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Abstract

This study examined the capacity of the giant kelp, Macrocystis pyrifera, to exhibit surge uptake as a mechanism to enhance
nitrogen assimilation during seasons when nitrate is depleted. Surge uptake of nitrate, ammonium, and urea was assessed
in the spring and summer with whole-blade incubation experiments using '°> N tracers. The incubation experiments showed
evidence of surge uptake lasting up to 5 min for ammonium and 1 min for nitrate during the summer only. Giant kelp showed
little capacity for surge uptake of urea regardless of season. The ecological importance of the patterns of surge uptake
observed for ammonium and nitrate, however, is questionable, given the small scale and ephemeral nature of ammonium
pulses most likely experienced by giant kelp, and the longer duration pulses of nitrate associated with internal waves and
upwelling. Rather it seems more likely that uptake of ammonium and urea at ambient concentrations, combined with nor-
mal uptake of nitrate during longer duration pulses of high concentrations, sustains giant kelp growth during seasons when

ambient concentrations of nitrate are low.
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Introduction

Nutrient availability is a primary factor controlling the
species composition and performance of primary produc-
ers in many marine environments (Borum 1996; Pedersen
and Borum 1997; Taylor et al. 1999; Lucas et al. 2011).
In coastal systems strong seasonal variation in the supply
of nitrogen is known to limit primary production by both
phytoplankton and macroalgae, especially during prolonged
periods of stratified conditions (Ryther and Dunstan 1971;
Topinka and Robbins 1976; Chapman and Craigie 1977;
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Thomas and Harrison 1987; Phillips and Hurd 2004; Kim
et al. 2007; Pérez-Mayorga et al. 2011; Baek et al. 2015;
Ding et al. 2018). In the highly productive systems that
occur on the inner shelf within eastern boundary currents,
the annual net supply of nitrogen is dominated by nitrate-
rich water transported to the inner shelf by wind-driven
coastal upwelling (Chavez and Messie 2009; Washburn and
McPhee-Shaw 2013; Messie and Chavez 2015).

During non-upwelling periods other oceanographic pro-
cesses, including internal waves, sub-mesoscale eddies and
aerial deposition serve as the major transporters of nitrate
to the inner shelf of eastern boundary currents, especially
in semi-arid regions with weak river inflows (Zimmerman
and Kremer 1984; Paerl et al. 2002; Washburn and McPhee-
Shaw 2013; Baek et al. 2015). However, these processes may
collectively deliver only a small fraction of the annual net
supply of nitrate in these regions (McPhee-Shaw et al. 2007),
and have relatively little effect during the stratified condi-
tions in summer and autumn when ambient concentrations of
nitrate typically average < 1 wmol L™ (Hepburn et al. 2007;
Brzezinski et al. 2013). While these other oceanographic and
aerial processes are not sufficient to maintain nitrate at high
levels during stratified periods, they are capable of deliver-
ing high concentrations of nitrate in short pulses. Such is
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the case for diurnal and semidiurnal internal waves, which
periodically expose shallow waters of the inner shelf of
eastern boundary currents to high concentrations of nitrate
over periods lasting minutes to several hours (Lerczak et al.
2001; McPhee-Shaw et al. 2007; Ladah et al. 2017). Internal
waves are most prominent during late spring and summer
(Pineda 1995; Sharples et al. 2001; Brzezinski et al. 2013)
and the nitrate that they supply is thought to sustain popula-
tions of phytoplankton and macroalgae in shallow coastal
waters during periods of summer stratification (Zimmerman
and Kremer 1984; Ladah et al. 2012, 2017; Villamaiia et al.
2017).

In addition to nitrate, locally recycled forms of nitrogen
such as ammonium and urea are present on the inner shelf
throughout the year (Remsen 1971; Eppley et al. 1979;
Herbert 1999; Smith et al. 2018) and both are known to be
utilized by phytoplankton and at least some macrophytes
(Smith et al. 2018). As opposed to the large diurnal pulses
of nitrate, pulsed delivery of ammonium and urea is most
likely to occur as high concentrations in small emphem-
eral patches created via excretion by consumers within the
system (Corner and Newell 1967; Allen and Garrett 1971;
Regnault 1987; Allgeier et al. 2017). The near continuous
flux of these alternative forms of nitrogen may be important
in helping to sustain primary production to varying degrees
during periods of low nitrate availability (Fram et al. 2008;
Brzezinski et al. 2013; Han et al. 2017).

Pulsed delivery of nitrogen is likely to be most advanta-
geous to species that have the capacity to quickly increase
their rate of nitrogen uptake. Such non-linear uptake that
optimizes the use of ephemeral nutrient pulses is commonly
referred to as surge uptake, enhanced uptake or transient
uptake (Rosenberg et al. 1984; Thomas and Harrison 1987;
Pedersen 1994; Dy and Yap 2001). Evidence for surge
uptake by phytoplankton and macroalgae in low-nutrient
conditions commonly comes from studies in which organ-
isms have been previously starved of nitrogen (D’Elia and
DeBoer 1978; Thomas and Harrison 1987). Results from
these studies indicate that surge uptake is most beneficial
to phytoplankton during the first two hours of pulsed deliv-
ery, whereas the capacity for surge uptake by macroalgae
appears to diminish within the first 15-30 min of exposure
to elevated nitrogen.

Having the capacity for surge uptake could be particularly
beneficial for species like giant kelp, Macrocystis pyrifera,
a perennial brown macroalgae that forms highly produc-
tive forests on shallow coastal reefs on eastern continental
margins of North and South America, Australasia and in
sub-Antarctic waters (Graham et al. 2007; Schiel and Foster
2015). The development of near-oligotrophic conditions dur-
ing summer and autumn throughout much of M. pyrifera’s
range (Wheeler and Srivastava 1984; Brown et al. 1997;
Buschmann et al. 2004; Bell et al. 2015) coupled with its
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inability to accumulate nitrogen reserves sufficient to last
more than a couple weeks (Gerard 1982a; Zimmerman and
Kremer 1984) appear to contradict its demonstrated ability
to sustain growth year round (Wheeler et al. 1981; Gonzélez-
Fragoso et al. 1991; Reed et al. 2008). Having the capacity to
rapidly elevate the rate of nitrogen uptake to take advantage
of short pulses of concentrated nitrogen (such as those asso-
ciated with internal waves) could help sustain the growth of
giant kelp during summer and autumn when ambient nitrate
concentrations are critically low (i.e., <1 pmol L_l), and
help explain why nitrogen starvation in giant kelp appears to
be uncommon (Gerard 1982b). Surge uptake of concentrated
pulses of ammonium and urea might also enhance nitrogen
assimilation in M. pyrifera as these recycled forms of nitro-
gen are readily taken up by giant kelp (Haines and Wheeler
1978; Hepburn et al. 2006; Smith et al. 2018, 2021).

Here we used laboratory incubation experiments to assess
the physiological capacity of M. pyrifera for surge uptake as
a mechanism to enhance nitrogen assimilation during sea-
sons when nitrate is depleted. We examined this phenomena
for three common forms of nitrogen, nitrate, ammonium,
and urea, using whole kelp blades collected from the Santa
Barbara Channel, a region where ambient nitrate concen-
trations average < 1 umol L™! during summer and autumn
(Brzezinski and Washburn 2011; Brzezinski et al. 2013),
and the pulsed delivery of nitrate, ammonium and urea are
common (Fram et al. 2008; Stewart et al. 2009; Smith et al.
2018; Peters et al. 2019). Demonstrating the physiological
capacity for surge uptake does not in of itself provide evi-
dence of its adaptive value. Therefore, to gain insight into
the ecological relevance of surge uptake by giant kelp we
evaluated temporal changes in the uptake rates of nitrate,
ammonium and urea in the context of the characteristic pat-
terns of their pulsed delivery in nature.

Materials and methods
Sample collection and preparation

Actively growing Macrocystis pyrifera blades that were
relatively free of epiphytes were collected during the
nitrate replete spring (May) and the nitrate-deplete sum-
mer (September) from natural populations near Santa Bar-
bara, California for use in incubation experiments of surge
uptake. Five replicate experiments were conducted in both
spring and summer 2019. For each experiment a single
blade located ~2 m from the distal end of a growing frond
was collected from 30 unique haphazardly chosen plants.
Blades were placed in an insulated cooler upon collection
and returned to the laboratory at the University of Califor-
nia Santa Barbara where they were placed in a tank with
constantly flowing sand-filtered seawater illuminated with
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full spectrum LED lamps emitting 100-200 wmol m 2 s~!

on a 12:12 h day:night cycle for 1-2 days prior to each
experiment.

Experimental design

Nitrogen uptake by M. pyrifera was measured in incuba-
tion experiments exposing entire blades to an isotopically
labelled form (> N) of one of three nitrogen sources (nitrate,
ammonium or urea) for pre-determined amounts of time. In
each replicate experiment, single blades were placed in 1 L
trays filled with nitrogen-depleted filtered sea water. Nitro-
gen depleted sea water was obtained by inoculating trans-
lucent carboys of sand-filtered seawater with phytoplank-
ton-enriched seawater and placing the carboys in ambient
daylight (~30 wmol m™~2 s™!) at room temperature. After a
minimum of 4 weeks, upon which nitrate plus nitrite concen-
trations were undetectable, the seawater was coarse filtered
(10 pm) and then fine filtered (0.2 wm) using a gravitational
filtration system, and stored at ambient seawater temperature
until used in an experiment.

Each incubation tray was aerated with an aquarium pump
and air stone to maintain constant water movement. Experi-
mental pulses of nitrogen were simulated by introducing
one of the three nitrogen isotope tracers into an incubation
tray filled with 1 L of nitrogen-depleted seawater to achieve
an initial concentration of 10 LM nitrogen prior to adding
the kelp blade. A concentration of 10 .M nitrogen is repre-
sentative of nutrient pulses delivered to giant kelp in south-
ern California by internal waves (Brzezinski et al. 2013)
and excretion (Bray et al. 1986). The length of exposure to
labeled nitrogen was varied to determine how the rate of
uptake changed as a function of the duration of the simu-
lated pulse. Because previous studies have shown that surge
uptake in macroalgae typically diminishes after 15-30 min
(D’Elia and DeBoer 1978; Rosenberg et al. 1984; Thomas
and Harrison 1987; Dy and Yap 2001) we tested exposure
times of 1, 5, 15, and 45 min. Three replicate incubations of
the four exposure times were done for each nitrogen form,
resulting in simultaneous incubations of 36 unique blades
for each of the ten replicate experiments (five in spring and
five in summer). All experiments were done under condi-
tions of saturating irradiance, > 170 pmol photons m-2s7",
to eliminate light as a potentially confounding factor influ-
encing the rate of nitrogen uptake (Colombo-Pallotta et al.
2006).

Blades were removed from the incubation trays at the
end of the designated exposure time, and cleaned of any
remaining tracer and potential epiphytes by rinsing in 10%
HCI and then deionized water. Each blade was blotted and
weighed damp, and then dried overnight at 60 °C to obtain
dry weight. Dried tissue was ground to a powder and sub-
samples were analyzed using an elemental analyzer isotope

ratio mass spectrometer (EA-IRMS) to determine the atom
% '> N and the percent weight nitrogen (% N) of each blade,
which was used to calculate uptake rates for each incuba-
tion treatment. For each experiment, five control blades, col-
lected at the same time as the experimental blades, but not
incubated in isotopically labeled '*> N, were processed and
analyzed for '3 N to obtain an estimate of the initial nitrogen
isotope composition and total nitrogen content (as a percent
dry weight) of experimental blades prior to incubation.

Evaluating the physiological capacity for surge
uptake

The uptake rate of nitrogen for nutrient pulses with different
durations (V) in units of inverse time was calculated using a
modified version of an equation by Legendre and Gosselin
(1996):

(n, —ny)

= i, —dy) M

where n, is the atom % ' N in the blade after incubation; 7,
is the atom % !> N in the control blades; d, is the atom % 5N
of the substrate (nitrate, ammonium or urea) in the seawater
at the start of the incubation after isotope tracer addition;
d, is the atom % '* N of the substrate in the seawater before
isotope tracer was added; and ¢ is the length of the incuba-
tion in minutes.

Values of V calculated for pulses of different duration
using Eq. (1) were compared to assess how the physiologi-
cal uptake of different forms of nitrogen changed over time
in response to exposure to a high-concentration pulse. A
caveat of this calculation is that uptake is averaged over the
total duration of the nitrogen pulse and thus does not provide
instantaneous rates of uptake rate at any given point in time.
To provide insight into the temporal evolution of uptake over
a pulse lasting 45 min, average values of nitrogen uptake
for specific time intervals during a 45-min pulse (V;) were
calculated as:

Vit) — (Vit;
V, = % 2)
=i

where V; and V; are the uptake rates measured at the start and
end of a specific time interval and ¢; and ¢; are the durations
of the time intervals over which V; and V; were calculated.
Using Eq. (2) we calculated values of V, for time intervals
of 0—1 min, 1-5 min, 5-15 min, and 15-45 min for each of
the three nitrogen forms.
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Assessing the ecological relevance of uptake rates

The ecological implication of the uptake response to pulsed
nitrogen was assessed by examining the biomass-normalized
uptake rate p [g N (g dw) ™! min~'] using Eq. (3):

v
=V(me) @

where my, is the mass of isotope in the subsample taken for
isotope analysis (lLg) and m, is the dried weight subsample
(g) (Legendre and Gosselin 1997).

Values of p were used in combination with estimates of
daily nitrogen uptake by M. pyrifera to evaluate the likeli-
hood that nitrogen uptake during pulses, and surge uptake
in particular, make a significant contribution to giant kelp’s
nitrogen demand. For this purpose, we estimated the number
of pulses of a given concentration and duration that would be
needed to meet the nitrogen demand of giant kelp in spring
and summer. Estimates of the average daily nitrogen demand
in spring and summer were derived from measurements of
net primary production by giant kelp (in units of g kelp N
produced m2d"") and standing biomass (in units of g dry
mass m™2) of M. pyrifera obtained from a 15-y monthly time
series of three kelp forests in the Santa Barbara Channel col-
lected by the Santa Barbara Long Term Ecological Research
program (Rassweiler et al. 2018).

Examination of nitrogen status as a driver of surge
uptake

Previous studies have found surge uptake by macroalgae
to be more pronounced in specimens previously starved of
nitrogen (D’Elia and DeBoer 1978; Rosenberg et al. 1984;
Brinkhuis et al. 1989). Thus, we estimated the percent nitro-
gen of experimental blades to account for variation in surge
uptake due to differences in nitrogen status. Because it was
not possible to measure the nitrogen content of a blade prior
to an experiment without damaging it, the percent nitrogen
of a blade at the start of incubation (N,,) was calculated as

p tmdw

N _ Pdw
my,, — 15ptmy,

0 =My — 4
where my, is the mass of nitrogen present at the end of the
experiments (jLg) as measured by the EA-IRMS, m,, is the
dried weight subsample (g), p is the biomass-normalized
uptake rate [pg N (g dw) ! min~!] and ¢ is the length of the
incubation in minutes.
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Statistical analysis

Linear mixed-effects models were used to estimate the
effects of season, pulse duration, and the percent nitrogen of
blades at the start of the incubation on nitrogen uptake rates.
Separate models were used to predict responses in the spe-
cific uptake rate (V,) of each of the three nitrogen forms as
a function of season (fixed) and pulse duration (fixed) while
controlling for experiment day (random nested within sea-
son) and initial percent N (covariate). Estimating uptake for
specific pulse intervals required averaging replicate blades
within a given pulse duration. Thus, the response of V; to
variation in season, pulse interval and initial percent N were
assessed separately for the three forms of nitrogen using a
linear model in which season and pulse interval were fixed
and percent N a covariate. Pairwise comparisons of Tukey-
adjusted least square means were used to determine differ-
ences among pulse durations (or pulse intervals) in cases
where the effects of pulse duration (or pulse interval) were
significant. Significantly higher uptake rates for pulse dura-
tions and pulse intervals of 15 min or less were considered
as evidence of surge uptake as per previous studies of mac-
roalgae (D’Elia and DeBoer 1978; Rosenberg et al. 1984;
Thomas and Harrison 1987; Dy and Yap 2001).

Although variation in the nitrogen status of experimental
blades was controlled for in the analyses of surge uptake it
was nonetheless possible that this variation was not distrib-
uted equally among the different factors examined in our
experiments. Thus, we tested whether the percent nitro-
gen of control blades collected at the same time as those
used in the experiments differed with season using a linear
mixed effects model with season (fixed) and experiment day
(random nested within season). We also tested whether the
percent nitrogen of experimental blades calculated at the
beginning of an incubation (based on p and nitrogen con-
tent measured at the end of the experiment) differed with
respect to pulse duration and nitrogen form using a linear
fixed effects model.

Results
Patterns of surge uptake

The response of the specific uptake rate (V) by blades
exposed to experimental pulses of nitrogen differed with
incubation time and season for the three forms of nitrogen.
The uptake of nitrate during pulses lasting 1 minute was
on average 50% higher than that of pulses lasting 5—45 min
(F3,105=6.74, p<0.001 for main effect of pulse interval,
Fig. la), indicating that the capacity for surge uptake of
nitrate by giant kelp is restricted to very short pulses. The
uptake of nitrate was on average 17% higher in summer
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Fig. 1 The effects of pulse duration and season on the specific uptake
rate (V) for a nitrate, b urea and ¢ ammonium. Bars and errors rep-
resent least squared means and standard errors. Bars for ammonium
that do not share the same letter were significantly different from each
other based on Turkey post hoc comparisons (a@=0.05)

(when conditions tend to be nitrate depleted) irrespective of
the duration of the nitrate pulse (F; 195 =15.08, p=0.026 for
main effect of season). Significantly higher uptake rates in
summer were also observed for pulses of urea (F3 o, =5.24,
p =0.024 for main effect of season), but V was unaffected
by pulse duration (F; 4,=0.97, p=0.410) indicating little
capacity for surge uptake of urea (Fig. 1b).

The specific uptake rate of ammonium was generally 23
times higher than that of nitrate and urea, and kelp blades
displayed a higher capacity for surge uptake of this nitrogen
form (Fig. 1c vs. a and b). The effects of pulse duration on
the uptake of ammonium varied significantly with season
(F3,105=4.04, p=0.009 for season* pulse duration interac-
tion). The uptake rate of ammonium by blades exposed to
1- and 5-min pulses in summer was about three times higher
than that observed for longer pulses irrespective of season,
and ~ 50% higher than that of blades exposed to a one-minute
pulse in spring (Fig. 1c). The effects of pulse duration and
season on the uptake of nitrate, urea and ammonium were
qualitatively similar for p (Fig. S1).
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Fig.2 The effects of pulse interval and season on the specific uptake
rate (V) for a nitrate, b urea and ¢ ammonium. Bars and errors rep-
resent least squared means and standard errors. Bars for ammonium
that do not share the same letter were significantly different from each
other based on Turkey post hoc comparisons (a=0.05)

Uptake rates of nitrate, urea and ammonium averaged
over specific time intervals of a nitrogen pulse (V,) were
similar to those averaged over the entire duration of a
pulse (Figs. 2 vs. 1). The only exceptions were a lack of
significance of the effects of season for urea (F, ;3=2.16,
p=0.154, Fig. 2b) and minor differences in the statistical
significance between pairs of season-pulse interval combina-
tions for ammonium (Figs. 2¢ vs. 1c¢).

Response of uptake to variation in blade nitrogen

The specific uptake rate of all three forms of nitrogen gener-
ally declined linearly with increasing blade nitrogen content
(Fig. 3). In the cases of nitrate and ammonium the rate of
decline in V with blade nitrogen content varied with pulse
duration (F; 1os=4.21, p=0.008 and F; 1ps=5.37, p=0.002
for the pulse duration * percent nitrogen interaction for
nitrate and ammonium, respectively). The rate of decline in
V with blade nitrogen tended to increase with pulse duration
for nitrate and decrease with pulse duration for ammonium.
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Fig.3 Results showing the relationship between blade percent nitro-
gen and specific uptake rate (V) for different durations of concen-
trated pulses of a nitrate, b urea and ¢ ammonium

By contrast, the rate of decline in V with blade nitrogen con-
tent for urea was unaffected by pulse duration (F3 10, =0.55,
p=0.646 for the pulse duration * percent nitrogen interac-
tion), which is not unexpected given that V for urea did not
vary with pulse duration (Fig. 1).

The nitrogen status of control blades collected at the
same time as those used in the experiments varied sub-
stantially, even within a season (range 0.7-2.3% nitrogen
dry weight), despite standardized collections that targeted
blades of similar age and condition. Nonetheless, the aver-
age percent nitrogen content of control blades collected
in spring when conditions tend to be nitrate replete was
similar to that of blades collected in summer when condi-
tions tend to be nitrate depleted (mean=1.65% +0.08 SE
and 1.51 +0.09 SE for spring and summer, respectively;
F 46=0.07, p=0.799). Comparisons of calculated values
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Fig.4 Box plots showing the variation in the initial nitrogen content
of experimental blades (expressed as % dry mass) as a function of a
pulse duration and b nitrogen form. The solid horizontal line repre-
sents the median, the dashed line the mean, the boundary of the box
indicates the 25th and 75th percentile, the whiskers (error bars) indi-
cate the 10th and 90th percentiles and the solid points are values that
lie outside the 10th and 90th percentiles

of the initial percent N of experimental blades showed
that the average percent nitrogen of blades used in uptake
experiments did not differ significantly among pulse
durations (Fig. 4a, F; 34, =0.43, p=0.730) or nitrogen
forms (Fig. 4b, F, 347 =0.20, p=0.820). Collectively,
these results indicate that variation in the initial nitrogen
status of blades was similar among the experimental treat-
ments and did not influence the significance of treatment
effects.

Discussion

Using laboratory incubation experiments of entire blades,
we found that the capacity for surge uptake by Macrocystis
pyrifera varied with nitrogen form, season and blade nitro-
gen content (measured as a percent of dry mass). The strong-
est evidence of surge uptake as a potential strategy for N
acquisition came from incubation experiments in summer
involving ammonium, when pulses produced a 2 to three-
fold increase in V and p for the first 5 min. Giant kelp tissue
N content in the study region is typically lower in summer
(Reed et. al. 1996; Brzezinski et al. 2013), but highly vari-
able, and we found no significant difference between the
mean % N of blades collected for our experiments in spring
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and summer. Our analysis, moreover, removed this effect
on uptake rates, suggesting that the higher surge uptake we
observed in summer is driven by factors other than tissue N
content. Taken together this suggests that the seasonal dif-
ferences in surge uptake that we detected in our experiments
could be magnified at the population level when lower tissue
N content in summer is evident.

The extent to which surge uptake by M. pyrifera is influ-
enced by acclimation to its recent history of nitrogen expo-
sure (as opposed to its current nitrogen status) was not exam-
ined in our study. Such acclimation could account for the
seasonal differences in uptake that we observed as ambient
nitrogen concentrations in the Santa Barbara Channel and
elsewhere throughout M. pyrifera’s range tend to be highest
in winter and spring and lowest in summer, with correspond-
ing seasonal patterns in blade nitrogen content (Wheeler and
Srivastava 1984; Van Tussenbroek 1989; Brown et al. 1997;
Brzezinski et al. 2013). Such seasonal differences would
afford greater advantage to surge uptake of ammonium in
summer given that V varied inversely with blade nitrogen
content.

Our finding that surge uptake of ammonium by M.
pyrifera was influenced by the nitrogen content of its tis-
sues is consistent with that observed in other macroalgae.
Short-term (5 min) uptake rates of ammonium by nitrogen
starved specimens of the red algae Neoagardhiella baileyi
and Gracilaria foliifera were twice that of more N-replete
specimens (D’Elia and DeBoer 1978). Similarly, individuals
of the brown algae Chordaria flagelliformis and Fucus dis-
tichus with the lowest thalli N content displayed the highest
rates of nonlinear uptake of ammonium (Rosenberg et al.
1984).

Much like ammonium, urea is produced locally via
excretion by consumers. However, unlike ammonium, we
found no evidence of surge uptake of urea by M. pyrifera.
In the case of nitrate which is advected into the kelp forest
from deeper water, both V and p were 50% higher during
the 1-min exposure compared to 5 to 45-min exposures,
indicating that M. pyrifera may exhibit some capacity for
surge uptake of nitrate for a very short duration. However,
it is unlikely that such short-term increases in the rate of
nitrate uptake significantly alter the N content and growth of
M. pyrifera during the nitrate depleted summer. Therefore,
instead of relying on surge uptake to increase its acquisition
of nitrate during this oligotrophic period, giant kelp may
simply increase its uptake capacity of nitrate in response to
prolonged exposure to low nitrogen conditions as found by
Fernandez et al. (2017) for M. pyrifera in New Zealand, and
as suggested by our result that nitrate uptake was higher in
summer compared to spring.

Assessing the ecological significance of surge uptake by
M. pyrifera requires interpreting its capacity for surge uptake
in the context of the amount of nitrogen uptake required

to account for its production as well as the concentration,
size, duration and frequency of naturally occurring pulses
of different forms of nitrogen. Using estimates of the net
nitrogen production (g N m~2d!) and standing biomass (g
dry mass m~2) of giant kelp obtained from a 15-year record
of monthly observations at three kelp forests near Santa Bar-
bara (Rassweiler et al. 2018), we calculated the average daily
nitrogen uptake of M. pyrifera in summer to be 270 ug N g
dry mass~' d”!. The most common form of nitrate pulses in
kelp forests off California USA and Mexico during summer
are delivered via diurnal to semidiurnal internal waves (Zim-
merman and Kremer 1984; Ladah et al. 2012, 2017), which
have been estimated to account for 27% of the summertime
nitrogen demand of M. pyrifera in the Santa Barbara Chan-
nel (Fram et al. 2008). Abrupt increases in nitrate associated
with steep leading edges of internal waves can elevate bot-
tom (i.e., 12 m depth) nitrate concentrations in kelp forests to
5-10 wmol L™! for 30-60 min with concentrations of 3 wmol
L~! persisting for up to 6-9 h (McPhee-Shaw et al. 2007).
Internal waves in this region have an along-shelf coherence
scale of at least 50 km (Cudaback and McPhee-Shaw 2009),
which is more than sufficient to elevate nitrate concentra-
tions of entire kelp populations. However, it is unlikely that
surge uptake significantly enhances M. pyrifera’s ability to
maximize its uptake of nitrate during internal waves given
that it is limited to a 50% increase in uptake during the first
few minutes.

As mentioned above, naturally occurring pulses of ammo-
nium and urea commonly occur sporadically as biproducts of
excretion by consumers. Raikar and Wafar (2006) described
such pulses as being highly localized and extremely short-
lived, dissipating within minutes. Nonetheless, excretion
by reef consumers has been implicated as a readily avail-
able source of nitrogen for macroalgae including giant kelp
(Bray et al. 1986; Bracken 2004; Bracken and Nielsen 2004;
Hepburn et al. 2006). The extent to which surge uptake of
ammonium contributes to M. pyrifera’s acquisition of nitro-
gen, however, is also questionable. Using the average value
for p determined for 1 and 5-min exposure to a 10 mol L™
pulse to represent the response of M. pyrifera to patches
of excreted ammonium, we estimated that 71 1-min pulses
or 18 5-min pulses of ammonium would be required each
day to meet M. pyrifera’s total nitrogen demand in summer.
These estimates are based on the assumption that a pulse of
ammonium encompasses an entire plant. Scaling down to the
millimeter or centimeter scale associated with an ammonium
excretion event by an individual consumer would increase
these estimates by orders of magnitude, diminishing the eco-
logical importance of surge uptake for an alga that can be
many meters in length.

Although surge uptake of such small patches of ammo-
nium are likely irrelevant to satisfying the nitrogen needs
of M. pyrifera it should still be noted that both ammonium
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and urea exist at low, relatively constant concentrations
(0.2—-1.5 wmol L™! N) in coastal waters (Eppley et al. 1979;
Herbert 1999; Smith et al. 2018). The near constant uptake
of this background concentration, rather than surge uptake
of smaller pulses, likely plays a significant role in sustaining
giant kelp’s nitrogen demand during periods of low nitrate
supply (Fram et al. 2008; Brzezinski et al. 2013), and may
explain why nitrogen starvation in giant kelp is a rare occur-
rence in Southern California (Gerard 1982a).

Understanding the physiological capacity of M. pyrifera
for surge uptake and its ecological significance in accounting
for the abundance and growth of this iconic foundation spe-
cies is important given its limited capacity to store nitrogen
(Gerard 1982a) and its routine exposure to prolonged periods
of nitrate depletion throughout much of its range (Wheeler
and Srivastava 1984; Brown et al. 1997; Buschmann et al.
2004; Bell et al. 2015). Our results suggest that during pro-
longed periods of low nitrate, surge uptake of ammonium
or direct exploitation of small patches of elevated ammo-
nium and urea excreted by consumers hold little potential
for meeting giant kelp’s N demand. Moreover, modest surge
uptake of nitrate on timescales of a few minutes such as we
observed would not contribute appreciably to giant kelp’s
ability to exploit pulses of elevated nitrate delivered by inter-
nal waves lasting a few hours. Instead, our findings sug-
gest that a combination of uptake of ammonium and urea at
ambient concentrations with normal uptake of nitrate during
diurnal to semidiurnal internal waves is a more likely expla-
nation for the sustained growth of giant kelp during pro-
longed periods with low ambient concentrations of nitrate.

Ongoing climate change is likely to lead to increase in
the frequency and duration of low nitrate conditions as
oceans continue to warm. Understanding how giant kelp will
respond and adapt to these changing conditions will become
increasingly important when developing management strat-
egies aimed at mitigating climate change effects on this
important foundation species. Much still remains unknown
about the complexities of nitrogen uptake and demand by
Macrocystis pyrifera, but the results presented here suggest
that surge uptake will not be an important factor influencing
the adaptation of this species to future conditions of nitrogen
availability.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00227-021-03975-z.
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