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ABSTRACT: Isotope values of primary producers can vary greatly across space and time due to
changes in physiological status and the source of subsidies used in photosynthesis. Forests of the
giant kelp Macrocystis occur in temperate oceans around the world and are positioned at the
land -sea interface where they may receive subsidies from terrestrial and open ocean sources. In this
study, we investigated the spatial and temporal variability in 8!3C and §'°N values of M. pyrifera over
3 yr in Big Sur, California, USA. During each of those 3 yr, 8!3C and §'°N values of M. pyrifera varied
significantly by season, with low values occurring in the spring, and high values in the fall. To exam-
ine the possible mechanisms driving this seasonal variability, we used step-wise multiple regression
analyses to test whether the variability in kelp isotope values was correlated with the variability in
nitrate concentration or the delivery of subsidies via upwelling circulation and river discharge. We
found that temporal variation in kelp isotope values was most strongly related to the strength of
upwelling and the concentration of nitrate in surface waters. The results of this study increase our
understanding of the mechanisms that drive the temporal and seasonal isotopic variability in marine
primary producers. This study also highlights the importance of measuring isotope variability at the

base of the food chain in order to create more robust trophic predictions.
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INTRODUCTION

Like many temperate coastlines around the world,
the nearshore marine communities of central California
(USA) are dominated by forests of the giant kelp
Macrocystis pyrifera. These kelp forests are highly pro-
ductive and provide structure, habitat, and protection
for many ecologically and economically important spe-
cies (Foster & Vanblaricom 2001, Graham et al. 2007).
M. pyrifera is considered a foundation species, and its
persistence and longevity are highly dependent on
macro- (e.g. nitrate, phosphate; Dayton et al. 1999) and
micronutrients (e.g. iron, zinc; Manley 1981) for growth
and reproductive success, as well as on a source of dis-
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solved inorganic carbon (DIC), such as aqueous CO,
(COyq) or bicarbonate (HCOj") for photosynthesis
(Raven 1970, Raven et al. 2008). In nearshore marine
systems, the source of essential nutrients and DIC may
have multiple origins, including atmospheric, terres-
trial, and/or oceanic (Fogel et al. 1992, Matsunaga et al.
1999, Bowen & Valiela 2008). We focused our attention
in this study on the delivery of allochthonous DIC and
nitrate (hereafter referred to collectively as subsidies)
delivered to nearshore M. pyrifera communities from
terrestrial and oceanic sources.

Along the coast of Big Sur in central California,
inputs from upwelling and river outflow come together
in a nearshore habitat dominated by Macrocystis
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pyrifera (hereafter referred to as Macrocystis). A sea-
sonal upwelling center develops near Point Sur, at the
northern end of the Big Sur coastline, delivering nutri-
ent-rich water to surface waters from approximately
April through July. This influx of upwelled nutrients
drives primary production (Kudela et al. 2006), deliv-
ery of larvae (Broitman et al. 2008), and ultimately con-
tributes to the structure and functioning of entire
nearshore marine food webs (Croll et al. 2005, Barth et
al. 2007). River outflow in Big Sur is consistent with
other short, steep watersheds where highly seasonal
rainfall causes rapid flushing events that can deliver
substantial loads of nutrients, particulate matter, and
sediments to nearshore waters (Lyons et al. 2002, War-
rick & Fong 2004, Warrick et al. 2005).

Stable isotope analyses can be used to determine the
source and extent of uptake of subsidies (Fry 2006). As
discussed in greater detail in the ‘Discussion’, there are
distinct differences in the carbon and nitrogen isotope
signatures of inputs delivered via upwelling circula-
tion, advection of oceanic surface waters, and terres-
trial sources (Fogel et al. 1992, Rau et al. 1998, Kjonaas
& Wright 2007) that allow us to investigate how Macro-
cystis uses the multi-source subsidies throughout the
year. Because DIC and nitrate delivery to the surface of
Macrocystis blades is dependent on basin-wide circu-
lation and turbulent water mixing (Hurd 2000,
Buschmann et al. 2004), the rate of delivery and con-
centration of inputs can vary substantially over the
course of a year and potentially cause significant varia-
tion in the isotope values of Macrocystis.

Our study was designed to determine how the deliv-
ery of subsidies from highly episodic, short-lived flush-
ing events from rivers, along with more sustained sea-
sonal delivery of subsidies from upwelling, combine to
influence the patterns of subsidy use in Macrocystis.
Based on the timing of subsidy delivery and the distinct
isotope signature of the different subsidy sources, we
investigated 3 hypotheses: (1) 83C and 8!°N values in
kelp tissue will be lowest during the winter and early
spring (January to April), when high-flow river events
and the delivery of terrestrial-derived subsidies with
low isotopic values are greatest. We expected this effect
to be more pronounced at sites closest to river inputs
and for blades collected from 5 m depth (versus 15 m),
because low-density freshwater plumes tend to form a
layer on the surface ocean; (2) §'*C and §'°N values will
increase during the spring and early summer (April to
July), when the delivery of upwelling subsidies with in-
termediate isotope values is strongest along the Big Sur
coast. We did not expect the effects of upwelling to vary
significantly with river proximity or depth; (3) 8'3C and
8!5N values will be highest in the late summer and fall
(August to December), when terrestrial inputs are min-
imal, upwelling circulation is diminished, and onshore

movement of surface waters is highest, potentially de-
creasing the rate of replenishment of DIC and nutrients.
We expected this effect to be consistent across depth
and site. Understanding the source of subsidies that
plants are using and the mechanisms that drive deliv-
ery has become increasingly important as the dynamics
of nutrient delivery, supply, and cycling change world-
wide as a result of habitat modification (Marshall 2000,
Schindler & Scheuerell 2002) and changes in ocean cir-
culation and temperature in response to climate change
(Diffenbaugh et al. 2004).

MATERIALS AND METHODS

Site information. We conducted this study from Feb-
ruary 2005 to September 2007 and focused on the 2
dominant rivers along the Big Sur coast: the Big Sur
River (BSR) and Big Creek (BCK). The BSR in northern
Big Sur drains approximately 74 km? and loses 2000 m
of elevation over 15 km. BCK, located within the Uni-
versity of California's Landels-Hill Big Creek Reserve,
is 35 km south of the BSR, drains approximately
40 km?, and loses 1800 m of elevation over 10 km.
Throughout most of the year these rivers have low base
flows (~0.6 m~3s71), but rates increase markedly during
rain events (>30 m~3 s7!). Within each river study area,
we monitored 3 nearshore kelp forest sites: 2 sites
adjacent to the river input (river north, RN; river south,
RS; collectively referred to as river sites) and 1 site 4 to
6 km north of the river input equidistant between the
river of interest and the next river to the north (non-
river, NR; Fig. 1).

Input delivery variables. To determine how the
delivery of allochthonous subsidies affected the iso-
tope values of Macrocystis tissue, environmental data
were either obtained from public databases or mea-
sured (Fig. 2). Upwelling data were obtained from
NOAA's Pacific Fisheries Environmental Laboratory
(www.pfeg.noaa.gov/) for 36°N, 122°W (study sites
located at 36° N, 121° W); average daily river discharge
rates and height data for the BSR were obtained from
the US Geological Survey (http://waterdata.usgs.gov/
nwis/uv?11143000), and river height for BCK was
obtained from the NOAA Southwest Pacific Fisheries
Science Center in Santa Cruz, California. Because the
dynamics of river height were similar for both rivers
throughout our study period, we used the discharge
rates from the BSR for all of our analyses.

We measured the concentration of inorganic nitrate
plus nitrite (hereafter referred to as nitrate) at up-
stream and nearshore sites at least monthly from Feb-
ruary 2005 to September 2007 and at the peak of the
river hydrograph during all significant (>2 cm in 24 h)
rain events. When ocean conditions allowed, samples
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Fig. 1. (a) Central California, showing the location of the Big
Sur River (BSR) and Big Creek (BCK) watersheds. (b) Locations
of nearshore sites in relation to the river outflow for both
river areas (not to scale). Actual nearshore site locations:
BSR-NR (36°18.122°N, 121°53.884° W), BSR-R (36° 16.575° N,
121°51.945°W), BCK-NR (36°16.130°N, 121°53.912°W),
BCK-R (36°16.426°N, 121°51.885°W); NR: non-river; R: river

were collected from NR, RN, and RS nearshore sites.
When we could not access our nearshore sites by boat,
samples were collected from intertidal areas directly
onshore of RN and NR nearshore sites. Therefore, for
each sampling event, we collected samples from up-
stream and intertidal or nearshore sites at the BSR and
BCK areas. Samples were collected from 1 m below the
surface in acid-cleaned HDPE bottles, filtered through
a pre-ashed 25 mm GF/F with a pore size of 0.7 nm,
and the filtrate was collected in acid-cleaned 20 ml
plastic scintillation vials. Samples were transported on
ice and stored in a —20°C freezer until they were ana-
lyzed on a Latchet Quikchem 8000 Flow Injection Ana-
lyzer at the University of California Santa Cruz's
Marine Analytical Lab using standard colorimetric
methods (Parsons et al. 1984).

Isotope values. To determine whether subsidies
from terrestrial and upwelling sources were being
used by Macrocystis, we collected kelp tissue samples
monthly at all nearshore sites from spring to early win-
ter as ocean conditions allowed. We collected a total of
6 blades from multiple plants at 5 and 15 m below the
surface; blade condition was standardized to the best
of our ability. Blades were transported on ice and
stored in a —20°C freezer until further processing. We
cut a 12 cm? piece from the blade approximately 10 cm
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Fig. 2. Mean (+1 SE) monthly values for (a) river discharge,

(b) upwelling strength, and (c) nitrate concentration for

2005, 2006, and 2007. Areas within dashed boxes indicate
the season with significantly higher values

above the bladder-blade junction. Each piece was
scraped clean of epiphytes, dipped in a 10 % HCI solu-
tion, rinsed with Milli-Q water, dried in a 60°C oven for
48 h, and ground into a fine powder with a mortar and
pestle. Two milligrams of tissue were weighed into tin
capsules on a microbalance and analyzed for §'°C and
85N values. Samples were analyzed at the University
of California Santa Cruz on a Thermo Finnegan Delta-
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Plus XP mass spectrometer (Thermo Electron Corpora-
tion) interfaced with a Carlo Erba elemental analyzer
(EA1108). Isotope values are reported in standard
delta notation, §"X (%o) = [(Reample/Rsia) — 1] x 1000,
where X is the element, H is the mass of the heavier
isotope, and R is the heavy-to-light isotope ratio of the
sample or standard. The standard for carbon is Vienna
Peedee Belemnite Limestone; the standard for nitro-
gen is atmospheric nitrogen. Repeated measures of
calibrated internal PUGel (n = 126) and acetanilide (n
= 42) standards were used to quantify analytical preci-
sion (SD in PUGel was <0.2%o for both 8°C and §'°N;
SD in acetanilide was 0.25%o for 8'3C and 0.4 %o for
S1N).

Statistical analyses. We used analysis of variance
(ANOVA) methods to test for between-season and be-
tween-site (where available) differences for each of the
input variables. Differences in Macrocystis isotope val-
ues were tested using a random effects linear mixed
model including proximity to river input, depth (5 ver-
sus 15 m), season (upwelling: March through July; non-
upwelling: August through February), and all possible
interactions as fixed factors, and river area as a random
factor. We were unable to collect kelp samples during
January and February in all years, so we had an equal
number of months in the upwelling versus non-
upwelling analyses. For these analyses, an alpha level
of 0.05 was considered significant. Because interpreta-
tion of the main effects of the random effects linear
mixed model was confounded by significant interaction
terms, we also ran a variance components model to de-
termine how much of the explained variance could be
attributed to each term (Quinn & Keough 2002).

Inputs from upwelling and river sources have highly
variable temporal patterns (Fig. 2), and the isotopic
end members of the subsidies are not well constrained
for our system, making the use of isotope mixing mod-
els difficult. We therefore used correlation analyses to
determine whether the temporal variations in §'3C and
8'°N values of kelp tissue were related to the temporal
patterns in input variables and nitrate concentration.
We performed multiple regression analyses with step-
wise estimation to determine the best-fit model for the
data. Input delivery factors included average monthly
values for river discharge and upwelling strength and
snap-shot monthly values for nitrate concentration
averaged across the 3 years of the study. The multiple-
regression model tested for significant relationships
between the variability in kelp isotope values and the
variability in input measurements from the same
month and with a 1 mo lag. We included this lag in the
model to account for times when kelp tissue turnover
rate may be slower than 30 d. This lag period was cho-
sen based on the results from cross-correlation analy-
ses (CCA) and the average lifespan (~2 to 3 mo) and

growth rate of kelp blades. There were no significant
lags longer than 1 mo in the CCA, suggesting that it is
physiologically unlikely that conditions experienced
longer than 1 mo before would be reflected in the basal
portion of kelp blade tissue. We used the CCA to
inform the multiple regression model because our data
were too unevenly spaced for time series analyses. For
all step-wise regression analyses, variables were con-
sidered significant and remained in the model if they
had an alpha level of 0.15 or lower. A higher alpha
level was used in these correlative tests, since multiple
factors were likely to be contributing to the variation in
isotope values of kelp blade tissue. All analyses were
performed using Systat v12 (Systat Software).

RESULTS
Input delivery variables

The subsidy input variables we tested were chosen
because they can affect the delivery rate, and thereby
concentration, of DIC and nitrate from terrestrial and
oceanic sources to nearshore waters. In this system,
high river discharge events and increased upwelling
circulation were temporally separated and showed
marked seasonal trends (Fig. 2). Average river dis-
charge rate from 2005 to 2007 was significantly differ-
ent during wet and dry seasons (df = 1,31, ANOVA F=
104, p = 0.003), with higher discharge between
November and April (mean = 1 SE; 6.4 + 1.6 m3 s7})
than between May and October (1.2 * 0.3 m™3 s},
Fig. 2). There was also a significant seasonal difference
in upwelling strength (df = 1,34, ANOVA F=233,p<
0.001) and nitrate concentration (df = 1, 24, ANOVA F
= 4.8, p = 0.04). Unlike river discharge, higher
upwelling strength and nitrate concentration occur
from April to July (upwelling: 102.8 + 7.3 m™ s!
100 m™}; nitrate: 15.3 = 2.1 pM) than from August to
March (upwelling: 57.1 = 5.6 m™® s™! 100 m™; nitrate:
9.8 = 1.5 uM; Fig. 2).

S$13C values

Macrocystis samples collected between July 2005
and September 2007 varied considerably in both §3C
and 8N values. The variability was generally sea-
sonal, with lower values occurring during the spring
and early summer and higher values during the late
summer and fall. The results of the random effects lin-
ear mixed model analysis suggest that the depth x sea-
son and depth x river proximity interactions and the
main effects of season and depth were the main con-
tributors to variability in 8'3C values (Table 1). The
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Table 1. Macrocystis pyrifera. Effects of river proximity, season, and depth on §3C

and 8'°N values in kelp blade tissue. Values in bold are significant at p < 0.05

ation in isotope and tissue compo-
sition values. The results suggest
that 8'3C values were most tightly

SN

Random effects model —8C— — N— correlated with upwelling and
df ¢ p t p nitrate concentration (Table 2). At

Random effects BCK sites, there was a significant
River area 442 0.92  0.36 094 0.35 relationship between §'3C values
df F p F p and non-lagged upwelling values

at both depths (Fig. 4a, Table 2).

Eixed effects L aa2 038 054 025 063 Tissue 8°C values from sites at
sggesggrommlty 1,442 81.06 <0.001 176.35 <0.001 BSR showed a similar pattern at
Depth 1,442 13.06 <0.001 16.68 <0.001 5 m, while blades from 15 m were
Season x river proximity 1,442 0.10 0.75 0.23 0.63 correlated with the 1 mo lagged
Dopinciverplodly 142 771 0000 208 014 | pueling valves (Table 2, In
Depth x season x river 1,442 062 043 057  0.45 addition, 8”C values from BSR
proximity sites at 5 and 15 m were also sig-

depth X season interaction was driven by strong depth
gradients in §'3C values during spring and early sum-
mer that were absent during the late summer and fall
(Fig. 3). The significant interaction between depth and
river proximity was driven by a stronger depth gradi-
ent in 8'°C values at non-river sites compared to river
sites. The results from the variance components model
suggest that season (upwelling versus non-upwelling)
explained a majority of the explained variance (65 %)
in 83C values, and the depth x season interaction
explained an additional 28% of the explained vari-
ance.

Step-wise multiple regression analyses allowed us to
examine whether the temporal variation in input deliv-
ery was associated with the temporal and spatial vari-
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Fig. 3. Macrocystis pyrifera. Mean (+1 SE) §!°C and §'°N val-

ues of kelp blade tissue at 5 m (dashed circles) and 15 m (solid

circles) depth in spring to early summer (V) and late summer
to winter (@)

nificantly correlated with the 1 mo
lagged nitrate  concentrations
(Fig. 4c, Table 2). At all BCK and BSR sites, §13C values
were lower when upwelling strength and/or nitrate
concentration were high.

8N values

The results from the 8N random effects linear
mixed model show a significant depth X season inter-
action and a significant effect of season and depth
(Table 1). The depth X season interaction showed the
opposite pattern of §°C values; there was no differ-
ence in 8'°N values between depths during the spring
and early summer, but there was a significant differ-
ence between depths during the late summer and fall
(Fig. 3). The variance components model for §*°N val-
ues showed that the main effect of season explained
nearly 90 % of the explained variation.

The variability in §'°N values was also significantly re-
lated to the variability in upwelling strength and nitrate
concentration. At BCK sites, §'°N values at both 5 and
15 m were significantly correlated to non-lagged up-
welling values (Fig. 4b); 8'°N values at 5 and 15 m at BSR
sites were significantly correlated with 1 mo lagged up-
welling values (Table 2). The 8'°N values at both depths
at BSR sites were also significantly correlated with 1 mo
lagged nitrate concentrations (Fig. 4d). Similar to §'3C
values, 8'°N values at all sites were negatively correlated
with upwelling strength and nitrate concentration.

DISCUSSION

Nearshore waters are in nearly constant flux due to
current and wave forces that move nutrients, particu-
lates, and individuals through the system. It is there-
fore reasonable to predict that isotope values of
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Table 2. Macrocystis pyrifera. Step-wise regression analysis for kelp isotopic values versus non-lagged and 1 mo lagged environ-
mental variables at 2 depths (5 and 15 m). BCK: Big Creek; BSR: Big Sur. Values in bold are significant at p < 0.15. (-): variables
that were not significant and were thus dropped from the step-wise regression analysis

Multiple regression —— Discharge —— Upwelling —— Nitrate
F p F p F p
No lag
BCK 8'%C; 5m - - 11.68 0.005 - -
BCK 8"N; 5 m - - 12.30 0.003 - -
BCK 8'%C; 15m - - 9.86 0.007 - -
BCK 8N; 15 m 14.24 0.003 17.84 0.001 - -
BSR 8'C; 5m - - 7.62 0.02 - -
BSR 8!3C; 15 m - - - - 5.28 0.04
1 mo lag
BSR 3%3C; 5m - - - - 8.16 0.02
BSR §'°N; 5m - - 12.20 0.005 4.70 0.05
BSR 8!3C; 15 m - - 8.96 0.01 3.93 0.07
BSR 8N; 15 m - - 11.08 0.007 8.01 0.02
aquatic macrophytes will be particularly dynamic due The 8'3C value of marine algae is most strongly im-
to constantly changing delivery and concentration of pacted by factors relating to photosynthetic processes,
DIC and nutrients in the nearshore ocean that can including the concentration of COj,q), the dominant
affect macrophyte physiology. form of DIC used (i.e. COyq or HCOj3'), the 313C value
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of inorganic carbon sources, and photosynthetic rate
and physiology (Cifuentes et al. 1988, Bernasconi et al.
1997, Rau et al. 1997), i.e. processes that affect isotopic
fractionation. There are 4 carbon pools that may sup-
port nearshore photosynthesis off the Big Sur coast.
Terrestrial DIC, produced by oxidation of C; vegeta-
tion on land, has the lowest 813C values, and is typically
between -15 and —-5%. (Kaldy et al. 2005, Waldron et
al. 2007), with the lowest values occurring during high-
flow events (Doctor et al. 2008). The COy,q and HCO3~
that are brought to the surface by upwelling have the
next lowest values (3'3Cpc approx. —0.3%o). This pool
is relatively enriched in '?C by remineralization of
marine organic matter delivered to the ocean floor
from the surface ocean. 'Local’ DIC formed by invasion
of atmospheric CO, into the surface ocean will have
variable 8'°C values, dependent on local water temper-
ature, but will be more *C-enriched than upwelled
water. The most 13C-enriched carbon will occur in sur-
face water that advects into nearshore waters (0.8 to
1.5%o) that has experienced significant prior photosyn-
thesis followed by export production of 2C-enriched
organic matter to the ocean floor (Ortiz et al. 2000).

Primary producer 3°N values depend largely on the
315N of the sources of nitrogen (i.e. upwelling, terres-
trial input, atmospheric deposition), nitrogen concen-
tration, and the dominant form of nitrogen used (i.e.
NO;™ or NH,*; Handley & Scrimgeour 1997, Ostrom et
al. 1997). NOj; is the dominant form of DIN in
nearshore waters (Zehr & Ward 2002), so we focused
our attention on the 8'°N value of NO;5~ from different
sources. The 8N of terrestrially-derived DIN can
range widely depending on land use within a water-
shed. In forested, mainly intact watersheds, §!°N is
largely driven by microbial activity in the soil, and
ranges from -2 to +4 %o (Spoelstra et al. 2001, Mitchell
et al. 2006). Upwelled nitrate in the Monterey Bay
region has an intermediate §'°N value and is typically
around 7 to 8 % (Rau et al. 1998). Surface water nitrate
that can be advected onshore when upwelling circula-
tion is relaxed can have §'°N values as high as 14 %o
due to high rates of photosynthesis (Wankel et al.
2007). Atmospheric deposition, which we did not mea-
sure in this study, is not expected to be substantial
since there are no dense population centers or major
sources of industrial inputs in the region.

Terrestrial input delivery

In our first hypothesis, we predicted that if terrestrial
DIC and nitrate subsidies were important contributors
to kelp growth, then kelp isotope values would be low-
est from January to March, particularly at river sites,
due to the episodic input of '3C-depleted DIC and

I5N-depleted nitrate from terrestrial sources that are
delivered during high-flow river discharge events.
Although isotope values were lowest in the spring, we
did not find a significant correlation between river dis-
charge rates and 8'3C or §'°N values, nor was there a
significant difference between isotopic values at non-
river versus river sites. Our sample size for winter was
severely limited, however, due to stormy, rough ocean
conditions that were unfavorable for sampling. Dis-
charge events along the Big Sur coast deliver a large
amount of particulate and dissolved organic materials
to the nearshore environment (M. Foley unpubl. data),
but these subsidies are delivered over a short period of
time (1 to 3 d) and are likely to be moved quickly off-
shore by turbulent mixing from large waves. It is possi-
ble that we did not detect any correlations between
813C or 8N values and river discharge because the
short-lived delivery of isotopically-distinct, terrestri-
ally-derived DIC and nitrate sources were swamped by
the more stable supply of marine-derived subsidies. In
any case, our results support the conclusion that terres-
trial subsidies contribute little carbon and nitrogen to
support kelp growth. We did not address hypotheses
related to other terrestrial inputs (i.e. micronutrients
such as Fe, sediments that contribute to turbidity).

Upwelling input delivery

In our second hypothesis, we predicted that isotope
values in Macrocystis from April to July would be
slightly higher than values from January to March due
to an increase in upwelled sources of DIC and nitrate
with intermediate isotope values. Upwelling strength
is greatest from April to July along the Big Sur coast
(Fig. 2) and was significantly correlated with the low
313C and 8N values we found in kelp tissue (Fig. 3),
contrary to our prediction.

The delivery of carbon with intermediate 8§3C values
to the nearshore ocean during the upwelling season
coincides with increased nutrient concentration and
light availability. The combination of these 3 abiotic
factors in the early spring creates a highly favorable
environment for Macrocystis, and growth rates are
typically highest during this period (Zimmerman &
Kremer 1986, Reed et al. 2008), especially at 3 to 4 m
below the surface where light levels are higher than at
the bottom (Wheeler 1977). Plants photosynthesizing
at high rates can deplete the COy,q pool at the blade
surface and even begin to draw down total DIC in the
water column, resulting in higher plant §C values
(Farquhar et al. 1989). Thus, despite the fact that
upwelled DIC is more '*C-enriched than terrestrial
DIC and that kelp grows rapidly on the Big Sur coast
during the upwelling season, we did not see an
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increase in 8'*C values during this season. This sug-
gests that the carbon pool was being replenished at a
fast enough rate to make up for photosynthetic
removal, perhaps by upwelling or by increased along-
shore currents during the spring and early summer
(Woodson et al. 2007). However, there was a signifi-
cant difference between 8'C values in blades col-
lected at 5 and 15 m depth during the upwelling period
(Fig. 3), suggesting that blades at 5 m may have been
drawing down CO,,q at a faster rate, resulting in
higher §'3C values.

In addition to replenishing the DIC pool, upwelling
circulation injects cold, nutrient-rich water to surface
waters, resulting in a significant positive correlation be-
tween nearshore nitrate concentration and upwelling
intensity (Barth et al. 2007). Due to upwelling circula-
tion, increased nitrate concentration can also be accom-
panied by increased along-shore currents during the
spring and early summer (Woodson et al. 2007), which
are likely to increase water flow through the kelp bed
and aid in the delivery of fresh pools of nutrients to the
surface of kelp blades (Hurd 2000). Plants typically
have lower 8°N values if the nitrogen pool is in excess
in the system, due to the discrimination against the
heavy isotope during enzymatic update and fixation
(Ostrom et al. 1997). If the source pool is completely
consumed, however, discrimination decreases and the
8N value of the plant converges on the §°N value of
the nitrogen source, a common scenario in most regions
of the ocean (Altabet & Francois 1994). Rau et al. (1998)
found that the particulate nitrogen pool in Monterey
Bay had an average 8'°N value of 7.6 %, when the ni-
trate pool was completely drawn down, and 8'°N values
of ~8%. or greater are expected in upwelled water
along the northeastern California margin (Altabet et al.
1999). The 8N of our kelp samples was approximately
5%o during the upwelling season, suggesting that the
nitrate pool was not being locally depleted. Despite the
fact that the 8'°N value of upwelled nitrate is heavier
than terrestrial nitrate, the high concentration of nitrate
delivered via upwelling, along with increased water
flow through the kelp bed during the spring and early
summer, may drive lower 8'°N values in kelp blades
throughout the water column.

Minimal input delivery

Our third hypothesis was that in the late summer and
early fall, because of the use of relatively *C- and °N-
enriched subsidies and the reduced input of all subsi-
dies (minimal terrestrial input or upwelling, low nitrate
concentration), we would observe the highest kelp iso-
tope values. Our data showed a consistent pattern of
high 8*C and 8N values across all years during this

time period, suggesting that the DIC pool at the blade
surface becomes more *C-enriched as the rate of car-
bon uptake exceeds the rate of replenishment. This
decrease in replenishment of CO,,q, supply to the
blade surface is likely to occur in the late summer and
early fall due to decreased water exchange within the
center of a kelp bed as a result of reduced upwelling
strength, low wave heights, and a dense kelp canopy
(Gaylord et al. 2007, Hepburn et al. 2007). Diffusion
limitation of CO, at the blade surface may increase the
dependence of algal species on bicarbonate (HCO3),
which requires additional enzymes and energy and
results in higher 8'3C values in algal tissue (Raven
1970, Raven et al. 2002).

We also saw a decrease in nitrate concentration as
upwelling intensity decreased. This change in nutrient
delivery was accompanied by a shift of §'°N values
from ~5%o in the spring to ~8%. in the fall. The latter
values are close to 8'°N values for both particulate
nitrogen (7.6 %o0; Rau et al. 1998) and particles collected
in sediment traps (7.8 %.) in Monterey Bay (Altabet et
al. 1999), suggesting a complete utilization of the
nitrate pool, resulting in higher §°N values. We also
found a significant difference between depths in the
late summer and fall, with higher and more variable
85N values at 15 than at 5 m (Fig. 3). Although there
was a significant difference between the §'°N values at
these 2 depths, the 8!°N values for both depths overlap
published values for subsurface nitrate (7 to 8%.; Alta-
bet et al. 1999). However, the slight difference in §"°N
values between depths may also indicate that blades at
5 m use another nitrogen source, such as ammonium,
which is excreted by epiphytic hydroids and bryozoans
on the kelp blade surface (Hepburn & Hurd 2005).

SUMMARY

Stable isotope analyses can be used effectively to
investigate the spatial and temporal patterns of sub-
sidy use in primary producers. Along the Big Sur coast
from 2005 to 2007, 8'3C values of Macrocystis blade tis-
sue ranged from —25 to —13%. and 8'°N values ranged
from 2 to 10 %.. We found that the strong seasonal trend
in these values was associated with the shift from high
upwelling intensity and nitrate concentration in the
spring and early summer to low upwelling intensity
and nitrate concentration in the late summer and fall.
The §'°C and 8'°N values from Page et al. (2008), the
only published study of Macrocystis values from the
US west coast (Santa Barbara Channel, California),
have a much smaller range in isotope values (8°C:
-13.8 to —12.2%0; 8'°N: 8.5 to 9.7%.) and are consis-
tently higher than the values we found in Big Sur. The
large difference in isotope values between these 2
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regions within the California Current system high-
lights the importance of understanding how local-scale
oceanographic conditions, nutrient sources, and algal
physiology can affect stable isotope values of primary
producers.

Our findings make important contributions to under-
standing the mechanisms driving isotopic variability in
primary producers. However, the large amount of tem-
poral variation in the isotope values of Macrocystis in
our study underscores the variability of primary pro-
ducers over short temporal and spatial scales, making it
difficult to generalize results or observations across the
geographic range of this ecologically important species.
Our results also have implications for understanding
the relationship between Macrocystis and higher
trophic levels in kelp forest systems. Kelp is an impor-
tant food source for many organisms throughout the
world's oceans (Dayton 1985, Duggins et al. 1989,
Kaehler et al. 2006), and the large variations in isotope
values of kelp tissue will likely be transferred to basal
consumers. [t is important to understand these patterns
of temporal and spatial variability so that they can be
appropriately incorporated into diet mixing models for
consumers. This study provides a snap-shot look of how
terrestrial and oceanic inputs combine to influence the
nearshore Macrocystis community in Big Sur. These
data also serve as an important baseline index of the in-
terplay between allochthonous subsidies in the
nearshore habitats along the Big Sur coast where hu-
man alterations to the terrestrial and marine landscapes
are currently minimal.
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