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ABSTRACT: Accurate estimates of productivity of marine macrophytes are crucial to predict the
consequences of invasive species expansions and climate-related range shifts on coastal ecosystem functioning and carbon cycling. We examined the potential impacts of climate-driven shifts in
the relative abundances of foundation species within a temperate reef system on net primary productivity. Specifically, we estimated productivity rates of 3 co-occurring kelp species (Laminaria
hyperborea, L. ochroleuca and Undaria pinnatifida) in contrasting regions of their ranges (centre,
leading-edge and invasive, respectively) via in situ photorespirometry methods in Brittany,
France. Lamina tissues of cold-temperate L. hyperborea and warm-temperate L. ochroleuca had
similar rates of net productivity. The stipes of L. hyperborea, however, displayed much higher
rates of productivity and respiration than L. ochroleuca, likely due to the dense macroalgal epiphytes colonising their surface. Our results suggest that replacement of L. hyperborea by L. ochroleuca in the NE Atlantic due to increased dominance or further range expansion of this warm-temperate species might lead to reduced net rates of productivity as a result of increased lamina
respiration and reduced photosynthetic capacity of stipes. The invasive kelp U. pinnatifida had
high rates of net productivity at saturating light levels (294 μmol O2 g−1 dry weight h−1), 3 times
higher than any kelp species ever incubated in situ, helping to explain its high success as an
invader. We show that shifts in the distributions and relative abundances of seemingly similar
foundation species may lead to subsequent changes in net metabolic balance.
KEY WORDS: Primary productivity · Respiration · Metabolic balance · Kelp forest · Coastal
ecosystem · Subtidal rocky reef
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Kelps represent key components of multiple food
web pathways and subsequently mediate numerous
ecosystem processes (Fredriksen 2003, Norderhaug
et al. 2003, Miller & Page 2012, Leclerc et al. 2013,
Duggins et al. 2016). Studies estimate that intertidal
and subtidal macrophytes contribute 45% of total primary production in coastal waters (Mann 1973, 2009).
The majority of this production comes from kelps,
which make significant contributions to carbon drawdown via carbon fixation, hold substantial quantities

of carbon as above-ground biomass (Chung et al.
2011, Krumhansl & Scheibling 2012, Krause-Jensen
& Duarte 2016, Smale et al. 2016, Pessarrodona et al.
2018) and represent an important trophic subsidy in
the form of detritus (Walton et al. 2022). Although
herbivores can remove substantial portions of kelp
primary productivity in situ (Ling et al. 2015), most of
the production (> 80%) enters the food web through
detrital pathways following erosion and fragmentation of fronds or dislodgement of entire sporophytes
(Krumhansl & Scheibling 2011, de Bettignies et al.
2013). This detritus constitutes an important carbon
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flux leaving the forest that can be exported to surrounding habitats (Smale et al. 2021), creating strong
linkages to both adjacent (e.g. seagrass meadows,
rocky shores and sandy beaches) and distant (e.g. the
deep sea) habitats (Thrush 1986, Bustamante &
Branch 1996, Gómez et al. 2013, Filbee-Dexter &
Scheibling 2016, Gilson et al. 2021a).
Global declines have been observed in numerous
marine habitat-forming species (Pandolﬁ et al. 2003,
Waycott et al. 2009), with climate change driving the
redistribution of species at a global scale. Species
distributions, however, are not moving in unison,
shifting instead at different rates due to differential
tolerances and responses to thermal stress (Sorte et
al. 2010, Pinsky et al. 2013, Sunday et al. 2015). Populations of several warm-adapted species have expanded polewards at their leading range edge, driving new competitive shifts and resulting in altered
interactions and species replacements (Vergés et al.
2014, Wernberg et al. 2016); conversely, several coldadapted species have contracted at their trailing
range edge (Raybaud et al. 2013, Smale et al. 2013,
Wernberg et al. 2019). Kelps are considered useful
sentinels of change because they are highly sensitive
to climate change (Wernberg et al. 2013, Bell et al.
2015, Thomsen et al. 2019) and are commonly exposed to many anthropogenic activities that occur
near coastal habitats (Bennett et al. 2016). Recent
analysis has shown that kelp populations have declined in 38% of the ecoregions examined and either
increased or remained stable in 62% of ecoregions,
with regional differences in the drivers of this change
(Krumhansl et al. 2016). Given that warm- and coldwater species differ in both their phenology and
functional traits, there is a need for comparative studies on their relative contributions to key ecological
processes in order to better predict potential impacts
of species replacements (Pessarrodona et al. 2019,
Gilson et al. 2021b).
Coincident with warming trends, decreased abundance, local extinctions and range contractions of
Laminaria hyperborea, the dominant forest-building
kelp in the NE Atlantic, have been reported along
the Iberian Peninsula, where many kelp species persist at their thermal maxima (Smale 2020). Warming
has also led to range expansions of kelps, such as in
southwest England and western Ireland, where the
warm-temperate Lusitanian kelp L. ochroleuca has
significantly increased in abundance and extended
its distribution in recent decades and now coexists
with the assemblage-dominant L. hyperborea (Smale
et al. 2015, Hargrave et al. 2017, King et al. 2018,
Schoenrock et al. 2019), which is at the centre of its

range. Although morphologically similar to L. ochroleuca, L. hyperborea differs in many critical functional traits (Pessarrodona et al. 2019). This cold-temperate kelp requires cold (<18°C), nutrient-rich
waters for growth, with peak growth observed during winter and early spring (Sheppard et al. 1978,
Wiencke et al. 1994) before shedding of the old lamina tissue occurs in spring. In contrast, L. ochroleuca
displays more continuous growth peaking in late
spring/early summer, with erosion of the lamina
highest during late summer/early autumn (Pessarrodona et al. 2019). Furthermore, L. ochroleuca has
been shown to be almost twice as productive, generating twice as much detritus via lamina erosion and
resulting in a larger pool of organic matter entering
detrital food webs, with lamina tissue degrading
much faster (~6×) relative to the cold-water L. hyperborea (Pessarrodona et al. 2019). L. hyperborea
stipes are well known for supporting highly abundant and diverse epiphyte communities (Leclerc et
al. 2016, King et al. 2021), whereas the stipes of L.
ochroleuca are relatively devoid of epiphytes (Teagle
& Smale 2018), providing reduced secondary habitat
and supporting impoverished faunal communities
(Smale et al. 2022). Local substitutions of L. hyperborea, or significant shifts in their abundance, will
likely have knock-on consequences for ecosystem
functioning and coastal carbon budgets (Krumhansl
& Scheibling 2012, Hargrave et al. 2017, Pessarrodona et al. 2019, Gilson et al. 2021b).
Alongside long-lived perennial Laminaria species,
other annual or pseudo-annual species, e.g. Undaria
pinnatifida and Saccorhiza polyschides, respectively,
are patchily distributed throughout subtidal kelp
forests due to their opportunistic nature (Smale et al.
2013). The invasive pacific kelp U. pinnatifida (Epstein & Smale 2017) is farmed in some areas of the NE
Atlantic where it has proliferated in urban coastal
areas, specifically across harbours, with subsequent
spillovers into natural rocky reef communities (Epstein & Smale 2018, Salamon et al. 2020). Its widespread invasion has been attributed to long-distance
dispersal via fouling and ballast water (Wallentinus
1999, Silva et al. 2002), its resistance to large changes
in temperature (Henkel & Hofmann 2008, James
et al. 2015) and its ability to colonise a broad range
of artificial and natural substrates (Castric-Fey et al.
1999, Russell et al. 2008, Salamon et al. 2020). U. pinnatifida is known to colonise a range of different
niches, bringing it into competition with native
forest-forming kelp species (Farrell & Fletcher 2006).
In parts of the NE Atlantic (Castric-Fey et al. 1993,
Antoine et al. 2012) and Australasia (Valentine &

White & Davoult: In situ productivity of co-occurring kelps

Johnson 2004, Russell et al. 2008), active management practises are in place to prevent potential ecological impacts and further spread, with the aim of
inhibiting range expansion.
Using recently developed photorespirometry methods (Rodgers et al. 2015, White et al. 2021), we performed in situ incubations on the cold-water kelp L.
hyperborea, the warm-temperate species L. ochroleuca and the invasive kelp U. pinnatifida in order to
calculate photosynthesis−irradiance (P−I) curves. We
(1) provide P−I curves for these 3 common kelp
species calculated from in situ estimates of light and
photosynthetic parameters during early summer in
Brittany, France. The high diversity of kelp species in
the region makes Brittany an ideal location to study
shifting species distributions and their interactions,
allowing us to compare sympatric kelp species occurring in contrasting regions of their ranges (centre,
leading-edge, invasive). We (2) hypothesised that the
invasive kelp U. pinnatifida would have the highest
capacity for photosynthesis due to its shallower habitat and thin lamina tissue, potentially aiding its competitive ability. Because of the differing growing
seasons of L. hyperborea vs. L. ochroleuca, we (3)
hypothesised that L. ochroleuca individuals would
have higher productivity rates than L. hyperborea, as
the sampling period coincided with their peak biomass accumulation rates (Pessarrodona et al. 2019).
Due to the contrasting stipes of these 2 Laminaria
species (Leclerc et al. 2016, Teagle & Smale 2018), we
also (4) compared estimates of stipe community metabolism. We discuss photosynthetic parameters with
respect to the ecology and morphology of the
different kelp species and implications for current
and future carbon cycling.
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2. MATERIALS AND METHODS
2.1. Sites and study species
Field measurements were carried out at 2 sites in
northwestern Brittany: Bloscon marina (48° 24’ 37” N,
3° 32’ 24” E), a newly built marina heavily colonised
by the invasive kelp Undaria pinnatifida, and Ar
Chaden, a nearby natural rocky reef (48° 43’ 94” N,
3° 58’ 26” E) which supports mixed kelp canopies primarily comprising Laminaria hyperborea and L.
ochroleuca (Fig. 1). Photosynthetic measurements
were carried out on U. pinnatifida individuals growing at 1 m depth on a floating breakwater at Bloscon,
and on L. hyperborea and L. ochroleuca sporophytes
at Ar Chaden growing at depths of approximately
4 m (below chart datum).
In situ photosynthetic and respiration rates of adult
L. hyperborea, L. ochroleuca and U. pinnatifida sporophytes were measured using photorespirometry
chambers (see White et al. 2021 for full description
of the chambers and methodology). In brief, flexible
polyethylene bags of a fixed volume were used to
incubate sections of (or entire) sporophytes in situ in
the light and then in the dark. Continuous oxygen
and light loggers within the chamber allowed calculation of net photosynthetic rates for each given light
intensity as well as respiration rates for dark incubations. Kelp were incubated during summer 2020
(June−July) at either high or low tide to minimize
strong tidal movements, characteristic of the area.
Thus, incubations of U. pinnatifida were carried at a
constant depth of 1 m due to the floating nature of the
pontoon, whereas L. hyperborea and L. ochroleuca
were incubated at a range of water depths (5−12 m).

Fig. 1. (a) Undaria pinnatifida individual growing on artificial structures at a marina in the Bay of Morlaix and (b) mixed stands
of Laminaria hyperborea and L. ochroleuca growing at 4 m depth at Ar Chaden, both in Brittany, France. Photos taken by
Wilfried Thomas, Service Mer & Plongée, Station Biologique Roscoff, CNRS-Sorbonne Université
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As such, all kelp species experienced a range of natural light conditions (between 0 and > 700 μmol photons m−2 s−1).

2.2. Incubation procedure
Adult kelp individuals were randomly selected for
chamber incubations (stipe > 50 cm for both species
of Laminaria, L. hyperborea with a typical stipe community comprising > 80% cover of algal species interspersed with invertebrate epibionts [White et al.
2021]; U. pinnatifida total length: > 40 cm). Large L.
ochroleuca individuals were not incubated to avoid
any effects of self-shading from excessive constriction of the laminae, and any individuals with a high
density of epibionts growing on the lamina were
avoided. During a single dive, up to 3 chambers were
deployed simultaneously.
Chambers were positioned over the fronds and
stipe of U. pinnatifida plants and sealed firmly around
the base of the stipe with cable ties. At this stage of
the growing season, U. pinnatifida individuals are
sexually mature with frilled sporophylls surrounding
the stipes and are therefore less morphologically distinct from the lamina. Because of their larger size and

the distinct morphological and ecological differences
between lamina and stipe, chambers were positioned
over the fronds of L. hyperborea and L. ochroleuca
and sealed firmly around the top of the stipe (Fig. 2).
Additional smaller chambers were used to incubate
the mid-section of stipes of L. hyperborea and L.
ochroleuca. Bags were sealed at a pre-marked position,
approximately 10 cm above the holdfast, and then
filled using a battery-powered pump and valves until
the bag was full (White et al. 2021), ensuring consistent volume for all incubations (mean ± SE: large
chamber: 56.8 ± 0.55 l; stipe chamber: 12.1 ± 0.14 l; n =
6 for both).
Each sporophyte was incubated under natural
light conditions for 15 min, followed by a partial
flush of the chamber (replacement of ≥ 50% total
volume) before being covered by 2 layers of black
plastic simulating night-time conditions (reducing
photosynthetically active radiation [PAR] to <1 μmol
photons m−2 s−1) for a further 15 min incubation.
Due to consistently high light levels during U. pinnatifida incubations, a subset of the plants (n = 6)
were incubated a third time with just one layer of
black plastic to ensure that there were some incubations at low light levels (Rodgers et al. 2015). For
Laminaria sporophytes, separate stipe incubations

Fig. 2. Photorespirometry chamber system deployed in situ on (a) lamina and stipe sections of a Laminaria ochroleuca individual; (b) the large chamber is covered by 2 layers of black plastic during a dark incubation of L. hyperborea and (c) a smaller
chamber deployed on the mid-section of a stipe of L. ochroleuca, all at Ar Chaden, Brittany, France. Photos taken by Wilfried
Thomas, Service Mer & Plongée, Station Biologique Roscoff, CNRS-Sorbonne Université
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were carried out simultaneously with lamina incubations, i.e. under similar light conditions, but lasting just 10 min due to the smaller size of the chamber. Due to time constraints, stipes of 5 of the 27
Laminaria sporophytes were not incubated (i.e. only
lamina sections were incubated). Dissolved oxygen
concentration and temperature inside the chamber
were logged at a frequency of once per minute by a
miniDOT logger (PME), an optode that measures
dissolved oxygen concentration in water via fluorescence methods. MiniDOT loggers automatically corrected for temperature and salinity effects on dissolved oxygen. Irradiance (measured as photon flux
density PAR 400−700 nm) was measured at 1 min
intervals using loggers with planar cosine-corrected
PAR sensors (DEFI2-L, JFE Advantech). PAR sensors
were mounted at the top of the frame inside the
chamber, ensuring they were not obscured by kelp
lamina (Rodgers et al. 2015, White et al. 2021). The
relatively short time periods minimized fluctuations
in light intensity during each incubation. After incubation, plants were harvested and length, wet
weight and dry weight (DW) (following 72 h dried
at 60°C) were measured.

2.3. Data analysis
Rates of photosynthesis and respiration were calculated from the linear slope of oxygen concentration during light and dark periods of each field
incubation, respectively. Linearity of slopes was
maintained during incubations, suggesting that water
was not super-saturated with oxygen or limited by
either nutrients or carbon dioxide (Noël et al. 2010;
Fig. S1 in the Supplement at www.int-res.com/
articles/suppl/m697p031_supp.pdf). Slopes of oxygen concentration during stipe incubations were
more variable than during lamina incubations,
which was attributed to the more variable light
environment beneath the canopy and/or the mixed
assemblage that inhabited L. hyperborea stipes.
Slopes were calculated based on at least 15 min of
data for each U. pinnatifida or Laminaria lamina
incubation and at least 10 min of data for Laminaria
stipe incubations, and mean irradiance was calculated from the same 15 or 10 min period. Photosynthesis and respiration rates were standardized per
unit of dry biomass per hour (μmol O2 g−1 DW h−1).
P−I curves were plotted separately for U. pinnatifida sporophytes and laminas and stipes of each
Laminaria species, with each individual representing 2 points (one light, one dark) on the curve, or 3
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points for a subset of U. pinnatifida (one light, one
medium, one dark; n = 6). Curves were fitted using
non-linear regression in R version 4.1.2 (R Core
Team 2021), following Webb et al. (1974):
P = Pmax × (1 − e−αI/Pmax)

(1)

where P is the net photosynthetic rate at any photon
flux (I), Pmax is the maximum net rate of photosynthesis recorded at or near saturating irradiances, α is the
photosynthetic efficiency (i.e. the slope of the linear
light-limited part of the curve) and I is incident irradiance. Additional parameters calculated were Rd
(mean rate of respiration i.e. net photosynthesis recorded during dark incubations), Ik (the onset of light
saturation estimated as modelled Pmax /α) and Ic (the
compensation irradiance at which photosynthesis is
balanced by respiration, estimated as Rd /α). Values
of net productivity were transformed to gross productivity by correcting for mean respiration rates (i.e.
adding the absolute mean respiration rates across
replicates; see Figs. S2 & S3; Gevaert et al. 2011,
White et al. 2021) before fitting the models.
Lamina and stipe P−I curves were combined for
each Laminaria species and scaled up to sporophyte
level, based on mean species-specific biomass, to
compare estimated photosynthetic capacity of entire L. hyperborea, L. ochroleuca and U. pinnatifida
individuals.

2.4. Literature review
We reviewed literature of in situ estimates of
macroalgal productivity via photorespirometry methods. The photorespirometry research community is
reasonably limited, so we used recent reviews and
databases (Dolliver & O’Connor 2022, Gallagher et
al. 2022, Pessarrodona et al. 2022) combined with
expert knowledge to find relevant literature that
would allow us to explore trends of macroalgal net
productivity. Studies were included if they performed in situ incubations on entire lamina or sporophytes of a single macroalgal species under a range
of light intensities to produce a P−I curve and
expressed rates of oxygen evolution standardised by
biomass (fresh or dry) rather than per unit surface
area. We extracted α, Pmax, Ik, Ic and Rd. When values
were not stated but presented only in figures, data
were digitally extracted using the ‘metaDigitise’ R
package (Pick et al. 2019). Studies of L. digitata that
expressed productivity in grams of fresh weight were
converted to DW using a conversion factor of 0.16
(Migné et al. 2021).
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3. RESULTS

Net photosynthetic rate (μmol O2 h−1 g –1)

We generated P−I curves for Undaria pinnatifida,
Laminaria hyperborea and L. ochroleuca individuals
in situ (Fig. 3). Photosynthetic rates measured along
the range of irradiances across the course of incubations meant that saturating irradiance was achieved
for L. ochroleuca and for the stipes of L. hyperborea
and that Pmax could be modelled (Fig. 3a, Table 1).
The P−I curves for U. pinnatifida individuals and L.
hyperborea fronds and their corresponding photosynthetic parameters (Table 1) were estimated using
Pmax values of the highest photosynthetic rates recorded during incubations. The resulting P−I curve
for U. pinnatifida individuals had a pseudo-R2 value
of 0.94, an α of 0.43 and reached Pmax of 294 μmol O2
g−1 DW h−1. Photosynthesis of U. pinnatifida individ-

uals reached Ik at irradiance levels of 685 μmol photons m−2 s−1 and Ic at 107 μmol photons m−2 s−1. Mean
Rd rates were 45.93 μmol O2 g−1 DW h−1.
P−I curves for lamina sections of L. hyperborea and
L. ochroleuca were similar (Fig. 3b, Table 1), with
pseudo R2 values of 0.95 and 0.88 and α values of 0.23
and 0.35, respectively. L. hyperborea lamina displayed
greater Pmax (68 μmol O2 g−1 DW h−1) and lower Rd
(8.32 μmol O2 g−1 DW h−1), than L. ochroleuca (Pmax =
62 μmol O2 g−1 DW h−1; Rd = 16.34 μmol O2 g−1 DW
h−1). Photosynthesis of L. hyperborea lamina reached
Ik at higher irradiance levels (303 μmol photons m−2
s−1) than L. ochroleuca (175 μmol photons m−2 s−1)
but reached Ic at lower irradiances (L. hyperborea:
37 μmol photons m−2 s−1; L. ochroleuca: 47 μmol photons m−2 s−1). Stipes of L. hyperborea also displayed
higher rates of photosynthesis (Pmax = 27 μmol O2 g−1
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Fig. 3. In situ photosynthesis−irradiance curves for (a) Undaria pinnatifida sporophytes (red; n = 14 for light and dark incubations, n = 6 for shaded incubations) at Bloscon; (b) lamina of Laminaria hyperborea (blue, n = 15 for light and dark incubations)
and L. ochroleuca (orange; n = 14 for light and dark incubations) plants and (c) stipes of L. hyperborea (blue, n = 11 for light
and dark incubations) and L. ochroleuca (orange; n = 11 for light and dark incubations) from populations at Ar Chaden, based
on photosynthetic parameters (Table 1). Y-axis scale varies between (a) U. pinnatifida and (b,c) Laminaria species

Table 1. Mean (± SE) dry weight (DW, g), length (L, cm), photosynthetic parameters and respiration rates for Undaria pinnatifida sporophytes (lamina and stipe combined) and lamina and stipes of Laminaria hyperborea and L. ochroleuca individuals incubated May−July
2020. Pmax: modelled maximum rate of net photosynthesis (μmol O2 g−1 DW h−1); α: initial slope of the photosynthesis−irradiance (P−I)
curve at non-saturating irradiance; Rd mean rate of respiration (μmol O2 g−1 DW h−1); Ik: saturation irradiance (μmol photons m−2 s−1);
Ic: compensation irradiance (μmol photons m−2 s−1); pseudo-R2: fit of P−I curve
Species

Section

n

Undaria pinnatifida

Lamina and stipe 15

DW
28.81 ± 5.07

L

Rd

Pmax

α

Ik

Pseudo-R2

69.08 ± 4.56 −45.93 ± 5.91 294.22 0.43 685.47 107.00

0.94

98.33 ± 4.28
65.25 ± 3.40

37.04
57.69

0.95
0.93

46.53
12.52

0.88
0.90

Laminaria hyperborea Lamina
Stipe

14 117.35 ± 7.78
11 55.99 ± 6.21

−8.32 ± 1.29
−6.62 ± 1.00

68.09 0.23 303.02
26.48 0.11 230.68

Laminaria ochroleuca

13 125.49 ± 10.56 166.02 ± 9.46 −16.34 ± 2.83
11 46.35 ± 4.68
87.64 ± 4.68 −2.13 ± 0.13

61.52 0.35 175.17
6.83 0.17
40.14

Lamina
Stipe

Ic
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Fig. 4. Scaled up photosynthesis−irradiance curves for Undaria pinnatifida, Laminaria hyperborea and L. ochroleuca
sporophytes, calculated using photosynthetic parameters and
mean species-specific biomass values (Table 1) from in situ
incubations at Bloscon and Ar Chaden

DW h−1) than L. ochroleuca (Pmax = 7 μmol O2 g−1 DW
h−1) at saturating irradiances (Fig. 3c), despite having
a lower α value. In contrast to lamina, respiration rates
of L. hyperborea stipes (Rd = 6.62 μmol O2 g−1 DW h−1)
were 3 times higher than stipes of L. ochroleuca (Rd =
2.13 μmol O2 g−1 DW h−1). L. hyperborea stipes had a
higher Ic (58 μmol photons m−2 s−1) and reached saturation at higher Ik (231 μmol photons m−2 s−1) than L.
ochroleuca stipes (Ic = 13 μmol photons m−2 s−1; Ik =
40 μmol photons m−2 s−1).
Scaling up P−I curves based on mean speciesspecific biomass values resulted in similar P−I curves
for both Laminaria species (Fig. 4). Curves were
characterised by greater respiration rates of L. ochroleuca, driven by increased respiration of lamina tissue relative to L. hyperborea (Table 1), as well as increased photosynthesis of L. hyperborea at high
irradiance as a result of increased photosynthetic
capacity of L. hyperborea stipes relative to L. ochroleuca (Fig. 3). Scaled up P−I curves for U. pinnatifida
had lower α (i.e. the slope of the linear light-limited
section of the curve) than Laminaria species; however, sporophytes could achieve similar maximum
rates of oxygen production, albeit at higher irradiances (which it experienced naturally in its shallow
habitat), despite having just ~20% the mass of the
Laminaria species studied (Table 1).

4. DISCUSSION
We present the first in situ productivity estimates
(including lamina and stipes) of 3 co-occurring kelp
species, each found growing in distinctly different
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regions of their geographical distributions. Lamina
tissues of the cold-water Laminaria hyperborea and
warm-temperate L. ochroleuca generally displayed
similar photosynthetic characteristics, although L.
ochroleuca had higher rates of respiration. In contrast, stipes of these 2 species had markedly different
P−I curves, with L. hyperborea exhibiting considerably higher rates of maximum photosynthesis and
respiration. Maximum rates of stipe photosynthesis
and average respiration rates were 10−40 and 15−
80% of lamina rates, respectively, depending on the
species in question. Considering the large contribution stipes often make to kelp forest biomass
(30% in this study; Kain & Jones 1963, Smale et al.
2016, White et al. 2021), these results highlight the
importance of including stipes, a commonly overlooked component, within photorespirometry-based
estimates of kelp forest production (Rodgers et al.
2015, Rodgers & Shears 2016, White et al. 2021). Importantly, their inclusion ensures that overall estimates of forest productivity are not over-inflated by
lamina-based studies, which could potentially skew
estimates of the net metabolic balance of kelp forest
ecosystems and their role as carbon sinks or sources
(Gallagher et al. 2022). Furthermore, it makes photorespirometry methods more comparable with traditional estimates of kelp forest production (Pessarrodona et al. 2018, Smale et al. 2020).
Laminaria species growing at 4 m depth (below
chart datum) had a lower compensation point (i.e. the
light level at which photosynthesis balances respiration) than Undaria pinnatifida which grew at 1 m
depth, supporting the idea that light limitation results in a lower compensation point as a result of
photoacclimation. Our experimental design, however, did not allow us to disentangle the effects of
species from depth, as these species typically inhabit
different depth ranges in Brittany (Leclerc et al. 2015,
Salamon et al. 2020). However, when reviewing the
literature, photoacclimation by kelps appears to be a
general pattern whereby compensation point decreases with increased light limitation (Table 2), be it
depth (Rodgers et al. 2015), canopy shading (White et
al. 2021), onset of autumn/winter (Gevaert et al.
2011, Rodgers & Shears 2016) or increased turbidity
(Blain et al. 2020). This is likely driven by increased
photosynthetic efficiency with increased light limitation; alpha values are higher for deeper populations
of the same species, higher for sub-canopy vs.
canopy individuals and higher in autumn/winter vs.
summer (Table 2). These increases in efficiency can
be accompanied by — and may be explained by —
increases in photosynthetic pigments and photoki-
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Table 2. Photosynthetic parameters quantified using in situ photorespirometry methods; means (± SE). Studies were chosen if they performed in situ incubations on entire lamina or sporophytes of a single macroalgal species under a range of light intensities to produce a photosynthesis−irradance (P−I) curve and expressed rates of oxygen evolution
standardised by biomass (fresh or dry) rather than per unit surface area. Temp: mean temperatures during study period (rounded to nearest degree); α: initial slope of the P−I
curve at non-saturating irradiance; Pmax: modelled maximum rate of net photosynthesis (μmol O2 g−1 DW h−1); Ik: saturation irradiance (μmol photons m−2 s−1); Ic: compensation
irradiance (μmol photons m−2 s−1); Rd : mean rate of respiration (μmol O2 g−1 DW h−1)
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netic changes in thallus morphology (Blain & Shears
2019), although the time scales over which these responses operate remain unclear. Photoacclimation of
kelps to degrading light environments may also be
driven by reduced respiration with increasing light
limitation; kelps have a tendency for higher respiration in summer compared to winter (Gevaert et al.
2011, Rodgers & Shears 2016) and in shallower populations compared to those at depth (Rodgers et al.
2015).
The invasive U. pinnatifida had the highest photosynthetic capacity per gram of tissue of any species
measured in our experiments and displayed 2.5−
3-fold higher Pmax, Rd, Ik and Ic than any other species
reported in the literature (Table 2). Sporophytes had a
relatively high compensation point of almost 100 μmol
photons m−2 s−1, considerably higher than any other
species in the literature, even those inhabiting similar
depths (Delebecq et al. 2011, Gevaert et al. 2011).
Similarly, U. pinnatifida has also displayed superior
photosynthetic performance (~2-fold higher) in laboratory settings relative to numerous native perennial
macroalgal species in New Zealand (Desmond et al.
2019). But unlike other kelps previously incubated
in situ, U. pinnatifida is an annual species with a short
life cycle of just a few months (Murphy et al. 2017)
with much thinner, less structurally complex fronds
(Castric-Fey et al. 1999). Comparisons against other
native species with more similar morphology, e.g.
Alaria esculenta, would help to reveal if these photosynthetic traits are merely a common feature of fastergrowing annuals. In addition, U. pinnatifida populations were at a much shallower depth, and,
importantly, their depth was constant compared to
Laminaria reefs as a result of growing on a floating
breakwater. Due to time constraints, it was not possible to carry out incubations on any local Undaria populations inhabiting natural substrates (therefore exposed to diurnal macrotidal depth changes) before
the annual summer die-off occurred (Murphy et al.
2016). These natural populations, however, are
limited and patchy in both time and space (Salamon
et al. 2020), making measurements challenging. It
would be interesting to compare photoacclimation
capacities of kelp species inhabiting constant vs. variable water depths whilst controlling for mean depth.
Laboratory studies of Undaria sporophytes all report
compensation points well below 20 μmol photons m−2
s−1 (Dean & Hurd 2007, Epstein & Smale 2018), suggesting that this species can efficiently photoacclimate
to its surrounding environment — which may explain
why it can also invade deeper reefs (Desmond et al.
2019) down to 15 m (Valentine & Johnson 2003) and
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supports the idea that a plastic physiology allows U.
pinnatifida sporophytes to match their physiology to a
range of environments (Dean & Hurd 2007).
Laminaria species had almost indistinguishable P−I
curves when considering lamina only, despite their
differing growth patterns (Pessarrodona et al. 2019).
During our summer sampling period, L. hyperborea
generally displays its lowest growth rates whereas
L. ochroleuca experiences some of its highest; thus,
we assumed that L. ochroleuca would show higher
photosynthetic efficiency. Therefore, it remains to be
explained how L. ochroleuca accumulates more
biomass than L. hyperborea whilst photosynthetic
rates are equal. It is likely that L. hyperborea, a coldwater kelp, synthesizes and stores reserve products
in summer when nutrients can be limiting (Drew
1983) and remobilizes them for growth in winter
months when light is limited (Bartsch et al. 2008) but
nutrients are abundant. The growth of L. hyperborea
is controlled by a strategic circannual rhythm (Schaffelke & Lüning 1994). Meanwhile, L. ochroleuca has
growth rates closely correlated with irradiance levels
(Kain 1989, Pessarrodona et al. 2019) and can take
advantage of high light availability and allocate fixed
carbon for a more continuous growth pattern. Quantifying carbon to nitrogen ratios in lamina and stipe
tissues alongside photosynthesis and growth parameters would help to confirm the mechanisms facilitating differences in seasonal growth patterns of these
2 species (Gevaert et al. 2011).
If the warm-temperate kelp L. ochroleuca continues
to expand northwards (Franco et al. 2018) competing
with, and increasing in abundance relative to, the
cold-water congener L. hyperborea, carbon fixation
rates during summer may be reduced as a result of
ncreased lamina respiration and reduced photosynthetic capacity of stipes. Our results, however, provide just a single snapshot in time. Photosynthetic parameters of L. hyperborea measured the previous
autumn from a nearby reef of comparable depth were
similar to our results (Table 2, White et al. 2021),
although maximum rates of photosynthesis were
20% higher in autumn. Photorespirometry studies on
other kelp species have shown that photosynthetic
parameters can vary substantially between seasons,
with respiration, maximum photosynthetic rates and
photosynthetic efficiency varying by a factor of 2−3
(Table 2, Gevaert et al. 2011, Rodgers & Shears.
2016), with consequences for annual budgets. Seasonal P−I curves that can be incorporated into models
alongside light and biomass data are required to generate and compare accurate annual estimates of net
macroalgal production for these 2 Laminaria species.
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Studies in SW England show that L. ochroleuca can
accumulate more biomass over an annual cycle than
L. hyperborea but releases more biomass, which then
degrades at considerably faster rates (Pessarrodona
et al. 2019, Frontier et al. 2022, Wright et al. 2022), although L. hyperborea degraded more quickly at imitated depths of 15−30 m in laboratory experiments in
Brittany (Frontier et al. 2021). In Brittany and SW
England, where L. ochroleuca is at the leading edge
of its distribution, it is generally found in mixed
stands with L. hyperborea and other kelp species at
moderately exposed or sheltered reefs (Pessarrodona
et al. 2019, authors’ pers. obs.). These mixed kelp
stands, however, are not representative of wider,
open, wave-exposed coastlines, which remain dominated by L. hyperborea (Smale & Moore 2017). L.
ochroleuca is more susceptible to being dislodged by
wave action (Sheppard et al. 1978, Smale & Vance
2016) and therefore seems unlikely to proliferate on
exposed reefs where its cold-water congener thrives
at highest densities. If L. ochroleuca continues to expand in sheltered areas (Smale et al. 2015, 2022), producing greater quantities of detritus (Pessarrodona et
al. 2019), the lower residence time of such detritus
would mean that, assuming similar transport rates,
mixed forests would have lower carbon sequestration
potential than current L. hyperborea forests (FilbeeDexter et al. 2018, Wright et al. 2022). Other kelp
species within this system expected to benefit from
warming, U. pinnatifida and Saccorhiza polyschides,
are relatively short-lived annuals, rapidly fixing carbon for growth and then releasing it back into the
system, meanwhile supporting less diverse communities (Arnold et al. 2016, Salland & Smale 2021).
L. hyperborea stipes had higher photosynthetic
capacity than L. ochroleuca, which translated to
higher productivity at saturating irradiances when
scaled up to the sporophyte level. This difference is
likely a consequence of dense algal epiphytic communities (Leclerc et al. 2016, Teagle & Smale 2018,
Smale et al. 2022). Stipes typical of the region were
chosen for incubations, e.g. comprising > 80% cover
of algal species interspersed with invertebrate epibionts (Smale et al. 2015, Leclerc et al. 2016), but
stipes can sometimes be heavily colonised by heterotrophic communities resulting in much lower photosynthetic capacity (White et al. 2021). In addition,
epiphyte communities are not constant along the
stipe, but rather have distinct layers (Leclerc et al.
2016). So scaling up mid-section-derived rates of
photosynthesis for the entire stipe could potentially
over- or underestimate productivity. Our scaled-up
P−I curves of L. ochroleuca are likely to be underes-

timates due to biased estimation of mean plant biomass. L. ochroleuca are often significantly larger
than L. hyperborea along the French coast (Sheppard et al. 1978), and individuals with lamina 2−3 m
in length were observed at the study site (authors’
pers. obs.). As such, we chose to exclude very large
L. ochroleuca individuals to avoid self-shading
within chambers. It is possible that L. ochroleuca
fronds could have been constricted by the size of the
chamber, as it has longer narrower fronds than L.
hyperborea; however, total biomass was comparable
between our sampled populations. We chose to incubate kelp populations in their natural habitat, without artificially manipulating light intensity (Rodgers
et al. 2015). As such, photosynthesis did not reach
saturation for all species, and some estimates of modelled Pmax and Ik may be slight underestimates; however, considering the limited exposure these kelps
have to such high irradiances, these underestimates
are likely to have negligible consequences when
scaling up seasonal or annual rates of productivity.
Accurately estimating net productivity of benthic
habitats is crucial for better prediction of consequences of changes in biodiversity for net metabolic
balance. Our results suggest that any replacement of
L. hyperborea by L. ochroleuca due to further northward expansion or increases in relative abundance
might lead to reduced net rates of productivity as a
result of increased lamina respiration and reduced
photosynthetic capacity of stipes. These results, combined with higher degradation rates of L. ochroleuca,
imply that shifts in the distributions and abundances
of these 2 species could subsequently lead to shifts in
net metabolic balance. We highlight the rapid rates
of photosynthesis observed for U. pinnatifida, undoubtedly contributing to its success as an invader,
although less is known about the fate of its detritus.
We also show that photoacclimation appears to be a
common strategy employed by kelps to cope with
light limitation, due to depth, canopy sheltering and
turbidity, as evidenced by in situ measurements. It
remains to be seen, however, how quickly kelps can
adapt to abrupt changes in light as a result of extreme climatic events.
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