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ECOLOGY

Kelp forest loss and emergence of turf algae reshapes
energy flow to predators in a rapidly

warming ecosystem

Dara S. Yiu"*, Emma A. Elliott Smith3, Shane P. Farrell"’?, Douglas B. Rasher’

Climate change is decimating habitat-forming species in ecosystems around the world. Yet, the impacts of habitat
loss on the energetics of the wider food web remain uncertain for many iconic ecosystems, including cold-water
kelp forests. Here, we assessed how the loss of kelp forests and the subsequent proliferation of low-lying turf algae
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in the Gulf of Maine have altered the trophic niches of, and energy acquired by, predatory reef fishes. Bulk tissue
53Cand 6N analysis showed that fishes in kelp forests had larger trophic niches and greater interspecific niche
separation than fishes on turf reefs. Moreover, §'>C analysis of essential amino acids revealed that kelp-derived
energy accounted for most of the energy used by kelp forest fishes (> 50% on average), whereas fishes on turf
reefs compensated for kelp decline via greater reliance on a phytoplankton-based energy channel. Therefore,
ecosystem state shifts to turf algae—now a global phenomenon—may have far-reaching impacts on food web

energetics and resilience.

INTRODUCTION
The creation and flow of energy in nature underpin how ecosystems
function and influence their biodiversity, productivity, and resilience
(1). Large-scale disturbances that cause habitat-forming species to de-
cline can thus alter the flux of energy in ecosystems either by remov-
ing key energy sources or by altering the conduits of energy within a
food web via changes in predator-prey interactions (2). For example,
transforming terrestrial forests into crop monocultures or deforested
land restructures soil communities, redefines the relative importance
of different carbon sources to stream fauna, and reduces the niche
breadth of bird trophic guilds (3-5). Likewise, on tropical coral reefs,
the loss of habitat-forming corals alters fish assemblages and associ-
ated predator-prey interactions, resulting in altered energy dynamics
(6, 7). Yet, our understanding of how habitat-formers shape energy
flow in other coastal food webs is limited. For example, while kelp
forests define much of Earth’s temperate coastline (8) and house myr-
iad animal species (9, 10), the degree to which kelp-derived energy
supports predators—and the corresponding impacts of kelp loss on
energy flow—remains unknown for most kelp forest ecosystems (11).
As foundation species (12), kelps may influence coastal food
webs by providing habitat or food resources. The underwater struc-
tures created by these large, canopy-forming brown macroalgae
provide refuge for animals, including small invertebrates, which, in
turn, affect the distribution and foraging behaviors of vertebrate
predators (13-15). Further, kelps serve as a source of benthic (reef-
based) energy, therein providing carbon and essential nutrients that
support the biomass of grazers, filter feeders, and secondary con-
sumers, such as fishes (16-18). Hence, the loss of kelp can reshape
food web dynamics when this key source of energy is reduced or
extirpated. For instance, when overgrazing by herbivores denudes
the reef of seaweed [e.g., “urchin barrens” in the North Pacific (19)],
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the loss of kelp not only alters fish community structure and faunal
diversity (20) but also reshapes consumer niches and energy flow
within coastal food webs (17, 21, 22).

Recently, an alternate ecosystem state shift has emerged in areas
of rapid ocean warming, where kelp forests are giving way to reefs
dominated by small red “turf” algae (23). This shift markedly alters
the functional characteristics of the macroalgae that define these
coastal ecosystems; it shrinks the size of biotic habitat from canopy
heights of meters to centimeters (24, 25) and reduces the living bio-
mass of macroalgae on the reef from kilograms to grams per square
meter (26). These changes may also alter the primary production
pathways that underlie the structure of local food webs. For in-
stance, in western Australia, where a kelp-to-turf state shift coin-
cided with the arrival of tropical turf-eating herbivorous fishes (27),
food webs were redefined around the emerging importance of red
turf algae (28). However, transitions from large, canopy-forming
species to low-lying turf algae are now occurring in many other ma-
rine ecoregions, including southern Australia (29), Japan (25), the
Mediterranean Sea (30), and the North Atlantic (31, 32). In high
latitude regions, kelp-to-turf transitions are less likely to co-occur
with an influx of tropical species [e.g., (33)]. Instead, changes may
occur through (i) redefining species interactions and (ii) reshaping
the diversity of “energy channels” [i.e., pathways by which distinct
basal resources are transferred through trophic levels (2, 34)] that
are available in the ecosystem. Therefore, it is critical that we assess
how animals adapt and alter their trophic interactions and energy
acquisition in the face of kelp loss and turf proliferation.

Here, we explored the effects of a kelp-to-turf state shift on the
trophic ecology of two dominant predatory fishes (generalist sec-
ondary consumers) in the Gulf of Maine, a region of the Northwest
Atlantic where kelp forests historically spanned the rocky coastline
(35). Since the turn of the 21st century, ocean warming has driven
rapid kelp forest decline, with the most severe declines occurring in
the warmest portions of the Maine coastal current. In southwestern
Maine, forests have widely collapsed (~80% loss in kelp cover from
2004 to 2018), and these reefs have subsequently become dominated
by turf algae (24, 32). In contrast, kelp forests continue to persist in
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the cooler, northeastern reaches of the Maine coast (32). Hence, this
system has become a “natural laboratory” for assessing the impacts
of a kelp-to-turf state shift on energy flow to predators.

We first surveyed macroalgae and fish assemblages along the
Maine coast to characterize the abundance of basal energy resources
available to common predatory fishes in kelp forests (northeast
Maine), in transitioning mixed-state reefs (central Maine), and on
turf-dominated reefs (southwest Maine; Fig. 1). Across these habi-
tats, we then assessed the trophic niche breadth of, and niche parti-
tioning between, the two most abundant predatory fish species in
the ecosystem using bulk muscle tissue carbon and nitrogen stable
isotope analyses (5°C and §'°N; Fig. 2). Last, by analyzing carbon
stable isotope ratios of essential amino acids (6 Cran; Fig. 3), we
quantified the degree to which predatory fishes use kelp-derived

carbon as energy, and how their energy use changes as kelp forests
are lost and replaced by red turf algae (Fig. 4).

RESULTS

Macroalgae and fish assemblages along Maine’s coast

We surveyed all macroalgae (canopy-forming kelps and the smaller,
understory seaweeds residing under the canopy, including foliose,
bladed, and filamentous species) on subtidal rocky reefs across four
subregions of Maine. We observed a stark contrast between kelp-
dominated reefs in the northeast and turf-dominated reefs in the
southwest (Fig. 1). In northeast Maine, kelp forests were mostly
comprised of Laminaria digitata and Saccharina latissima, and kelp
biomass was high (Downeast: mean 4.6 kg + 0.7 SE kelp/m?). As in
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Fig. 1. Macroalgae and fish assemblages across a coastal kelp-to-turf gradient. (A) Study sites in four subregions of the coast of Maine, where macroalgae and fish
surveys took place in the summers of 2021 and/or 2022 (colored dots) and where samples were collected for stable isotope analysis (dots with black outlines). The Maine
state polygon feature was accessed from the Maine GeoLibrary Data Catalog at www.maine.gov/geolib/index.html. These study sites were historically kelp dominated but
now span (B) a gradient in habitat condition, as reefs in the warmer, southwestern subregions have transitioned to (C) turf reefs, while (D) kelp forests remain in the north-
east. (E) Mean biomass of macroalgae (kilograms per square meter), (F) relative abundance of macroalgae, and (G) composition of fish assemblages (mean biomass of
each taxon in grams per 80 m?, log+1 transformed) in each subregion. “Other red algae” are foliose, cylindrical, and corticated rhodophytes that are not “turf algae” (i.e.,
filamentous or uniseriate species). “Other macroalgae” include nonkelp ochrophytes (e.g., Desmarestia and Ectocarpus) and chlorophytes (e.g., Ulva and Chaetomorpha).
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Fig. 2. Predatory fish isotopic niches. Carbon and nitrogen stable isotope (513C and 5'°N) values (dots) and isotopic niche areas (ellipses) for pollock (turquoise; n = 10
to 14 per subregion) and cunner (magenta; n =5 to 15 per subregion). Gray dashed ellipses show the isotopic ellipse areas for all sampled fishes in a given subregion, and
gray texts denote those SEA-B modes and 95% credible intervals. All ellipses encompass 40% of points for their respective group.
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Fig. 3. Carbon stable isotope values of EAAs (6"3Cean) as primary producer fingerprints. (A) Measured 5'3Cean values of individual kelp (gold), phytoplankton (blue),
and red macroalgae (red) samples (small dots) and group means (large dots; + SE). Individual 5'*Ceaa values were used as predictors in an FDA classification model (93.2%
accurate reclassification). (B) The FDA biplot shows separation between producer samples (dots) along the two discriminant axes. Ellipses encompass 75% of their respec-
tive group data. The direction and magnitude of the contribution of each EAA for differentiating producer groups in the FDA model are shown with vectors (scaled 2x).

EAAs are abbreviated following convention: isoleucine (lle), leucine (Leu), phenylalan

most kelp forests, red macroalgae were abundant beneath the kelp
canopy but contributed proportionally little to the overall macroal-
gae biomass (Fig. 1).

Conversely, southwestern reefs harbored low macroalgae biomass
in general and especially low biomass of kelp (Casco Bay: mean 0.1 kg +
0.1 SE kelp/m?). Here, red macroalgae comprised 71% of the total
macroalgae biomass, and red turf algae (i.e., those species of red algae
with filamentous or uniseriate morphologies that characterize turf
reefs) alone made up 35% of biomass. The subregions in central Maine
(Midcoast and Penobscot Bay) harbored reefs where kelp was in
decline, but the state shift to turf dominance was in various stages of
progression (Fig. 1). Consequently, the diversity and amount of mac-
roalgae that could serve as energy to food webs varied significantly
across the coast—along a continuum from kelp forests to turf reefs
[Jonckheere-Terpstra (JT) trend test, P < 0.05; Fig. 1 and table S1].
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ine (Phe), threonine (Thr), and valine (Val). Colors denote primary producer group.

From visual surveys, we determined that roving fish assemblages—
in both kelp forests and turf reefs—were dominated by cunner,
Tautogolabrus adspersus (family Labridae), and juvenile pollock,
Pollachius virens (family Gadidae) (Fig. 1G). These species together
comprised ~99% of total roving fish biomass. Variation in total fish
biomass did not follow a trend (JT, P > 0.05) between Casco Bay
(563 g/80 m” + 277 SE), Midcoast (1200 g/80 m? + 432 SE), Penob-
scot Bay (3151 g/80 m? + 874 SE), and Downeast (404 g/80 m” + 225
SE) subregions. These simplified fish assemblages are partly the re-
sult of severe overfishing, which, over past centuries, reduced fish
abundance and diversity in the Gulf of Maine (35, 36). However,
labrids and gadids are common in kelp forests with subsurface cano-
pies around the world [gadids in Northern Hemisphere and labrids
in both hemispheres (33, 37)]. Hence, the Gulf of Maine is a tracta-
ble ecosystem for studying food web responses to a state shift, and
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Fig. 4. Energy channel contributions to reef fishes. Proportion of energy that
generalist predators (cunner and pollock) acquired from each of three energy
channels: kelp-based (gold), phytoplankton-based (blue), and red macroalgae-
based channels (red). Fishes were sampled in subregions spanning from kelp for-
ests (Downeast) to mixed-state reefs (Penobscot Bay and Midcoast) to turf reefs
(Casco Bay). Proportions of energy that individual fish derived from producers
(small dots) were determined by classifying fish 5"3Cean values in 10,000 bootstrap
iterations of an FDA model (Fig. 3B). Large dots are the mean (+ SE) contribution
from each energy channel per subregion.
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the species on which we focused (cunner and pollock) are emblem-
atic of common predators in kelp forests.

Both of these species have generalist diets that are highly variable
but often include small crustaceans (amphipods, isopods, and
crabs), mollusks (snails and mussels), annelid worms, and fishes. Ju-
venile pollock are highly mobile predators that can easily move and
feed throughout the water column; hence, in addition to the afore-
mentioned prey, they have been reported to eat copepods, mysids,
euphausiids, and benthic macroalgae (38-40). By contrast, cunner
have more restricted home ranges and are benthic oriented as adults,
where they reportedly forage on a variety of additional benthic prey
including sea urchins, barnacles, and encrusting invertebrates (40—
42). Thus, while both species are generalists, their niches may differ
in some regards.

Characterizing predatory fish ecology: Isotopic niche area
and overlap

For primary producers, differences in bulk tissue carbon (5"°C) and
nitrogen (6'°N) stable isotope values reflect variation in photosyn-
thetic strategies, carbon acquisition modes, and inorganic nutrient
pools (43, 44). The isotopic composition of animal tissues is simi-
larly affected by their resource use, trophic position, and physio-
logical processes (45). Thus, we measured 8 °C and §'°N of local
primary producers, primary consumers, and secondary consumers
and assessed isotopic variation within and among subregions (Sup-
plementary Text, figs. SI to S3, and table S2). We used consumer
isotopic niches as proxies for trophic niches (45) and henceforth use
these terms interchangeably.

Niche breadth of predatory fishes

Collectively, the two dominant reef fishes in Maine (cunner and pol-
lock) had varying isotopic niche sizes in kelp forests, mixed-state
reefs, and turf-dominated reefs (Fig. 2). On the basis of Bayesian
standard ellipse areas [SEA-B; reported here with 95% credible in-
tervals (46)], kelp forest fishes had larger isotopic niches (SEA-B of
Downeast fish: 1.5 [1.0, 2.3] %o°) than fishes from turf-dominated
reefs (SEA-B of Casco Bay fish: 1.0 [0.7, 1.4] %o°). Fishes from the
kelp-dominated, mixed-state region (Penobscot Bay) had the largest
isotopic niche (SEA-B: 1.6 [1.0, 2.7] %o0°).

Niche overlap among species

Cunner and pollock also had isotopic niches with varying degrees of
interspecific overlap. In subregions with kelp forests (Downeast)
and kelp-dominated, mixed-state reefs (Penobscot Bay), cunner and
pollock had distinct, nonoverlapping isotopic niches (i.e., no over-
lap in 40%-level ellipses). Conversely, in southwestern subregions
dominated by red macroalgae (Midcoast and Casco Bay), niches of
the two species strongly overlapped (Fig. 2).

8">Cand "°N values

In addition, fish muscle §"°C and 6"°N values varied significantly by
habitat (Supplementary Text and fig. S3). On kelp-dominated reefs
(Downeast and Penobscot Bay), cunner §'°C values were significantly
higher than those of pollock [Kruskal-Wallis rank sum test (KW),
P < 0.05], while on turf-dominated reefs (Midcoast and Casco Bay),
cunner and pollock 5"°C values were indistinct (KW, P > 0.05; Fig. 2
and table $3). Fish §'°N values were also significantly different on
kelp-dominated (Downeast) versus turf-dominated (Casco Bay) reefs
(KW, P < 0.05) but not on mixed-state reefs (Midcoast and Penobscot
Bay; KW, P > 0.05). Cunner in kelp forests (Downeast) had signifi-
cantly higher 6"°N values than pollock, whereas on turf-dominated
reefs (Casco Bay), the inverse was observed (Fig. 2 and table S3).
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Differences in the relative values of 6°C and 6"°N for reef fishes
across subregions were not a result of size variation and suggest that
their predator-prey interactions are different on kelp-dominated ver-
sus turf-dominated reefs (figs. S3 and S4).

Energy flow from primary producers to predatory fishes
To understand the role of kelp as a basal energy resource to fishes
and how the transfer of producer-derived organic matter to con-
sumers (hereafter, energy flow) changes with kelp forest loss, we
quantified the contribution of kelps, red macroalgae (including
bladed, foliose, and filamentous turf species), and pelagic phyto-
plankton to fish muscle tissue via carbon stable isotope analysis of
individual essential amino acids (6"*Cgsa). While bulk tissue §°C
values of consumers broadly reflect the resources they have assimi-
lated, these data often cannot provide the resolution needed to
quantify the proportional contribution of multiple producer groups
to consumer biomass due to substantial spatiotemporal variation in
8"C values of producers (47) and variability in isotopic fraction-
ations associated with trophic transfer within consumers (48).

Isotopic analysis of individual compounds within tissues offers
many improvements on these issues (49). Amino acids are a major
conduit of energy flow in food webs, accounting for roughly half of
the total carbon in most organisms (50). In particular, essential ami-
no acids (EAAs) are critical molecular constituents of proteins that
most animals cannot synthesize de novo and must route directly
from diet (or gut microbial communities); thus, 5'%Cpan are mini-
mally altered by trophic transfer and act as biomarkers of energy
flow through multiple trophic levels (49, 51). Furthermore, 5Cran
of nearshore marine primary producers varies among taxonomic
groups and appears to be conserved across broad spatiotemporal
scales, thus serving as a “fingerprint” that can be used to quantify
the contribution of carbon from distinct primary producer groups
to consumers across multiple trophic levels (52, 53).
8"3Cean fingerprinting
We identified kelp, red macroalgae, and phytoplankton as the major
primary producer groups comprising the dominant potential ener-
gy channels in the Gulf of Maine (Fig. 1). From samples collected
locally in all subregions, we found that each group had distinct
58Craa fingerprints [sensu Larsen et al. (50); Fig. 3]. A flexible dis-
criminant analysis (FDA) using 53Cpa values from five EAAs [iso-
leucine (Ile), leucine (Leu), phenylalanine (Phe), threonine (Thr),
and valine (Val)] as model predictors clearly deciphered each pro-
ducer group (93.2% reclassification success; Fig. 3B). We thus ana-
lyzed energy channel importance to consumers using this FDA
model (with 10,000 bootstrap iterations; see Materials and Meth-
ods) trained on Gulf of Maine primary producers.
Energy channel use by predatory fishes
We used the FDA to predict the probability that EAAs in fish muscle
tissues was derived from kelp versus phytoplankton versus red mac-
roalgae and used these probabilities as estimates of proportional
energy contributions [see Elliott Smith et al. (18)]. From these mod-
el predictions, we determined that predatory fishes in kelp forests
(Downeast) used kelp-derived energy to a high degree—on average,
60.1% (+ 4.6 SE) of their energy was derived from kelp (Fig. 4 and
table S4). This finding reveals that kelps with subsurface canopies
support an energy channel that is heavily used by forest-associated
fishes and, by extension, lower trophic levels in the ecosystem.

In contrast, in subregions where kelp forests have collapsed, the
proportion of kelp-derived energy acquired by fishes was notably

Yiuetal., Sci. Adv. 11, eadw7396 (2025) 6 June 2025

lower (JT, P < 0.05 for both species). Specifically, the kelp-based en-
ergy channel was less than half as important for supporting fish bio-
mass on turf reefs as it was in kelp forests (kelp-derived energy in
Casco Bay fishes: 26.9% =+ 3.6 SE). On reefs dominated by red mac-
roalgae, fishes compensated for this loss of kelp-derived energy by
acquiring a large portion of their energy via a pelagic, phytoplankton-
based energy channel (JT, P < 0.05; Fig. 4 and table S4). Red macroalgae
did not provide a notable source of energy to fishes on southwestern
reefs, despite that red macroalgae have come to dominate in these locales
(red macroalgae—derived energy in Casco Bay fishes: 11.3% + 2.6 SE).
Nonetheless, the contribution of red macroalgae-derived energy
to fishes was statistically greater for fishes on turf-dominated versus
kelp-dominated reefs (JT, P < 0.05).

DISCUSSION

Foundation species are those that define an ecosystem’s physical
habitat and therefore underpin their community dynamics (12). De-
spite kelp forests and turf reefs both being dominated by macroal-
gae, they have vastly different physical attributes and modes of
primary production. Kelps form large, upright structures with verti-
cal and interstitial spaces that offer refuge and foraging opportuni-
ties to fish (10). Red turf algae, on the other hand, are a consortium
of fast-growing species that form carpet-like mats that are low-lying
(1 to 10 cm tall) and highly complex, but only at small scales, owing
to their filamentous nature (24). Kelp-to-turf state shifts have oc-
curred around the world in recent decades (23, 25), yet the implica-
tions of this shift for the provisioning and flow of energy on
temperate reefs are not yet clear. Our findings show that predatory
fishes within kelp forests in the Gulf of Maine derive most of their
energy from kelp. Conversely, a kelp-to-turf state shift across the
southern extent of this region changed predators’ reliance on basal
energy sources, from predominantly benthic to pelagic energy.
These results highlight that subsurface canopy kelps—which ac-
count for two-thirds of global kelp forest distribution—are a key
source of energy to ecologically important predators.

A kelp-to-turf state shift alters predatory fish
niche partitioning
Kelp forests are renowned for the massive vertical structures they
create on coastal reefs, which regulate species diversity and predator-
prey interactions (14, 22). Yet, while turf-dominated reefs lack the
large vertical structures afforded by kelp forests, red turf algae do
have interstitial spaces that harbor many small benthic invertebrates
(24). Turf reefs contrast sharply with urchin barrens, where predator
loss allows herbivorous sea urchins to strip reefs bare, leaving them
devoid of macroalgae. As a result, the shift from kelp dominance to
turf dominance represents a fundamentally different ecological tran-
sition, raising the question of whether turf-dominated reefs can sus-
tain trophic interactions and niche availability for predatory fishes.
By comparing the bulk carbon and nitrogen stable isotopic values
of predatory fishes from kelp-dominated and turf-dominated reefs,
we observed that the ecological niche breadth of the fish assemblage
was largest on kelp-dominated reefs and contracted in subregions
where kelp forests have been replaced by turf algae (Fig. 2). We also
found that kelp forests may contribute to structuring trophic interac-
tions and niche partitioning among predatory reef fishes, with the
two dominant fish species (pollock and cunner) occupying distinct
and nonoverlapping niches in forested subregions versus convergent
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niches in turf-dominated subregions (Fig. 2). While other studies
have shown that habitats with different functional forms of macroal-
gae can host differing food web structures (15, 54), we demonstrate
that the kelp-to-turf state shift—now a global phenomenon—can
strongly alter trophic interactions for generalist predators.

Without analyses of prey availability and fish diets, our study
cannot resolve the specific mechanism(s) driving the larger fish
niche breadth on kelp-dominated reefs or whether the rise in turf
algae causes changes to fish foraging behavior (55) versus changes in
prey availability. Nevertheless, the patterns we observed support the
idea that kelp forests broadly offer a more diverse array of resources
to predatory fishes compared to reefs now dominated by turf algae,
even for generalists that can adapt to highly variable conditions.
Thus, they suggest that subsurface canopy kelps in the North Atlantic
are foundational in supporting some food web related ecosystem
functions similar to trees, corals, seagrasses, and surface-reaching
canopy-forming kelps (17, 56-58).

Kelp-derived energy is important to Northwest Atlantic
rocky reefs

Alongside their role as structural habitat, kelps have fast growth rates
and can serve as an important basal energy source to coastal food
webs when consumed by herbivores, filter feeders, and detritivores
alike (16, 59, 60). The interplay between benthic (kelp-based) energy
channels and pelagic (phytoplankton-based) energy channels can be
important for stabilizing coastal food webs, as different channels
may be productive at different times, and each has different turnover
rates (2). However, tracing the utilization of kelp-derived energy in
kelp forest food webs, particularly through multiple trophic levels,
has been limited to date [but see (37, 60-62)]. This is due, in large
part, to the significant variability in bulk tissue 5"°C and "N values
at the base of food webs [e.g., (11, 47)] as well as variability in isoto-
pic changes with trophic transfer (48), leading to high uncertainty in
bulk tissue isotopic estimates of kelp-derived energy acquired by
consumers (63).

Our study shows that supplying energy to coastal food webs is
an important ecosystem function of kelp forests in the Northwest
Atlantic. By analyzing 5"°C values of EAA (6"°Cga; Fig. 3), we find
that predatory fishes in Maine’s kelp forests (indirectly) derive most
of their energy from kelps (Fig. 4). Unexpectedly, we also found that
fishes used 10 to 40% kelp-derived energy even when kelp biomass
was low (Casco Bay and Midcoast). This pattern may reflect rapid
local turnover of kelp (therefore not reflected in live standing kelp
biomass) or material flux from adjacent habitats (inshore kelps and/
or intertidal brown seaweeds). These stable isotope data integrate
across all of the many consumer-prey interactions that occurred to
transfer energy from kelp to these predatory fishes (2, 18). Hence,
the high proportion of predator biomass founded on kelp-based en-
ergy in our study suggests that subsurface canopy kelps are critical
to the functioning of the broader food web.

The shift to turf algae rewires energy flow pathways

Critically, we observed that an abrupt loss of kelp forests due to rap-
id ocean warming has led to a declining availability of kelp-derived
energy in the southwestern subregions of Maine. The result is a re-
duction in the diversity of energy channels that are powering these
rocky reef food webs. We found that this change in basal resource
availability reduced the amount of kelp-derived energy used by
predatory fishes, and rather than shifting to use energy derived from
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red macroalgae, these fishes now instead rely more heavily on pe-
lagic, phytoplankton-based energy (Fig. 4). Generalist predators’
ability to occupy different habitats (i.e., kelp forests and turf reefs)
and integrate a diversity of available resources makes them effective
indicators of energetic rewiring of local food webs (64). Thus, our
measured 8" Cgaa of pollock and cunner provide a holistic picture
of shifting energy pathways, integrating across all changes occurring
at both the basal resource level and intermediate trophic levels.

Kelp-to-turf state shifts are a relatively new phenomenon on
temperate reefs, and the consequences for food web structure re-
main understudied. The only other study to quantify changes in en-
ergy flow to consumers following a kelp-to-turf state shift took place
in western Australia, where red turf algae became a primary energy
source for herbivores, replacing kelp as a benthic energy source
within the food web. However, this transition was driven by the ar-
rival of tropical grazing fish species, which reshaped the consumer
community alongside kelp loss (25). In contrast, we found that fish
species composition in the Gulf of Maine remained unchanged with
kelp decline (Fig. 1G), and this persistence of a generalist assem-
blage may be a common feature of the kelp-to-turf transition in
higher-latitude temperate regions (33). Our results suggest that
without an influx of new species, food web rewiring may be driven
by changes in interaction strengths of existing energy channels rather
than species replacement (64). Specifically, we observed a decline in
kelp-derived energy and a concomitant increase in pelagic-derived
energy on rapidly warming reefs, without major contributions from
red macroalgae as an alternative benthic energy source. These find-
ings highlight the importance of local ecological context in shaping
food web responses to kelp loss, which may lead to regionally vari-
able outcomes.

Although we found a marked difference in the structure of en-
ergy channels underlying kelp forest and turf reef food webs, we
could not establish a direct relationship between energy use and fish
productivity. Our methods discerned the proportion of energy that
fishes acquired from various sources (Fig. 4), not the absolute quan-
tities of energy that were conferred to secondary production on
kelp-dominated versus turf-dominated reefs. Thus, the consequenc-
es of a shift from benthic to pelagic energy use on turf reefs warrant
further investigation with respect to its effects on fish physiology
and population biology (density, condition, per capita biomass, and
turnover). Because ecological theory suggests that consumer over-
reliance on a single energy channel may cause food web instability,
it is important to consider not only species diversity but also energy
channel diversity when examining the impacts of climate change on
food web resilience (2). It is possible that phytoplankton, a ubiqui-
tous energy resource in coastal zones, may mitigate the loss of ben-
thic resources (65). Yet, as phytoplankton productivity has been
declining in the Gulf of Maine over the past 20 years (66), energy
channel diversity may become increasingly important for maintain-
ing nearshore food web structure (34).

Broader implications for climate change research and
ecosystem sustainability

Last, and most broadly, we documented a previously unrecognized
effect of climate change in temperate marine environments. Globally,
red turf algae have proliferated over the past two decades in areas of
rapid ocean warming (23), yet the ecological impacts of this state shift,
especially with respect to animal communities and food web struc-
ture, are underexplored. Our study shows that a warming-induced
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shift to turf algae fundamentally reshapes the availability of energy
and its utilization by predators. Further, it highlights the importance
of kelp—even those species that do not form large, surface-reaching
canopies—in structuring fish niches (trophic dynamics) and energy
use. Yet, our findings also parallel those seen in disparate ecosystems
(64), ranging from terrestrial forests (67, 68) to tropical coral reefs
(56), indicating that climate change is exerting strong, indirect effects
on food webs via habitat modification. Hence, curbing global carbon
emissions and preserving foundation species will be essential for
maintaining global ecosystem functioning—including diverse energy
pathways—in the Anthropocene.

MATERIALS AND METHODS

Study location and experimental design

The Gulf of Maine is a semi-enclosed ocean basin in the Northwest
Atlantic. Here, cool water upwells in northeast Maine and warms as
it flows southwest in the Maine coastal current, creating a strong
temperature differential along the coast during the summer (69). In
response to rapid ocean warming in the region, kelp forests in south-
western Maine have collapsed and been replaced by filamentous red
turf algae (24), whereas forests are still prevalent in the cooler, north-
east subregions (32). Our study took place in four subregions of the
Maine coast that span this gradient of temperature and habitat con-
dition: Casco Bay (43.680, —70.050), Midcoast (43.794, —69.644),
Penobscot Bay (44.099, —68.700), and Downeast (44.497, —67.620)
(Fig. 1A). We defined subregions based on hydrography, geography,
and local convention [see Suskiewicz et al. (32)]. At each study site
(n =3 to 5 per subregion), we conducted surveys to quantify avail-
able basal resources (macroalgae) and characterize the fish assem-
blage. We then collected representative primary producers and the
two dominant fish species for stable isotope analysis. We analyzed
these fishes using both bulk tissue and compound-specific stable iso-
tope analyses to document fish isotopic niches and energy use on
kelp-dominated versus red turf algae-dominated reefs.

Characterizing floral and faunal communities

Macroalgae surveys

During the summers of 2021 and 2022, we characterized macroalgae
assemblages on subtidal rocky reefs via scuba (n = 11 to 16 sites per
year and 3 to 5 sites per subregion). At each site, the divers laid a 40-m
transect along the isobath at 5- to 7-m depth, parallel to shore, and
then placed 1-m?* quadrats (1 = 4 to 6 quadrats per site) at predeter-
mined intervals along the transect. We collected all kelps (canopy-
forming brown macroalgae in the order Laminariales) from the 1-m*
quadrat and all understory macroalgae (i.e., the diverse consortium
of bladed, foliose, and filamentous seaweed taxa residing under the
canopy) from a '/, m* area of the quadrat. In the laboratory, we sort-
ed macroalgae, identified them to the lowest possible taxonomic
level, dried them by spinning, and weighed each group. We per-
formed these surveys between July and mid-September (oceano-
graphic summer) of both years.

Fish surveys

To characterize the mobile reef fish assemblage at each site, we con-
ducted visual surveys. While swimming along 40-m transects (n =3
per site), a diver identified, counted, and estimated the size (total
length, 2.5-cm size bins) of each fish that they observed within a
2-m-wide band. We calculated the biomass of each fish observation
via species-specific length-weight relationships from FishBase (70).
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Fish surveys were performed at the same time as macroalgae sur-
veys in each subregion (1 =11 to 16 sites per year and 3 to 5 sites per
subregion) between July and September of each year.

Isotope sample collection and processing

Collecting primary producer samples

On the basis of our macroalgae data and observations of the ecosys-
tem, we determined that two potential benthic energy channels (i.e.,
bottom-associated, functionally distinct primary producer groups)
could exist on shallow, subtidal rocky reefs in the Gulf of Maine:
one based on “kelps” (canopy-forming brown macroalgae, including
subtidal Laminariales and intertidal fucoids) and another based on
red macroalgae (seaweeds in the phylum Rhodophyta). To charac-
terize the isotopic values of these possible energy sources, abundant
macroalgae were collected by hand via scuba, concurrent with mac-
roalgae biomass collections. For subtidal kelps (n = 19; e.g., L. digitata
and S. latissima), we took samples from clean parts of the interior
blade, ~15 cm distal to the growth meristem. For all other macroal-
gae (n = 44), we selected whole thalli that were free of fouling. To
comprehensively characterize the isotopic signature of all abundant
basal energy sources, we supplemented our subtidal kelp samples
with fucoidian brown macroalgae (Ascophyllum nodosum and Fucus
spp-; n = 6) that were ubiquitous in intertidal habitats adjacent to our
subtidal study sites. Because fucoids and kelps share some ecological
functions and can have similar isotopic signatures, we included the
fucoid samples in the “kelp” isotope end-member group. All mac-
roalgae samples were carefully rinsed with deionized (DI) water to
remove epifauna.

To characterize the isotopic signature of local phytoplankton
(which constitute a pelagic energy channel), we collected particulate
organic matter (POM) from 1-m depth with a Niskin sampler at
sites ~1 to 5 km offshore in all subregions (n = 27). We prefiltered
water through an inline 300-pm nitex mesh filter to remove zoo-
plankton or large particulates. In the laboratory, we collected POM
by passing 2.5 to 4.4 liters of water through precombusted glass fiber
filters (GF/F, 0.7-pm mesh size) with a vacuum filter. We sequenced
the DNA from a portion of several POM filters (18S metabarcoding)
to confirm that phytoplankton comprised the bulk of the organic
material trapped on the filter (see Supplementary Text and figs. S5
and S6). Hence, we refer to POM as “phytoplankton” here and else-
where for simplicity.

Collecting consumer tissue samples

To characterize the isotopic signatures of common primary consum-
ers, we collected samples of invertebrates that represented three dis-
tinct primary consumer guilds and may serve as fish prey. For this, we
focused on filter-feeding bivalves (blue mussels Mytilus edulis and
rock borer clams Hiatella arctica), grazing snails (Lacuna vincta and
Margarites helicinus), and amphipods (which span a variety of fami-
lies but are largely detritivores or surface suspension feeders) (71).
These organisms (1 = 3 to 43 samples per group per subregion) were
collected in the late summer of 2022. Divers collected mussels by
hand via scuba, and all small epifaunal mesoinvertebrates were col-
lected from macroalgae by rinsing macroalgae in DI water in the
laboratory and catching the contents in a 500-pm sieve. To isolate
mesoinvertebrates, we looked through the contents of the sieve under
a dissecting microscope and sorted mesoinvertebrates based on low-
est identifiable taxonomic level (often species level for bivalves and
snails, and family or superfamily for amphipods). We were careful to
remove pieces of detritus or macroalgae from mesoinvertebrates.
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Invertebrates were frozen after collection. Tissue samples from
Mytilus were obtained by dissecting a piece of the adductor muscle.
We processed whole snails and Hiatella as bulk samples and sub-
jected them to a demineralization in weak (0.5 M) hydrochloric acid
for 12 to 24 hours to remove calcium from their shells. We then
extracted lipids from all invertebrate samples by soaking them for
24 hours in a 2:1 chloroform:methanol solution. After three rounds
of soaking (72 hours total), exchanging the chloroform:methanol
solution between rounds, we thoroughly rinsed samples in DI water.

We collected fishes from rocky reefs in Casco Bay, Midcoast,
Penobscot Bay, and Downeast subregions between September and
November of 2022. We used hook and line fishing to target pollock
(n=10to 14 per subregion) and deployed minnow traps baited with
mussels to catch cunner (n = 5 to 15 per subregion). Fishes were
euthanized in the field using an MS-222 seawater solution in accor-
dance with the University of Maine Institutional Animal Care and
Use Committee (IACUC) (protocol A2022-08-02). Specimens were
temporarily stored on ice and then dissected in the laboratory the
same day they were caught. We excised a piece of dorsal muscle tis-
sue for isotopic analysis, which was rinsed with DI water and stored
frozen. As with invertebrate tissues, we lipid extracted fish tissues
with a 2:1 chloroform:methanol solution for 72 hours and then
rinsed them with DI water.

We stored samples in muftled 20-ml scintillation vials (borosilicate
glass with foil-lined caps). All samples were kept frozen at —20°C
until they were lyophilized.

Bulk tissue 6'C and 6N analysis

We packed dried tissue samples into 3.5 mm-by-5 mm tin capsules
(Analytics, Valencia, CA; USA Analytics, Anaheim, CA) to prepare
them for bulk tissue 6"°C and 6"°N analysis. We weighed kelp and
other macroalgae samples to ~3.5 mg and invertebrate samples and
fish muscle to ~1 mg. For phytoplankton samples, we packed ~'/, to
!/, of each GF/F filter into 5 mm-by-9 mm tin capsules.

Bulk tissue §°C and §"°N values were measured via continuous
flow on a Costech 4010 elemental analyzer coupled to a Thermo
Fisher Scientific DELTA V Plus isotope ratio mass spectrometer
(EA-IRMS) at the University of New Mexico Center for Stable Iso-
topes (UNM-CSI; Albuquerque, New Mexico, USA). We report all
isotope results as d values with units of per mil (%o)

513C or 615N = [(Rsample/Rstandard) - 1] x1000

where R represents the BC2C or N:"N ratios (72). The interna-
tionally accepted standards are Vienna Pee Dee Belemnite for 6"°C
and atmospheric N, for 6"°N. The isotopic values of our samples
were corrected and calibrated to these international standards based
on the analysis of in-house reference materials (casein and tuna for
protein and green chile and blue gramma for plants/algae) that had
SDs below 0.2%o within all runs.

Stable carbon isotope analysis of EAAs (6'>Cgan)

We used 6"°Cgan fingerprinting to assess the energy (carbon) con-
tribution of basal resources to fish from the four subregions across
the coast of Maine. To prepare samples for 5> Cg 4 analysis, we sub-
jected them to hydrolysis, derivatization, and analysis in a gas chro-
matography combustion unit coupled to an IRMS (GC-C-IRMS).
First, we hydrolyzed macroalgae samples (4 to 5 mg), POM filters
(~'/4 to '/, filter), and lipid-extracted fish muscle (5 to 6 mg) in 6 M
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hydrochloric acid. We flushed hydrolysis tubes with N, gas before
sealing and incubated them for 20 hours at 110°C. Hydrolyzed ami-
no acids from primary producer samples were subsequently filtered
through muffled quartz wool to remove any remaining particulates.

We derivatized amino acids into N-trifluoroacetyl isopropyl
esters following Silfer et al. (73). Hydrolysates were subsequently
dried under Ny, esterified in 1 ml of 4:1 isopropanol:acetyl chloride
(105°C, 1 hour), dried again under N, with two rinse cycles using
dichloromethane (DCM), and then acetylated in 1 ml of 1:1 trifluor-
acetic anhydride:DCM (105°C, 10 min). All samples for this project
were derivatized in batches of 8 to 25 samples, along with an in-
house reference material containing amino acids with known 6"°C
values measured via EA-IRMS at UNM-CSI (table S5).

The in-house reference material was a mixture of 12 purified and
powdered amino acids (Sigma-Aldrich, Saint Louis, MO, USA): ala-
nine, aspartic acid, glutamic acid, glycine, isoleucine, leucine, lysine,
phenylalanine, proline, serine, threonine, and valine. To make the
reference material, we dissolved amino acid powders into weak hy-
drochloricacid (< 0.01 M) ata concentration of ~125 mM. Individual
amino acid solutions were then mixed together, and a small aliquot
of this mixture was dried under N, gas and derivatized alongside
each batch of unknown samples.

We analyzed our derivatized samples and in-house reference ma-
terial via a GC-C-IRMS at UNM-CSI. Briefly, we injected 1 to 1.5 pl
of each sample into a 60-m BPX5 gas chromatograph column (0.32-mm
internal diameter and 1-pm film thickness; SGE Analytical Science)
within a Trace 1310 GC, where amino acid separation was completed,
then combusted into CO, within a high temperature furnace (1000°C)
of Thermo Fisher Scientific IsoLink II, and finally analyzed in a
Thermo Fisher Scientific DELTA V Plus IRMS. We ran all samples
in duplicate or triplicate injections, taking the average isotopic values
of each sample. The within-run SDs of all amino acid 5"°C values for
the in-house reference material measured in this study ranged from
0.2%o (alanine) to 0.5%o (lysine) but averaged < 0.5%o per day, as
averaged across three to seven injections. The global SDs ranged
from 0.5%o (valine) to 1.3%o (phenylalanine) across all runs and
standard injections (table S5).

5"C values were then corrected on the basis of measurements of
the in-house reference material (table S5), which was analyzed
bracketing each sample and at the beginning and end of each run.
The reagents used during derivatization add carbon to the side
chains of amino acids, and 6"°C values measured via GC-C-IRMS
are thus a combination of intrinsic amino acid carbon and reagent
carbon. However, because amino acid reference materials of known
5"C composition were derivatized and run with each batch of sam-
ples, we were able to correct for this carbon addition for each amino
acid using the following equation

(613Cdsa _613Cdst +513Cstd Xpstd)
Pstd

Here, §"*Cygg, refers to the measured value of a derivatized amino
acid within the sample, and 53Cqq is the measured value of the de-
rivatized amino acid within the in-house reference material. The
term 8> Cyq reflects the underivatized or intrinsic §>C value of that
amino acid in the reference material; these values were determined
via EA-IRMS at UNM-CSI (table S5). Last, pyq is the proportion of
carbon in the measured derivative that was originally sourced from
the amino acid, which varies among amino acids. These corrections

8 Coample =

sample —
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were done on a daily or on a “per run” basis, which means that un-
known samples were corrected using four to six bracketed injections
of the reference material.

We generated 6"°C values for 12 amino acids; however, our anal-
yses focused on five of six EAAs that we could reliably measure in
our primary producers: threonine, valine, leucine, isoleucine, and
phenylalanine. These compounds are useful for tracing the move-
ment of organic matter across food webs, as they are not synthesized
or modified by consumers and thus do not undergo discrimination
as they move between trophic levels (51, 52). We did not use data
for amino acids in samples where SDs exceeded 1.0%0 among in-
jections. In addition, although lysine is considered essential and was
measured, this EAA exhibited significant coelution with tyrosine
in many of our primary producer samples, resulting in variable
8"C values. Hence, we did not include lysine data in any statistical
analyses.

Statistical analyses

All statistical analyses were done in R (version 4.2.2) (74).
Variation in basal resource availability

We grouped macroalgae biomass data based on broad taxonomic
and morphological categories (Fig. 1, E and F) and summarized
group biomass by site and survey date. We used a JT trend test—an
extension of a nonparametric rank test that evaluates whether sam-
ples from ordered groups come from different distributions—to test
two hypotheses about trends in macroalgae biomass by subregion (R
package “clinfun”) (75, 76) based on a priori knowledge (32). We ran
these and all subsequent JT trend tests with 999 permutations. First,
we tested whether the relative biomass of kelp significantly decreased
as reefs transitioned from kelp-to-turf dominance. Next, we tested
whether the relative biomass of red macroalgae (which includes all
rhodophytes) and turf algae [defined as those red macroalgae species
with filamentous or uniseriate morphologies (77)] increased along
the same gradient of habitat condition (table S1). For these tests, we
coded “subregion” as an ordered categorical predictor with Downeast
as our kelp forest subregion, ranked as “1,” followed by Penobscot
Bay (“2”), Midcoast (“3”), and Casco Bay (“4”).

Variation in fish biomass

We summed the total estimated fish biomass observed on each tran-
sect and tested whether biomass varied in accordance with the sub-
regional kelp-to-turf gradient with a JT trend test. As above, we
ordered subregions 1 to 4 from Downeast to Casco Bay. We ran this
trend test with no directional hypothesis to test for either increasing
or decreasing fish biomass along the coast (table S1).

Variation in macroalgae bulk tissue '>C and 5"°N

To determine whether the isotopic values of basal resources vary by
broad primary producer group (kelp, red macroalgae, and POM),
we performed KW tests for 6°C and 6'°N values separately, with
post hoc Dunn tests [R package “dunn.test” (78)] of which groups
had different isotopic values (Supplementary Text and table S2). To
evaluate whether there are systematic trends in 6"°C and 6"°N val-
ues across subregions, we ran JT trend tests as above without a di-
rectional hypothesis for each group of macroalgae, invertebrate, and
fish (Supplementary Text and table S2).

Fish isotopic niche width and overlap

For predatory fishes, the focal group of this study, we used SIBER [R
package “siber” (46)] to assess the isotopic niche area of the whole
assemblage and compare each species’ niche breadth between subre-
gions. We calculated the SEA-B for isotopic niches with the default
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parameters of 20,000 model iterations, discarding the first 1000 val-
ues, running two chains, and setting vague normal priors. Reported
SEA-B is based on predicted ellipses that contain 40% of data. We
also compared isotopic niche overlap by running pairwise KW tests
on cunner and pollock for §°C and "N values (Fig. 2, Supplemen-
tary Text, fig. S3, and table S3) and noted where there is isotopic
niche overlap or separation.

Partitioning primary producer groups with a

classification model

To determine whether §'>Cga s could distinguish kelp (n = 16), red
macroalgae (n = 17), and phytoplankton (n = 11)—the three prima-
ry producer groups that represent distinct energy channels in our
system—we used a FDA, a nonparametric classification model. We
applied the FDA [R package “mda” (79)] using 58Cgan from five
EAAs (isoleucine, leucine, phenylalanine, threonine, and valine) as
predictors and assessed the robustness of producer fingerprints based
on successful reclassification in a leave-one-out cross-validation test.
Kelps, red macroalgae, and phytoplankton were sufficiently separated
in multivariate §°Cgaa space (see Results, Fig. 3, and table S6),
and thus, we used this FDA model for quantifying energy contribu-
tions to consumers.

For comparative purposes, we also applied a linear discriminant
analysis (LDA), which is a robust model often used for classifying
producer groups from 53Cpaa data (18, 50, 80). We ran an LDA on
primary producer 53Cgaa data [R package “MASS” (81)] and, as
above, assessed the fidelity with a leave-one-out cross-validation
test. LDA correctly classified producer samples as kelps, phyto-
plankton, or red macroalgae with 89% success (fig. S7 and table S7).
However, LDA has assumptions of multivariate normality and ho-
mogeneity of group variances. The 5'°C values of one EAA (leucine)
were not normally distributed; therefore, our dataset did not meet
the model assumptions. We report the LDA results for consistency
with previous studies and for comparison to the FDA (fig. S7); how-
ever, we used only the FDA for our core analysis and interpretation
of consumer energy acquisition (Fig. 4).

Quantifying consumers’ basal energy sources

To quantify the proportion of energy from each producer group ac-
quired by fishes, we used a bootstrap resampling approach to run
10,000 iterations of the FDA model with a random subset of 10
members of each producer group each time (sampled with replace-
ment). We used each iteration of the model to classify fishes based
on their 6"°Cpax, with the model returning a probability that each
individual fish belonged to each producer group. We averaged these
posterior probability estimates from all 10,000 iterations to get a
mean estimate for each individual (table S4) and used those mean
probabilities of classification as the estimated proportion of energy
derived from each producer group (18). We chose to use this multi-
variate statistical method (FDA) rather than the traditional Bayesian
mixing models [e.g., “MixSIAR” (82)] because they can more effec-
tively use multiple EAA to partition the proportional contribution
of multiple basal resource groups (18). 5°Cpan data naturally avoid
the common issues associated with bulk tissue isotopic data (where
mixing models are common and useful). Notably, multivariate iso-
topic patterns of marine algae are conserved across broad spatio-
temporal scales (52), and EAAs have negligible isotopic offsets with
trophic transfer in most cases (51, 83).

We summarized the proportion of energy that fishes derived from
each of the three producer groups. As above, we used JT trend tests to
analyze whether trends in consumer use of kelp-, red macroalgae-,
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and phytoplankton-derived energy increased or decreased across the
four subregions.

Supplementary Materials
This PDF file includes:
Supplementary Text

Figs.S1to S7

Tables S1to S7

Legends for data files S1 to S6
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