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figure 1. an underwater 
view of a giant kelp forest 

in southern california. 
Photo credit: R. McPeak

Oceanography |  Vol.  26, No. 3114

Multiple SourceS and ForMS
oF nitrogen SuStain 
Year-round Kelp growth 
on the inner continental Shelf of the Santa Barbara channel



Oceanography  |  September 2013 115

iNtrODuc tiON
The production of organic matter in 
an ecosystem and the flow of energy 
derived from it are critically dependent 
on an adequate supply of inorganic 
nutrients. Nutrient storage is a com-
mon feature on land where the supply 
of nutrients that fuels primary produc-
tion is most often controlled by the local 
recycling of organic matter in soils. By 
contrast, most marine systems tend to 
have a low capacity for nutrient stor-
age (mangrove forests, salt marshes, 
and seagrass meadows are exceptions). 
Instead, primary production in the 
ocean is most often governed by exter-
nal processes (e.g., mixing, currents, 
wind, tides, runoff) that deliver nutri-
ents from surrounding areas through 
water motion. Under these conditions, 
the magnitude and timing of primary 
production may be limited by the rate 
and timing of nutrient delivery. 

Shallow coastal reefs in temperate seas 
are considered to be among the most 
productive systems on Earth, and they 
are typically dominated by fast-growing 

species of macroalgae (Mann, 2000; 
Reed and Brzezinski, 2009). Dissolved 
inorganic nitrogen (DIN) most often 
limits macroalgal growth, and it can be 
supplied as either nitrate or ammonium, 
both of which are readily taken up by 
seaweeds (Haines and Wheeler, 1978). 
Fast-growing species of macroalgae typi-
cally have a limited capacity for internal 
nitrogen storage, and the rocky substrata 
upon which they grow offer little poten-
tial to sequester nitrogen. Consequently, 
the high net productivity of temperate 

reefs is maintained primarily by a con-
tinuous, but variable, supply of nitrogen 
(N) from the surrounding ocean and 
adjacent landscape. 

The giant kelp, Macrocystis pyrifera, is 
one of the most conspicuous inhabitants 
of shallow coastal reefs in the eastern 
Pacific and Southern Oceans (Graham 
et al., 2007). It is the world’s largest alga; 
it attains lengths of over 30 m as multiple 
fronds consisting of stipes with leaflike 
blades extend from the seafloor to the 
sea surface to produce a floating canopy 
(Figure 1). Aggregations of giant kelp 
form extensive forests whose iconic stat-
ure is recognized throughout the world. 
Growth of M. pyrifera in temperate 
zones occurs year-round (Gerard, 1976; 
van Tüssenbroek, 1993; Reed et al., 2008; 
Stewart et al., 2009), and the elongation 
rates of individuals fronds can exceed 
50 cm per day, which is among the fast-
est measured for any autotroph on land 
or in the ocean (Clendenning, 1971). 
The rapid growth of giant kelp and the 
dynamic oceanographic environment 
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aBStr ac t. Forests of the giant kelp Macrocystis pyrifera found on coastal 
rocky reefs lack the large reservoirs for nutrient storage found in many terrestrial 
environments. Supporting their high year-round growth rates requires a continuous 
supply of nitrogen. Complementary timing of nutrient supply associated with the 
physical processes that deliver nitrate to reefs largely achieves this goal, but modeling 
studies indicate that the magnitude of nitrate delivery is inadequate to support 
the measured nitrogen demand of kelp forests during summer. Ammonium, from 
sediment efflux and excretion by reef consumers, likely fills the deficit. Together, 
the varied sources of inorganic nitrogen supplied to kelp forests support their high 
growth rates throughout the year. Kelp compensates for diminished nitrogen supply 
during summer by decreasing tissue nitrogen content, resulting in a doubling 
of kelp C:N ratios.
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in which it lives dictate frequent and 
sustained measurements of growth and 
ocean physics in order to understand the 
processes delivering the nitrogen needed 
to sustain its growth throughout the year. 
Long-term research on giant kelp forests 
in the Santa Barbara Channel is con-
tributing to significant advances in our 
understanding of giant kelp growth pat-
terns and the environmental processes 
that control them.

kelp NitrOgeN DyNamicS 
Most in situ studies of nitrogen dynam-
ics have focused on nitrate as the major 
form of DIN supporting the growth of 
Macrocystis pyrifera (Gerard, 1982a,b; 
Brown, 1997; Fram et al., 2008). A 
sense of the nitrate levels required to 
support giant kelp can be gained from 
in situ measurements of the alga’s half-
saturation constant for nitrate uptake 
(i.e., the nitrate concentration required to 
support uptake rates that are 50% of the 

organism’s physiological maximum). That 
value for giant kelp is 2–3 µmol L–1 NO3

– 
(Gerard, 1982b), suggesting that nitrate 
must reach quite low levels before the 
kelp nitrate uptake rate becomes severely 
limited by its ambient concentration. 
That inference is consistent with model 
predictions that NO3

– concentrations 
below 1–2 µmol L–1 cannot sustain 
growth rates that are typical of mainland 
populations of M. pyrifera in southern 
California (Gerard, 1982b). Much like 
other shallow reefs in southern California 
(Wheeler and North, 1981), seasonality 
in nitrate concentration on reefs in the 
Santa Barbara Channel is strong, with the 
highest concentrations during March and 
April when levels can exceed 20 µmol L–1 
(Figure 2A). Concentrations may decline 
to less than the 1 µmol L–1 growth 
threshold at any time of the year, but do 
so most frequently during July through 
November when concentrations average 
< 0.5 µmol L–1 (Figure 2A). Our 10-year 
time series of monthly estimates of the 
growth rate of the standing biomass of 
giant kelp at three reefs shows strong 
variability among years and reefs, but no 
noticeable decline during summer and 
autumn (Figure 2B), despite sustained 
low mean nitrate concentration during 
this time of year (Figure 2A). Instead, the 
lowest growth rates were most frequently 
observed during winter when nitrate 
concentrations tended to be higher and 
light levels lower.

The nitrogen content of blades can 
be a useful index of the physiological 
status of giant kelp relative to nitro-
gen (Zimmerman and Kremer, 1986). 
Seasonality in the nitrogen content of 
kelp blades at our long-term study sites 
in the Santa Barbara Channel resembles 
that of the nitrate concentration in the 

figure 2. annual cycle of (a) the average of the sum of nitrate and nitrite concen-
tration (nearly 100% nitrate; each point is an average of measurements from two 
to three samples distributed vertically over the 10–15 m water column at each 
site), and (B) growth rate of the standing biomass of giant kelp as determined 
using the methods of rassweiler et al. (2008). individual data points are monthly 
measurements from 2002 through 2012 at the arroyo Burro, arroyo Quemado, 
and the mohawk kelp forests. Solid lines represent the monthly means averaged 
over 11 years.
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surrounding seawater with considerable 
interannual variability: a peak in spring 
and a minimum in summer and autumn 
(compare Figures 2A and 3A). Kelp sur-
vival is compromised when the nitrogen 
content of blades declines to less than 1% 
of dry mass, which indicates a depletion 
of internal nitrogen reserves (Gerard, 
1982a). Surprisingly, this depletion was 
evident in only five of 360 measurements 
in 10 years of observation at our three 
study sites (Figure 3A).

Seasonal changes in blade nitrogen 
are decoupled from those of blade car-
bon, potentially altering the quality of 
kelp as a food resource to consumers 
across seasons. Much like blade nitro-
gen, blade carbon can vary among sites 
and years (Figure 3B). However, in 
contrast to nitrogen, blade carbon dis-
plays little seasonality, averaging about 
30% of dry weight throughout the year 
(Figure 3B). The net result is that the 
mean monthly C:N mass ratio of kelp 
reaches an annual minimum of 10.3 
when nitrate is abundant in April and 
May and increases to an annual maxi-
mum of 19.7 when nitrate is deficient 
in October (Figure 3C). The seasonal 
shifts in %N and in C:N mass ratio imply 
diminished nutritional value of giant 
kelp to consumers in fall when %N is low 
and C:N is high. 

Our observations of kelp elemental 
composition and growth rate share the 
unusual feature of a large number of 
instances of relatively high growth rate 
and of high relative nitrogen content 
when ambient average nitrate levels are 
< 1 µmol L–1 (Figure 4). Others have 
observed similar patterns for the elonga-
tion rates of individual fronds in shorter 
time series and have suggested that other 
forms of nitrogen (e.g., ammonium) 

may contribute to the nutritional needs 
of giant kelp (Wheeler and North, 1981; 
Gerard, 1982a; Zimmerman and Kremer, 

1984). To help resolve this apparent dis-
crepancy between nitrate concentration 
and the growth and N content of giant 

figure 3. annual cycle of (a) giant kelp blade nitrogen content as a percent of dry 
mass, (B) giant kelp blade carbon content as a percent of dry mass, and (c) kelp 
blade c:N weight ratio. individual data points are monthly measurements from 
2002 through 2012 at arroyo Burro, arroyo Quemado, and mohawk kelp forests. 
The horizontal dashed line in (a) represents a concentration of 1 µmol l–1 NO3, 
below which kelp growth is not sustained.
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kelp in the Santa Barbara Channel, we 
investigated several routes of nitrate sup-
ply. In particular, we considered the tim-
ing and magnitude of physical processes 
that can deliver nutrients to reefs and 
how nitrate delivery by each mechanism 
varies over time scales ranging from 
hours to weeks. Together, these supplies 
must be of sufficient magnitude and 
have enough complementarity over time 
to sustain the levels of kelp growth that 
we measured across seasons. If they are 
insufficient, then alternate DIN sources 
are likely involved.

SOurceS aND SeaSONalit y 
iN Nitr ate Supply
A number of physical mechanisms sup-
ply nitrate to nearshore reefs, including 
upwelling, internal waves, and terrestrial 
runoff (McPhee-Shaw et al., 2007); other 
lesser known oceanographic processes 
also play a role (e.g., coastal eddies and 
coastal trapped waves; Washburn and 
McPhee-Shaw, 2013, in this issue). The 
physical mechanisms supplying nitrate 
to reefs on the inner continental shelf 
show a high level of temporal comple-
mentarity. Terrestrial runoff in the Santa 

Barbara Channel is highly seasonal. 
Seventy-four creeks flow from the Santa 
Ynez Mountains along the northern 
coast of Santa Barbara Channel. Rainfall 
is largely confined to the winter months 
in this Mediterranean climate, and most 
stream discharge is associated with a 
small number of storms from December 
through April (Figure 5A). Upwelling-
favorable wind stress is present year-
round, with a clear annual cycle. Wind 
stress is generally lowest during winter 
and highest during spring and summer, 
with the transition to higher stress occur-
ring during February through March 
(Figure 5A). Internal waves that drive 
the seasonal thermocline and its high 
nitrate content onto the continental shelf 
show a seasonal cycle similar to that of 
upwelling-favorable wind stress, with 
internal wave activity being relatively 
low in winter, transitioning to a seasonal 
high in April through May, with a slow 
decline for the remainder of the year 
(Figure 5A). Thus, at least one physi-
cal mechanism that can deliver nitrate 
to reefs is operating throughout the 
year, creating the potential for a near-
continuous supply of nitrate to giant 
kelp forests. However, the magnitude 
of nitrate delivery among mechanisms 
varies, and within each mechanism, the 
nitrate content of waters delivered to kelp 
forests also varies through time such that 
the potential for a continuous significant 
supply of nitrate implied by Figure 5A is 
not always realized.

Figure 5B shows the seasonal pat-
terns in nitrate delivery associated with 
each supply mechanism. Upwelling is 
the dominant source of nitrate to kelp 
from March through May. Temperature 
records at Arroyo Quemado show 
little evidence of the presence of cold 
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nitrate-rich upwelled waters entering 
the kelp forests during other times of 
the year, despite wind stress remaining 
upwelling favorable (compare Figures 5A 
and 5B). An explanation may lie in the 
analysis of Brzezinski and Washburn 
(2011), who examined seasonal changes 
in surface nitrate concentrations 
over a wide area of the Santa Barbara 
Channel for six years. They concluded 
that upwelling was often ineffective at 
increasing nitrate concentrations in 
surface waters across the Santa Barbara 
Channel after spring, and they suggested 
that upwelling later in the year often 
drove relatively warm, and thus nitrate-
poor, waters to the surface.

Internal waves have been proposed 
as a mechanism for sustaining the 
growth of giant kelp during summer 
at Catalina Island, located ~ 130 km 
southwest of the Santa Barbara Channel 
(Zimmerman and Kremer, 1984). Nitrate 
pulses supplied by internal waves have 
frequencies ranging between the inertial 
period (about 22 hours at the latitude in 
our study area) down to the buoyancy 
period (several minutes depending on 
stratification). The delivery of nitrate 
by internal waves at Arroyo Quemado 
was most prevalent from March 
through September (Figure 5B). When 
expressed as a daily average delivery 
rate (Figure 5B), internal waves appear 
to supply relatively little nitrate to the 
kelp forest (Figure 5B). However, in situ 
measurements of nitrate concentrations 
at 20-minute resolution show increases 
in nitrate concentrations on the reef of 
5–10 µmol L–1 for periods of 20–60 min-
utes due to internal waves during sum-
mer (McPhee-Shaw et al., 2007; Fram 
et al., 2008). Such pulses could con-
tribute to kelp growth and survival by 

figure 5. (a) Seasonality in the mechanisms delivering nitrate to nearshore reefs. mean daily stream 
discharge measured at refugio creek (34°27'54.3''N, 120°4'8.4''w) was calculated following goodridge 
and melack (2012). mean daily probability of internal wave occurrence at arroyo Quemado reef 
(34°27.897'N, 120°07.179'w) was calculated as the percent of days that an internal wave was detected, 
using the mcphee-Shaw et al. (2007) definition of a 0.7°c variance in daily temperature as indication 
of an internal wave. mean daily upwelling (equatorward) wind stress was calculated from winds mea-
sured at National Oceanic and atmospheric administration station 46054 (34°16.28'N, 120°27.42'w). 
Values for discharge at refugio creek represent mean daily discharge calculated for each day of the year 
from 2002–2012; values for upwelling wind stress and internal wave probability represent seven-day 
running averages for each day of the year from 2002–2012. (B) Nearshore ocean nitrate concentra-
tions in µmol l–1 delivered from upwelling, internal waves, and unexplained marine sources at arroyo 
Quemado reef. concentrations represent seven-day running averages for each day of the year from 
2002–2012. Nitrate concentrations were calculated using the relationship between seawater tem-
perature and nitrate developed for arroyo Quemado by mcphee-Shaw et al. (2007). Nitrate delivered 
by upwelling was defined as nitrate in water < 13°c (as per mcphee-Shaw et al., 2007) on days when 
upwelling wind stress during the preceding two days averaged < 0.05 N m–2. Nitrate delivered by 
internal waves was calculated using the hourly temperature for times when internal waves were pres-
ent. The category “unexplained” represents marine sources of nitrate not accounted for by upwelling 
and internal waves. Stream nitrate flux was measured daily at refugio creek and calculated following 
goodridge and melack (2012). The contribution of runoff to nitrate levels at reefs is not calculated 
separately as this quantity is difficult to estimate given uncertainties in the dilution of freshwater inputs 
in the coastal zone.
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providing brief periods of enhanced N 
supply when little nitrate is supplied by 
other mechanisms.

While upwelling and internal waves 
account for a high fraction of the nitrate 
measured on reefs during spring, a con-
siderable fraction of the nitrate present 
in winter and summer is not explained 
by these supply mechanisms. It is impor-
tant to note that seawater concentra-
tions of nitrate shown in Figure 5B were 
derived from a relationship between 
nitrate concentration and seawater 
temperature that was developed for the 
Santa Barbara Channel (McPhee-Shaw 
et al., 2007). Thus, the nitrate in the 
“unexplained” category represents nitrate 
supplied by oceanographic processes 
other than upwelling and internal waves 
(e.g., coastal trapped waves, coastal 
eddies; Washburn and McPhee-Shaw, 
2013, in this issue). It does not include 
nitrate delivered by runoff, as the nitrate 
concentrations were reconstructed from 
temperature, and there is little reason 
to believe that the relationship between 
temperature and nitrate in runoff is simi-
lar to that in the ocean. Thus, the nitrate 
supplied by runoff is in addition to the 
unexplained nitrate rather than part of 
the unexplained nitrate. The nitrate flux 
from streams provides an additional 
source of nitrate to the coastal ocean. 

A time series of nitrate flux from 
Refugio Creek, a representative stream 
that enters the ocean ~ 6 km to the east 
of the Arroyo Quemado kelp forest, 
shows the delivery of nitrate into the 
coastal ocean from runoff to be highest 
during the winter months, with signifi-
cant inputs continuing through June. 
Translating this flux into the fraction of 
nitrate on reefs attributable to freshwater 
influence was not attempted because 

of the complexities of intermittent and 
highly variable freshwater plumes mix-
ing into the wave and tidally influenced 
nearshore waters. Changes in salinity on 
reefs at 3–4 m depth (tide dependent) 
during periods of high runoff indicate 
that stream inputs reach kelp beds, but 
it is unclear whether these sensors accu-
rately capture the full influence of buoy-
ant freshwater plumes. Direct observa-
tions of nitrate concentrations in the 
upper 3 m on the continental shelf dur-
ing a storm in February 2004 revealed 
nitrate concentrations of 50 µmol L–1 
associated with runoff plumes (recent 
work of author M. Brzezinski and Libe 
Washburn, University of California, 
Santa Barbara). Given the Ks value 
of 2–3 µmol L–1 for nitrate uptake in 
M. pyrifera (Gerard, 1982b), pulses of 
nitrate during storms (Figure 5B) have 
the potential to increase uptake rates. 
Observations of 15N enrichment in sea 
urchins and tube worms in kelp forests 
located near sources of runoff in the 
Santa Barbara Channel suggest that ter-
restrially derived nitrogen enters the 
nearshore food web (Page et al., 2008).

utilizatiON Of N SOurceS 
The residence times of waters flowing 
through the modest-sized kelp forests 
along the mainland in the Santa Barbara 
Channel are on the order of 1–2 hours 
(Gaylord et al. 2007), and uptake by kelp 
is insufficient to significantly deplete 
nitrate concentrations in the forest with 
this rate of exchange. As water flows 
through the forest, turbulence from 
currents and waves transports nutrient 
molecules across the diffusive bound-
ary layer surrounding kelp blades where 
nutrient transporters then move nutrient 
molecules into kelp tissue. This process 

was incorporated into a biophysical 
model that combined temporal changes 
in ambient nitrate concentrations 
with turbulence estimates to predict 
kelp nitrate uptake (Fram et al., 2008). 
Comparison of measured seasonal kelp 
N production with predicted nitrate 
uptake showed that, for most of the year, 
the concentration of nitrate over the reef 
was adequate to meet the forest’s mea-
sured N demand. The exception was the 
summer and autumn when estimated 
kelp N production exceeded the ambi-
ent nitrate supply, suggesting that other 
forms of nitrogen are required to support 
production rates during the period of 
low nitrate concentration. 

alternate DiN sources
Nitrate is a major form of new nitrogen 
that can support autotrophic production 
in the sea (Eppley and Peterson, 1979). 
However, in shallow habitats where 
coastal waters interact with bottom 
sediments, benthic biota, and beaches, 
other forms of DIN, such as ammonium, 
may be a significant source of DIN sup-
porting macrophyte production dur-
ing summer and autumn when nitrate 
concentrations are low. Ammonium can 
be supplied through a variety of mecha-
nisms. The remineralization of organic 
matter of marine and terrestrial origin 
that accumulates on the bottom within 
sediments may elevate concentrations of 
ammonium in shallow waters. Excretion 
by consumers may serve as an important 
source of nitrogen for reef ecosystems 
and other nearshore benthic ecosystems 
(Bray et al., 1988; Holbrook et al., 2008; 
Allgeier et al., 2013; Burkepile et al., 
2013). Recent work of the Santa Barbara 
Coastal Long Term Ecological Research 
Project indicates that a majority of 
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consumer biomass in kelp forests of 
the Santa Barbara Channel consists of 
filter feeding invertebrates and fish. 
The excretion of ammonium by these 
planktivores could enhance primary pro-
ductivity in kelp forests during condi-
tions of low nitrate as has been observed 
on coral reefs (Holbrook et al., 2008; 
Burkepile et al., 2013).

Part of the DIN pool within giant kelp 
forests may be the result of recycling 
between giant kelp forests and beaches. 
Kelp forests export large quantities of 
drift kelp to sandy beaches (Hayes, 1974; 
Griffiths and Stenton-Dozey, 1981; Koop 
et al., 1982; Dugan et al., 2003, 2011). 
Once stranded on beaches, intertidal 
invertebrate detritivores rapidly con-
sume kelp wrack (Lastra et al., 2008) and 
microbes decompose it, creating high 
concentrations of DIN in the underly-
ing beach aquifer (Dugan et al., 2011). 
Ammonium is the dominant form of 
DIN in beach pore water efflux to the 
nearshore ocean (recent work of authors 
Goodridge and Melack). The inorganic 
nitrogen produced in the beach pore 
water is flushed from the sands into 
the surf zone by the action of reced-
ing waves and falling tides, becoming 
available to nearshore primary produc-
ers (Swarzenski and Izbicki, 2009). It 
is difficult to estimate the fraction of 
the nitrogen from beaches entering the 
coastal ocean that may actually reach 
kelp forests due to uncertainties in the 
extent of dilution of this nitrogen and 
its consumption by other nearshore 
autotrophs (seagrasses, macroalgae, 
and phytoplankton).

Monthly monitoring of ammonium 
and nitrate concentrations at our kelp 
forest sites shows that, on average, the 
ambient concentrations of ammonium 

rivals that of nitrate during summer 
(Figure 6A). This approximate dou-
bling in DIN is sufficient to account 
for the apparent deficit in N supply 

needed to balance kelp N production 
during summer (Fram et al., 2008) 
and bring total DIN concentrations 
above the 1 µmol L–1 growth threshold 
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figure 6. (a) Depth-averaged concentrations of the sum of nitrate and nitrite 
(nearly 100% nitrate) and ammonium from water samples collected monthly at 
arroyo Burro, arroyo Quemado, and mohawk kelp forests from 2002 through 
2012. (B) time course of ammonium concentration in the water column obtained 
from water samples in the mohawk kelp forest. water was pumped to the surface 
through plastic tubing using multichannel peristaltic pumps and sampled con-
tinuously over 60 minute intervals to obtain integrated samples.
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(Gerard, 1982b). Other data suggest 
that the ammonium concentrations in 
Figure 6A may significantly underesti-
mate the actual concentrations near our 
study reefs. Ammonium distributions 
observed on cross-shelf transects off-

shore of Mohawk Reef point to a benthic 
source with ammonium concentrations 
of 2–4 µmol L–1 occasionally observed 
near the bottom (Goodman et al., 2012). 
Fine-scale vertical profiles of ammonium 
sampled continuously during daylight 
hours within the kelp forest at Mohawk 
Reef show a diurnal cycle in ammo-
nium concentration, with the strongest 
amplitude and highest concentrations 
observed near the bottom (Figure 6B). 
Additional sampling throughout the 
day during spring and neap tides indi-
cates that this cycle is tied to the photo-
cycle rather than to the tidal cycle (not 
shown). One mechanism that could give 
rise to this pattern is a near continuous 
efflux of ammonium from sediment or 
from excretion by benthic reef consum-
ers that is taken up by benthic biofilms 
and macroalgae during the day, but 
passes into the water column at night 
when ammonium use is less efficient. 
The phenomenon has been observed 

in shallow estuarine systems where sig-
nificant light penetrates to the bottom 
(Rysgaard et al., 1995; Thornton et al., 
1999). If this is the mechanism operat-
ing at our study sites, then our measures 
of ammonium concentrations underes-

timate the supply as both the monthly 
reef measurements and the cross-shelf 
transects were conducted mid-day when 
ammonium concentration in the water 
column would be at their daily mini-
mum due to biological consumption by 
micro- and macro-algae.

Summary
The limited ability of Macrocystis to store 
nitrogen, its lack of a dormant period, 
and the lack of large reservoirs of nitrog-
enous nutrients on rocky reefs together 
create the need for a continuous sup-
ply of adequate nitrogen to support the 
observed high growth rates of giant kelp 
throughout the year. Though the timing 
of stream discharge, upwelling winds, 
internal wave activity, and other oceano-
graphic processes are complementary, 
nitrate delivery is nevertheless inad-
equate to meet the N demand of kelp 
forests during summer. A likely second 
DIN source appears to be ammonium, 

especially that arising from sediment 
efflux and excretion by reef consumers. 
Together, these DIN sources support 
high kelp growth rates throughout the 
year, but kelp adjust to the low N sup-
ply during summer by decreasing tis-
sue nitrogen, resulting in a doubling of 
kelp C:N ratios.

ackNOwleDgemeNtS
We thank the many staff and students 
of SBC LTER for their assistance in 
data collection and analysis, especially 
J. Jones, C. Gotschalk, C. Nelson, and 
D. Salazar. This material is based on sup-
port by National Science Foundation 
grant numbers OCE-9982105, OCE-
0620276, and OCE-1232779. 

refereNceS
Allgeier, J.E., L.A. Yeager, and C.A. Layman. 

2013. Consumers regulate nutrient limita-
tion regimes and primary production in sea-
grass ecosystems. Ecology 94:521–529, http://
dx.doi.org/10.1890/12-1122.1.

Bray, R.N., A.C. Miller, S. Johnson, P.R. Krause, 
L. Robertson, and A.M. Westcott. 1988. 
Ammonium excretion by invertebrates and 
fishes on a subtidal rocky reef in southern 
California. Marine Biology 100:21–30, http://
dx.doi.org/10.1007/BF00392951.

Brown, M.T., M.A. Nyman, J.A. Keogh, and 
N.K.M. Chin. 1997. Seasonal growth of the 
giant kelp Macrocystis pyrifera in New Zealand. 
Marine Biology 127:417–424, http://dx.doi.org/ 
10.1007/s002270050182.

Brzezinski, M.A., and L. Washburn. 2011. 
Phytoplankton primary productivity in the 
Santa Barbara Channel: Effects of wind-driven 
upwelling and mesoscale eddies. Journal of 
Geophysical Research 116, C12013, http://
dx.doi.org/10.1029/2011JC007397.

Burkepile, D.E., J.E. Allgeier, A.A. Shantz, 
C.E. Pritchard, N.P. Lemoine, L.H. Bhatti, and 
C.A. Layman. 2013. Nutrient supply from fishes 
facilitates macroalgae and suppresses corals 
in a Caribbean coral reef ecosystem. Scientific 
Reports 3:1,493, http://dx.doi.org/10.1038/
srep01493.

Clendenning, K.A. 1971. Photosynthesis and gen-
eral development. Pages 169–190 in The Biology 
of Giant Kelp Beds (Macrocystis) in California. 
W.J. North, ed., Beihefte Zur Nova Hedwigia, 
Verlag Von J. Cramer, Lehre, Germany.

“lONg-term reSearch ON giaNt kelp 
fOreStS iN the SaNta BarBara chaNNel iS 
cONtriButiNg tO SigNificaNt aDVaNceS iN 
Our uNDerStaNDiNg Of giaNt kelp grOwth 
patterNS aND the eNVirONmeNtal prOceSSeS 
that cONtrOl them.” 

http://dx.doi.org/10.1890/12-1122.1
http://dx.doi.org/10.1890/12-1122.1
http://dx.doi.org/10.1007/BF00392951
http://dx.doi.org/10.1007/BF00392951
http://dx.doi.org/10.1007/s002270050182
http://dx.doi.org/10.1007/s002270050182
http://dx.doi.org/10.1029/2011JC007397
http://dx.doi.org/10.1029/2011JC007397
http://dx.doi.org/10.1038/srep01493
http://dx.doi.org/10.1038/srep01493


Oceanography  |  September 2013 123

Dugan, J.E., D.M. Hubbard, M. McCrary, and 
M. Pierson. 2003. The response of macrofauna 
communities and shorebirds to macrophyte 
wrack subsidies on exposed sandy beaches of 
southern California. Estuarine Coastal and Shelf 
Science 58S:133–148, http://dx.doi.org/10.1016/
S0272-7714(03)00045-3.

Dugan, J.E., D.M. Hubbard, H.M. Page, and 
J. Schimel. 2011. Marine macrophyte wrack 
inputs and dissolved nutrients in beach sands. 
Estuaries and Coasts 34(4):839–850, http://
dx.doi.org/10.1007/s12237-011-9375-9.

Eppley, R.W., and B.J. Peterson. 1979. Particulate 
organic matter flux and planktonic new produc-
tion in the deep ocean. Nature 282:677–680, 
http://dx.doi.org/10.1038/282677a0.

Fram, J.P., H.L. Stewart, M.A. Brzezinski, 
B. Gaylord, D.C. Reed, S.L. Williams, and 
S. MacIntyre. 2008. Physical pathways and 
utilization of nitrate supply to the giant 
kelp, Macrocystis pyrifera. Limnology and 
Oceanography 53:1,589–1,603, http://
dx.doi.org/10.4319/lo.2008.53.4.1589.

Gaylord, B., J.H. Rosman, D.C. Reed, 
J.R. Koeseff, J. Fram, S. MacIntyre, 
K. Arkema, C. McDonald, M.A. Brzezinski, 
J.L. Largier, and others. 2007. Spatial pat-
terns of flow and their modification within 
and around a giant kelp forest. Limnology 
and Oceanography 52:1,838–1,852, http://
dx.doi.org/10.4319/lo.2007.52.5.1838.

Gerard, V.A. 1976. Some aspects of material 
dynamics and energy flow in a kelp forest in 
Monterey Bay, California. PhD Dissertation, 
University of California, Santa Cruz, CA.

Gerard, V.A. 1982a. Growth and utilization of 
internal nitrogen reserves by the giant kelp 
Macrocystis pyrifera in a low-nitrogen envi-
ronment. Marine Biology 66:27–35, http://
dx.doi.org/10.1007/BF00397251.

Gerard, V.A. 1982b. In situ rates of nitrate 
uptake by giant kelp, Macrocystis pyrifera 
(L.) C. Agardh: Tissue differences, environmen-
tal effects, and predictions of nitrogen-limited 
growth. Journal of Experimental Marine Biology 
and Ecology 62(3):21l–224, http://dx.doi.org/ 
10.1016/0022-0981(82)90202-7.

Goodman, J., M.A. Brzezinski, E.R. Halewood, and 
C.A. Carlson. 2012. Sources of phytoplankton to 
the inner continental shelf in the Santa Barbara 
Channel inferred from cross-shelf gradients in 
biological, physical and chemical parameters. 
Continental Shelf Research 48(1):27–39, http://
dx.doi.org/10.1016/j.csr.2012.08.011.

Goodridge, B.M., and J.M. Melack. 2012. Land 
use control of stream nitrate concentrations in 
mountainous coastal California watersheds. 
Journal of Geophysical Research 117, G02005, 
http://dx.doi.org/10.1029/2011JG001833.

Graham, M.H., J.A. Vasquez, and A.H. Buschmann.  
2007. Global ecology of the giant kelp 
Macrocystis: From ecotypes to ecosystems. 
Pp. 39–88 in Oceanography and Marine Biology: 

An Annual Review, vol 45. R.N. Gibson, 
R.J.A. Atkinson, and J.D.M. Gordon, eds, 
CRC Press.

Griffiths, C.L., and J. Stenton-Dozey. 1981. 
The fauna and rate of degradation of 
stranded kelp. Estuarine, Coastal and Shelf 
Science 12:645–653, http://dx.doi.org/10.1016/
S0302-3524(81)80062-X.

Haines, K.C., and P.A. Wheeler. 1978. Ammonium 
and nitrate uptake by the marine macro-
phytes Hypnea musciformis (Rhodophyta) and 
Macrocystis pyrifera (Phaeophyta). Journal of 
Phycology 14:319–324.

Hayes, W.B. 1974. Sand-beach energetics: 
Importance of the isopod Tylos punctatus. 
Ecology 55(4):838–847, http://dx.doi.org/ 
10.2307/1934419.

Holbrook, S.J., A.J. Brooks, R.J. Schmitt, and 
H.L. Stewart. 2008. Effects of sheltering 
fish on growth of their host corals. Marine 
Biology 155:521–530, http://dx.doi.org/10.1007/
s00227-008-1051-7.

Koop, K., R.C. Newell, and M.I. Lucas. 1982. 
Microbial regeneration of nutrients from the 
decomposition of macrophyte debris on the 
shore. Marine Ecology Progress Series 9:91–96.

Lastra, M., H.M. Page, J.E. Dugan, D.M. Hubbard, 
and I.F. Rodil. 2008. Processing of allochtho-
nous macrophyte subsidies by sandy beach con-
sumers: Estimates of feeding rates and impacts 
on food resources. Marine Biology 154:163–174, 
http://dx.doi.org/10.1007/s00227-008-0913-3.

Mann, K.H. 2000. Ecology of Coastal Waters: With 
Implications for Management, 2nd ed. Wiley-
Blackwell, 406 pp.

McPhee-Shaw, E., D.A. Siegel, L. Washburn, 
M.A. Brzezinski, J.L. Jones, A. Leydecker, 
and J. Melack. 2007. Mechanisms for nutri-
ent delivery to the inner shelf: Observations 
from the Santa Barbara Channel. Limnology 
and Oceanography 52:1,748–1,766, http://
dx.doi.org/10.4319/lo.2007.52.5.1748.

Page, H.M., D.C. Reed, M.A. Brzezinski, J. Melack, 
and J.E. Dugan. 2008. Assessing the importance 
of land and marine sources of organic matter to 
kelp forest food webs. Marine Ecology Progress 
Series 360:47–62, http://dx.doi.org/10.3354/
meps07382.

Rassweiler, A., K.K. Arkema, D.C. Reed, 
M.A. Brzezinski, and R.C. Zimmerman. 2008. 
Net primary production, growth and stand-
ing crop of Macrocystis pyrifera in southern 
California. Ecology 89:2,068, http://dx.doi.org/ 
10.1890/07-1109.1.

Reed, D.C., and M.A. Brzezinski. 2009. Kelp for-
ests. Pp. 30–37 in The Management of Natural 
Coastal Carbon Sinks. D.d’A. Laffoley and 
G. Grimsditch, eds, IUCN, Gland, Switzerland. 

Reed, D.C., A. Rassweiler, and K.K. Arkema. 2008. 
Biomass rather than growth rate determines 
variation in net primary production by giant 
kelp. Ecology 89:2,493–2,505.

Rysgaard, S., P.B. Christensen, and L.P. Nielsen. 
1995. Seasonal variation in nitrification 
and denitrification in estuarine sediment 
colonized by benthic mircroalgae and bio-
turbating infauna. Marine Ecology Progress 
Series 126:111–112, http://dx.doi.org/10.3354/
meps126111.

Stewart, H.L., J.P. Fram, D.C. Reed, S.L. Williams, 
M.A. Brzezinski, S. MacIntyre, and B. Gaylord. 
2009. Differences in growth, morphology and 
tissue carbon and nitrogen of Macrocystis 
pyrifera within and at the outer edge of a giant 
kelp forest in California, USA. Marine Ecology 
Progress Series 375:101–112, http://dx.doi.org/ 
10.3354/meps07752.

Swarzenski, P.W., and J.A. Izbicki. 2009. Coastal 
groundwater dynamics off Santa Barbara, 
California: Combining geochemical tracers, 
electromagnetic seepmeters, and electri-
cal resistivity. Estuarine, Coastal and Shelf 
Science 83:77–89, http://dx.doi.org/10.1016/ 
j.ecss.2009.03.027.

Thornton, D.C.O., G.J.C. Underwood, and 
D.B. Nedwell. 1999. Effect of illumination and 
emersion period on the exchange of ammo-
nium across the estuarine sediment-water inter-
face. Marine Ecology Progress Series 184:21–29, 
http://dx.doi.org/10.3354/meps184011.

van Tüssenbroek, B.I. 1993. Plant and frond 
dynamics of the giant kelp, Macrocystis pyrifera, 
forming a fringing zone in the Falkland Islands. 
European Journal of Phycology 28:161–165, 
http://dx.doi.org/10.1080/09670269300650251.

Washburn, L., and E. McPhee-Shaw. 2013. Coastal 
transport processes affecting inner-shelf eco-
systems in the California Current System. 
Oceanography 26(3):34–43, http://dx.doi.org/ 
10.5670/oceanog.2013.43.

Wheeler, P.A., and W.J. North. 1981. Nitrogen sup-
ply, tissue composition, and frond growth rates 
for Macrocystis pyrifera off the coast of southern 
California. Marine Biology 64:59–69, http://
dx.doi.org/10.1007/BF00394081.

Zimmerman, R.C., and J.N. Kremer. 1984. Episodic 
nutrient supply to a kelp forest ecosystem 
in Southern California. Journal of Marine 
Research 42:605–632, http://dx.doi.org/ 
10.1357/002224084788506031.

Zimmerman, R.C., and J.N. Kremer. 1986. In situ 
growth and chemical composition of the giant 
kelp, Macrocystis pyrifera: Response to temporal 
changes in ambient nutrient availability. Marine 
Ecology Progress Series 27:277–285.

http://dx.doi.org/10.1016/S0272-7714(03)00045-3
http://dx.doi.org/10.1016/S0272-7714(03)00045-3
http://dx.doi.org/10.1007/s12237-011-9375-9
http://dx.doi.org/10.1007/s12237-011-9375-9
http://dx.doi.org/10.1038/282677a0
http://dx.doi.org/10.4319/lo.2008.53.4.1589
http://dx.doi.org/10.4319/lo.2007.52.5.1838
http://dx.doi.org/10.4319/lo.2007.52.5.1838
http://dx.doi.org/10.1007/BF00397251
http://dx.doi.org/10.1007/BF00397251
http://dx.doi.org/10.1016/0022-0981(82)90202-7
http://dx.doi.org/10.1016/0022-0981(82)90202-7
http://dx.doi.org/10.1016/j.csr.2012.08.011
http://dx.doi.org/10.1016/j.csr.2012.08.011
http://dx.doi.org/10.1029/2011JG001833
http://dx.doi.org/10.1016/S0302-3524(81)80062-X
http://dx.doi.org/10.1016/S0302-3524(81)80062-X
http://dx.doi.org/10.2307/1934419
http://dx.doi.org/10.2307/1934419
http://dx.doi.org/10.1007/s00227-008-1051-7
http://dx.doi.org/10.1007/s00227-008-1051-7
http://dx.doi.org/10.1007/s00227-008-0913-3
http://dx.doi.org/10.4319/lo.2007.52.5.1748
http://dx.doi.org/10.4319/lo.2007.52.5.1748
http://dx.doi.org/10.3354/meps07382
http://dx.doi.org/10.3354/meps07382
http://dx.doi.org/10.1890/07-1109.1
http://dx.doi.org/10.1890/07-1109.1
http://dx.doi.org/10.3354/meps126111
http://dx.doi.org/10.3354/meps126111
http://dx.doi.org/10.3354/meps07752
http://dx.doi.org/10.3354/meps07752
http://dx.doi.org/10.1016/j.ecss.2009.03.027
http://dx.doi.org/10.1016/j.ecss.2009.03.027
http://dx.doi.org/10.3354/meps184011
http://dx.doi.org/10.1080/09670269300650251
http://dx.doi.org/10.5670/oceanog.2013.43
http://dx.doi.org/10.5670/oceanog.2013.43
http://dx.doi.org/10.1007/BF00394081
http://dx.doi.org/10.1007/BF00394081
http://dx.doi.org/10.1357/002224084788506031
http://dx.doi.org/10.1357/002224084788506031

