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1  |  COMMENTARY ON “ADAPTIVE 
STR ATEGIES OF SPONGES TO 
DEOX YGENATED OCE ANS”

Animal life began under hypoxia—low-oxygen (O2) conditions that 
are currently expanding throughout the global ocean. The hypoxia 
tolerance of marine animals, therefore, concerns both the deep his-
tory and near future of animal life. Sponges (Phylum Porifera) are of 
particular importance to this topic for a number of reasons. For one, 
sponges are contenders (alongside ctenophores) for the sister-group 
of all other animals. In either scenario, the Porifera crown-group may 
represent the oldest living animal phylum (Dohrmann & Wörheide, 
2017). It is even predicted that the earliest multicellular animals may 
have exhibited sponge-like body plans and trophic strategies (Leys & 
Kahn, 2018; Mills et al., 2014). Today, in modern marine ecosystems, 
sponges are key habitat builders and regulators of carbon, nitrogen, 
and silica cycling, actively promoting the diversity and abundance 
of symbiotic microbial communities and other animals (Maldonado 
et al., 2012). Despite this evolutionary and ecological significance, 
the hypoxia tolerance of sponges has only recently been explored, 
leaving open several key questions. Namely, how did sponges—and 
animals more generally—originate under considerably lower marine 
dissolved oxygen concentrations (perhaps < 10% of modern air sat-
urated levels) (Mills et al., 2014)? How are sponges responding to on-
going marine deoxygenation? How will sponges—and the microbes 
and animals that depend on them—fare by the end of the century, 
when both coastal ocean eutrophication events and open ocean de-
oxygenation are predicted to increase (Breitburg et al., 2018)?

The Latin meaning of Porifera is “pore bearer,” related to the 
elaborate system of water channels—the aquiferous system—that 
allow sponges to feed. This body organization (‘diploblastic’) means 
that essentially every cell in the sponge body is in direct, diffusive 
contact with seawater. Hypothetically, then, sponges should be rel-
atively tolerant to hypoxia as there are no mechanistic constraints 

to oxygen supply. The first hypoxia studies on Porifera suggested 
that at least one sponge species—the temperate demosponge 
Halichondria panicea—is capable of survival under 3–4% of modern 
air-saturated levels (9.08–12.1 µM O2) for 24 days, as well as respira-
tion and filtration under O2 levels cycling between 0.5 and 4% of air 
saturation (1.6–12.7 µM O2) (Figure 1) (Mills et al., 2014). Subsequent 
experiments on the tropical demosponge Tethya wilhelma revealed 
survival and aerobic respiration under oxygen concentrations as low 
as 0.25% air saturation (500 nM O2) (Mills et al., 2018). Additional ex-
periments on the deep-water demosponge Geodia barretti revealed 
normal respiration rates and a one-third reduction in filtration rate 
under 7% air saturation (20 µM O2) (Leys & Kahn, 2018)—a drop sim-
ilarly observed in H. panicea. Overall, these earlier experiments re-
veal a certain degree of hypoxia tolerance across these three sponge 
species. But how widespread is hypoxia tolerance across Porifera 
more broadly? Now, in a new effort, Micaroni et al. have more than 
doubled the published number of sponge species whose hypoxia tol-
erance has been explicitly investigated in the laboratory (Micaroni 
et al., 2022). These results are particularly impressive given that 
sponges are notoriously difficult to study in laboratory settings. By 
using the most thorough and systematic approach to date for as-
sessing the general hypoxia response of marine sponges, Micaroni 
et al. substantially bolster the conclusions of these previous single-
species studies and place sponge hypoxia tolerance in a broader 
phylogenetic and physiological context.

Sampling two oceans, and two sponges from each one, Micaroni 
et al. investigated the tolerance, behavior, and physiological re-
sponse of sponges to low O2 concentrations—going as low as 1.6% 
air saturation (4.06 µM O2). The first set of experiments, conducted 
in Ireland, subjected two temperate Atlantic species—Cliona celata 
and Suberites carnosus—to three hypoxic treatments (41, 19, and 6% 
air saturation = 103, 50, and 15.6 µM O2) over the course of seven 
days. At the end of these hypoxia treatments, all of the 72 specimens 
(12 from each species per treatment) except for one survived. In a 
second set of experiments, conducted in New Zealand, two tem-
perate SW Pacific sponge species—Polymastia croceus and Suberites This article is a Commentary on Micaroni et al., https://doi.org/10.1111/gcb.16013.  
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australiensis—were subjected to even lower O2 concentrations (5 and 
1.6% air saturation  =  12.5 and 4.06  µM O2) for even more time 
(12 days). At the end of the 1.6% air-saturated treatment, more than 
half (8 out of 15) of the P. croceus specimens died, while S. australien-
sis exhibited no mortality at all. In contrast, all specimens survived 
5% air saturation, with both taxa responding behaviorally: P. croceus 
by expanding its papillae (structures formed by the localization of 
incurrent canals that extend beyond the sponge surface), and S. 
australiensis by expanding its total body size and aquiferous system. 
These behaviors are potentially adaptive responses to hypoxia. For 
example, the P. croceus specimens that survived 1.6% air saturation 
for 12 days had a higher ratio of expanded papillae compared with 
the specimens that died during the same treatment. Specimens of 
P. croceus also exhibited thinner, flatter papillae—even spiralized 
papillae—perhaps to maximize O2 uptake by increasing their surface-
area-to-volume ratios. With respect to respiration rates, which were 
measured in all experiments and all taxa (except for the 1.6% air-
saturated treatments), only S. carnosus experienced a reduction 
under 5–6% air saturation—the rates of the other taxa remained 
the same under all oxygen levels observed, similar to H. panicea and 
G. barretti. While simply surviving experimental short-term low-O2 
conditions can be accomplished by slowing down metabolism in a 
manner unsustainable on ecological timescales, this maintenance of 
aerobic respiration rates in low O2 implies the ability to survive over 
prolonged periods of hypoxia. Overall, these experiments reinforce 
the conclusion that sponges are generally very hypoxia tolerant.

Although many different animal groups exhibit hypoxia tolerance, 
understanding the relative nature of hypoxia tolerance is critical to 
interpreting Earth history and predicting winners and losers in the fu-
ture ocean. Sessile organisms generally have better hypoxia tolerance 
than mobile organisms (Vaquer-Sunyer & Duarte, 2008), and sponges 
fit this trend, with lower lethal and sublethal limits than, for instance, 
fish and crustaceans (Figure 1). Micaroni et al. suggest that sponges 
may be more hypoxia tolerant than other sessile groups like bivalves 
and anthozoan cnidarians, and while this may be true, this conclusion 
is complicated by limited species studied, varying methodologies, and 
low statistical power. Nonetheless, the current data suggest that there 
is something innate about sponge body plans that lends itself to life 
under low O2. For Earth historians, this conclusion bolsters the predic-
tion that hypoxia tolerance is ancestral to sponges and that the earliest 
sponges, and perhaps even the earliest sponge-like animals, were also 
capable of life under hypoxia. Given this, pO2 estimates between 1 and 
10% of present atmospheric levels (PALs) for the mid-Proterozoic Eon 
(2.5–0.541 billion years ago) very clearly do not preclude animal life if 
the earliest multicellular animals tolerated hypoxia similarly to mod-
ern sponges (Mills et al., 2014). Indeed, T. wilhelma resumes normal 
transcription below this range at 0.25% PAL O2, suggesting that pO2 
estimates between 0.25 and 1% PAL are also compatible with aerobic 
respiration in animals (Mills et al., 2018). On the modern Earth, the 
demonstrated hypoxia tolerance of sponges suggests that sponges, as 
a group, may have a selective advantage over other marine animals as 
deoxygenated regions of the global ocean expand. A corollary is that 

F I G U R E  1  The distribution of oxygen thresholds across different marine taxa. The scale shows two oxygen (O2) concentration units (mg 
O2 L−1 and µM O2) and how these values relate to different percent saturations (equivalent to present atmospheric levels or PALs) at a given 
temperature and salinity. Traditional pO2 estimates for the mid-Proterozoic Eon (2.5–0.541 billion years ago)—1–10% PAL—are shown in 
yellow (Mills et al., 2014). Red dots represent lethal thresholds (LT50), including the median lethal time (hours) at that given O2 concentration, 
while orange dots (and boxes) represent sublethal thresholds. Species labelled with asterisks represent taxa studied in Micaroni et al. (2022). 
For H. panicea, while the temperature and salinity are unreported in Mills et al. (2014), 17% air saturation converts to 55.7 µM O2 given 
T = 9ºC and S = 15 for these experiments (unpublished data). Sponge values taken from Micaroni et al. (2022, figure 5) with the echinoderm, 
mollusk, crustacean, and fish values from Vaquer-Sunyer and Duarte (2008, figure 3B). The maximum value for fish, extending beyond the 
horizontal axis, is ~10 mg O2 L−1 [Colour figure can be viewed at wileyonlinelibrary.com]
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there may be relatively little disruption to the important ecosystem 
services sponges provide.

Moving forward, there remain several outstanding questions re-
garding sponges and hypoxia tolerance. One concerns the role or 
requirements of sponges’ microbial symbionts. Indeed, sponges have 
diverse and complex microbiomes and are classified as either “high-
microbial-abundance” (HMA) or “low-microbial-abundance” (LMA) 
based on their bacterial cell densities. As sponges lack essential com-
ponents of the HIF oxygen-sensing pathway (Mills et al., 2018), it has 
been suggested that hypoxia and anoxia (zero oxygen) tolerance may 
be conferred to sponges via metabolic interactions with their microbi-
ome (Schuster et al., 2021). In the laboratory, all sponges analyzed to 
date—with the exception of G. barretti—are most likely LMA sponges. 
Therefore, future research is needed to test whether hypoxia tolerance 
varies as function of microbial abundance and to determine if meta-
bolic interactions between sponges and their associated microbes 
convey anoxia and hypoxia tolerance. Second, hypoxia is obviously 
not the only threat to marine life resulting from anthropogenic global 
change, and sponges will also face rising temperatures and decreasing 
pH values. Critically, hypoxia tolerance is not static across tempera-
tures but changes with the oxygen that can be supplied to the or-
ganism from the environment (related to solubility and diffusion) and 
the oxygen demand of the organism (related to respiration). Although 
it is difficult to extrapolate across phyla, other diploblastic organisms 
like sea anemones appear to show excellent hypoxia tolerance at their 
optimal temperature but also strong temperature sensitivity of their 
hypoxia tolerance (Boag et al., 2018). It may be that sponges are toler-
ant to hypoxia, but this tolerance is then negated in a warming world 
by higher temperature sensitivity. Such experiments investigating the 
response in HMA sponges and in a multistressor framework (particu-
larly across temperatures) will provide us with the details necessary 
for reconstructing the early history of animals and forecasting the near 
future of animal ecosystems under a changing global ocean.
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