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Species-specific biomass drives macroalgal benthic primary  
production on temperate rocky reefs

Michael Spectora,* and Matthew S. Edwards

Department of Biology, San Diego State University, 5500 Campanile Dr., San Diego, CA 92182, USA

Temperate rocky reefs dominated by the giant kelp, Macrocystis pyrifera, support diverse assemblages of benthic mac-

roalgae that provide a suite of ecosystem services, including high rates of primary production in aquatic ecosystems. 

These forests and the benthic macroalgae that inhabit them are facing both short-term losses and long-term declines 

throughout much of their range in the eastern Pacific Ocean. Here, we quantified patterns of benthic macroalgal bio-

mass and irradiance on rocky reefs that had intact kelp forests and nearby reefs where the benthic macroalgae had been 

lost due to deforestation at three sites along the California, USA and Baja California, MEX coasts during the springs and 

summers of 2017 and 2018. We then modeled how the loss of macroalgae from these reefs impacted net benthic produc-

tivity using species-specific, mass-dependent rates of photosynthesis and respiration that we measured in the laborato-

ry. Our results show that the macroalgal assemblages at these sites were dominated by a few species of stipitate kelps and 

fleshy red algae whose relative abundances were spatially and temporally variable, and which exhibited variable rates of 

photosynthesis and respiration. Together, our model estimates that the dominant macroalgae on these reefs contribute 

15 to 4,300 mg C m-2 d-1 to net benthic primary production, and that this is driven primarily by a few dominant taxa that 

have large biomasses and high rates of photosynthesis and / or respiration. Consequently, we propose that the loss of 

these macroalgae results in the loss of an important contribution to primary production and overall ecosystem function. 
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INTRODUCTION

Many species of macroalgae serve as foundation spe-

cies throughout temperate and subpolar nearshore rocky 

reef ecosystems where they provide a multitude of eco-

system services (Schiel and Foster 2015, Ware et al. 2019, 

Edwards et al. 2020). Kelps (large brown algae in the Or-

der Laminariales), in particular, create subtidal forests 

that alter hydrodynamic, chemical, and light conditions 

(Jackson 1984, 1997, Clark et al. 2004, Wernberg et al. 

2005, Hondolero and Edwards 2017, Pfister et al. 2019), 

provide food and nursery habitat for commer cially and 

recreationally important fishery species (Holbrook et al. 

1990, Carr 1994), enhance primary production and car-

bon export to adjacent ecosystems (Bradley and Bradley 

1993, Hobday 2000, Reed and Brzezinski 2009, Reed et al. 

2011, Miller et al. 2015), and generally support high spe-

cies diversity (Dayton et al. 1984, Wernberg et al. 2005, 

Siddon et al. 2008, Konar et al. 2017, Metzger et al. 2019). 

Further, given their high rates of primary production, 

kelp forests act as localized buffers against ocean acidifi-

cation by elevating seawater pH as they take up inorganic 

carbon, and reducing episodes of anoxia by releasing dis-

solved oxygen (DO) during photosynthesis (Frieder et 
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green algae, all of which contribute to primary produc-

tion in the coastal zone (Dayton et al. 1984, Reed and Fos-

ter 1984, Clark et al. 2004, Miller et al. 2011). However, the 

relative importance of each species to this production 

undoubtedly varies across spatial and temporal scales 

coincident with their abundances, metabolisms, and in-

cipient environmental conditions. Thus, understanding 

how different species contribute to primary production 

is necessary to fully understanding overall productivity in 

these ecosystems (Middleboe et al. 2006, García-Robledo 

and Corzo 2011, Miller et al. 2011). Macrocystis forests 

also support a wide range of fishes, invertebrates, and 

microbes (Bodkin 1988, Holbrook et al. 1990, Carr 1994, 

Schiel and Foster 2015, Minich et al. 2018), which togeth-

er with the algae drive CR. However, these forests have 

undergone short-term (months to years) losses at several 

sites due to large storms (e.g., Dayton et al. 1984, 1998, 

Ebeling et al. 1985, Seymour et al. 1989), and widespread, 

long-term (years to decades) declines in abundance and 

poleward shifts in their range limits during ENSO events 

(Edwards 2004, Edwards and Hernandez-Carmona 2005, 

Edwards and Estes 2006, Wernberg et al. 2010). These loss-

es negatively affect associated species and their fisheries 

(e.g., Bodkin 1988, Graham 2004), and may negatively af-

fect patterns of primary productivity as seen in Eularia 

fistulosa beds along the Aleutian Archipelago (Edwards et 

al. 2020). Indeed, recent investigations that have exam-

ined rates of primary production in the nearshore have 

found that algal biomass is the most important driver of 

productivity within coastal kelp forests (Reed et al. 2008, 

Miller et al. 2011, Schuurmans et al. 2015), but this may 

vary among geographic sites and seasons with different 

macroalgal assemblages and ocean conditions. Here, we 

modeled how the loss of understory fleshy macroalgae 

from subtidal reefs affects net benthic production (NBP) 

and benthic respiration (BR) at three sites along the 

California, USA and Baja California, MEX coasts. Simi-

lar to Miller et al. (2012), we used species-specific light 

use relationships measured in the laboratory, and in situ 

measurements of each species’ biomass and irradiance 

measured in the field at each site in our model. Due to 

logistic constraints, we considered only the large and 

conspicuous benthic species that made up >80% of the 

total macroalgal biomass on the rocky reefs within our 

study sites (e.g., see Dayton et al. 1984, Edwards 2004). 

Unfortunately, we were unable to include crustose coral-

line algae or microalgae in our model, which may provide 

compensatory production (e.g., Miller et al. 2012). Our 

overarching goal was to model the contribution of these 

fleshy macroalgae to overall benthic productivity, and to 

al. 2012, Klinger et al. 2017, Murie and Bourdeau 2020). 

However, in recent decades, kelp forests have undergone 

temporary losses (Edwards and Hernandez-Carmona 

2005, Hondolero and Edwards 2017) and long-term de-

clines (Estes et al. 1998, Vásquez et al. 2006, Connell and 

Russell 2010, Wernberg et al. 2010, Krumhansl et al. 2016) 

in many regions of the world due to a variety of environ-

mental stressors. This has resulted in the loss of many of 

the ecosystem services they provide, especially primary 

productivity and carbon storage (Reed et al. 2011, Wilm-

ers et al. 2012, Edwards et al. 2020).

Estimating primary production by individual benthic 

macroalgae and whole-assemblages in coastal zones has 

been done using a variety of laboratory and field-based 

techniques (e.g., Smith and Hollibaugh 1993, Duarte 

and Cebrián 1996, Reed et al. 2008, Barrón and Duarte 

2015). For example, net primary production and respira-

tion by individual macroalgae can be quantified in the 

laboratory by measuring changes in seawater DO within 

controlled incubations conducted under different irradi-

ances (Shipe and Brezinski 2003, Brown et al. 2014, Kim 

et al. 2016). In the field, benthic chambers equipped with 

DO sensors can be sealed over individual macroalgae to 

measure in situ rates of photosynthesis under different 

light intensities and at different depths (Rodgers et al. 

2015). Similarly, open-bottom chambers can be sealed 

to the benthos over whole macroalgal assemblages to es-

timate net community production (NCP) and gross pri-

mary production (GPP) during the day and community 

respiration (CR) during the night by measuring changes 

in DO within the chambers (Miller et al. 2011, Olivé et al. 

2016, Edwards et al. 2020). Productivity values can then 

be compared to measurements of light use relationships 

by individual species done in the laboratory, which can 

be scaled by their biomass and light levels measured in 

the ecosystem to estimate NCP, GPP, and CR (Middleboe 

et al. 2006, Miller et al. 2011). In general, GPP by the auto-

trophs can be determined as the difference between NCP 

and CR, and the balance between GPP and CR can be a 

direct measure of ecosystem function and overall eco-

system productivity (Duarte and Agustı ́ 1998, Williams 

1998).

Macrocystis pyrifera (hereafter Macrocystis) is the larg-

est and most widespread kelp species along the west 

coast of North America (Schiel and Foster 2015), and the 

forests it creates are characterized as having some of the 

highest rates of primary production observed in marine 

ecosystems (Reed and Brzezinski 2009). Macrocystis for-

ests support diverse assemblages of benthic macroalgae, 

including sub-canopy and understory brown, red and 
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on historic data sets (e.g., Edwards and Estes 2006), lo-

cal collaborator knowledge, and diver surveys (M. Spec-

tor personal observation). The reef pairs at each site were 

separated by less than 500 m and had similar depths (10-

15 m), substrate types, and swell exposures. The mecha-

nisms of deforestation were not explored in this study; 

however, grazing (mainly by sea urchins) appeared to be 

the primary cause of deforestation at Stillwater Cove and 

Campo Kennedy, while a combination of urchin grazing 

and ocean waves appeared to be the primary cause of de-

forestation at Point Loma. 

Stillwater Cove has been host to numerous kelp for-

est studies over the last several decades (e.g., Reed and 

Foster 1984, Edwards 1998, Clark et al. 2004). The site is 

characterized as having infrequent, strong, storm-driven 

waves and cold nutrient-rich seawater (Edwards and Es-

tes 2006, Reed et al. 2008). The granite rocky reefs have 

shifted between kelp-dominated and urchin-dominated 

(i.e., deforested) since at least 2014 (M. Carr personal 

communication). The deforested habitat was character-

ized by an urchin barren composed of numerous Stron-

gylocentrotus purpuratus and a few Mesocentrotus fran-

sicanus but was otherwise devoid of macroalgae for the 

duration of this study. In contrast, the forested habitat 

was located 200 m to the southeast and dominated by 

dense stands of large (>30 stipes) Macrocystis individuals, 

a sub-canopy of Pterygophora californica and numerous 

species of understory red algae for the duration of this 

study.

Point Loma, like Stillwater Cove, has been host to nu-

merous studies and experimental manipulations over 

the past several decades (e.g., Dayton et al. 1984, Frieder 

et al. 2012, Carney et al. 2013, VanMeter and Edwards 

2013). This site experiences warmer temperatures, re-

duced nutrient levels, and weaker, less frequent storms 

compared to Stillwater Cove (Edwards 2004, Reed et al. 

2008, Bell et al. 2015). Point Loma’s substrate is charac-

terized by a flat, sandstone bottom with low rugosity. The 

forested and deforested habitats were separated by ~20 

m, and were located near the southern end of the Point 

Loma peninsula. The deforested habitat had a sparse mix 

of fleshy and coralline red algae, but was otherwise de-

void of large macroalgae, while the forested habitat had 

many mid-sized (10-15 stipes) Macrocystis individuals, a 

dense sub-canopy of P. californica, Laminaria farlowii, 

and Eklonia arborea, and an understory composed of 

numerous species of red and brown algae. 

Located just south of Ensenada, MEX, Campo Ken-

nedy experiences strong upwelling and typically cooler 

sea surface temperatures than Point Loma (Edwards and 

estimate how their loss due to deforestation affects pro-

ductivity on these reefs. 

 
MATERIALS AND METHODS

Study sites

This study took place at three biogeographically dis-

tinct sites in California, USA and Baja California, MEX 

during 2017 and 2018. Specifically, these sites were Still-

water Cove, in Carmel Bay, California, USA (36°33′42.2ʺ 
N, 121°56′37.6ʺ W), Point Loma, near San Diego, Cali-

fornia (32°41′24.0ʺ N, 117°15′36.0ʺ W), and Campo Ken-

nedy, on the south side of Punta Banda near Bahía Todos 

Santos, México (31°41′57.3ʺ N, 116°40′55.8ʺ W); hereafter 

Stillwater Cove, Point Loma, and Campo Kennedy, re-

spectively (Fig. 1). These sites experience different sea 

surface temperatures, wave exposures, and nutrient 

availabilities, and are characterized by different benthic 

algal assemblages (Edwards 2001, Edwards and Estes 

2006, Bell et al. 2015). Further, some macroalgae may ex-

hibit adaptation to local oceanographic conditions in the 

different geographic sites and thus demonstrate different 

rates of productivity, even under similar ocean condi-

tions (e.g., Kopczak et al. 1991). At each site, a 10-15 m 

deep rocky reef that was dominated by a Macrocystis for-

est and a nearby reef that was historically dominated by 

Macrocystis but became deforested were identified based 

Fig. 1. Map of study sites along the coast of California, USA to Baja 
California, MEX. From north to south: Stillwater Cove, Carmel Bay, Cal-
ifornia; Point Loma, San Diego, California; Campo Kennedy, Ensenada, 
Mexico. All sites occur within the native range of Macrocystis pyrifera 
and contain two habitat types, forested and deforested.
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laboratory estimates of productivity to the field.

Differences in understory algal assemblages within the 

forested habitats were assessed among the study sites 

and sample dates with a two-way permutation analysis 

of variance (PERMANOVA) based on Bray-Curtis similar-

ities using Primer-E Ltd. (ver. 7) (Anderson 2017). Prior to 

testing, data were fourth root transformed to reduce the 

influence of overly abundant species, and a non-metric 

multidimensional scaling plot was used to visualize dif-

ferences in overall community assemblages among sites. 

This revealed that the sites exhibited different temporal 

variation in algal assemblages (see Results), which led 

us to examine differences among sampling dates within 

each site separately. To do this, separate one-way PER-

MANOVAs were used to assess differences in the algal 

assemblages among sampling dates at each site, and 

Similarity Percentage analyses (SIMPERs) were used to 

estimate how each of the algal species contributed to the 

observed similarities within each site. 

  

Laboratory-based estimates of productivity

To measure rates of photosynthesis and respiration 

in the dominant benthic macroalgae at each site un-

der a range of irradiances that these algae naturally ex-

perienced at their respective sites, three replicate pre-

weighed samples (n = 3) were placed individually in a 

500 mL glass biological oxygen demand (BOD) bottle 

that was filled with filtered seawater. The BOD bottle was 

equipped with a recirculating water jacket that was set to 

hold the seawater at the same temperature at which the 

samples were collected from the field (9-17°C depending 

on site and date). The BOD bottle was placed on a mag-

netic stirring plate and a small rubber-coated metal stir-

ring bar was added to the bottle to keep water circulating 

and prevent boundary layer formation around the algal 

tissue. The bottle was rinsed with filtered seawater be-

tween samples. Due to differences in algal morphologies, 

we could not standardize tissue weight and thallus areas 

across all species, but these were kept consistent for all 

replicates within each species (5-15 g depending on spe-

cies). Further, only non-fouled algae with intact thalli 

were used for photosynthesis measurements. For algae 

with stoloniferous morphologies like Botryocladia pseu-

dodichotoma, a single branch with multiple vesicular en-

largements was clipped and kept to ~15 g. For large, stipi-

tate kelps such as Laminaria farlowii and Pterygophora 

californica, a ~10 g section was excised from the middle 

of the vegetative blade. For small foliose algae like Zona-

ria farlowii, whole individuals weighing ~7 g were used. 

Estes 2006, Edwards 2019). The substrate is composed of 

rocky cobble and large, flat granitic plateaus. Like Still-

water Cove, this deforested area was dominated by nu-

merous S. purpuratus and a few M. fransicanus and was 

devoid of macroalgae for the duration of this study. The 

forested habitat was located approximately 500 m to the 

north and was dominated by numerous small (1-5 stipes) 

Macrocystis, a sub-canopy of P. californica and E. arborea, 

and a diverse assemblage of understory brown and red 

algae.  

Estimates of algal diversity and biomass

The benthic macroalgal communities were character-

ized within each habitat (forested and deforested) at each 

site in the spring and summer 2018, while Point Loma and 

Campo Kennedy were also surveyed in summer 2017. In 

addition, Point Loma was also surveyed in winter 2018, 

and Campo Kennedy was surveyed in spring 2017. These 

differences in additional sampling dates were due to lo-

gistic constraints associated with access to these sites 

and winter storms that precluded sampling. Therefore, 

only the two sampling dates when all three sites were sur-

veyed (i.e., spring and summer 2018) were used to com-

pare productivity among the three sites in our model, but 

we present our model results for the additional sampling 

times. During each survey, a 30 m main transect was ini-

tiated from a randomly selected location at each site and 

run parallel to shore. From this main transect line, three 

20 m × 2 m transects (i.e., n = 3, total sample area = 120 

m2 per site) were run along random compass headings 

in a ‘bicycle spoke’ design, and divers collected all fleshy 

macroalgae occurring within three 0.25 m2 quadrats that 

were placed at randomly selected positions along each of 

the 20 m transects (i.e., n = 9 total quadrats per each habi-

tat type × site × date combination). All macroalgae were 

placed in mesh bags and immediately taken to San Diego 

State University’s Coastal and Marine Institute Labora-

tory (CMIL) in dark coolers filled with seawater where 

they were identified to the lowest taxonomic level, enu-

merated, and weighed. The cooler was placed in a tem-

perature-controlled room and aerated until the samples 

could be measured for photosynthesis and respiration 

(approximately 24 h). Each alga was visually inspected 

to qualitatively asses its condition before being used 

for further experimentation. The quantification of algal 

wet weight (biomass) collected from the field was used 

to identify the dominant species (i.e., those when com-

bined, comprised at least 80% of the total algal biomass) 

present in each habitat, and to later scale mass-specific 
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photon m-2 s-1 (i.e., darkness) to estimate respiration. 

To quantify the relationships between photosynthesis 

and the observed irradiances at our study sites, and ul-

timately model how much production was contributed 

by each species, we used R: The R Project for Statistical 

Computing (2019) to identify a power function that best 

fit the irradiance-dependent photosynthesis curves for 

oxygen evolution per gram of algae per minute for differ-

ent irradiance levels (Eq. 1).

y = A × (x)B                                                                        (1)

, where A and B represent the y-intercept and the slope, 

respectively, and x is irradiance.

This provided an estimate of the amount of oxygen 

produced via photosynthesis or consumed via respira-

tion for each species per gram of thallus, per hour for 

each of the eight irradiance levels. We then scaled these 

estimates to each species’ biomass observed within each 

sites during each sample time, as estimated from the div-

er surveys, and combined these with hourly in situ mea-

surements of irradiance over the diurnal cycle to model 

the amount of primary production and respiration each 

species contributes (e.g., Middleboe et al. 2006, Miller et 

al. 2011). Finally, we summed these estimates across the 

dominant species within the kelp forests at each site to 

model the total amount of production/respiration that 

these benthic algae contribute to NBP and BR.

RESULTS

Estimates of algal diversity and biomass

Although a few understory macroalgae were observed 

in low abundances within the deforested area at Point 

Loma, our diver surveys verified they were completely 

absent from the deforested areas in Stillwater Cove and 

Campo Kennedy during all sampling periods. In con-

trast, understory macroalgae were consistently present, 

often in in high abundances, in each of the kelp forests 

(Table 1, Fig. 2), although their species compositions and 

biomasses varied significantly among the three study 

sites (PERMANOVA, pseudo-F4,16 = 3.233, p < 0.001) and 

sampling dates (pseudo-F2,16 = 15.361, p < 0.001) (Table 

2, Fig. 3). In general, Point Loma and Stillwater Cove had 

similarly high biomasses of benthic macroalgae, while 

Campo Kennedy had relatively low biomass of macroal-

gae, but this varied among the sampling periods (Fig. 2). 

Further, the species compositions also varied among the 

sample periods differently in each of the study sites (Site 

For all photosynthetic measurements, care was taken to 

reduce self-shading by the macroalgae by carefully posi-

tioning their thalli in the BOD bottle. We do not believe 

supersaturation took place during the measurements 

given the selected light levels and short duration of the 

incubations (J. H. Kim personal communication). 

Approximately 1 h before they were measured, the al-

gal tissues were taken from the cooler and placed in fresh 

filtered seawater and left in the dark. Three replicate mea-

surements of irradiance-dependent photosynthesis were 

made for each species by exposing the tissues to eight in-

creasing irradiances for ten minutes per irradiance and 

measuring changes in DO within the bottle using an YSI 

OBOD self-stirring optical probe (YSI Inc., Yellow Springs, 

OH, USA). However, unlike traditional P-E curves, which 

extend irradiance well above saturating irradiances, we 

focused a larger number of measurements within a nar-

rower range of irradiances that represent levels the algae 

typically experience in these kelp forests in order to bet-

ter parametrize our model, especially at the lower irradi-

ances. These irradiances were determined using Odyssey 

PAR loggers (Dataflow Systems Ltd., Christchurch, New 

Zealand) that were calibrated per the manufacture’s rec-

ommendation. Here, the loggers were placed in a 5-gal-

lon bucket filled with seawater and left in the full sun for 

one hour. The data were downloaded and compared to 

a reference logger and corrected using proprietary soft-

ware and tables provided by the manufacturer (Odyssey). 

Following calibration, three Odyssey PAR loggers were 

placed on the benthos at 7 m intervals along the main 

transect used for the diver surveys for algal biomass 

within each habitat at each site during spring and sum-

mer 2018. The loggers were attached to holders made 

from PVC and secured to cinderblocks to maintain their 

position 0.25 m above the benthos for 48 h during each 

deployment. This revealed that >99% of all irradiances 

measured within these kelp beds ranged between 0 and 

120 µmol photons m-2 s-1. Indeed, irradiances exceeded 

120 µmol photon m-2 s-1 only once, during a three-hour 

period in Point Loma during summer 2018, which ac-

counted for less than 1% of all measurements at this site. 

In contrast, when considered across all sites and dates, 

~71% of all daytime irradiances occurred between 0 and 

10 µmol photons m-2 s-1, ~22% of the irradiances occurred 

between 10 and 30 µmol photons m-2 s-1, ~4% of the ir-

radiances occurred between 30 and 60 µmol photons m-2 

s-1, and ~3% of the irradiances occurred between 60 and 

120 µmol photons m-2 s-1. Consequently, we used 2, 3, 8, 

30, 40, 62, and 116 µmol photon m-2 s-1 for our irradiance-

dependent photosynthesis measurements, plus 0 µmol 
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macroalgae to NBP and BR by fitting laboratory-based 

oxygen production and / or consumption values to hour-

ly estimates of in situ irradiances that were integrated 

over complete diurnal cycles, and then scaling these to 

each species’ estimated biomass at that site during each 

sampling period. Our model suggests that both NBP and 

BR varied among the three sites and two sampling peri-

ods (Table 3, Fig. 4). Specifically, during spring 2018, NBP 

was greatest at Stillwater Cove, intermediate at Campo 

× Date interaction: pseudo-F3,16 = 2.302, p = 0.017). Con-

sequently, for the remainder of this paper we consider 

temporal patterns of macroalgal diversity and biomass 

within each site separately.

Laboratory-based estimates of benthic produc-
tivity

We modeled the contribution of the dominant benthic 

Table 1. Biomass (wet weight, g) of all benthic macroalgae observed in the kelp forests at Stillwater Cove, Point Loma, and Campo Kennedy 
during the diver surveys on each sampling date in 2017 and 2018 

         Species
Stillwater Cove Point Loma Campo Kennedy

Spring 
2018

Summer 
2018

Summer 
2017

Winter 
2018

Spring 
2018

Summer 
2018

Spring 
2017

Summer 
2017

Spring 
2018

Summer 
2018

SDI (H) 0.936983 1.041283 2.120498 1.591063 1.424942 0.892504 1.471965 2.024197 1.104628 0.884581
Acrosorium spp. 0 0 0 0 0 0 36 0 0 0
Botryocladia  

pseudodichotoma
0 0 114 273 95 0 127 0 43 10

Chondracanthus 
canaliculatus

0 0 50 0 0 0 64 0 0 0

Callophyllis  
flabellulata

0 0 0 0 0 0 0 50 0 0

Cryptopleura  
ruprechtiana

0 350 50 25 5 30 0 50 5 5

Calliarthron spp. 0 0 479 0 0 75 164 275 0 0
Corallina spp. 0 0 50 14 0 0 0 0 0 0
Dictyoneurum 

californicum
730 700 0 0 0 0 0 0 0 0

Ecklonia arborea 0 0 1,530 0 0 35 0 0 0 0
Gelidium spp. 0 0 220 5 25 0 0 350 480 220
Leptoclodia  

binghamiae
0 0 555 23 75 785 0 0 0 0

Laminaria farlowii 0 0 1,450 700 1,370 2,715 0 0 0 0
Laminaria spp. 

(juvenile)
0 0 50 14 10 0 0 190 0 0

Pterygophora  
californica

1,910 1,570 712 525 235 40 0 0 0 0

Prionitis linearis 0 0 404 196 715 0 1,353 300 0 300
Rhodymenia  

californica
0 0 50 0 0 20 0 0 0 0

Sargassum horneri 0 0 0 0 0 0 50 150 65 0
Stephanocystis 

osmundacea
510 75 756 91 295 95 95 350 20 0

Zonaria farlowii 0 0 0 0 0 0 118 450 5 10

Macroalgae were collected from within nine randomly placed 0.5 m2 quadrats within each site on each sampling date. The dominant macroalgae 
(i.e., those whose combined biomass comprised >80% of the total algal biomass at each site) were used to compare modeled productivity among 
the sites. Differences in sampling frequency were due to logistical constraints. 
SDI, Shannon Diversity Index.

Table 2. PERMANOVA testing differences in understory macroalgal assemblages among studying sites and sampling dates 

    Source df SS MS Pseudo-F P (perm) ω2

Date 4 12,784 3,196.1 3.2331 0.001 11.6
Site 2 30,371                15,185         15.361 0.001 53.3
Date × Site 3       6,826.9 2,275.6           2.302 0.017 11.9
Error 16 15,817    988.6 - - 23.2

Site and date were considered fixed factors. Prior to analysis, data were fourth root transformed to down weigh the influence of overly abundant 
species. ω2 denotes the amount of variation (% of total) that was attributed to each factor (Graham and Edwards 2001).
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Kennedy, and lowest at Point Loma. BR was also great-

est in Stillwater Cove, but was lowest at Campo Kennedy 

and intermediate at Point Loma. In contrast, during sum-

mer 2018, NBP and BR were both greatest in Point Loma, 

intermediate at Stillwater Cove and lowest at Campo 

Kennedy (Table 3, Fig. 4). These differences appeared 

driven by species-specific, mass-dependent rates of pho-

tosynthesis and respiration by the dominant macroalgae, 

which varied among the three sites and two sample peri-

ods (Table 4). Consequently, as with macroalgal diversity 

and biomass, estimates of NBP and BR and their drivers 

appeared to exhibit different temporal patterns within 

each site, and we therefore consider them at each site 

separately.  

Stillwater Cove. During spring 2018, we observed the 

lowest overall macroalgal diversity in Stillwater Cove 

(Shannon Diversity Index, H = 0.94), but the highest over-

all modeled rates of NBP (4,245.04 ± 425.84 mg O2 m-2 d-1, 

mean ± standard error) and BR (-1,478.56 ± 138.26 mg O2 

Fig. 2. Biomass (wet weight) of the dominant benthic macroalgae (i.e., those that made up >80% of the total algal biomass) observed in each 
study site during each sampling event. These species were used to generate species-specific rates of productivity from all sampling dates in 2017 
and 2018. The macroalgae were collected from within nine randomly placed 0.5 m2 quadrats along the three 20 m2 transects at each site. Data 
from spring and summer 2018 were used to compare modeled productivity among the study sites. Differences in sampling frequency were due 
to logistical constraints, ND indicates no data. [Colour figure can be viewed at http://www.e-algae.org].

Fig. 3. Non-metric Multidimensional Scaling plot based on Bray-
Curtis similarities showing relative differences in macroalgal assem-
blages among the three study sites, Stillwater Cove, Point Loma, and 
Campo Kennedy. Data were fourth root transformed prior to analysis.
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high biomass, our model suggests that P. californica con-

tributed 3,905.84 ± 224.94 mg O2 m-2 d-1, which account-

ed for approximately 92% of the total estimated benthic 

productivity at this site (Table 4). In contrast, although 

the SIMPER analyses identified D. californiucm and S. os-

umndacea as being important to defining the macroalgal 

community at Stillwater Cove (Table 5), they comprised 

far less of the biomass and contributed only a small 

amount to the estimated NBP. Specifically, D. californi-

cum made up only 21% of the biomass, and had much 

m-2 d-1) (Tables 1 & 3, Fig. 4). At this time, the understory 

kelp Dictyonerum californicum represented the largest 

contribution (49%) to the similarity in assemblage char-

acteristics at this site, followed by P. californica (34%), and 

then Stephanocystis osmundacea (17%) (SIMPER) (Table 

5). However, P. californica was by far the most abundant 

species observed at this site, comprising approximately 

61% of the total macroalgal biomass (Table 1, Fig. 2), and 

exhibited the highest individual rates of photosynthesis, 

producing 2.05 mg O2 g-thallus-1 d-1. When scaled by its 

Table 3. Modeled net benthic production (NBP) and benthic respiration (BR) at Stillwater Cove, Point Loma, and Campo Kennedy using labora-
tory-based, species-specific rates of photosynthesis and respiration 

Site Season / Year NBP BR

Stillwater Cove Spring, 2018 4,245.04 ± 425.84 -1,478.56 ± 138.26
Summer, 2018 1,290.76 ± 320.43     -601.07 ± 159.62

Point Loma Summer, 2017  419.91 ± 49.27     -838.82 ± 123.49
Winter, 2018  19.98 ± 6.14  -131.56 ± 49.36
Spring, 2018   -517.06 ± 256.98 -1,120.87 ± 344.85
Summer, 2018   13,978.20 ± 6,244.24  -10,411.80 ± 4,653.01

Campo Kennedy Spring, 2017    14.77 ± 10.16    -0.11 ± 0.09
Summer, 2017     -53.96 ± 101.18  -120.83 ± 83.91
Spring, 2018   -57.72 ± 20.85    -77.27 ± 25.83
Summer, 2018     25.62 ± 11.85    -5.94 ± 4.94

Estimates are scaled to 1 m2 per day across all sampling periods. The mass and irradiance-dependent photosynthesis values for each species were 
modeled with in situ measurements of PAR and each species’ abundance using a power function to estimate the amount of production lost due 
to deforestation. Data denote mean ± standard error for each metric as mg O2 m-2 d-1. Negative values denote net respiration.

Fig. 4. Modeled estimates of net benthic production (NBP) and benthic respiration (BR) within the kelp forests at Stillwater Cove, Point Loma, 
and Campo Kennedy across all sampling periods using laboratory-based, species-specific rates of photosynthesis and respiration. Data are given 
as mg O2 evolved m-2 d-1. Three replicate irradiance-dependent measurements of photosynthesis and / or respiration were made for each algal 
species whose combined abundances represented greater than 80% of the total macroalgal biomass at each site. The mass and irradiance-
dependent photosynthesis values for each species were modeled with in situ measurements of PAR and each species’ abundance using a power 
function to estimate the amount of production lost due to deforestation. Diamonds represent the mean, black bars represent the median. The 
y-axis was constrained to provide the clearest resolution of the model. Differences in sampling frequency were due to logistical constraints, ND 
indicates no data.
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Table 4. Species-specific rates of production (net), based on incubations for all species sampled across sites and sampling dates 

            Site Season / Year                          Species Net production Contribution (%)

Stillwater Cove Spring, 2018 Pterygophora californica 3,905.84 ± 224.94 92.01
Spring, 2018 Dictyoneurum californicum    245.46 ± 171.49 5.78
Spring, 2018 Stephanocystis osmundacea    93.74 ± 29.41 2.21
Summer, 2018 Pterygophora californica 1,088.46 ± 242.65 84.33
Summer, 2018 Dictyoneurum californicum  157.46 ± 62.83                12.2
Summer, 2018 Cryptopleura ruprechtiana    44.84 ± 14.95 3.47

Point Loma Summer, 2017 Botryocladia pseudodichotoma    1.81 ± 0.22 0.43
Summer, 2017 Laminaria farlowii  27.88 ± 9.06 6.64
Summer, 2017 Gelidium spp.   -58.8 ± 19.6              -14
Summer, 2017 Ecklonia arborea               407.68 ± 0 97.09
Summer, 2017 Stephanocystis osmundacea    41.35 ± 20.38 9.85
Winter, 2018 Stephanocystis osmundacea  10.4 ± 0.8 52.06
Winter, 2018 Botryocladia pseudodichotoma    5.54 ± 1.85 27.75
Winter, 2018 Laminaria farlowii    3.01 ± 0.99 15.08
Winter, 2018 Prionitis linearis       3.5 ± 1.17 17.51
Winter, 2018 Pterygophora californica   -2.48 ± 1.33              -12.4
Spring, 2018 Stephanocystis osmundacea    63.59 ± 46.34              -12.3
Spring, 2018 Botryocladia pseudodichotoma    3.57 ± 1.19 -0.69
Spring, 2018 Laminaria farlowii     -570.1 ± 153.97 110.26
Spring, 2018 Prionitis linearis     23.95 ± 22.27 -4.63
Spring, 2018 Pterygophora californica   -38.07 ± 33.21 7.36
Summer, 2018 Stephanocystis osmundacea     7.41 ± 0.39 0.05
Summer, 2018 Laminaria farlowii    13,520.5 ± 5,921.03 96.73
Summer, 2018 Prionitis linearis    448.06 ± 322.07 3.21
Summer, 2018 Pterygophora californica    2.24 ± 0.75 0.02

Campo Kennedy Spring, 2017 Botryocladia pseudodichotoma    2.57 ± 0.86 17.37
Spring, 2017 Zonaria farlowii  12.21 ± 9.31 82.63
Summer, 2017 Zonaria farlowii    42.77 ± 16.46 -79.27
Summer, 2017 Gelidium spp.             -117.97 ± 78.64 218.63
Summer, 2017 Stephanocystis osmundacea  21.23 ± 6.07 -39.35
Spring, 2018 Gelidium spp.  -61.45 ± 20.48 106.48
Spring, 2018 Botryocladia pseudodichotoma    0.13 ± 0.08 -0.23
Spring, 2018 Sargassum horneri    3.61 ± 0.28 -6.25
Summer, 2018 Prionitis linearis    17.78 ± 11.85 69.39
Summer, 2018 Zonaria farlowii                    7.84 ± 0 30.61

Species-specific rates of productivity are scaled to 1 m2, light levels were integrated across one 24 h cycle for each date sampled. Net production 
data denote mean ± standard error as mg O2 m-2 d-1. Negative values denote net respiration.

Table 5. Results of SIMPER analysis examining the individual (contribution, %) and cumulative (%) contributions of various taxa to the overall 
similarities in algal biomass within each site across all sampling periods for Stillwater Cove, Point Loma, and Campo Kennedy

Site / Average similarity                    Species Abundance Similarity Contribution 
(%)

Cumulative 
contribution (%)

Stillwater Cove: 59.48 Dictyonerum californicum 3.91 29.39 ± 5.47 49.41 49.41
Pterygophora californica 4.33 20.13 ± 0.87 33.84 83.25
Stephanocystis osmundacea 2.46 9.97 ± 0.78 16.75              100

Point Loma: 50.45 Laminaria farlowii 4.62 22.79 ± 2.76 45.17 45.17
Stephanocystis osmundacea 2.58 7.98 ± 1.13 15.81 60.98
Leptocladia binghamiae 2.25 7.04 ± 0.85 13.94 74.93
Pterygophora californica 2.14 6.29 ± 0.72 12.46 87.38
Calliarthron spp. 1.12 2.69 ± 0.62   5.33 92.71

Campo Kennedy: 64.49 Gelidium spp.            2 15.35 ± 0.83 23.79 23.79
Prionitis linearis 2.38 8.81 ± 0.67 13.65 37.45

Prior to analysis, data were fourth root transformed to down weight the influence of overly abundant species. Abundance denotes as average. 
Similarity denotes as mean ± standard deviation within each site.
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P. californica contributed -38.07 ± 33.21 mg O2 m-2 d-1 to 

benthic productivity, which were approximately 82% and 

5% of the modeled NBP at this site, respectively (Table 

4). The remaining species comprised less than 25% of the 

macroalgal biomass and exhibited low rates of produc-

tivity (Tables 1 & 4, Fig. 2). Thus, our model estimates that 

when combined, they contributed an estimated 91.11 O2 

m-2 d-1, which was approximately 13% of the NBP at this 

site. Together, this indicated that the combined high bio-

masses and net respirations of L. farlowii and P. califor-

nica were the likely causes of the macroalgal community 

at Point Loma being estimated as net respiration driven 

during this period (Tables 3 & 4, Fig. 4). In contrast, dur-

ing summer 2018, we observed low macroalgal diversity 

at Point Loma, which was similar to that at Campo Ken-

nedy (H = 0.89) (Table 1), but the highest rates of NBP 

(13,978.20 ± 6,244.24 mg O2 m-2 d-1) and BR (-10,411.80 

± 4,653.01 mg O2 m-2 d-1). L. farlowii was again the most 

abundant species, comprising approximately 72% of the 

macroalgal biomass, and exhibited some of the highest 

rates of photosynthesis observed during this study (4.98 

mg O2 g-thallus-1 d-1). When scaled by its high biomass, 

our model suggests L. farlowii contributed 13,520.50 ± 

5,921.03 mg O2 m-2 d-1, which was approximately 97% of 

the estimated NBP at this site. Interestingly, P. californica 

and S. osumndacea both occurred in very low abundanc-

es in our samples (Table 1, Fig. 2) and together were esti-

mated to have contributed less than 1% to the modeled 

NBP (Table 4). Due to our inability to sample Stillwater 

Cove during other sampling periods, we do not compare 

modeled NBP and BR among the sites here. However, 

patterns of macroalgal diversity, species abundances, 

their photosynthetic rates and contribution to benthic 

productivity, and modeled NBP and BR for Point Loma 

during the additional sampling periods can be seen in 

Tables 1, 3 & 4, and Figs 2 & 4.

Campo Kennedy. During spring 2018, we observed in-

termediate macroalgal diversity (H = 1.10) and relatively 

low modeled rates of NBP (-57.72 ± 20.85 mg O2 m-2 d-1) 

at Campo Kennedy, and the lowest rates of modeled BR 

(-120.83 ± 83.91 mg O2 m-2 d-1) (Tables 1 & 3, Figs 2 & 4). 

As with Stillwater Cove, our model suggests that the ben-

thic macroalgal communities at Campo Kennedy exhib-

ited net respiration during this period. However, unlike 

Stillwater Cove and Point Loma, which were dominated 

by large kelps, the benthic macroalgal assemblages at 

Campo Kennedy were comprised of several species of 

smaller red and brown algae. In particular, the red algae 

Gelidium spp. and Prionitis linearis represented the larg-

est contributions (24% and 14%, respectively) to the simi-

lower rates of photosynthesis, contributing approximate-

ly 0.34 mg O2 g-thallus-1 d-1. Consequently, when scaled 

by its biomass, our model suggests D. californicum con-

tributed 245.46 ± 171.49 mg O2 m-2 d-1, which accounted 

for approximately 6% of the estimated NBP at this site 

(Table 4). Likewise, S. osumndacea comprised 15% of 

the biomass and had even lower rates of photosynthesis, 

contributing 18.34 mg O2 g-thallus-1 d-1. As a result, our 

model estimates that S. osumndacea contributed only 

93.74 ± 29.41 mg O2 m-2 d-1, which is only about 2% of 

the estimated NBP at this site. During summer 2018, in 

contrast, we observed the highest macroalgal diversity at 

Stillwater Cove (H = 1.04) but only intermediate rates of 

modeled NBP (1,290.76 ± 320.43 mg O2 m-2 d-1) and BR 

(-601.07 ± 159.62 mg O2 m-2 d-1) (Tables 1 & 3, Figs 2 & 

4). As with spring 2018, P. californica was again the most 

abundant species, comprising approximately 60% of the 

biomass and exhibiting the highest rates of photosyn-

thesis, although these were considerably lower than in 

spring 2018 (0.69 mg O2 g-thallus-1 d-1). Thus, when scaled 

by its biomass, our model suggests that P. californica con-

tributed 1,088.46 ± 242.65 mg O2 m-2 d-1, which accounted 

for the largest amount (84%) of the estimated NBP at this 

site (Table 4). D. californicum and the red alga Crypto-

pleura ruprechtiana, which were both observed in low 

abundances (Table 1, Fig. 2) and exhibited lower rates of 

photosynthesis, together contributed the remaining 16% 

to modeled benthic productivity (Table 4). 

Point Loma. During spring 2018, we observed the 

highest overall macroalgal diversity in Point Loma (H = 

1.42) but the lowest modeled rates NBP (-517.106 ± 256.98 

mg O2 m-2 d-1) and intermediate levels of BR (-1,120.87 ± 

344.85 mg O2 m-2 d-1) (Tables 1 & 3, Figs 2 & 4). In fact, our 

model estimates that the macroalgal community exhibit-

ed negative net productivity (i.e., net respiration) during 

this period. This macroalgal community was composed 

of a diverse mix of brown and red algae, with Laminaria 

farlowii representing the largest contribution (45%) to 

the similarity in assemblage characteristics at this site, 

followed by S. osumndacea (16%), Leptocladia binghami-

ae (14%), P. californica (12%), and coralline algae Calliar-

thron spp. (5%) (SIMPER) (Table 5). L. farlowii was the 

most abundant species, comprising approximately 49% 

of the total macroalgal biomass, while P. californica was 

the second most abundant species, comprising approxi-

mately 25% of the biomass at this site (Table 1, Fig. 2). 

Both L. farlowii and P. californica exhibited net respiration 

(-0.42 and -0.05 mg O2 g-thallus-1 d-1, respectively), and 

when scaled by their biomasses, our model suggests that 

L. farlowii contributed -570.10 ± 153.97 mg O2 m-2 d-1 and 
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ing 7.84 mg O2 m-2 d-1, which was approximately 30% of 

the modeled remaining NBP at this site (Table 4). How-

ever, this was based on a single replicate, thus we advise 

caution when comparing Campo Kennedy to the other 

sites. However, these species are included in spring and 

summer 2017; patterns of macroalgal diversity, species 

abundances, their photosynthetic rates and contribution 

to benthic productivity, and modeled NBP and BR for 

Campo Kennedy during these two additional sampling 

periods can be seen in Tables 1, 3 & 4, and Figs 2 & 4.  

DISCUSSION

We modeled the amount of photosynthesis and res-

piration that the dominant benthic macroalgae inhabit-

ing Macrocystis forests contribute to net benthic primary 

production at three sites spanning several hundred ki-

lometers of latitude along the California, USA and Baja 

California, MEX coasts. Although our model does not 

address compensatory production by crustose coralline 

algae or benthic and / or planktonic microalgae (e.g., 

Miller et al. 2012), our overarching goal was to estimate 

how the loss of these species’ due to deforestation affects 

patterns of benthic production and respiration at each 

of these sites. To do this, we measured biomass-specific 

rates of net photosynthesis and respiration for the most 

abundant macroalgae (those comprising >80% of the 

total biomass) at each site using a range of naturally oc-

curring irradiances in the laboratory. We paired these 

mass-specific, irradiance-dependent measurements with 

field-based estimates of each species’ biomass and in 

situ irradiances at each site to model their contribution 

to benthic productivity within these forests. Overall, our 

model estimates that the dominant macroalgae in these 

forests contribute approximately 15-4,300 mg C m-2 d-1 to 

net benthic primary production, but that this was vari-

able among the study sites and seasons due to differences 

in the abundances and metabolisms of a few dominant 

species. Thus, our model suggests that the loss of these 

macroalgae may result in a significant decline in net ben-

thic productivity. 

Similar to Reed et al. (2011) who found that Macrocys-

tis biomass was the best predictor of annual productivity 

within the forest it creates, our model suggests that the 

biomass of the most abundant benthic macroalgae was 

an important driver of benthic primary production on 

these rocky reefs. For example, during spring 2018, we 

observed the lowest macroalgal diversity but the high-

est biomass in Stillwater Cove, which also had the high-

larities in assemblage characteristics at this site, followed 

by the brown algae Zonaria farlowii (13%), S. osmunda-

cea (12%), and Sargassum horneri (11%), and then by the 

red algae Calliarthron spp. (9%) and Botryocladia pseu-

dodichotoma (6%) (SIMPER) (Table 5). Gelidium spp. 

was the most abundant species in spring 2018, compris-

ing approximately 78% of the biomass, and exhibited net 

respiration (-0.13 mg O2 g-thallus-1 d-1). When scaled by 

its biomass, our model suggests that Gelidium spp. con-

tributed -61.45 ± 20.48 mg O2 m-2 d-1 to benthic produc-

tivity, which was approximately 94% of the NBP at this 

site (Table 4). S. horneri was the second most abundant 

species, comprising approximately 11% of the biomass, 

followed by B. pseudodichotoma, which comprised ap-

proximately 7% of the biomass during this period. How-

ever, S. horneri and B. pseudodichotoma both exhibited 

low rates of net photosynthesis (0.06 mg O2 g-thallus-1 d-1 

and <0.01 mg O2 g-thallus-1 d-1, respectively). When scaled 

by their biomasses, our model estimates that S. horneri 

contributed 3.62 ± 0.28 mg O2 m-2 d-1 and B. pseudodicho-

toma contributed 0.13 ± 0.008 mg O2 g-thallus-1 d-1 to the 

benthic productivity, which were approximately 6% and 

<1% of the estimated NBP at this site, respectively (Table 

4). Together, this indicated that the high biomass and net 

respiration of Gelidium spp. were the likely causes of the 

macroalgal community at Campo Kennedy being esti-

mated as net respiration driven during this period (Table 

4, Fig. 4). Finally, during summer 2018, we observed low 

macroalgal diversity that was similar to that observed in 

Point Loma (H = 0.88) (Table 1), and the lowest modeled 

rates of NBP (25.62 ± 11.85 mg O2 m-2 d-1) and BR (-5.94 

± 4.94 mg O2 m-2 d-1) (Tables 1 & 3, Figs 2 & 4). Unlike in 

spring 2018, the most abundant macroalgae at Campo 

Kennedy during summer 2018 were P. linearis, which 

comprised approximately 56% of the total biomass, and 

by Gelidium spp., which comprised approximately 41% 

of the biomass. P. linearis exhibited low rates of photo-

synthesis (0.059 mg O2 g-thallus-1 d-1). Unfortunately, the 

Gelidium spp. samples did not survive until they could 

be analyzed in the laboratory, and thus we did not obtain 

photosynthesis or respiration measurements for them in 

summer 2018. Consequently, our model only includes 

the two other dominant species, P. linearis and Z. far-

lowii. When scaled by its biomasses, P. linearis contribut-

ed 17.78 ± 11.85 mg O2 m-2 d-1, which was approximately 

70% of the modeled remaining NBP at this site (Table 

4). In contrast, Z. farlowii occurred in low abundances, 

comprising approximately 2% of the biomass at Campo 

Kennedy, but it exhibited high rates pf photosynthesis 

(0.08 mg O2 g-thallus-1 d-1), which resulted in it contribut-
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photosynthesis relative to the other sites. Thus, our data 

suggest that modeled estimates of benthic productivity 

more closely follow species-specific, biomass-dependent 

rates of photosynthesis and respiration than macroalgal 

diversity. Further, our data highlight that photosynthesis 

and respiration by individual species can vary among 

sites and between seasons as seen for L. farlowii and P. 

californica, and thus they can contribute differentially to 

benthic productivity. In contrast to the kelp forests, there 

were little-to-no macroalgae present in any of the adja-

cent deforested habitats, except for Point Loma where 

only a few red algae were present throughout the course 

of this study (unpublished data). The only other visible 

autotrophs in these deforested areas were crustose cor-

alline algae, which together with microalgae can elevate 

production following deforestation due to increased ir-

radiances (Miller et al. 2012). However, measuring pro-

ductivity by crustose coralline algae requires different 

approaches (e.g., Kim et al. 2020), and we were unable to 

include these in our model. Thus, while we recognize that 

compensatory production may make up for some of this 

lost production, we limit our inference to the lost contri-

bution of fleshy macroalgae following deforestation. 

That the dominant macroalgae at each site exhibited 

variable rates of primary production was not surprising, 

especially given numerous other studies have observed 

species-specific responses to changes in irradiance (e.g., 

Binzer et al. 2006, Middleboe et al. 2006, Reed et al. 2011, 

Kim et al. 2016). However, we are careful to point out here 

that we did not conduct traditional photosynthesis-irra-

diance measurements in this study, and therefore can-

not make conclusions about photosynthetic parameters, 

such as photosynthetic efficiency under non-saturating 

irradiances (α), maximum rates of photosynthesis (Pmax), 

or saturation irradiances (Ik). Rather, we sought to in-

crease the number of measurements of photosynthesis 

under a range of irradiances that these algae likely experi-

ence at these sites (as measured in the field with PAR log-

gers), with the ultimate goal of modeling how each spe-

cies contributes to benthic primary productivity. Here, 

P. californica exhibited the highest mass-specific rates 

of photosynthesis and the greatest biomass at Stillwa-

ter cove in both spring and summer 2018, and therefore 

was likely the primary driver of the high rates of benthic 

productivity at this site. L. farlowii exhibited the greatest 

biomass and the highest mass-specific rates of respira-

tion (in spring 2018) and photosynthesis (in summer 

2018) at Point Loma, and therefore was likely the primary 

driver of BR and productivity, respectively. In contrast, 

Campo Kennedy lacked large benthic stipitate kelps and 

est rates of modeled benthic productivity. In contrast, we 

observed the highest macroalgal diversity and interme-

diate biomass, but the lowest rates of modeled benthic 

productivity in Point Loma. We observed intermediate 

macroalgal diversity, the lowest biomass, and intermedi-

ate rates of modeled benthic productivity at Campo Ken-

nedy. Moreover, the benthic assemblages at Point Loma 

and Campo Kennedy were both estimated to be net res-

piration driven during this period, with Point Loma being 

strongly respiration driven. These patterns appeared due 

to the species-specific, mass-dependent rates of produc-

tivity and respiration by the dominant taxa at each site. In 

particular, the most abundant taxa at Stillwater cove was 

Pterygophora californica, which made up approximately 

61% of the macroalgal biomass and exhibited the highest 

rates of productivity by any species observed during this 

period. In contrast, approximately 57% of the macroalgal 

biomass in Point Loma was comprised of a combination 

of Laminaria farlowii and P. californica, both of which 

exhibited high rates of respiration. The most abundant 

taxon at Campo Kennedy was Gelidium spp., which 

made up approximately 78% of the macroalgal biomass 

but was in relatively low abundance compared to mac-

roalgae at the other sites and exhibited moderate rates 

of respiration. These patterns, however, changed during 

summer 2018, when our model suggested all three sites 

exhibited net benthic productivity. Here, Point Loma 

exhibited low macroalgal diversity but the highest over-

all macroalgal biomass and the greatest modeled ben-

thic productivity. Stillwater Cove exhibited the highest 

species diversity, but it had intermediate levels of both 

macroalgal biomass and modeled benthic productivity. 

Conversely, Campo Kennedy had similarly low macroal-

gal diversity to Point Loma, and it exhibited the lowest 

overall macroalgal biomass and modeled benthic pro-

ductivity. As with spring 2018, these patterns appeared to 

be driven by species-specific rates of photosynthesis and 

respiration combined with the biomass of the dominant 

taxa at each site. Specifically, Point Loma was dominated 

by L. farlowii, which made up approximately 72% of the 

macroalgal biomass during this period and exhibited the 

highest rates of photosynthesis of any taxa observed dur-

ing the study. Stillwater Cove was again unsurprisingly 

dominated by P. californica, which exhibited high rates 

of photosynthesis, although these rates and its biomass 

were not as great as for L. farlowii in Point Loma. Campo 

Kennedy was dominated by Gelidium spp. and Prionitis 

linearis, which together made up approximately 97% of 

the biomass at this site, but these two species occurred 

in relatively low abundances and exhibited low rates of 
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