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Abstract

Photoautotrophs vary the concentration of photosynthetic pigments in response to changing environmen-

tal conditions. In the ocean, the chlorophyll a to carbon ratio (Chl:C) has been used as a proxy for the physi-

ological condition of phytoplankton, and there is laboratory evidence that the growth rate of juvenile giant

kelp (Macrocystis pyrifera), a coastal foundation species, is positively related to Chl:C under nutrient-limited

conditions. We examined the relative roles of nutrients and light in determining Chl:C dynamics and if fluc-

tuations in Chl:C were related to changes in canopy biomass and net primary production (NPP) from sites

spanning 750 km of the California coast. Seventy percent of the variability in canopy Chl:C was explained

by a combination of photosynthetically active radiation and seawater nitrate concentration. In the periodi-

cally nutrient-limited waters of the Southern California Bight, changes in Chl:C positively resembled changes

in available nitrate, whereas Chl:C negatively tracked changes in light for the more nutrient-replete central

California coastline. Values of Chl:C were positively related to residuals from an autoregressive model of kelp

biomass at the southern California sites indicating that Chl:C is a proxy for physiological state of the kelp

canopy. NPP estimated through correlations with kelp biomass and lagged Chl:C compared well to estab-

lished field-based estimates. These results open the possibility of assessing giant kelp physiological condition

from estimates of Chl:C modeled from sea surface irradiance and nitrate concentration, which in turn can be

used to estimate giant kelp primary production over large spatial and temporal scales using future remote

sensing technologies.

The physiological condition of marine flora fluctuates

through time and space in response to environmental varia-

tions (Behrenfeld et al. 2005). Marine autotrophs adjust to

photosynthetic demands by varying cellular pigment levels

in response to changes in light, nutrients, and temperature

(Kirk 1994). For example, in steady state, nutrient-limited

conditions, the marine diatom, Thalassiosira weissflogii (for-

merly Thalassiosira fluviatilis) was shown to linearly increase

its cellular concentrations of chlorophyll a (Chl) in relation

to its carbon content (Chl:C) as nutrient concentrations

increased (Laws and Bannister 1980). Under nutrient-replete

conditions, this species decreased its Chl:C in a nonlinear

fashion in response to increased light levels. These results

illustrate how fluctuations in photosynthetic machinery in

response to changes in the environment are context specific.

Values of the Chl:C ratio also scale with growth rate in

marine autotrophs (e.g., Shivji 1984; Geider 1987). Sakshaug

et al. (1989) found that, in a nutrient-limited system, the

Chl:C ratio of the marine diatom Skeletonema costatum was

linearly proportional to its growth rate for a given level of

daily irradiance. Over the past decade, results from these and

other laboratory studies have been combined with large spa-

tial scale measurements of Chl concentrations, phytoplank-

ton carbon biomass, and incident light from satellite sensors

to estimate phytoplankton growth rates for the world’s

oceans (Behrenfeld et al. 2005). These results suggest that

macrophyte growth rates combined with biomass determina-

tions can be used to estimate regional kelp forest net pri-

mary production (NPP).

The marine macroalga Macrocystis pyrifera, hereafter

referred to as giant kelp, is a globally distributed, surface can-

opy forming species that serves as the foundation to an eco-

logically diverse and economically important ecosystem

(Leet et al. 2001; Graham et al. 2007; Schiel and Foster

2015). Giant kelp’s initial life stage is microscopic when it
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first attaches to shallow (< 30 m depth) rocky reefs, but can

reach the surface and form a dense canopy within several

months (Dayton et al. 1992; Reed et al. 2006). The adult

plant consists of a holdfast supporting a bundle of fronds

with leaf-like blades extending at regular intervals, each with

a gas-filled pneumatocyst to buoy the fronds to the sea sur-

face, where most of its biomass resides (Reed et al. 2015).

The fronds commonly grow about 14–18 cm a day, which

requires high concentrations of nutrients from the surround-

ing waters (Gerard 1982; Zimmerman and Kremer 1986;

Stewart et al. 2009). Frond elongation rate increases in a

nonlinear, saturating fashion in response to increased ambi-

ent nitrate concentrations (Zimmerman and Kremer 1984).

Photosynthetic pigment concentrations and Chl:C are also

known to increase with elevated ambient nitrate conditions

and be positively associated with increases in specific growth

rate under nutrient-limited laboratory conditions (Shivji

1984, 1985; Kopczak 1994; Stephens and Hepburn 2016).

While changes in ambient nutrient concentrations have

been implicated in changes in growth rate and physiological

condition, the loss of fronds due to age-dependent, pro-

grammed senescence (roughly 100 d after frond initiation)

plays a large role in kelp forest biomass dynamics (Rodriguez

et al. 2013).

Rates of photosynthesis and concentrations of photosyn-

thetic pigments vary in giant kelp in response to changes in

light along a depth gradient. Pigment content of a frond

increases to a maximum in the surface canopy about 2 m

back from the growing tip and remains generally constant

throughout much of the water column, until decreasing

again in the oldest, deepest blades (Wheeler 1980; Rodriguez

et al. 2016). Surface canopy blades also have higher ultravio-

let absorbing compounds and photoprotective pigment con-

centrations than blades at depth, protecting and regulating

photosynthesis in this high light environment and allowing

the canopy to make the largest contribution to production

(Colombo-Pallotta et al. 2006). Furthermore, while the acces-

sory photosynthetic pigment fucoxanthin (FX) functions as

a light-harvesting pigment, it can also protect against the

photooxidation of cell material in high-light environments

(Clayton 1980; Di Valentin et al. 2012).

While much is known about how giant kelp condition

responds to changes in light over a depth gradient at a single

point in time, there is a dearth of information on how can-

opy physiological condition changes through time or over a

latitudinal gradient, and how such changes influence bio-

mass and production dynamics. Understanding the relation-

ships between the environment and growth of this

foundation species could enable broader scale estimates of

its production and its contribution to coastal food webs and

community structure using remote sensing technologies. In

this study, we assessed how the concentration of photosyn-

thetic pigments and Chl:C in giant kelp varies in response to

environmental variables over multiple years at sites spanning

� 750 km of coastline in California, U.S.A. We also exam-

ined relationships between Chl:C and remotely sensed meas-

urements of kelp canopy biomass as well as in situ

determinations of standing foliar biomass (SFB) and NPP. We

aimed to answer two overarching questions: (1) What are

the relative roles of nutrients and light in determining the

photosynthetic pigment and Chl:C dynamics of the giant

kelp canopy? (2) Are these fluctuations in physiological con-

dition related to changes in giant kelp biomass and NPP over

ecologically relevant time scales?

Methods

Giant kelp condition, biomass, and NPP data

We assessed the physiological condition and biomass of

the giant kelp canopy across the species’ range of dominance

in California, U.S.A. This region is subject to seasonal fluctu-

ations in both the surface nutrient and light environment.

Sea surface nitrate concentrations follow seasonal and geo-

graphic patterns consistent with coastal upwelling in the

California Current with northern areas along the central

coast typically experiencing cooler, nutrient-rich water for

longer periods of the year (Huyer 1983; Bograd et al. 2009;

Bell et al. 2015a). Kelp forests south of Point Conception, in

southern California, are subject to lower nutrient conditions,

with summer and fall nitrate concentrations falling below 1

lmol L21 (Reed et al. 2011), the concentration below which

frond elongation is not sustained (Gerard 1982; Zimmerman

and Kremer 1984). We sampled the physiological condition

of giant kelp at five kelp forests within this range: Pleasure

Point, near Santa Cruz in central California (SC; 36.9564 N,

121.9641 W), Arroyo Quemado (AQ; 34.4677 N, 120.1191

W), Arroyo Burro (AB; 34.4003 N, 119.7446 W), and

Mohawk (MO; 34.3941 N, 119.7296 W) in the Santa Barbara

Channel, and La Jolla (SD; 32.8532 N, 117.2750 W) near San

Diego. The Santa Barbara Channel sites and La Jolla are

located within the Southern California Bight. The three sites

in the Santa Barbara Channel were sampled monthly by the

Santa Barbara Coastal Long Term Ecological Research (SBC

LTER) project (August 2012–August 2015), while sites in

Santa Cruz and San Diego were sampled quarterly (June

2013–July 2015). On each sample date, 15 mature canopy

blades were collected from different individuals. Blades were

collected 2 m back from the tip of an actively growing frond

to ensure that sampled blades were of a similar age. Blades

were placed in a resealable plastic bag and stored in the dark

on ice or at 48C until processed, which occurred within 24 h

of collection.

Once at the laboratory, a 5 cm2 disc was excised from the

central portion of each blade, cleaned of epiphytes, and

rinsed in a 10% HCl solution to remove any remnants of cal-

cified structures of epiphytes. The 15 discs from each site

were combined and weighed to record wet mass, then dried

at 608C for several days, after which, dry mass was recorded.
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The combined dried discs were ground to a fine powder

using a mortar and pestle and analyzed for carbon content

using an elemental analyzer (Carlo-Erba Flash EA 1112 series,

Thermo-Finnigan Italia, Milano, Italy). A separate 0.8 cm2

disc was excised adjacent to the larger disc from each blade

for pigment analysis. Each disc selected for pigment analysis

was blotted dry and weighed, then placed in 4 mL dimethyl

sulfoxide for 45 min at room temperature in the dark. The

disc was then removed and rinsed with 1 mL ultrapure

water, which was added to the dimethyl sulfoxide extrac-

tion, and placed in 5 mL of a mixture of 3 : 1 : 1 acetone,

methanol, and ultrapure water for 2 h at 48C in the dark.

Upon removal from the second extract the disc was a pale

white color, indicating no remaining pigment (Wheeler

1980). The separate extracts were placed in individual quartz

cuvettes and absorbance was measured from 350 nm to

800 nm using a spectrophotometer (Shimadzu UV 2401PC,

Tokyo, Japan). Concentrations of Chl and FX were calculated

from absorbance at several wavelengths by using empirical

equations developed by Seely et al. (1972). Chl:C (mg Chl

mg C21) was calculated by dividing the mean mass of Chl

by the mean dry mass of carbon, resulting in one Chl:C

measurement for each site at each sampling date.

We related changes in giant kelp biomass and production

to its physiological condition using data on SFB, frond initia-

tion rate, and NPP collected monthly in permanent plots by

the SBC LTER at the three Santa Barbara Channel sites

(detailed methods are presented in Rassweiler et al. 2008,

2016). Briefly, each month divers recorded allometric meas-

urements and frond initiation rates of giant kelp plants and

the proportion of plants and fronds removed by senescence

and disturbance. SFB, defined as the total plant mass exclud-

ing the holdfast and reproductive sporophylls, is estimated

from empirical allometric relationships between frond num-

ber, frond length, and plant wet mass. NPP is calculated as

the total amount of biomass produced during the period

between each sampling date that explains the observed

changes in SFB while accounting for the frond and plant loss

rate for that period. This method also incorporates losses

due to dissolved and particulate losses from blades by model-

ing proportional loss rates from canopy and subsurface

fronds (Reed et al. 2015; Rassweiler et al. 2016; Rodriguez

et al. 2016).

Diver estimates of SFB were not available for Pleasure

Point and San Diego. Therefore, we used canopy biomass

estimates from the Landsat 7 Enhanced Thematic Mapper

Plus and Landsat 8 Operational Land Imager satellites to

generate consistent time series of giant kelp canopy dynam-

ics for all five sites (detailed methods in Cavanaugh et al.

2011; Bell et al. 2017). The combination of these two sensors

provides an image of the study area every 8 d, with a clear,

cloud-free image approximately once a month. Briefly,

images were atmospherically corrected and radiometrically

standardized using 50 temporally stable pseudo-invariant

targets (85 targets for Landsat 7 images to account for miss-

ing data due to the scan line corrector error; Furby and

Campbell 2001). Multiple endmember spectral mixing analy-

sis was used to model each 30 3 30 m pixel as a linear com-

bination of two endmembers; one temporally and spatially

constant kelp endmember and one of 30 seawater endmem-

bers unique to each image date (Roberts et al. 1998). Multi-

ple seawater endmembers were chosen to account for spatial

and temporal differences in water conditions due to sedi-

ment plumes, sunglint, and phytoplankton blooms. Kelp

canopy biomass was estimated for each pixel using an empir-

ical relationship between diver estimated kelp canopy bio-

mass and modeled fractional kelp cover. A long-term (2002–

2015) comparison of Landsat kelp fraction with diver esti-

mated kelp biomass in the Santa Barbara Channel explained

62.4% of canopy biomass dynamics (Cavanaugh et al. 2011;

Bell et al. 2017). A monthly time series of kelp canopy bio-

mass was generated for each site over the study period by

summing all Landsat pixels within a 100 m radius of each

sampling site.

Environmental datasets

Spatio-temporal datasets of environmental variables

known to be associated with fluctuations in the physiologi-

cal condition of marine autotrophs were compiled from field

measured and remotely sensed sources. In the California

Current, as with other coastal upwelling systems, a consis-

tent nonlinear inverse relationship exists between tempera-

ture and nutrients, allowing for the estimation of surface

nitrate concentration from more spatially and temporally

explicit measurements of sea surface temperature (Zimmer-

man and Kremer 1984; Palacios et al. 2013). We developed a

single nonlinear fit between measured surface temperature

and nitrate concentrations for the entire study region from

coastal oceanographic cruise data collected over 26 yr

(< 22 km from the coast; 1990–2015) by California Coopera-

tive Oceanic Fisheries Investigations (CalCOFI; Supporting

Information Fig. S1). This temperature/nitrate relationship

was validated by estimating nitrate concentration in five SBC

LTER kelp forests from in situ temperature data compared

against nitrate concentrations from water sampled simulta-

neously (r2 5 0.76; p<0.001, Supporting Information Fig.

S2). We used this relationship to produce a daily time series

of surface nitrate concentrations at each of the five study

sites using the nearest 9 km pixel of daily daytime sea sur-

face temperature from the MODIS Aqua satellite sensor from

August 2012 to August 2015 (oceandata.sci.gsfc.nasa.gov; see

Supporting Information Section S1). Daily mean determina-

tions of photosynthetically active radiation (PAR) at the sea

surface at 9 km spatial resolution were obtained from the

MODIS Aqua satellite sensor from August 2012 to August

2015 (oceandata.sci.gsfc.nasa.gov).
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Relationship of environment to kelp pigment and

physiological condition dynamics

We examined the relationship between known environ-

mental drivers and giant kelp canopy photosynthetic pig-

ment concentrations and Chl:C to assess how changes in

available nutrients and light influence the physiological con-

dition of the kelp canopy. We would expect that the effects

of variations in ambient nitrate concentration or PAR on the

physiological condition of giant kelp will have a temporal

lag. We accounted for this by modeling photosynthetic pig-

ments, pigment ratios, carbon content, and Chl:C from all

sites as a function of mean nitrate concentration and mean

PAR measured for different time periods prior to date that

physiological condition variables were measured (1–24 d;

Supporting Information Fig. S3). Because there was unequal

sampling effort of physiological condition across sites, we

randomly resampled the data so that all sites had the same

number of pigment, carbon content, and Chl:C measure-

ments (see Supporting Information Section S2).

Once the appropriate time lag was found for each predic-

tor variable, we used generalized least squares regressions to

model each response variable (Chl, FX, FX:Chl, Chl:C, car-

bon content) as a function of nitrate and PAR for each

region (nlme package; Pinheiro et al. 2016). Generalized least

squares regressions were used to account for temporal auto-

correlation between the residuals of the model. Beta, or stan-

dardized, coefficients were calculated using the std_beta

function (sjmisc package; L€udecke 2016). To investigate the

nonlinearity of the effects of nitrate concentrations and PAR

on the physiological condition of the giant kelp canopy, we

used a generalized additive model with a Gaussian error dis-

tribution and the identity link function (mgcv package;

Wood 2006). This approach models the response variable as

the sum of nonlinear functions of several predictor variables.

Smoothness parameters were estimated with generalized

cross validation. Data were resampled to account for differ-

ences in sampling effort across sites and the final model was

validated using fivefold cross validation.

Kelp physiological condition and the dynamics of canopy

biomass and NPP

Fluctuations in giant kelp canopy biomass are a function

of changing environmental conditions (e.g., seawater nutri-

ent concentrations, surface wave induced disturbance

events), intrinsic senescence processes, and the amount of

biomass present and available for growth and loss (Reed

et al. 2008; Rodriguez et al. 2013; Bell et al. 2015a). To

account for the amount of kelp biomass present at the

beginning of each season, we assessed changes in canopy

biomass through time by examining the residuals of an

autoregressive time series model. At each site, we linearly

regressed Landsat estimated canopy biomass at time t by

canopy biomass at time t 2 3 months. We examined the

residuals, which represent the change in kelp biomass over

the season with respect to the starting conditions, and com-

pared these to our time series of site-specific physiological

condition using simple linear correlations over time lags of

0–4 months.

Monthly NPP was modeled at the three sites in the Santa

Barbara Channel as a function of SFB and/or Chl:C over mul-

tiple time lags (0–4 months) using generalized additive mod-

els (mgcv package; Wood 2006). The potentially nonlinear

relationships between the predictor variables and NPP were

examined and model selection was based on the Akaike

information criterion. Models were constructed using a

Tweedie error structure (power function 5 1.1) with a log

link and an AR(1) autoregressive model to account for tem-

poral autocorrelation among residuals (mgcv package; Wood

2006). The Tweedie family error structure allows for a vari-

able variance power function to fit the error structure of the

data. NPP was predicted from the results of the generalized

additive model and compared to the SBC LTER diver-based

NPP estimates across sites using a reduced major axis linear

regression. Frond initiation rate was also modeled as a func-

tion of Chl:C using a reduced major axis linear regression.

Results

Spatio-temporal variability in photosynthetic pigments

and physiological condition

PAR followed a predicable seasonal cycle at all sites with

slight variations among sites due to latitude, clouds, and

sampling dates (Fig. 1a). However, the amount of available

nitrate in the surface waters varied considerably among the

sites throughout the time series. The Santa Cruz site (SC)

experienced consistently higher nitrate concentrations in the

surface waters throughout the year compared to the south-

ern California sites (Fig. 1b). The Santa Barbara Channel sites

(AB, AQ, and MO) experienced periodic increases in nitrate

concentrations in the surface waters associated with spring

upwelling and low (< 1 lmol L21) concentrations during the

summer and fall, while the San Diego site (SD) was charac-

terized by low nitrate concentrations in the surface waters

throughout the measurement record. Not surprisingly, fluc-

tuations in Chl and FX pigment concentrations and Chl:C

varied by region (Fig. 1c–e). However, carbon content dis-

played a more erratic pattern through time with little consis-

tent differences by region or season (Fig. 1f). The

photosynthetic pigments displayed larger across site varia-

tions than carbon content when compared to their means,

with a coefficient of variation (r/l) about twice the magni-

tude for Chl (0.43) compared to carbon content (0.22).

Photosynthetic pigment dynamics were associated with

environmental variables at different magnitudes across the

study regions. Concentrations of photosynthetic pigments at

the Santa Cruz site were all negatively associated with

changes in the amount of PAR and were not significantly

related to changes in surface-water nitrate concentrations
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(Table 1). This pattern is expected due to high nutrient con-

centrations at this site. In contrast, pigment concentrations

at sites in the Santa Barbara Channel were positively related

to changes in nitrate concentration. Chlorophyll a and FX

concentrations were also negatively related to changes in

PAR at the Santa Barbara Channel sites, however, beta coeffi-

cient analysis showed that the effect of nitrate concentration

was �3x as great. This pattern is consistent with both nutri-

ent and light availability regulating pigment concentrations

at these sites. Changes in pigment concentrations at the San

Diego site were not found to be significantly related to either

nitrate concentrations or PAR.

The ratio of the two photosynthetic pigments (FX:Chl)

was positively related to PAR at the Santa Cruz site, and was

positively related to PAR and negatively related to nitrate

concentrations at the Santa Barbara Channel sites. Carbon

content was not significantly related to changes in nitrate

concentrations or PAR at any site. Chlorophyll to carbon

ratio was negatively related to PAR at the Santa Cruz site,

positively related to nitrate concentrations at the San Diego

site, and both negatively related to PAR and positively

related to nitrate concentrations at the Santa Barbara Chan-

nel sites (Table 1). This antagonistic pattern between nitrate

and PAR is expected considering the magnitude and variabil-

ity of surface nitrate concentrations at the three sites.

Values of Chl:C of the surface canopy, combined from

across all five sites, were modeled as nonlinear functions of

both surface-water nitrate concentration and PAR and were

significantly related to both variables (R2 5 0.70; p<0.001;

n 5 120). Concentrations of nitrate below 0.5 lmol L21 are

difficult to estimate from high seawater temperature due to

the variability in the nitrogen depletion temperature. Never-

theless, Chl:C was negatively related to nitrate at low concen-

trations (0–0.5 lmol L21), but showed an increasingly positive

relationship up to � 1.5 lmol L21 (Fig. 2a). There was a

stable positive relationship between nitrate concentration and

μ

Fig. 1. Time series of (a) PAR (18-d mean), and (b) seawater nitrate concentrations (5-d mean) before the sampling date at each site. Time series of

(c) Chl, (d) FX, (e) chlorophyll to carbon ratio (Chl:C), and (f) carbon content per gram fresh weight, taken from 15 samples at each of the five study
sites: SC, AQ, AB, MO, SD.

Table 1. Beta (standardized) coefficients of the photosynthetic
pigments chlorophyll a (Chl) and FX, pigment ratio (FX:Chl),
carbon content, and chlorophyll to carbon ratio (Chl:C) in rela-
tion to changes in nitrate concentration (NO3) and PAR at each
site. Bold values are significant at a 5 0.05.

Site Chl FX FX:Chl Carbon Chl:C

Santa Cruz NO3 20.06 0.03 20.49 20.21 0.18

n 5 9 PAR 20.89 20.86 0.64 0.45 20.82

SBC NO3 0.69 0.71 20.25 20.02 0.50

n 5 111 PAR 20.24 20.21 0.29 0.04 20.28

San Diego NO3 0.39 0.24 20.39 20.99 1.00

n 5 9 PAR 20.03 0.02 0.35 20.67 0.06
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Chl:C from 1.5 lmol L21 to 4 lmol L21. PAR showed a strong

negative correlation with Chl:C at 15 mol photons m22 d21

to � 30 mol photons m22 d21 and a weaker negative correla-

tion as values increased beyond � 50 mol photons m22 d21

(Fig. 2b).

Relationship between canopy biomass dynamics and

physiological condition

To determine changes in giant kelp canopy, we used

Landsat imagery to generate a canopy biomass time series

for each site. The degree of temporal autocorrelation of

μ

Fig. 2. Nonlinear additive effect curves of (a) seawater nitrate concentration and (b) PAR on the chlorophyll to carbon ratio (Chl:C) of giant kelp can-
opy blades across all sites. The solid line is the mean effect of the predictor and the shaded regions represent the standard error. The frequency of

each predictor variable through space and time is shown as the black histogram at the bottom of each plot. The dashed line represents zero effect
above which the predictor will have a positive effect on Chl:C and below which the predictor will have a negative effect.

Fig. 3. Residual canopy biomass after removing 3-month autocorrelation of all Landsat pixels (30 3 30 m) within 100 m to the study site (solid line)
and chlorophyll to carbon ratio (Chl:C; dashed line) for the five study sites: (a) SC, (b) AQ, (c) AB, (d) MO, (e) SD. Pearson correlation coefficients (r)

and calculated probabilities (p) reported for linear correlation between residuals and 3-month lagged Chl:C for each site through time.
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canopy biomass showed differences between the central and

southern California sites. Canopy biomass three months

prior to a given time point explained about one fourth of

the variation in canopy biomass at the three Santa Barbara

Channel sites, AQ (r2 5 0.20; p<0.01; n 5 34), AB (r2 5 0.27;

p<0.01; n 5 19), MO (r2 5 0.23; p<0.01; n 5 34), and the San

Diego site (r2 5 0.25; p 5 0.10; n 5 9), while explaining little

variation at the Santa Cruz site (r2 5 0.05; p 5 0.48; n 5 9).

The canopy biomass residuals of these temporal autocor-

relation functions tended to be negative in the winter and

positive in the summer at the Santa Cruz site (Fig. 3a), while

sites in southern California displayed much interannual vari-

ability in biomass change (Fig. 3b–e). Residuals were not sig-

nificantly related to Chl:C at the Santa Cruz site, however,

Chl:C was significantly and positively related to residuals at

two of the Santa Barbara Channel sites, and the San Diego

site with a temporal lag time of three months. Residuals

from the AB site were not available after April 2014 as can-

opy biomass was too low to be quantified by the Landsat

sensor resulting in only 19 months of canopy biomass resid-

uals vs. 34 months at the other Santa Barbara Channel sites.

Relationship between NPP and physiological condition

At the three Santa Barbara Channel sites, values of Chl:C

were positively and significantly related to the initiation rate

of giant kelp fronds recorded by SBC LTER divers (r2 5 0.14;

p<0.001; n 5 97; Supporting Information Fig. S4), confirm-

ing that canopy Chl:C was a useful proxy for kelp physiolog-

ical condition. Time series of SFB and temporally lagged (4-

months) Chl:C4 were used to model NPP and assess nonlin-

ear relationships at the three sites in the Santa Barbara Chan-

nel (Fig. 4a–c). Predictions of NPP based solely on SFB and 4-

month temporally lagged Chl:C closely matched those of

the SBC LTER estimates of NPP (y 5 0.957x 1 0.003;

r2 5 0.885; p<0.0001; root mean square error (RMSE) 5

0.023; n 5 106; Fig. 4d).

The relationship between SFB and field estimated NPP was

asymptotic and increased linearly as SFB increased from 0 kg

wet mass m22 to 3 kg wet mass m22 (p<0.0001; Fig. 5a; Sup-

porting Information Table S1). The relationship was initially

negative at low biomass and became positive at 2 kg wet

mass m22, and reached an asymptote from 3 kg wet mass

m22 to 9 kg wet mass m22. Temporally lagged (4-months)

chlorophyll to carbon ratio (Chl:C4) was significantly related

to NPP (p 5 0.0014; Supporting Information Table S1). There

was a negative additive effect on NPP when the Chl:C4 was

below 0.007 mg Chl mg C21 (Fig. 5b). Using Chl:C4 and SFB

as predictors of NPP improved the model fit, and increased

model parsimony by reducing the Akaike information crite-

rion from 2282.22 to 2296.99, vs. using SFB as the sole pre-

dictor variable.

Discussion

Environmental variation as drivers of photosynthetic

pigment state and physiological condition

Understanding the effect of physiological condition on

the dynamics of giant kelp is challenging as the variability

Fig. 4. SFB (solid line) and 4-month lagged chlorophyll to carbon ratio (Chl:C4; dashed line) time series for each site in the Santa Barbara Channel,
(a) AQ, (b) AB, and (c) MO, (d) NPP estimated from SBC LTER project diver data at multiple time points and modeled NPP from diver estimated SFB

and Chl:C4. The statistics represent the coefficient of determination (r2) and reduced major axis linear regression equation between SBC LTER esti-
mated NPP and the NPP model discussed in this paper which incorporates SFB and temporally lagged Chl:C.
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of this foundational species is controlled by a combination

of top-down, bottom-up, and disturbance forces (Reed et al.

2011; Bell et al. 2015a; Schiel and Foster 2015). One way to

begin to tease apart these environmental effects on physio-

logical condition is to examine changes in photosynthetic

pigments and other physiological proxies over gradients of

environmental conditions. Giant kelp in the NE Pacific spans

a broad range of light and nutrient environments, from the

large seasonal light fluctuations of SE Alaska to the warm,

relatively nutrient-poor waters of southern California and

Baja California (Graham et al. 2007). We should expect this

species to adjust its photosynthetic pigment concentrations

according to its local environmental conditions.

During nutrient-replete conditions, many marine auto-

trophs increase their photosynthetic pigment concentrations

under low light conditions and decrease pigment concentra-

tions during periods of high light (e.g., Wiginton and

McMillan 1979). It is not surprising then that fluctuations in

photosynthetic pigments at Santa Cruz were strongly and

negatively associated with changes in PAR rather than

nutrients, which occur at relatively high concentrations

throughout most of the year (Table 1). Kelp canopy pig-

ments in the Santa Barbara Channel showed a different pat-

tern than the northern Santa Cruz site, as relatively high

pigment levels were sometimes observed during periods of

high light availability. Pigment concentrations more closely

mirrored seasonal and interannual variation in nitrate con-

centrations in the more oligotrophic waters of the Santa Bar-

bara Channel. However, pigment concentrations alone were

not significantly related to either nitrate concentrations or

PAR at the San Diego site.

The ratio of the accessory photosynthetic pigment FX to

Chl may highlight an additional photoprotective function, as

it was positively associated with PAR. While other accessory

pigments have shown a negative relationship to light levels,

FX:Chl is an exception to this rule in other brown macroalgae

and diatoms (Brown and Richardson 1968). Carotenoid

pigments like FX are light-harvesting pigments, however, they

can also exert a protective effect against photooxidation of cell

material in high light environments, so this positive associa-

tion with PAR may be a response to the increased light levels

in the canopy (Clayton 1980; Di Valentin et al. 2012).

Patterns of Chl:C were associated with nutrient and light

dynamics at different magnitudes across the study regions.

Seawater nitrate concentration had an increasingly positive

relationship with the physiological condition of kelp along a

north to south gradient as nutrient limitation became more

prevalent (Table 1). While the photosynthetic pigments

from the San Diego site did not show a significant relation-

ship to PAR or nitrate concentrations, there was a significant

and positive relationship between nitrate concentration and

Chl:C despite the small sample size. These differences in the

magnitude of the relationships of nitrate concentration and

PAR to the Chl:C of the kelp canopy are likely the result of

nonlinear effects (Fig. 2a). The sharp increase in Chl:C at

nitrate concentrations between 0 lmol L21 and 1.5 lmol L21

is consistent with previous studies that have shown the

growth rate of juvenile kelp plants and the elongation rate

of mature fronds increased rapidly over this range (Gerard

1982; Zimmerman and Kremer 1984, 1986; Kopczak et al.

1991; Brzezinski et al. 2013). The small effect size of PAR for

all but the lowest observed PAR values suggests that light

limitation only influences the Chl:C of the giant kelp can-

opy in California during the winter months, however, this

effect may be more prevalent at higher latitudes (Fig. 2b).

The negative effect of PAR on Chl:C was evidenced by lower

Chl:C values during the summer at all sites, and may reflect

the canopy’s need for less photosynthetic pigment to main-

tain growth at higher light levels.

The role of physiological condition in giant kelp

dynamics

Giant kelp canopy biomass tends to be autocorrelated at a

seasonal scale due to temporally lagged intrinsic processes

such as age-dependent mortality of fronds that limits their

Fig. 5. Additive effect curves of (a) SFB and (b) 4-month lagged chlorophyll to carbon ratio (Chl:C4) on the NPP of giant kelp across the three sites

in the Santa Barbara Channel. The solid line is the mean effect of the predictor and the shaded regions represent the standard error. The frequency of
each predictor variable through space and time is shown as the black histogram at the bottom of each plot. The dashed line represents zero effect

above which the predictor will have a positive effect on NPP and below which the predictor will have a negative effect.
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lifespans to � 100 d (Rodriguez et al. 2013; Bell et al. 2015a).

Temporal autocorrelation explained a greater proportion of

kelp canopy biomass in southern California compared to

central California as the more exposed central California

coastline experiences pronounced winter wave disturbance

leading to abrupt changes in canopy biomass (Reed et al.

2011; Bell et al. 2015a,b). Deviations from the previous bio-

mass state are indicative of processes affecting the growth,

loss, or demography of giant kelp plants and fronds. These

changes in canopy biomass were not positively related to

Chl:C at Santa Cruz as high pigment levels in winter coin-

cided with low canopy biomass (Fig. 3a).

The positive relationship between changes in canopy bio-

mass and Chl:C that we observed in southern California

(two of three Santa Barbara Channel sites and the SD site)

indicates that the physiological state of the canopy is associ-

ated with giant kelp biomass dynamics in these periodically

nutrient limited systems (Fig. 3b–e). Changes in canopy bio-

mass result from autocorrelated demographic processes as

well as fluctuating environmental conditions that influence

its physiological state. For instance, high rates of frond elon-

gation resulting from an increase in externally supplied

nutrients can lead to a rapid accumulation of canopy bio-

mass as fronds grow and reach the surface or add to their

surface length (Zimmerman and Kremer 1986). The biomass

of canopy fronds, however, is also controlled by progressive

senescence that occurs independently of ambient nutrient

conditions (Rodriguez et al. 2013). As a result, fluctuations

in canopy biomass may appear independent of concurrent

fluctuations in environmental conditions that affect its phys-

iological state, even in the absence of disturbances that

physically remove fronds.

The SBC LTER time series of giant kelp NPP relies on

in situ measurements of changes in SFB from one period to

the next, while simultaneously constraining processes that

account for biomass losses due to plant and frond mortality,

blade senescence, and exudation (Fig. 4a–c; Rassweiler et al.

2008, 2016; Reed et al. 2015). Simplifying the estimation of

NPP to a function of the SFB state and lagged Chl:C,

removes the need to quantify these loss terms and compared

well with this more comprehensive method (Fig. 4d). Model-

ing NPP as a function of biomass and physiological condi-

tion opens the possibility of NPP estimates over large spatial

scales with available and/or future remotely sensed products

(discussed below).

Modeling giant kelp NPP from SFB and temporally lagged

Chl:C required knowledge of each variable’s relationship to

NPP. We found a positive and asymptotic relationship

between SFB and NPP (Fig. 5a). One possible explanation for

the asymptotic nature of this relationship is a reduction in

photosynthesis due to density dependent shelf shading as

the size and biomass of the forest increases. This is consis-

tent with the negative relationship between specific growth

rate and SFB that was observed at the Santa Barbara Channel

sites by Reed et al. (2008). Additional support for this

hypothesis comes from Stewart et al. (2009) who found that

canopy fronds growing at the offshore edge of the Mohawk

kelp forest in the Santa Barbara Channel displayed a higher

elongation rate than interior canopy fronds. Since giant kelp

grows on limited areas of rocky reef, biomass may be added

without any increase in edge area as the reef nears carrying

capacity.

The relationship of Chl:C to NPP may be both a function

of the production of growing fronds as well as frond initia-

tion. Frond initiation rate was related to Chl:C, with low or

zero initiation only occurring at canopy Chl:C values less

than 0.011 mg Chl mg C21 (Supporting Information Fig. S4).

Fox (2016) found that a reduction in canopy biomass

decreases frond initiation through a decline of photosyn-

thate transport to the deeper areas near the holdfast where

frond initiation occurs. If growing canopy fronds are in a

poor physiological state due to nutrient limitation, then

photosynthesis is reduced and frond initiation declines. A

lack of frond initiation will be most consequential to NPP in

the forthcoming months when a greater proportion of

fronds are senescing, displaying decreased tissue integrity

and photosynthetic capacity (Rodriguez et al. 2016; Stephens

and Hepburn 2016). Low Chl:C in growing fronds may sig-

nal a forest that will be primarily composed of senescing

fronds in 4-months’ time. A forest composed of senescing

fronds may present a high standing biomass, but have little

photosynthetic capacity to generate commensurate levels of

NPP. Therefore, the age-structure of fronds in the kelp can-

opy may be critically important to overall production. While

this study focused on the Chl:C of growing fronds, future

studies may wish to characterize the physiological condition

of all canopy fronds to gain a better understanding of the

links between kelp photosynthetic state and frond dynamics

through time.

Estimation of NPP from remotely sensed observations

Recent advances in the remote estimation of giant kelp

biomass have revealed how biomass dynamics are associated

with changes in environmental conditions (Cavanaugh et al.

2011; Bell et al. 2015a). Currently, Landsat multispectral

imagery is used to estimate canopy biomass of giant kelp for-

ests in the NE Pacific (Cavanaugh et al. 2011; Bell et al.

2017), while canopy Chl:C can be assessed from high spec-

tral resolution (� 10 nm; hyperspectral) visible imagery (Bell

et al. 2015b). Combining these estimates of canopy biomass

along with spatially explicit canopy Chl:C could potentially

lead to regional time series of giant kelp NPP. The inclusion

of physiological condition in this estimation is important, as

hyperspectral imagery has shown up to a twofold difference

in Chl:C across a single kelp forest when moving from the

inshore to offshore edge (Bell et al. 2015b). While global

hyperspectral imagery is currently unavailable, the planned

Hyperspectral Infrared Imager mission would provide repeat
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hyperspectral imagery on the appropriate spatial scales for

estimating both giant kelp canopy biomass and physiological

condition simultaneously, thereby making NPP estimates of

giant kelp available on a global scale (Bell et al. 2015b;

Hochberg et al. 2015; Lee et al. 2015).

We have shown that the physiological condition of giant

kelp canopy blades is a predictable function of sea surface

nitrate concentrations and PAR, with both variables esti-

mated from satellite imagery. The use of subregional (� 4 –

9 km resolution) satellite remote sensing estimates of PAR

and nitrate concentration at the sea surface could be used to

estimate canopy Chl:C. These estimates of Chl:C could be

combined with Landsat estimates of kelp canopy biomass to

generate time series of NPP for the entire range of giant kelp

in California and Baja California, Mexico, using relationships

validated with NPP estimates from the SBC. Such regional

estimates of giant kelp NPP would be useful for informing

many active areas of research including food web dynamics,

carbon export, demographic connectivity, and the impacts

of climate change (Dugan et al. 2003; Byrnes et al. 2011;

Morton et al. 2016; Castorani et al. 2017).

Changes in photosynthetic pigment concentrations and

the physiological condition of giant kelp canopy are associ-

ated with fluctuations in environmental conditions; how-

ever, the strength of these associations varies regionally.

Many of these processes linking physiological condition to

biomass accumulation, and thus NPP, are integrated over

varied timescales, and translate to measurable changes over

the course of several months. By leveraging the present state

of kelp forest biomass, along with knowledge of the physio-

logical state of the canopy, it may be possible to generate

spatially expansive time series of NPP for this important

foundation species.
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