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Detritus can fundamentally shape and sustain food webs, and shredders can

facilitate its availability. Most of the biomass of the highly productive giant

kelp, Macrocystis pyrifera, becomes detritus that is exported or falls to the sea-

floor as litter. We hypothesized that sea urchins process kelp litter through

shredding, sloppy feeding and egestion, making kelp litter more available

to benthic consumers. To test this, we conducted a mesocosm experiment

in which an array of kelp forest benthic consumers were exposed to 13C-

and 15N-labelledMacrocystiswith or without the presence of sea urchins, Stron-

gylocentrotus purpuratus. Our results showed that several detritivore species

consumed significant amounts of kelp, but only when urchins were present.

Although they are typically portrayed as antagonistic grazers in kelp forests,

sea urchins can have a positive trophic role, capturing kelp litter before it is

exported and making it available to a suite of benthic detritivores.

1. Introduction
Primary production is a fundamental driverof ecosystem complexity and function,

with higher productivity linked to higher species diversity [1–3], secondary

production [4,5], longer food chains [6,7] and more complex food webs [8]. Most

primary production, however, is not consumed by herbivores but becomes

detritus that may vary in its fate, residence time and lability [9,10]. Detrital

resources can fundamentally shape and sustain food webs, increasing their

stability [11], diversity and complexity [12]. Detrital inputs to food webs can be

integrated over longer time scales than primary production alone, and accounting

for sources, quantity and quality of detritus and their processing paths is needed to

understand of the overall role of energy input in structuring communities [11].

Aquatic ecosystems are generally considered to host higher levels of

herbivory [13] and to produce and accumulate less detritus than terrestrial sys-

tems [14], which can build up large deposits of macrophyte detritus such as

wood and leaf litter [9]. Nevertheless, detritus can also be a significant resource

in aquatic ecosystems in the form of senescent phytoplankton [15,16] and

macrophytes like macroalgae and seagrass [17–19]. The role of macrophyte det-

ritus in many aquatic systems, including marine ecosystems, is unclear, and in

many cases, marine macrophyte detritus is apparently unavailable to local con-

sumers because of its unpalatability [20,21] or short residence time due to

export by water flow [14,22]. In terrestrial and freshwater ecosystems, the avail-

ability of such refractory detritus can be increased by a guild of consumers, called

shredders, that process and to varying degrees consume leaves and other plant

tissues, producing faeces and finer detrital particles that are more available for

bacterial colonization and consumption by other organisms [23–25]. By contrast,

such animal processing probably does not markedly improve the food quality of

the phytoplankton detritus that dominates the oceans, explaining the apparent

paucity of shredders in marine systems [26] (but see [27]). In shallow seas,

where macrophyte detritus is abundant, however, marine shredders could play

a key role in routing this detritus into coastal food webs.

As abundant herbivores and detritivores in many marine ecosystems

[28,29], sea urchins are potential marine shredders. On coral reefs, urchins

graze algae and favour slower-growing coral [30,31]. Urchins often regulate
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seagrass biomass, and can overgraze and limit the extent of

seagrass beds [32–35]. On temperate rocky reefs, urchins can

overgraze kelp, as well as other sessile organisms [36–38]. In

this role, urchins have been considered a key instrument of

trophic cascades: when urchin predators such as sea otters or

fishes are scarce, their urchin prey can become overabundant

and uninhibited in their movements, mowing down lush

kelp forests and converting them to ‘urchin barrens’ [39,40].

These shifts have been considered to affect rocky reef food

webs in part by eliminating kelp and kelp detritus as food

for grazers and suspension feeders [41–43].

However, sea urchins are common in most intact kelp

forests as well, and are often abundant, thriving on the detri-

tus produced by the kelp in the form of senescent blades and

fronds that fall to the seafloor as litter [44–47]. In doing so,

urchins act as archetypal shredders [48,49], converting the

coarse particulate organic matter of kelp litter to fine frag-

ments that are broken loose as they feed [50] and faecal

pellets that may be high-quality food for detritivores [51,52].

We hypothesized that sea urchins act as shredders, chan-

nelling finer particulate kelp detritus into reef food webs. To

test this, we assembled artificial communities of small kelp

forest consumers, all putative detritivores, in mesocosms,

and added isotopically labelled kelp blades with and without

sea urchins present. We predicted that the urchins would

make the kelp detritus available to the consumers, and that

detritivore communities with urchins present would reflect

this by incorporating more isotopically labelled kelp-derived

carbon and nitrogen in their tissues.

2. Methods

(a) Study system and experimental design
The purple sea urchin Strongylocentrotus purpuratus is an
important herbivore and detritivore in southern California
giant kelp (Macrocystis pyrifera) forests that grow on shallow
rocky reefs (approx. 3–20 m depth) off southern California,
including Santa Barbara, where this study was done. To investi-
gate the shredder activity of purple urchins, we assembled
communities of common detritivores and suspension feeders
from local reefs in mesocosms. Three species of brittle stars
(Ophiopteris papillosa, Ophioplocus esmarki and Ophiothrix spicu-

lata), one vermetid gastropod (Thylacodes squamigerus), two
barnacles (Chthamalus sp. andMegabalanus californicus), one poly-
chaete worm (Chaetopterus sp.) and three sea cucumbers
(Cucumaria piperata, Pachythyone rubra and Cucumaria salma)
were collected from the seafloor of local kelp forests at 5–15 m
depth in the Santa Barbara Channel. Ten of each species were
placed in each of six 50 l (51 � 38 � 27 cm) flow-through unfil-
tered seawater tanks, each containing two concrete bricks for
hard substrate on top of 3 cm of sand. Because sea urchins are
highly mobile, capable of bulldozing other occupants, we iso-
lated them above the experimental communities on plastic
mesh (1 cm) dividers that were secured horizontally across
each mesocosm 16 cm above the bottom.

Ten individuals of each consumer species, along with 2–3
blades, totalling 47.3 g (+1.2 s.e.), of isotopically labelled kelp
(see below) were placed on the floor of each tank, below the divi-
der. On top of the mesh divider, we placed an additional 229.8 g
(+6.1 s.e.) of enriched kelp blades, and in half of the tanks,
10 adult urchins (total mass 343.3 g+1.3 s.e.) per tank. The kelp
below the mesh ensured that the detritivores had direct access
to degrading kelp detritus regardless of the urchin treatment, simi-
lar to the situation in the kelp forest, allowing us to more clearly
ascertain the degree to which the detritivores were dependent

on urchins for kelp detritus assimilation. The experiment was
run for 28 days (26 July–24 August 2016); above-mesh kelp was
removed and replenished once after 13 days.

(b) Isotopic labelling of kelp
We labelled giant kelp with the stable isotopes 13C and 15N for the
detritivore experiment. Six 1 m long kelp fronds were incubated
for 3 days (23–26 July, 6–9 August 2016) in a closed 113 l open-
top seawater tank in full natural sunlight that was kept cool by sit-
ting in a much larger flow-through seawater tank. A 700 GPH
submersible pump was used to maintain water circulation, and
the kelp fronds were stirred three times per day to homogenize
light exposure and help achieve more uniform isotope enrichment.
NaH13CO3 and

15NH4Cl solution was added to each kelp tank at
66 mM 13C and 10 mM 15N final concentration on each of the first
2 days. On the 3rd enrichment day, no additional isotopes were
added, but mixing and stirring continued.

(c) Isotope analysis
Enriched kelp and invertebrate consumers from the mesocosms
were sampled and frozen at the beginning and end of the exper-
iment. Tissues were dissected from all invertebrate species
except barnacles, for which the whole body was extracted from
the theca (electronic supplementary material, table S1). Dissected
samples were dried at 608C for a minimum of 48 h, ground into
a fine powder with a mortar and pestle, acidified with a minimum
of 190 ml 6% sulfurous acid or more until bubbles ceased forming
to remove inorganic carbonates, and analysed for d13C and d15N
using a Thermo Finnigan Delta-Plus Advantage isotope mass
spectrometer coupled with a Costech EAS elemental analyser in
the University of California Santa Barbara Marine Science Institute
Analytical Laboratory. Instrument calibration was conducted
using acetanilide reference standards run at the beginning of
each set of 35 samples and tested every 5 samples within each
set. Instrument precision, determined using replicate analyses of
L-glutamic acid USGS40, was +0.12 for 13C and +0.06 for
15N. The abundances of 13C and 15N are expressed in standard d

notation and calculated as follows for element X:

dXn ¼ 1000 �
Rsample � Rstandard

Rstandard
,

where R ¼ Xn/Xn21, expressed as per mil (‰) relative to the PDB
standard for carbon and atmospheric N2 for nitrogen.

(d) MixSIAR modelling and isotope data analyses
The Bayesian mixing model MixSIAR (v.3.1.10) run in R [53] was
used to estimate the proportion of detritivore’s tissue comprised
of enriched kelp at the conclusion of the mesocosm experiment.
d13C and d15N values of (1) initial (pre-experiment) species-
specific consumer tissue, and (2) enriched kelp tissue, were
used as sources in the MixSIAR model. Trophic discrimination
values were set to zero for the initial species’ tissue values and
to 0.5 d13C (+1.2 s.d.) and 2.5‰ d15N (+2.5 s.d.) for enriched
kelp [54]. The Markov chain Monte Carlo parameter was set to
very long run length, error structure in the model included
residual and process error, and Bayesian priors were unin-
formed. Diagnostic Gelman–Rubin and Geweke tests were
used to determine whether or not the model converged. The
median and 95% confidence interval posterior distribution of
estimated proportion kelp contributions to species tissues were
compared to assess whether there were differences between con-
sumer diets when urchins were present or absent. The final
estimates of percentage kelp assimilation in the benthic consu-
mers represent the amount of kelp assimilated within the
constraints of the tissue turnover time of the consumer, which
implies that they are underestimates given that the tissue
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turnover times for invertebrates are generally longer than the
one-month length of the experiment [55–57].

(e) Urchin and kelp litter time series
To assess the potential magnitude and variability of urchin
detrital processing, data from the Santa Barbara Channel Long
Term Ecological Research (SBC LTER) program were used to esti-
mate kelp litter availability and purple urchin excretion rates
from 2008 to 2018 at three kelp forest sites: Arroyo Quemado
(348 28.1270 N, 1208 07.2850 W), Isla Vista (348 24.1550 N, 1198
51.4670 W), Mohawk (348 23.6640 N, 1198 43.8000 W) and
Naples (348 25.3470 N, 1198 57.1810 W)] [58,59]. Standing stock
of kelp litter and purple urchin densities were measured quar-
terly on one fixed 40 � 2 m transect at each site. At each
transect, quarterly monitoring included measurements of small
(less than or equal to 2.5 cm test diameter) and large purple
urchin densities. Additionally, all visible macroalgal and plant
litter pieces were collected in mesh bags, brought back to the lab-
oratory, identified to species, and weighed. Annual biomass
estimates of purple urchins were calculated using the following
species-specific test diameter (D) to wet mass (M ) regression
(R2

¼ 0.99) developed by Reed et al. [60]:

M ¼ 0:0006D2:8726
:

Seasonal production of urchin excreta (E) was estimated at
sites commonly having excess Macrocystis litter using seasonal
urchin density (d ), annual urchin biomass at each site (M ), pub-
lished values of purple urchin ingestion rates (I ) and gravimetric
absorption (A) of Macrocystis [61,62]:

E ¼ dMI(1� A):

We used a Macrocystis ingestion rate of 0.12 (g g21) d21

(+0.01 s.e.) based on data from small urchins (20.7 g+ 1.7 s.e.,
n ¼ 15) [62,63], which were in agreement with feeding rates at
168C of larger urchins (79.5 g+4.9 s.e.) [61]. We converted wet
mass (WM) ingested to dry mass (DM) and then carbon (C)
using Macrocystis blade data from the Santa Barbara Coastal
LTER (DM:WM ¼ 0.095+0.001 s.e., C : DM ¼ 0.304+0.001 s.e.,
n ¼ 677). Gravimetric assimilation efficiency was assumed to be
79% (+2 s.e.) [61]. Error was propagated through the equation
by adding the fractional uncertainties in quadrature. We
compared these estimates to other organic carbon sources to
assess the relative potential of the urchin faecal pathway.

3. Results

(a) Isotope values of sources
Kelp d15N and d13C enrichment was an order of magnitude or

more above natural isotope abundances. After enrichment, kelp

tissue d13C averaged 116‰ (+7 s.e., range 62–216‰) and

d15N averaged 1821‰ (+106 s.e., range 1160–3364‰)

(table 1). Initial (non-enriched) isotope values of consumer tis-

sues were typical of benthic kelp forest invertebrates (reviewed

by [43,64,65]), ranging from 219.4‰ to 213.7‰ d13C and

1.5‰ to 12.2‰ d15N, depending on species (table 1).

(b) Enhancement of kelp C and N use by reef

consumers in the presence of urchins
The presence of urchins significantly increased the pro-

portional contribution of kelp to the diet in five of the 10

species (figure 1). The largest and most variable treatment

effect was seen in the ophiuroids. Relative to the control,

the presence of urchins increased the median proportion

enriched kelp by 10.0% in Ophioplocus esmarki, 9.9% in

Ophiopteris papillosa and 1.0% in Ophiothrix spiculata. The

incorporation of labelled kelp by the vermetid gastropod Thy-

lacodes squamigerus, the barnacle Megabalanus californicus and

the polychaete Chaetopterus sp. also increased significantly in

the presence of urchins compared with the control (by 4.8%,

2.9% and 1.1%, respectively). Across all species, median pos-

terior estimates of percentage kelp in urchin present

treatments averaged 3.7% (range: 0–14.5%). By contrast, the

percentage of kelp contribution across species in the control

was minimal, 0.7% with a maximum of 4.5% for Ophioplocus

esmarki. Surprisingly, none of the holothurians assimilated

significant levels of kelp C or N in either treatment (figure 1).

(c) Urchin and kelp litter dynamics in Santa Barbara

channel kelp forests
Both urchin and kelp litter biomass were highly variable sea-

sonally, annually and across different patch reefs. Prior to

2014, S. purpuratus were more abundant on SBC-LTER kelp

reef transects while standing stock of kelp litter was low (elec-

tronic supplementary material, figure S1). From 2014 onwards,

Table 1. Species, sampled tissue type, mean (+s.e.) shell-free body mass (g wet weight), sample size (n ) and mean (+s.e.) of d13C and d15N of source

samples used in MixSIAR models.

species tissue type body mass+++++ s.e. n d
13C+++++ s.e. d

15N+++++ s.e.

Macrocystis pyrifera lamina n.a. 32 116+ 7 1821+ 106

Ophiopteris papillosa dorsal disc 1.2+ 0.1 5 217.1+ 0.3 3.7+ 0.9

Ophioplocus esmarki dorsal disc 2.5+ 0.4 5 215.5+ 0.6 11.5+ 0.4

Ophiothrix spiculata dorsal disc 0.4+ 0.1 5 218.3+ 0.2 7.0+ 0.3

Thylacodes squamigerus foot 1.8+ 0.2 5 217.0+ 0.2 10.5+ 0.2

Megabalanus californicus whole n.a. 5 218.1+ 0.2 10.6+ 0.2

Chthamalus sp. whole n.a. 5 218.0+ 0.2 10.9+ 0.1

Chaetopterus sp. peristome 3.2+ 0.4 5 219.3+ 0.1 9.0+ 0.2

Cucumaria piperata body wall 1.7+ 0.9 5 217.0+ 0.3 8.6+ 0.4

Pachythyone rubra body wall 0.3+ 0.1 5 217.7+ 0.3 7.3+ 0.4

Cucumaria salma body wall 8.3+ 1.6 5 216.1+ 0.3 10.4+ 0.1
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urchin abundances on SBC-LTER reefs have been lower, with

larger amounts of kelp litter in fall and winter. Macrocystis

litter availability never exceeded 80 g m22 at any reef prior to

late 2013. Litter availability from 2014 forward has been

high, particularly in fall and winter, with a maximum of

300.6 g m22 in August 2016 at Arroyo Quemado and mean

ranges from 14.6 g m22 (+4.8 s.e.) at Mohawk to 60.1 g m22

(+22.2 s.e.) at Arroyo Quemado (electronic supplementary

material, figure S1A). Urchin biomass did not track seasonal

kelp litter pulses, but did vary on interannual time scales (elec-

tronic supplementary material, figure S1B). Assuming that

urchins were the major cause of low apparent litter availability

at reefs prior to 2014 and that the presence of any litter rep-

resented an excess rather than an estimate of supply, urchins

were generally not food limited. Under this assumption,

urchin faecal production rate averaged 0.11 gCm22 d21

(+0.02 s.e.) at Arroyo Quemado, 0.37 gC m22 d21 (+0.06 s.e.)

at Mohawk and 0.51 gC m22 d21 (+0.07 s.e.) at Naples.

4. Discussion
Sea urchins are key grazers structuring kelp forest eco-

systems, but their role in detrital processing and the

consequences for benthic detritivore communities is virtually

unknown. Our results show that as urchins process kelp

during feeding they make this energy source more available

to other common benthic detritivores. The presence of

urchin shredders benefited a diverse array of detritivores

including ophiuroids, barnacles, a vermetid gastropod and

a polychaete (figure 1). Only one of the 10 detritivore species

studied, the ophiuroid Ophioplocus esmarki, incorporated a

significant amount of kelp detritus in the absence of urchins,

and it was still approximately 3� less kelp carbon than in the

presence of urchins. These results suggest that sea urchins can

be a key trophic intermediate in kelp forests, potentially

making large amounts of kelp litter available to communities

of benthic fauna that are important foraging resources for fish

and other mobile predators in the kelp forest [66–68].

While there are no data on the isotopic turnover times of

our species, our MixSIAR results are likely underestimates

of per cent kelp consumed in the experiment. The isotopic

turnover time of invertebrates can be approximated as [57]

ln (half-life) ¼ 0:23� ln (body mass)þ 3:25:

Mean shell-free body mass for the species in the meso-

cosms ranged from 0.3 to 8.3 g (table 1), corresponding to

half-lives ranging from 20 to 42 days. Assuming that a species

were eating a diet of 100% enriched kelp in a well-mixed

system with first-order kinetics and high assimilation effi-

ciency [69], the MixSIAR model outputs would estimate

approximately 50% kelp contribution after the 30-day exper-

iment. While the absolute magnitude of the kelp-urchin

pathway cannot be assessed by these experiments, relative

contributions between treatments are statistically meaningful

and the body masses of species sampled are similar enough

that we can qualitatively compare differences across species.

Our experiment revealed that some species may benefit

more than others from urchin-processed kelp detritus, and feed-

ing modes may explain these differences in kelp utilization. In

our experiment, we found that species with more passive sus-

pension feeding modes, especially those that were optimized

for small particle capture (1–150 mm), did not use urchin-pro-

cessed kelp. Urchin faeces are typically much larger (300 mm—

greater than 1 mm) [70] than the small phytoplankton and det-

rital particles consumed by passive suspension feeders

(reviewed in [71]). Moreover, although urchin faeces sink

much slower than kelp litter [70], the faeces and kelp fragments
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were apparently unavailable to these passive suspension fee-

ders, suggesting that they were not frequently resuspended.

Observation of the tanks during the experiment confirmed

this: visible detritus fragments and faeces accumulated on the

bottom with apparently minimal suspension.

The suspension feeding species that consumed little or no

kelp in either treatment were the holothurians, the brittle star

Ophiothrix spiculata, the barnacle Cthamalus sp. and the tube-

dwelling polychaete Chaetopterus sp. All three holothurian

species in our experiment were members of the order Dendro-

chirotida, and have branching oral tentacles used primarily for

passive suspension feeding on small phytoplankton [72,73],

instead of the substrate-oriented, tube-shaped feeding tentacles

characteristic of deposit-feeding holothurians [74]. Ophiothrix

spiculata is also a passive suspension feeder, extending its

spiny mucous-coated arms into the water column to trap small

particles [75]. Megabalanus californicus assimilated more urchin-

processed kelp comparedwithCthamalus sp., and these barnacle

species exhibit both active and passive suspension feeding using

cirri that are optimized for capturing larger particles, such as

zooplankton [76]. Megabalanus californicus is a much larger

species with amore highly developed circulatory system, allow-

ing it to maintain longer periods of active feeding through cirral

motions [77], clear larger volumes of water per unit time [76,78],

and potentially overcome the limited sinking time of the urchin

faeces and kelp fragments. Chaetopterus sp. ate low, but signifi-

cant levels of urchin-processed kelp. These polychaete worms

are specialized for capturing small particles (greater than

1 mm) by drawing water through the small apertures on either

end of their tube and sieving particles with an internal mucus

net [79].

The brittle stars,Ophioplocus esmarki andOphiopteris papillosa,

and the vermetid gastropod consumed the highest levels of kelp,

and probably acted as substrate-based detritivores rather than

suspension feeders. Ophioplocus esmarki has smooth arms with

no observed suspension feeding behaviour, while the coarsely

spined Ophiopteris papillosa exhibited low levels of suspension

feeding behaviour, and is probably one of the many ophiuroids

with the ability to switch between detritivory and suspension

feeding modes [80]. Vermetid gastropods, such as Thylacodes

squamigerus, feed using long sticky mucus threads, which inter-

mesh into a net that clings to the substrate to capture surface

detritus and falling particles [81]. These sessile gastropods are

essentially substrate-based detritivores, and well suited to

capturing urchin-processed kelp.

Within giant kelp forests, kelp has significant physical

engineering effects on community structure due to its size

and the habitat it provides, but the extent to which kelp pro-

vides trophic support is poorly understood [43,82]. Results

of our mesocosm experiments suggest that urchins could be

a key link between giant kelp primary productivity and

benthic secondary production. Urchins are most well-known

as destructive grazers capable of denuding kelp from entire

regions if unchecked by predators [39,83] (reviewed in [84]).

While destructive grazing does occur as a response to algal

drift shortages [46,85], urchins in thriving kelp forests have a

minimal effect on attached kelp [86–89]. Instead, sea urchins

in kelp forests feed primarily by capturing large pieces of det-

rital kelp litter sinking or transported by water currents

[46,90,91], and produce large quantities of smaller faecal par-

ticles that sink and accumulate in crevices and depressions

on the reef [52] where other benthic invertebrates are typically

abundant [92]. In general, grazing on attached Macrocystis is

thought to be low [93], with more than 90% of Macrocystis

production ending up in the detrital pool [19]. Much of this

detritus is exported to adjacent ecosystems, such as beaches

[94] and deep sea canyons [95], and urchins thus retain litter

within kelp forests that would have otherwise been lost to

the kelp forest food web [90]. At moderate densities, therefore,

urchins can facilitate kelp’s trophic support of the ecosystem,

rather than serving a primarily agonistic role in kelp forest

function, as has previously been emphasized.

Urchin feeding not only captures and retains algal drift

material [44,96] but may also make egested kelp-derived

carbon more labile than fresh kelp [97]. Urchin digestive sys-

tems host a rich microbial community, including plant

polysaccharide generalist bacteria [98], nitrogen fixers

[99,100] and ciliates [101,102]. While assimilation efficiency

of Macrocystis by S. purpuratus is around 70–90% [61,103],

urchin faecal pellets are colonized heavily by microbes

[101]. These gut microbes can increase the nutritional value

of faeces by synthesizing valuable molecules such as essential

amino acids [104], decrease C : N ratios and increase available

energy content [51].

To assess the relative magnitude of urchin inputs, we can

compare them with sources of primary production on area

reefs. Mean estimated urchin faecal production rates ranged

from 0.11 to 0.51 gC m22 d21, on the order of half of

phytoplankton production in the Santa Barbara Channel

(winter: 1.3 gC m22 d21 (+0.6 s.e.), spring: 3.1 gC m22 d21

(+1.5 s.e.)) [105], and comparable with near-shore microphy-

tobenthos production that ranged from 0 to 0.27 gC m22 d21

[106,107]. Macroalgal production, which forms the base of

urchin faecal production, is dominated by Macrocystis at

0.6–2.2 gC m22 d21 [108]. Other urchin food sources include

foliose and turf algae, which had average productivity

rates of 0.9 gC m22 d21 (+0.1 s.e.) and 0.4 gC m22 d21

(+0.1 s.e.), respectively [109]. These benthic algae are less pre-

ferred food sources for urchins compared with kelp [63], but

they are consumed and can increase in abundance when

Macrocystis biomass is low [110,111]. Given these food sources

and our findings that an excess standing stock of Macrocystis

litter was found at most time points in the three reefs we

sampled, urchins are unlikely to be food limited most of the

time (electronic supplementalmaterial, figure S1) [90]. Therefore,

urchin-processed kelp (including faecal pellets) is probably

a readily available and nutritionally dense food source for

benthic detritivores that rivals other resources in kelp forests.

Kelp forests support hundreds of ecologically and econ-

omically important species through physically altering reef

environments [38,112,113], food provision [46] and species

interactions [114,115]. This study demonstrates that sea urch-

ins are not simply destructive herbivores in kelp forest

ecosystems, and may play a more complex role in kelp

forest trophic dynamics than previously appreciated. Under-

standing how kelp detritus and sea urchins may interact to

support these ecosystems will give us a more complete

view of kelp forest ecosystem function, and could also

inform management. In particular, increasing urchin culling

practices to manage and ‘restore’ kelp forests [116–118]

could be misguided if not carefully considered and managed.
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