge, A., Bernardi, G., Brooks, A., Carlson, C., Carpenter, 
R., … Wyatt, A. (2013). Biological and physical interactions on a trop-
ical island coral reef: Transport and retention processes on Moorea, 
French Polynesia. Oceanography, 26, 52–63. https://doi.org/10.5670/
ocean​og.2013.45

Leichter, J. J., & Genovese, S. J. (2006). Intermittent upwelling and subsi-
dized growth of the sceractinian coral Madarcis mirabilis on the deep 
fore-reef slope of Discovery Bay, Jamaica. Marine Ecology Progress 
Series, 316, 95–103.

Leichter, J. J., Helmunth, B., & Fischer, A. M. (2006). Variation beneath the 
surface: Quantifying complex thermal environments on coral reefs in 
the Caribbean, Bahamas, and Florida. Journal of Marine Science, 64, 
563–588.

Leichter, J. J., Stewart, H. L., & Miller, S. L. (2003). Episodic nutrient trans-
port to Florida coral reefs. Limnology and Oceanography, 48, 1394–
1407. https://doi.org/10.4319/lo.2003.48.4.1394

Lesser, M. P. (2000). Depth-dependent effects of ultraviolet radiation on 
photosynthesis in the Caribbean coral, Montastraea faveolata. Marine 
Ecology Progress Series, 192, 137–151.

Lesser, M. P. (2004). Experimental biology of coral reef ecosystems. 
Journal of Experimental Marine Biology and Ecology, 300, 217–252. 
https://doi.org/10.1016/j.jembe.2003.12.027

Lesser, M. P. (2006). Benthic-pelagic coupling on coral reefs: Feeding 
and growth of Caribbean sponges. Journal of Experimental Marine 

https://doi.org/10.1038/nature05317
https://doi.org/10.1038/nature05317
https://doi.org/10.1093/biosci/biy142
https://doi.org/10.1111/gcb.12212
https://doi.org/10.1111/gcb.12212
https://doi.org/10.1002/ecy.2446
https://doi.org/10.1029/2011JC007409
https://doi.org/10.1016/j.marpolbul.2011.12.026
https://doi.org/10.1073/pnas.0805801106
https://doi.org/10.1073/pnas.0805801106
https://doi.org/10.1126/science.1241981
https://doi.org/10.1146/annurev-marine-041911-111611
https://doi.org/10.1146/annurev-marine-041911-111611
https://doi.org/10.1017/S0025315407058213
https://doi.org/10.3389/fmars.2019.00498
https://doi.org/10.3389/fmars.2019.00498
https://doi.org/10.1029/2011JC007099
https://doi.org/10.1029/2011JC007099
https://doi.org/10.1038/s41598-018-20560-5
https://doi.org/10.1038/s41598-018-20560-5
https://doi.org/10.1371/journal.pone.0027973
https://doi.org/10.3389/fmars.2017.00158
https://doi.org/10.1038/nature22901
https://doi.org/10.1038/nature22901
https://doi.org/10.1371/journal.pone.0195001
https://doi.org/10.5670/oceanog.2013.45
https://doi.org/10.5670/oceanog.2013.45
https://doi.org/10.4319/lo.2003.48.4.1394
https://doi.org/10.1016/j.jembe.2003.12.027


LESSER and SLATTERY3210  |    

Biology and Ecology, 328, 277–288. https://doi.org/10.1016/j.jembe. 
2005.07.010

Lesser, M. P., Fiore, C., Slattery, M., & Zaneveld, J. (2016). Climate change 
stressors destabilize the microbiome of the Caribbean barrel sponge, 
Xestospongia muta. Journal of Experimental Marine Biology and Ecology, 
475, 11–18. https://doi.org/10.1016/j.jembe.2015.11.004

Lesser, M. P., Morrow, K. M., & Pankey, M. S. (2019). N2 fixation, and the 
relative contribution of fixed N, in corals from Curaçao and Hawaii. 
Coral Reefs, 38(6), 1145–1158. https://doi.org/10.1007/s0033​8-019-
01863​-z

Lesser, M. P., Morrow, K. M., Pankey, M. S., & Noonan, S. H. C. (2018). 
Diazotroph diversity and nitrogen fixation in the coral Stylophora 
pistillata from the Great Barrier Reef. ISME Journal, 12, 813–824. 
https://doi.org/10.1038/s4139​6-017-0008-6

Lesser, M. P., Mueller, B., Pankey, M. S., Macartney, K. J., Slattery, M., & 
de Goeij, J. M. (2019). Depth-dependent detritus production in the 
sponge, Halisarca caerula. Limnology and Oceanography, 10.1002/
lno.11384

Lesser, M. P., & Slattery, M. (2013). Ecology of Caribbean sponges: Are 
top-down or bottom-up processes more important? PLoS ONE, 8, 
e79799. https://doi.org/10.1371/journ​al.pone.0079799

Lesser, M. P., & Slattery, M. (2018). Sponge density increases with 
depth throughout the Caribbean. Ecosphere, 9, e02525. https://doi.
org/10.1002/ecs2.2525

Lesser, M. P., Slattery, M., Laverick, J. H., Macartney, K. J., & Bridge, T. 
C. (2019). Global community breaks at 60 m on mesophotic coral 
reefs. Global Ecology and Biogeography, 28(10), 1403–1416. https://
doi.org/10.1111/geb.12940

Lesser, M. P., Slattery, M., & Leichter, J. J. (2009). Ecology of mesophotic 
coral reefs. Journal of Marine Biology and Ecology, 375, 1–8. https://
doi.org/10.1016/j.jembe.2009.05.009

Lesser, M. P., Slattery, M., & Mobley, C. D. (2018). Biodiversity and func-
tional ecology of mesophotic coral reefs. Annual Review of Ecology 
and Systematics, 49, 49–71. https://doi.org/10.1146/annur​ev-ecols​
ys-11061​7-062423

Lesser, M. P., Slattery, M., Stat, M., Ojimi, M., Gates, R. D., & Grottoli, 
A. (2010). Photoacclimatization by the coral Montastraea cavernosa 
in the mesophotic zone: Light, food, and genetics. Ecology, 91, 990–
1003. https://doi.org/10.1890/09-0313.1

Lowe, R. J., & Falter, J. L. (2015). Oceanic forcing of coral reefs. Annual 
Review of Marine Science, 7, 43–66. https://doi.org/10.1146/annur​ev-
marin​e-01081​4-015834

Maldonado, M. (2015). Sponge waste that fuels marine oligotrophic food 
webs: A re–assessment of its origin and nature. Marine Ecology, 37, 
477–491. https://doi.org/10.1111/maec.12256

McMurray, S. E., Finelli, C. M., & Pawlik, J. R. (2015). Population dynamics 
of giant barrel sponges on Florida coral reefs. Journal of Experimental 
Marine Biology and Ecology, 473, 73–80. https://doi.org/10.1016/ 
j.jembe.2015.08.007

McMurray, S. E., Stubler, A. D., Erwin, P. M., Finelli, C. M., & Pawlik, J. R. 
(2018). A test of the sponge-loop hypothesis for emergent Caribbean 
reef sponges. Marine Ecology Progress Series, 588, 1–14. https://doi.
org/10.3354/meps1​2466

Montégut, C. D. B., Madec, G., Fischer, A. S., Lazar, A., & Iudicone, D. 
(2004). Mixed layer depth over the global ocean: An examination of 
profile data and a profile-based climatology. Journal of Geophysical 
Research, 109, C1203. https://doi.org/10.1029/2004J​C002378

Morrow, K. M., Fiore, C. L., & Lesser, M. P. (2016). Environmental drivers 
of microbial community shifts in the giant barrel sponge, Xestospongia 
muta, over a shallow to mesophotic depth gradient. Environmental 
Microbiology, 18, 2025–2038.

Mueller, B., Den Haan, J., Visser, P. M., Vermeij, M. J. A., & van Duyl, F. 
C. (2016). Effect of light and nutrient availability on the release of 
dissolved organic carbon (DOC) by Caribbean turf algae. Scientific 
Reports, 6, 23248. https://doi.org/10.1038/srep2​3248

Mueller, B., van der Zande, R. M., van Leent, P. J. M., Meesters, E. H., 
Vermeij, M. J. A., & van Duyl, F. C. (2014). Effect of light availability 
on dissolved organic carbon release by Caribbean reef algae and cor-
als. Bulletin Marine Science, 90, 875–893. https://doi.org/10.5343/
bms.2013.1062

Nelson, C. E., Alldredge, A. L., McCliment, E. A., Amaral-Zettler, L. A., 
& Nelson, C. A. (2011). Depleted dissolved organic carbon and dis-
tinct bacterial communities in the water column of a rapid-flushing 
coral reef ecosystem. The ISME Journal, 5, 1374–1387. https://doi.
org/10.1038/ismej.2011.12

Norström, A. V., Nyström, M., Lokrantz, J., & Folke, C. (2009). Alternative 
states on coral reefs: Beyond coral-macroalgal phase shifts. Marine 
Ecology Progress Series, 376, 295–306. https://doi.org/10.3354/
meps0​7815

Ogawa, H., & Tanoue, E. (2003). Dissolved organic matter in oceanic wa-
ters. Journal of Oceanography, 59, 129–147.

Pawlik, J. R. (1998). Coral reef sponges: Do predatory fish affect their 
distribution? Limnology and Oceanography, 43, 1396–1399.

Pawlik, J. R., Burkepile, D. E., & Thurber, R. V. (2016). A vicious circle? 
Altered carbon and nutrient cycling may explain the low resilience 
of Caribbean coral reefs. BioScience, 66, 470–476. https://doi.
org/10.1093/biosc​i/biw047

Pawlik, J. R., Loh, T. L., McMurray, S. E., & Finelli, C. M. (2013). Sponge 
communities on Caribbean coral reefs are structured by factors that 
are top-down, not bottom-up. PLoS ONE, 8, e62573. https://doi.
org/10.1371/journ​al.pone.0062573

Pawlik, J. R., McMurray, S. E., Erwin, P., & Zea, Z. (2015). A review of 
evidence for food limitation of sponges on Caribbean reefs. Marine 
Ecology Progress Series, 519, 265–283. https://doi.org/10.3354/meps1 
​1093

Polovina, J. J., Howell, E. A., & Abecassis, M. (2008). Ocean’s least pro-
ductive waters are expanding. Geophysical Research Letters, 35, 
L03618. https://doi.org/10.1029/2007G​L031745

Reid, E. C., DeCarlo, T. M., Cohen, A. L., Wong, G. T. F., Lentz, S. J., 
Safaie, A., … Davis, K. A. (2019). Internal waves influence the ther-
mal and nutrient environment on a shallow coral reef. Limnology and 
Oceanography, 64, 1949–1965. https://doi.org/10.1002/lno.11162

Ribes, M., Coma, R., Atkinson, M. J., & Kinzie III, R. A. (2003). Particle 
removal by coral reef communities: Picoplankton is a major source 
of nitrogen. Marine Ecology Progress Series, 257, 13–23. https://doi.
org/10.3354/meps2​57013

Ribes, M., Coma, R., Atkinson, M. J., & Kinzie III, R. A. (2005). Sponges and 
ascidians control removal of particulate organic nitrogen from coral 
reef water. Limnology and Oceanography, 50, 1480–1489. https://doi.
org/10.4319/lo.2005.50.5.1480

Rix, L., de Goeij, J. M., Mueller, C. E., Struck, U., Middelburg, J. J., van 
Duyl, F. C., … van Oevelen, D. (2016). Coral mucus fuels the sponge 
loop in warm- and cold-water coral reef ecosystems. Scientific 
Reports, 6, 18715. https://doi.org/10.1038/srep1​8715

Rix, L., de Goeij, J. M., van Oevelen, D., Struck, U., Al-Horani, F. A., Wild, 
C., & Naumann, M. S. (2018). Reef sponge facilitate the transfer of 
coral–derived organic matter to their associated fauna via the sponge 
loop. Marine Ecology Progress Series, 589, 85–96.

Signorini, S. R., Franz, B. A., & McClain, C. R. (2015). Chlorophyll vari-
ability in the oligotrophic gyres: Mechanisms, seasonality and trends. 
Frontiers in Marine Science, 2, 1. https://doi.org/10.3389/fmars. 
2015.00001

Slattery, M., & Lesser, M. P. (2012). Mesophotic coral reefs: a global 
model of community structure and function. Proceedings of the 12th 
Coral Reef Symposium, 1, 9–13.

Slattery, M., & Lesser, M. P. (2015). Trophic ecology of sponges from 
shallow to mesophotic depths (3 to 150 m): Comment on Pawlik 
et al (2015). Marine Ecology Progress Series, 527, 275–279.

Somavilla, R., González-Pola, C., & Fernández-Diaz, J. (2017). The warmer 
the ocean surface, the shallower the mixed layer. How much of this 

https://doi.org/10.1016/j.jembe.2005.07.010
https://doi.org/10.1016/j.jembe.2005.07.010
https://doi.org/10.1016/j.jembe.2015.11.004
https://doi.org/10.1007/s00338-019-01863-z
https://doi.org/10.1007/s00338-019-01863-z
https://doi.org/10.1038/s41396-017-0008-6
https://doi.org/10.1371/journal.pone.0079799
https://doi.org/10.1002/ecs2.2525
https://doi.org/10.1002/ecs2.2525
https://doi.org/10.1111/geb.12940
https://doi.org/10.1111/geb.12940
https://doi.org/10.1016/j.jembe.2009.05.009
https://doi.org/10.1016/j.jembe.2009.05.009
https://doi.org/10.1146/annurev-ecolsys-110617-062423
https://doi.org/10.1146/annurev-ecolsys-110617-062423
https://doi.org/10.1890/09-0313.1
https://doi.org/10.1146/annurev-marine-010814-015834
https://doi.org/10.1146/annurev-marine-010814-015834
https://doi.org/10.1111/maec.12256
https://doi.org/10.1016/j.jembe.2015.08.007
https://doi.org/10.1016/j.jembe.2015.08.007
https://doi.org/10.3354/meps12466
https://doi.org/10.3354/meps12466
https://doi.org/10.1029/2004JC002378
https://doi.org/10.1038/srep23248
https://doi.org/10.5343/bms.2013.1062
https://doi.org/10.5343/bms.2013.1062
https://doi.org/10.1038/ismej.2011.12
https://doi.org/10.1038/ismej.2011.12
https://doi.org/10.3354/meps07815
https://doi.org/10.3354/meps07815
https://doi.org/10.1093/biosci/biw047
https://doi.org/10.1093/biosci/biw047
https://doi.org/10.1371/journal.pone.0062573
https://doi.org/10.1371/journal.pone.0062573
https://doi.org/10.3354/meps11093
https://doi.org/10.3354/meps11093
https://doi.org/10.1029/2007GL031745
https://doi.org/10.1002/lno.11162
https://doi.org/10.3354/meps257013
https://doi.org/10.3354/meps257013
https://doi.org/10.4319/lo.2005.50.5.1480
https://doi.org/10.4319/lo.2005.50.5.1480
https://doi.org/10.1038/srep18715
https://doi.org/10.3389/fmars.2015.00001
https://doi.org/10.3389/fmars.2015.00001


LESSER and SLATTERY      |  3211

is true? Journal of Geophysical Research Oceans, 122, 7698–7761. 
https://doi.org/10.1002/2017J​C013125

Steinacher, M., Joos, F., Frölicher, T. L., Bopp, L., Cadule, P., Cocco, V., … 
Segschneider, J. (2010). Projected 21st century decrease in marine 
productivity: A multi-model analysis. Biogeoscience, 7, 979–1005. 
https://doi.org/10.5194/bg-7-979-2010

Tai, J.-H., Wong, G. T. F., & Pan, X. (2017). Upper water structure and 
mixed layer depth in tropical waters: The SEATS station in the north-
ern South China Sea. Terrestrial, Atmospheric, and Ocean Sciences, 28, 
1019–1032. https://doi.org/10.3319/TAO.2017.01.09.01

Tanaka, Y., Miyajima, T., Watanabe, A., Nadoaka, K., Yamamoto, T., & 
Ogawa, H. (2011). Distribution of dissolved organic carbon and nitro-
gen in a coral reef. Coral Reefs, 30, 533–541. https://doi.org/10.1007/
s0033​8-011-0735-5

Thacker, R. W., & Freeman, C. J. (2012). Sponge-microbe symbioses: 
Recent advances and new directions. Advances in Marine Biology, 62, 
57–111.

Thornton, D. C. O. (2014). Dissolved organic matter (DOM) release by 
phytoplankton in the contemporary and future ocean. European 
Journal of Phycology, 49, 20–46. https://doi.org/10.1080/09670​
262.2013.875596

Trussell, G. C., Lesser, M. P., Patterson, M. R., & Genovese, S. J. (2006). 
Depth-specific differences in growth of the reef sponge Calyspongia 
vaginalis: Role of bottom-up effects. Marine Ecology Progress Series, 
323, 149–158.

Usher, K. M. (2008). The ecology and phylogeny of cyanobacterial sym-
bionts in sponges. Marine Ecology, 29, 178–192. https://doi.org/ 
10.1111/j.1439-0485.2008.00245.x

Wilkinson, C. R. (1983). Net primary productivity in coral reef 
sponges. Science, 219, 410–412. https://doi.org/10.1126/scien​ce. 
219.4583.410

Wilkinson, C. R., & Cheshire, A. C. (1990). Comparisons of sponge popu-
lations across the barrier reefs of Australia and Belize: Evidence for 
higher productivity in the Caribbean. Marine Ecology Progress Series, 
67, 285–294. https://doi.org/10.3354/meps0​67285

Wilkinson, C. C., & Trott, L. L. (1985). Light as a factor determining 
the distribution of sponges across the central Great Barrier Reef. 

Proceedings of the 5th International Coral Reef Symposium, Tahiti, 5, 
125–130.

Williams, G. J., Graham, N. A. J., Jouffray, J.-P., Norström, A. V., Nyström, 
M., Gove, J. M., & Wedding, L. M. (2019). Coral reef ecology in the 
Anthropocene. Functional Ecology, 33, 1014–1022. https://doi.
org/10.1111/1365-2435.13290

Williams, G. J., Sandin, S. A., Zgliczynski, B. J., Fox, M. D., Gove, J. M., 
Rogers, J. S., … Smith, J. E. (2018). Biophysical drivers of coral trophic 
depth zonation. Marine Biology, 165, 60. https://doi.org/10.1007/
s0022​7-018-3314-2

Woodson, C. B. (2018). The fate and impact of internal waves in near-
shore ecosystems. Annual Review of Marine Sciences, 10, 421–441. 
https://doi.org/10.1146/annur​ev-marin​e-12191​6-063619

Wooster, M. K., McMurray, S. E., Pawlik, J. R., Morán, X. A. G., & Berumen, 
M. L. (2019). Feeding and respiration by giant barrel sponges 
across a gradient of food abundance in the Red Sea. Limnology and 
Oceanography, 64, 1790–1801. https://doi.org/10.1002/lno.11151

Wulff, J. (2006). Rapid diversity and abundance decline in a Caribbean 
coral reef sponge community. Biological Conservation, 127, 167–176. 
https://doi.org/10.1016/j.biocon.2005.08.007

Wulff, J. (2017). Bottom-up and top-down controls on coral reef sponges: 
Disentangling within-habitat and between-habitat processes. 
Ecology, 98, 1130–1139. https://doi.org/10.1002/ecy.1754

Wyatt, A. S. J., Leichter, J. J., Toth, L. T., Miyajima, T., Aronson, R. B., 
& Nagata, T. (2019). Heat accumulation on coral reefs mitigated 
by internal waves. Nature Geoscience, 13(1), 28–34. https://doi.
org/10.1038/s4156​1-019-0486-4

Yeh, S.-W., Yim, B. Y., Noh, Y., & Dewitte, B. (2009). Changes in mixed 
layer depth under climate change projections in two CGCMs. Climate 
Dynamics, 33, 199–213. https://doi.org/10.1007/s0038​2-009-0530-y

How to cite this article: Lesser MP, Slattery M. Will coral reef 
sponges be winners in the Anthropocene? Glob Change Biol. 
2020;26:3202–3211. https://doi.org/10.1111/gcb.15039

https://doi.org/10.1002/2017JC013125
https://doi.org/10.5194/bg-7-979-2010
https://doi.org/10.3319/TAO.2017.01.09.01
https://doi.org/10.1007/s00338-011-0735-5
https://doi.org/10.1007/s00338-011-0735-5
https://doi.org/10.1080/09670262.2013.875596
https://doi.org/10.1080/09670262.2013.875596
https://doi.org/10.1111/j.1439-0485.2008.00245.x
https://doi.org/10.1111/j.1439-0485.2008.00245.x
https://doi.org/10.1126/science.219.4583.410
https://doi.org/10.1126/science.219.4583.410
https://doi.org/10.3354/meps067285
https://doi.org/10.1111/1365-2435.13290
https://doi.org/10.1111/1365-2435.13290
https://doi.org/10.1007/s00227-018-3314-2
https://doi.org/10.1007/s00227-018-3314-2
https://doi.org/10.1146/annurev-marine-121916-063619
https://doi.org/10.1002/lno.11151
https://doi.org/10.1016/j.biocon.2005.08.007
https://doi.org/10.1002/ecy.1754
https://doi.org/10.1038/s41561-019-0486-4
https://doi.org/10.1038/s41561-019-0486-4
https://doi.org/10.1007/s00382-009-0530-y
https://doi.org/10.1111/gcb.15039

