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Turf algae redefine the chemical
landscape of temperate reefs,
limiting kelp forest recovery
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In temperate regions experiencing rapid ocean warming, kelp
forests are being replaced by chemically rich turf algae.
However, the extent to which these turf algae alter the
surrounding chemical environment or affect the rebound
potential of kelp forests (through chemically mediated
interactions) remains unknown. Here, we used underwater
visual surveys, comprehensive chemical profiling, and
laboratory experiments to reveal that turf algae release
bioactive compounds into the water that fundamentally alter
the reef “chemical landscape” and directly suppress kelp
recruitment. Therefore, our study reveals that chemical ecology
is critical in shaping modern kelp forest ecosystems and their
resilience. Further, it demonstrates that reversing climate-driven
state shifts will require not only curbing global carbon
emissions but also implementing targeted local interventions
that break harmful ecological feedback loops and foster
recovery.

Kelp forests dominate much of Earth’s temperate coastline and are
vital to ocean ecosystem functioning. By creating three-dimensional
structures and food resources, kelp forests benefit a variety of resi-
dents, from microbes to megafauna, while also modifying water move-
ment, light availability, and carbon fluxes in ways that positively
influence other species (I-8). Kelp forests also provide important eco-
system services, including fisheries and ecotourism, that are worth
billions of dollars per year globally (9). However, despite their recog-
nized ecological and economic importance, many kelp forests world-
wide are threatened with collapse due to climate change and/or
overfishing (10, I1).

In areas of rapid ocean warming, kelp forests have recently been
replaced by low-lying carpets of chemically rich, filamentous red algae
(hereafter “turf algae”) (12). Documented in Australia (13), Japan (14),
Norway (15), the Mediterranean and Baltic Seas (12, 16), and across
the Northwest Atlantic (17-19), these rapid shifts to turf dominance
have resulted in ecosystem-level biodiversity loss, decreased fish abun-
dance, altered food web energetics, and changes in nutrient dynamics
on coastal reefs (13, 20-22). Moreover, some studies suggest that once
established, turf algae may directly inhibit kelp recovery, thereby creat-
ing harmful ecological feedback loops that lock the system in a quali-
tatively different state (18, 23, 24).

The inhibition of kelp recovery by turf algae could be due to their
effects on the chemical environment, in addition to space preemption
and harboring sediments or grazers (I8, 23, 24). However, no studies
to date have considered how turf algae influence the ecosystem’s
broader chemical environment or whether they engage in allelopathy
(i.e., inhibit the recovery of kelp through chemically mediated
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competition) in such transitions. This is despite the outsized role that
allelopathy plays in the recovery dynamics of other iconic ecosystems
such as tropical coral reefs (25-27) and rain forests (28, 29). Assessing
how turf algae do or do not chemically alter the recovery potential of
kelp forests is therefore critical for revealing their modern ecology, as
well as for developing strategies to restore valuable kelp forest
ecosystems.

Here, we assessed the role of turf-mediated allelopathy in the re-
covery dynamics of Kelp forests in the Gulf of Maine in the US (Fig.
1A). We previously revealed (19) that over the past two decades, kelp
forests on the warmest (southwest) stretch of Maine’s coastline had
collapsed and been replaced by turf algae as a consequence of rapid
ocean warming (Fig. 1B), whereas kelp forests had continued to per-
sist in the cooler, northeastern reaches of Maine’s coastline (Fig. 1C).
In recent years (2021 to 2023), kelp forests have failed to recover on
reefs in southwest Maine, as evidenced by a persistent scarcity of
adult kelps (Fig. 1D), a lack of new juvenile kelps successfully recruit-
ing to the reef (Fig. 1E), and a constant abundance of turf algae (Fig.
1F) on southern reefs.

Such ecosystem-level patterns suggest that turf algae may be ac-
tively suppressing Kkelp forest recovery through allelopathy. To ex-
plore this possibility, we first characterized the “metabolome,” i.e.,
the suite of waterborne primary metabolites (biomolecules essential
for normal functioning of organisms), secondary metabolites (com-
pounds typically serving specialized functions for species interac-
tions), and xenobiotics (human-derived synthetic compounds), that
defined kelp-dominated versus turf-dominated reefs along Maine’s
coast (Fig. 1A) using nontargeted chemical profiling techniques (Fig.
2). We then compared reef metabolomes with the chemistry con-
tained within co-occurring seaweeds (here, canopy-forming kelps
and the low-lying seaweeds residing under the canopy, including
bladed, foliose, and turf algae species) to assess the degree to which
chemical features found in the waterborne metabolome are likely
produced by seaweeds and to identify specific chemical features that
are exuded exclusively by turf algae. Finally, we conducted a series
of controlled laboratory experiments using an early life history stage
of kelp to assess whether the metabolome of turf-dominated reefs
and the specific chemical exudates released by turf algae inhibit kelp
recruitment. In doing so, we revealed that turf algae fundamentally
alter the reef metabolome and directly limit the rebound potential
of kelp forests.

Kelp forests and turf reefs have distinct metabolomes

To compare the metabolomes of kelp- versus turf-dominated reefs,
we collected 1-liter water samples (n = 6 per site) from within the
seaweed matrix (0.5 to 3 cm above the reef), filtered the water, and
then extracted the associated dissolved organic matter, i.e., metabo-
lome, through solid-phase extraction (30) (Fig. 2). We then character-
ized each metabolome using nontargeted ultrahigh-performance liquid
chromatography-tandem mass spectrometry (UHPLC-MS/MS). The
resulting data were processed to identify and align unique chemical
features within our samples using MZmine3 and annotated using
the GNPS2 feature-based molecular networking workflow, which
organizes metabolite features into networks (31, 32). In addition to
spectrum-library matching and molecular networking, we predicted
molecular structures, chemical classes, and molecular formulas using
SIRIUS (33-36).

In total, 17,732 chemical features (i.e., unique mass-to-charge ratios
and retention times) were detected among all water samples, high-
lighting a diverse array of waterborne chemistry in this ecosystem.
However, of these features, only 318 matched chemical spectra in the
reference databases [an annotation rate of 1.79% at level 2 identifica-
tion as defined in (37, 38)], reinforcing the notion that chemicals within
seawater are still poorly described partly because of a dearth of studies
from temperate ecosystems (39).
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Fig. 1. Study sites and ecosystem-level patterns of reef resilience. (A to C) Map of study sites across Maine's coast (A), which includes replicate sites in southwestern Maine
where kelp forests have collapsed and been replaced by turf algae in recent years (B) and replicate sites in northeastern Maine where kelp forests still prevail (C). Panel (B) photo
by D.S.Y.; panel (C) photo by S. P. F. (D to F) Adult kelp biomass (g/m?) (D), density of juvenile kelps (number/m?) (E), and percent cover of turf algae (F) at each of the six study

sites from 2021 to 2023. Error bars denote global site-level means + SE for 2021 to 2023.

We found that kelp-dominated and turf-dominated reefs had highly
distinct metabolomes [Fig. 3A; permutational multivariate analysis of
variance (PERMANOVA), P < 0.001], a pattern driven by the presence of
unique chemical features in kelp forests versus turf reefs, as well as
shared features that were differentially abundant. Turf reef metabolomes
had 1018 unique features compared with 511 found only in kelp forests
(fig. S1). Furthermore, 3663 features (20.7%) were shared but differen-
tially abundant on either kelp- or turf-dominated reefs (fig. S2). Using in
silico structure and compound class predictions from SIRIUS (35), we
found that lipids, organoheterocyclic compounds, and organic acids were
the most abundant chemical superclasses in each metabolome, account-
ing for ~90% of features (fig. S3). Turf reef metabolomes were signifi-
cantly enriched in alkaloids, compounds that are both prevalent and
bioactive in terrestrial plants (#0), whereas Kelp forest metabolomes were
enriched in lipids and organic acids, as well as benzenoid, nucleoside,
organohalogen, organoheterocyclic, organophosphorus, organosulfur,
and phenylpropanoid compounds (Fig. 3B; Wilcoxon test, P < 0.05).
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Seaweed exudates underpin the reef metabolome

The metabolome includes inputs from seaweeds, microorganisms, and
xenobiotics. To assess how seaweed exudates contribute to the reef
metabolome, we quantified the chemical features that occurred in both
the waterborne reef metabolome and the internal tissues of common,
co-occurring seaweeds. Although 14,582 features were exclusively
found in the reef metabolome, 3150 were shared between seaweeds
and the metabolome, indicating that seaweeds release a diverse array
of exudates (e.g., specialized metabolites involved in species interac-
tions) into the surrounding seawater (fig. S4). Indeed, when consider-
ing only seaweed exudates, differences between kelp forest and turf
reef metabolomes were even more pronounced (fig. S5).

Among seaweed exudates, 356 (11.3%) were specific to the turf reef
metabolome and 144 (4.6%) were specific to the kelp forest metabo-
lome (fig. S4). To assess the species-specific contributions of seaweeds
to the turf reef metabolome, we identified those features that were
unique to the turf reef metabolome and those that were unique to
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Fig. 2. Sampling and analytical workflow. Dissolved organic matter was collected using custom benthic organic matter samplers (fig. S7). Seaweed tissue samples were collected
by hand. Samples were extracted and subjected to UHPLC-MS/MS. After quality control (figs. S8 and S9), data were processed using standardized workflows for statistical analysis,
molecular annotation, prediction, and networking. Art credits: P. Stincone and D. Petras; logo permissions: A. Korf (MZmine), M. Wang (GNPS2), and S. Boecker (SIRIUS).

individual seaweed taxa (Fig. 3C). Of the features that met those cri-
teria, 36 (10.1%) hailed from individual turf algae species (Fig. 3C) and
an additional 13 (3.7%) were shared between multiple turf species (fig.
S4). Furthermore, correlation analysis revealed positive associations
(Spearman’s rank correlation P < 0.05, with a false discovery rate < 0.05)
between the abundance of dominant turf algae (Dasysiphonia japonica,
Melanothamnus harveyi, and Vertebrata spp.) and the prevalence of
unique chemical features in the turf reef metabolome (fig. S6). These
results indicate that turf algae produce a suite of species-specific com-
pounds (Fig. 3D) that reside in the waterborne metabolome of turf-
dominated reefs.

The turf reef metabolome inhibits kelp recruitment

To determine whether the turf reef metabolome inhibits kelp recruit-
ment and thus may impede ecosystem recovery, we conducted a con-
trolled laboratory experiment with the gametophytes of a dominant
kelp species in the ecosystem, Saccharina latissima. Gametophytes
are the microscopic haploid phase of the kelp life cycle that play a
crucial role in sexual reproduction and kelp recruitment to reefs.
Gametophytes were subjected to the waterborne metabolome collected
from each turf- or kelp-dominated study site (Fig. 1A), and survival
was assessed after 96 hours.

Kelp gametophyte survival declined markedly and significantly relative
to controls when exposed to observed concentrations (1.2 to 1.8 pg/ml)
(30) of the waterborne metabolome from two of three turf-dominated
sites (up to a 180% decline, P < 0.005, two-sample test for equality of
proportions with continuity correction). By contrast, gametophyte
survival trended positive and did not significantly differ from controls
when exposed to observed concentrations (1.1 to 1.2 pg/ml) of the
metabolome from any of the three kelp-dominated study sites (P > 0.05,
two-sample test for equality of proportions with continuity correction)
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(Fig. 4A). This suggests that the turf reef metabolome is an agent of kelp
gametophyte mortality and recruitment inhibition in this ecosystem.

Turf algae exudates inhibit kelp recruitment

To determine whether turf algae are directly responsible for kelp ga-
metophyte mortality (Fig. 4A), we subjected kelp gametophytes to the
waterborne molecules exuded by each of the five most abundant turf
algae species in the ecosystem, as well as surface-bound molecules from
the same species at naturally observed concentrations (30). These ex-
periments (Fig. 4, A to C) collectively encompass the suite of chemi-
cals that a kelp gametophyte may encounter while recruiting to a
turf-dominated reef.

Kelp gametophyte survival decreased significantly (by ~100 to 500%)
relative to controls when exposed to the naturally observed concentra-
tions (0.4 to 2.3 pg/ml) of the waterborne exudates produced by each
species of turf algae (P < 0.005, two-sample test for equality of propor-
tions with continuity correction) (Fig. 4B). Furthermore, the naturally
observed concentrations of surface-bound chemistry from M. harveyi
significantly decreased gametophyte survival relative to controls,
whereas the surface-bound chemistry from the other turf species did
not (Fig. 4C). Together, these findings reveal that turf algae strongly
suppress Kkelp recruitment through allelopathy and that such effects
occur primarily through waterborne molecules.

Implications

A collapse of kelp forests and subsequent shift to turf algae is occurring
at the warm trailing edge of kelp distribution in many regions around
the world (10, 12, 14). However, the mechanisms underpinning this shift
are not well known, and the role of chemical ecology in this transition
has been ignored. Here, using cutting-edge tools, we have revealed that
temperate reefs harbor a diverse array of waterborne chemicals (fig. S3)

878

G20z ‘0z snBny uo femes ‘puepl Jo AisBAIUN [RUOIEN e B10°80UB 105" MMM/ SANY WOJ4 papeojumoq



RESEARCH ARTICLES

Organophosphorus compounds
Organic nitrogen compounds
Nucleosides, nucleotides, and analogues
Organosulfur compounds
Organohalogen compounds
Phenylpropanoids and polyketides
Organoheterocyclic compounds
Lipids and lipid-like molecules
Benzenoids

Organic acids and derivatives
Alkaloids and derivatives

Chemical superclass
Benzenoids
Lipids and lipid-like molecules
Organic acids and derivatives
Organic oxygen compounds
Organohalogen compounds
Organoheterocyclic compounds
Phenylpropanoids and polyketides

Seaweed species
Turf

5 Kelp
Other

0.2 e )
®
R 01 o0 ©° °
X 2 vy
) b (9]
' ) o] :
S 00 ’ ° L.
< 0 S |
8 a L e
> |
o [5) i e
-0.1 i
e
02l - ° f
02 0.0 0.2 -1 0 1 2
PCoA1-14.9% Log2 Fold Change
@ Turf-dominated © Kelp-dominated
o |B __100
o X
320 -
o (9]
S e E 50
D =}
2 10 G
f 8 )
@ 7 7 -
o 2 25
3 3 4 -
o 2 2 2 @
(%) 1 D1 ] o
0 - 0
O [l T S
TS g & © O TN o990 500 WIS g0 T O T LZT L2280
8558588833482 854388583843 s82
S oS 3EROSOLFAER SSO0SE3=SROSEOSGFPEQ
S cgE8DE8ISSS52 o5& SS9 O83SS3528 =8
SPEE2ITS3 3858 w= S PEELETS3 3858
S=53S8T"FoeQaacE TSy S=38F "FgaacE Sg
gSE ;9388 580> gSEZs988 4867
§mtn << Qg §L‘QUJ <(_<(- o

Fig. 3. Kelp forests and turf reefs have distinct and diverse metabolomes driven by the seaweed community. (A) Principal coordinate analysis of chemical features found in
water samples collected from kelp- or turf-dominated reefs (n = 6 per site; n = 6 sites). Dots are individual 1-liter water samples colored by whether they were collected from (and
assigned to) a kelp-dominated or a turf-dominated reef (PERMANOVA, P < 0.001), and ellipses are 95% confidence intervals. (B) Differential abundance analysis of average
superclass abundance; color denotes a statistically significant difference in abundance of superclass in the kelp forest or turf reef metabolome (Wilcoxon test, P < 0.05). (C) Number
of features unique to both the turf reef metabolome and the internal tissues of a co-occurring seaweed (i.e., kelp, turf algae, or other seaweed species). (D) Predicted identity (to
superclass) and relative abundance of features that were unique to the turf reef metabolome and co-occurred in a specific seaweed species, as inferred from SIRIUS (30).

Fig. 4. Turf reef metabolome and waterborne
exudates from turf algae suppress kelp
recruitment. (A to C) Change in survival

(%, relative to controls) of kelp gametophytes
after 96 hours when subjected to the waterborne
metabolome from each of three turf-dominated
reefs and three kelp forests (A), the waterborne
chemical exudates of each of the five dominant
turf algae species in the ecosystem (B), or the
nonpolar molecules bound to the surfaces

of these turf algae (C). n = 10 per treatment
and control per assay. Bars denote treatment-
level means + SE. Asterisks denote significant
differences between the treatment and
associated control (two-sample test for equality
of proportions with continuity correction, P <
0.05). Note differences in y-axis scales

among panels.
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produced by the dominant seaweeds in the ecosystem (fig. S4), and that
the proliferation of turf algae is associated with a profound change in
the reef metabolome (Fig. 3). We then reveal through experiments that
chemicals exuded by turf algae inhibit kelp recruitment (Fig. 4).
Therefore, our study identifies chemically mediated competition as a
key process (I8, 23, 24) reinforcing the shift to turf dominance.

It has long been thought that chemical defenses in marine organ-
isms are most important near the equator (41-45), and chemically
mediated species interactions have been far better studied on tropical
reefs (46). However, we show here that chemically mediated interac-
tions can be important to the ecology of temperate reefs as well.
Temperate turf algae exude the very types of bioactive molecules, in-
cluding terpenoids, polyketides, and halogenated compounds (38),
that govern species interactions in tropical marine and terrestrial for-
est ecosystems (26, 47-49). In addition, turf algae exudates fuel micro-
bial activity, which in turn alters the reef metabolome of degraded
tropical reefs (50-52), and microbes may be contributing to the altered
metabolome and reduced resilience of temperate, turf-dominated reefs

as well. Our findings therefore call for a broader and deeper study of

the chemical ecology of temperate reefs, especially those becoming
turf dominated (12, 53), to advance our ecological insights and reveal
new marine natural products.

Finally, and most broadly, our study adds to an emerging body of

work showing that climate change is degrading kelp forests not only
through thermal stress but also through indirect pathways by facilitat-
ing new or altered species interactions that lock the system in an al-
ternate stable state (54, 55). Indeed, once turf algae proliferate due to
ocean warming, they change the reef metabolome (Fig. 3) and exude

chemicals that limit kelp recruitment (Fig. 4). This indirect effect of

climate change, along with turf algae preempting space, trapping sedi-
ments, and harboring small grazers (I8, 23, 24), markedly limits the

rebound potential of kelp forests (72). Consequently, restoration of

such ecosystems will require not only curbing global carbon emissions
to slow ocean warming and limit kelp forest decline but also human
interventions at regional scales that break harmful ecological feedback
loops and foster recovery.
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