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Abstract Our understanding of the response of vascular,
terrestrial plants to nitrogen (N) addition is advanced and
provides the foundation for modern agriculture. In com-
parison, information on responses of marine macroalgae
to increased nitrogen is far less developed. We investigated
how in situ pulses of nitrate (NO;™) affected the growth
and N physiology of Macrocystis pyrifera by adding N
using potassium nitrate dissolution blocks during a period
of low seawater N concentration. Multiple parameters
(e.g. growth, pigments, soluble NO;™) were measured in
distinct tissues throughout entire fronds (apical meristem,
stipe, adult blade, mature blade, sporophyll, and holdfast).
Unexpectedly, N fertilisation did not enhance elongation
rates within the frond, but instead thickness (biomass per
unit area) increased in adult blades. Increased blade thick-
ness may have enhanced tissue integrity as fertilised kelp
had lower rates of blade erosion. Tissue chemistry also
responded to enrichment; pigmentation, soluble NO;™~, and
% N were higher throughout fertilised fronds. Labelled '°N
traced N uptake and translocation from N sources in the
kelp canopy to sinks in the holdfast, 10 m below. This is
the first evidence of long-distance (>1 m) transport of N in
macroalgae. Patterns in physiological parameters suggest
that M. pyrifera displays functional differentiation between
canopy and basal tissues that may aid in nutrient-tolerance
strategies, similar to those seen in higher plants and unlike
those seen in more simple algae (i.e. non-kelps). This study
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highlights how little we know about N additions and N-use
strategies within kelp compared to the wealth of literature
available for higher plants.
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Introduction

In both terrestrial and marine systems, nitrogen (N) may
reach concentrations that reduce or limit primary produc-
tivity (Tilman 1984; Chapin et al. 1986; Howarth 1988).
Some terrestrial plants from low-N environments have
more efficient N-use strategies due to physiological adapta-
tions that increase tolerance to N stress (Pastor et al. 1984);
this often involves functional differentiation across tissues,
leading to strategies in resource acquisition and/or alloca-
tion (Chapin 1980). With regard to marine macroalgae,
most physiological research assumes homogeneity across
tissues (Graham et al. 2007) but recognises that there may
be different nutritional strategies between annuals, ephem-
erals, and perennials (see Pedersen and Borum 1996; 1997,
Martinez et al. 2012). Macroalgal growth often parallels
seasonal changes in seawater N (Zimmerman and Kremer
1986; Hernandez et al. 1997), but the way in which differ-
ent tissues within an individual respond to such conditions
is largely unknown. If any group of macroalgae is likely to
show physiological differentiation across tissue types, as
happens in terrestrial plants, it is the relatively complex and
large habitat-forming Laminariales.

The largest of the laminarians, Macrocystis pyrifera, has
multiple distinct tissue types within an individual (Neu-
shul 1971; Perissinotto and McQuaid 1992). It is typi-
cally described as a seasonal responder, indicating that its
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productivity and/or reproduction are tightly associated
with changes in environmental parameters (Kain 1989). M.
pyrifera beds support some of the highest rates of primary
productivity compared to other ecosystems (North 1971;
Mann 1973), in which frond elongation rates can exceed
50 cm day~!' (Clendenning 1971) when ambient concen-
trations are sufficient [estimated as 0.14-1.03 g N m™2
reef day~! (Konotchick et al. 2012)]. When N concentra-
tions are low, important metabolic processes like pigment
synthesis and ribulose-1,5-bisphosphate carboxylase/oxy-
genase activity (Shivji 1985; Beardall et al. 1991) can be
impaired, leading to declines in productivity and reproduc-
tion (Gerard 1982a; Zimmerman and Kremer 1986; Brown
et al. 1997).

While the literature is replete with observational evi-
dence of these phenomena coinciding with low N availabil-
ity, in situ experimentation testing the direct physiological
response in kelps (i.e. fertilisation using selected nutri-
ents) is surprisingly rare. Pfister and Van Alstyne (2003)
enhanced the nutrient environment surrounding intertidal
Saccharina sessilis and, despite a notable increase in sea-
water nutrient concentrations, fertilisation had no effect
on growth or tissue % N. Ambient nutrients in their study,
however, were never limiting and it is not logical to expect
a response to fertilisation when nutrients are already high.
When fertilised during low N conditions, the growth and
soluble nitrate (NO;™) within Laminaria longicruris
increased (Champan and Craigie 1977), as did the thalli
length and biomass of juvenile M. pyrifera (Dean and
Jacobsen 1986). One study (North and Zimmerman 1984)
attempted to experimentally enhance nutrient conditions
for adult M. pyrifera sporophytes. North and Zimmerman
(1984) found that fertilised canopies had higher biomass
and tissue % N compared to unfertilised tissues; however,
in situ controls were compared to ex situ fertilised sporo-
phytes. This comparison was likely compromised by dif-
ferences in physical, chemical, and microbiotic parameters
between treatments.

Fertilisation methods, to date, have involved constant and
excessive nutrient input. This is unrealistic. Considering that
nutrients in kelp forests occur in pulses via upwelling and
internal waves (Zimmerman and Kremer 1984; Konotch-
ick et al. 2012), river discharge (Howarth et al. 1996), and
localised epifaunal excretion (Hepburn et al. 2011), a more
interesting question is how do kelps prioritise short-term N
pulses when on the precipice of N limitation or depletion?
Do they first allocate N resources to growth, storage, or pig-
mentation? The majority of the literature focuses on growth,
indicating that it is the primary response to nutrient enhance-
ment in phytoplankton (Graneli and Siindback 1985),
seagrasses (Ferdie and Fourqurean 2004; Armitage et al.
2011), and macroalgal communities (Teichberg et al. 2007,
Maloney et al. 2011). Macroalgal literature is nearly devoid
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of information on the physiological priority and associated
energetic costs of tissue preservation or restoration com-
pared to growth. Some terrestrial plants are sensitive to low
N (see Grime 1977) but respond to limitation in a variety of
ways, including increasing photosynthesis, investing in dif-
ferent types of compounds, changing compound allocation,
or inducing compensatory growth (Chapin 1980; Poorter
et al. 1990; Anten et al. 2003). M. pyrifera is structurally
complex yet few authors have adopted a holistic approach
when investigating the N physiology across tissue types. To
support tissues thallus-wide, M. pyrifera can mobilise pho-
tosynthates using a network of sieve cells (a phloem-like
system) that is more advanced than those in other brown
macroalgae, the transport optimisation of which is similar
to that in terrestrial plants (see Drobnitch et al. 2015). The
direction of transport is likely to be dictated by structural or
physiological needs. For example, M. pyrifera may mobilise
existing resources to replace damaged or lost canopy bio-
mass (see Fox 2013). If algae were flexible in their resource
storage and translocation, this could mitigate nutrient limi-
tation, as is observed in terrestrial plants.

We aimed to investigate how M. pyrifera existing in a
N-limited system (in situ), but with favourable light and
temperature conditions, prioritises N assimilation and allo-
cation within entire fronds when provided with short-term
pulses of NO; ™. To achieve this, gypsum dissolution blocks
prepared using aqueous potassium nitrate (KNO;) were
used to enhance the N concentration in the seawater sur-
rounding M. pyrifera canopies. Canopy growth rates (elon-
gation, blade production, and blade biomass) and tissue
chemistry were analysed to determine if fertilised fronds
prioritised N pulses for growth, tissue maintenance, stor-
age, or a combination of the three. The chemistry of six
different tissues (scimitar, stipe, adult blade, mature blade,
sporophyll and holdfast) was also analysed to investigate
frond-wide response to fertilisation. The stable carbon
isotope ratio (8!°C) was quantified to better determine if
N enrichment increased productivity in fertilised fronds—
we expected heavier 3'3C signatures in fertilised fronds
because of increased demand in carbon dioxide and bicar-
bonate (see Fry 2007). In a subset of KNO; blocks, a BN
tracer was added to measure the assimilation of N from the
blocks, and its translocation throughout the frond (mod-
elled using 8'°N signatures). As M. pyrifera is a seasonal
responder, we hypothesised that stipe and blade elongation
would increase in response to fertilisation. We also pre-
dicted that pigmentation, soluble NO;~, and % N in canopy
tissues would be enhanced in fertilised frond compared to
the controls. Significant enhancement of the N chemistry
in basal tissues was not expected because soluble NO;™
and % N in these tissues are suggested to accumulate only
when N is in excess to requirements for growth (Zimmer-
man and Kremer 1986).
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Materials and methods
Experimentally evaluating NO; ™~ release from blocks
Preparation of blocks

The aim for KNO; blocks deployed in the field was for
them to release pulses of NO;™ at concentrations similar to
typical elevated concentrations observed in coastal waters
in southeast New Zealand [approximately 10 wM (see
Brown et al. 1997; Hepburn et al. 2007)]. To determine the
appropriate KNO; concentration for field experimentation,
we evaluated NO; ™ release from gypsum blocks of six dif-
ferent treatments (see Table 1). These concentrations were
decided upon by first assuming that the release rates of
NO;™ would be at least partially coupled with block dis-
solution, then the total NO;™ (61.3 % the weight of KNO;)
required for each block was determined by back-calculat-
ing potential release rates, which were estimated by refer-
ring to previous dissolution rates measured in the same reef
[0.35-0.50 g h! (Stephens and Hepburn 2014)]. Blocks
were prepared using gypsum (calcium sulphate hemihy-
drate 100 %) mixed with an aqueous KNOj solution in a
ratio of 3:2 (weight:volume, grams:millilitre). For the aque-
ous KNOj; solutions, crystallised KNO; was dissolved in
Milli-Q water; the concentration of KNO; for each treat-
ment was determined by multiplying the number of blocks
needed by the weight of KNO; necessary for one block in
the respective treatment (refer Table 1). The gypsum-KNO;
mixture was then poured into 3-cm® moulds and, before
the mixture set, each block received a looped cable tie for
attachment purposes.

Experimental design

Release rates of NO;~ from experimental blocks were
measured to determine which concentration would best

Table 1 Laboratory experimental gypsum block identification, the
total potassium nitrate used to inoculate each block treatment, and
the total percent of block dissolution, total weight nitrate (NO;™)
released, and total percent NO;™ released over the 10-h experiment

Treatment Block (mg) Dissolution Released (g) Released (%)

(%)
Control 0.00 - - -
A 0.00 11.77+£ 048 - -
B 70.77 11.06 £ 1.58 0.041 £0.31 9528 +3.29
C 141.54 11.28 £ 1.29 0.085 £ 0.25 98.01 &+ 1.26
D 282.09 1098 £0.33 0.171 £0.35 98.47 +£0.92
E 566.18 11.38 £0.33 0.339 £ 040 97.82 £0.52
F 1132.36 11.34 £0.75 0.694 £0.16 96.55 £+ 0.10

fit the field fertilisation experiment. This was achieved by
attaching blocks to plankton-stirring platforms, from which
blocks were suspended in a bucket (one block per bucket)
containing 10 L of treated seawater (preparation described
below). The plankton stirrers were intended to mimic oscil-
latory flow common at the moderately wave-exposed study
site. All treatments were replicated by three, and all were
run simultaneously. Seawater NO;~ was measured before
blocks were added (0 min), and then at 10 min, 30 min, 1 h
and every subsequent hour up to 10 h. To control for back-
ground variation in NO;~, it was measured in a further set
of three buckets that included inert, plastic blocks instead
of KNO; blocks. The experiment was run in a tempera-
ture-controlled room set at 14 °C to reflect temperatures
expected during the field experiment. All water samples
were immediately filtered (Whatman GF/C) and frozen.
Hydrochloric acid-washed equipment was used through-
out sampling. NO;~ samples were analysed using a Lachat
QuikChem 8500 automated ion analyser.

Treatment of seawater

Treatment of seawater involved holding natural seawa-
ter containing Ulva spp. (approximately 3 kg) in a 250-L
barrel with overhead full-spectrum lights for 24 h. This
allowed the water to acclimate to the desired temperature
and also facilitated the removal of excess NO; ™ via uptake
by Ulva spp. After 24 h, the water was thoroughly mixed
and siphoned through a polypropylene—singed-felt filter
bag (200 wm) into each experimental bucket.

In situ experiment: enriching Macrocystis with pulses
of NO;~

This experiment was conducted in Horseshoe Bay, Stewart
Island, which is situated off the southeast corner of New
Zealand (Fig. 1a). The reef reaches 10—12 m in depth and is
dominated by beds of M. pyrifera; six sites were identified
along the stretch of reef. Half of the sites were designated
as controls and the other half for NO;™ fertilisation; treat-
ment type alternated along the reef (Fig. 1b). Within each
site, ten M. pyrifera individuals were haphazardly selected
along the exterior edge of the kelp bed and tagged using
flagging tape. The tape was fluorescent pink and 1 m long
to facilitate frond relocation. Selected fronds received three
gypsum blocks, for which blocks without added KNO;
were used in control sites. The three blocks were attached,
evenly spaced, between the 10th and 15th adult blades from
the apical meristem. The canopy was prioritised for block
attachment because most of the biomass available for nutri-
ent uptake is located in the canopy (North 1971), and it is
described as the site with the most rapid uptake of NO;~
(Gerard 1982a). Lastly, small floats were attached between
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Fig. 1 Field locations: a
Stewart Island, New Zealand; b
control and fertilisation sites on
the reef just inside Horseshoe
Point; ¢ experimental Macro-
cystis pyrifera showing the six
tissues sampled in this study
and also the gypsum block and
float attachment points

these blades to counteract potential negative buoyancy
induced by the blocks (Fig. 1c). All blocks were replaced
during low slack every 3—4 days and all tagging and block
replacement was achieved using a kayak. The experiment
was maintained for 30 days, from mid-January to mid-Feb-
ruary 2014, during which blocks were replaced nine times.
Ambient N concentrations are typically limiting during the
summer months of January and February in southeast New
Zealand (see Brown et al. 1997; Hepburn et al. 2007; Ste-
phens and Hepburn 2014).

Each fertilisation block contained 1.132 g KNOj;
(0.157 g N, treatment F from the lab experiment). We chose
the highest concentration because lab experimentation sug-
gested that NO,;™ release was decoupled from block dis-
solution and we aimed to maximise N availability during
the 10-h pulses. Finally, to quantify and trace block-derived
N that the kelp assimilated and translocated within their
fronds, three individuals within each fertilisation site were
enriched with using KISNO3 (2.5 atom %o).

Growth, pigmentation, tissue C and N, and isotope
signatures

To investigate the effect of fertilisation on the growth
of M. pyrifera, we measured blade elongation, stipe
elongation, new blade production, and blade erosion
rates for the 30-day period (see Fig. 2). These metrics
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Mature blade

Sporophyll

Holdfast

were recorded at the beginning and end of the growth
period and relative growth and erosions rates (RGR d')
were calculated using the following equation:
RGR = [((In Wf)—(In Wy)) + ¢] x 100; where In = natu-
ral logarithm, W, = initial measurement of growth parame-
ter, Wf = final measurement of growth parameter, = num-
ber of growth days (modified from Evans 1972). Tissue
replacement rates (millimetres per day) were also quanti-
fied using the following equation: (JABel| — |ABe|) = 1;
where AB, = raw change in adult blade elongation meas-
urements, AB,, = raw change in adult blade erosion meas-
urements, and + = number of growth days. Using tissue
plugs collected via leaf corer (diameter = 1.5 cm), we also
quantified the blade mass (grams per squared centimetre)
of adult blades; these data were collected once at the end
of the 30-day period for a direct comparison between treat-
ments after experimentation.

To investigate the effect of fertilisation on the physiol-
ogy of the entire frond, we measured soluble NO,~, pig-
ments, % C, % N, §'3C and 5N in six tissues: scimitar,
stipe, adult blade, mature blade, sporophyll and holdfast
(Fig. 1c). These data were collected only once at the end of
the 30-day period. All blade tissues used for analyses were
collected within 50 mm of the blade’s meristem. Stipe tis-
sue was excised between 2 and 3 m from the apical meris-
tem and only holdfast tissues uncolonised by epifauna were
collected.
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Fig. 2 A schematic of the apical end of a M. pyrifera frond and asso-
ciated growth measurements for this study: blade elongation, distance
between the top of the pneumatocyst and the bottom of the hole in the
tagged blade (A); stipe elongation, distance from the tagged joint to
the stipe’s apical tip (B); new blade production, number of blade divi-
sions between the tagged joint and stipe’s apical tip (C); blade ero-
sion, distance from the bottom of the hole to the blade’s distal tip (D);
blade mass, weight of the tissue plug removed from the adult blade in
which blade elongation was measured (E)

Chemical analysis

Methods modified from Hepburn et al. (2007) were used
to determine soluble NO;™ concentrations. One disc (from
blades, diameter = 1.5 cm) or small piece (from stipe and
holdfast, no heavier than 0.5 g) of kelp tissue (n = 3 per
tissue type) was added to a test tube, filled with 10 mL of
Milli-Q water, and the meniscus marked on the tube using
a permanent marker. A number of these tubes were put into
a large beaker placed in a water bath and brought to a rapid
boil using a heating plate. The tissues were allowed to boil
for 20 min. To account for evaporation, fresh Milli-Q was
added to each test tube after they cooled so that the volume
was again 10 mL (using the previously marked meniscus
line). The contents of each tube were then filtered (What-
man GF/C) and frozen, and the NO;~ measured using the
same methods as those for determining seawater NO;™.
Soluble NO;™ results are expressed in micromoles per
gram fresh weight (FW). Pigment concentrations were

determined using methods modified from Seely et al.
(1972) and Duncan and Harrison (1982); 100 % dimethyl
sulphoxide was used for the primary extraction and 90 %
acetone for the secondary. The extracts were centrifuged at
5000 r.p.m. for 5 min before spectrophotometry. Pigment
results are expressed in micrograms per gram FW.

The remainder of the excised tissues was independently
freeze-dried and ground into a fine powder using a ball
mill (Retsch MM400), then stored in 5-ml vials. Samples
for % C, % N, §!°C and 3'°N were prepared by weighing
1.5 mg of homogenised tissue into tin foil capsules (n = 3
per site). C and N isotopes were assayed by combustion
of the whole material in a Carlo Erba NC2500 elemen-
tal analyser (CE Instruments, Milan) and measured using
a Europa Scientific 20/20 Hydra isotope ratio mass spec-
trometer (Europa Scientific, UK) in continuous flow mode.
Raw isotope ratios were normalised to the international
scales using International Atomic Energy Agency refer-
ences, using standards USGS-40 and USGS-41. C:N data
are represented in the form of molar ratios.

Light, temperature and seawater nutrients

Light and temperature were recorded for the duration of the
experiment using one datalogger (HOBO Pendant 64 K—
UA-002-64), which was deployed at a depth of 2.0 m
(mean lower low water) in the middle of the reef. This
depth was chosen because the depth of water above the log-
ger ranged from 0.78 to 3.31 m (mean lower low water; Mr
Tides version 4.08 based on National Oceanic and Atmos-
pheric Administration predictions), the average of which
is 2.05 m, and 75 % of the kelp biomass and productivity
occurs in the top 2 m of the water column (North 1971).
The HOBO sensors recorded light intensity in units of lux
and it was necessary to convert these data to photosyn-
thetically active radiation values. Calibration was achieved
through simultaneous recording using the HOBO logger
and a LI-COR underwater quantum sensor and then appro-
priate calibration, the full methods of which are described
in Desmond et al. (2015), who share the same field site as
this study. Seawater NO;~ concentrations were measured
five times (once before fertilisation and four times during).
After deploying new blocks, we waited 30 min to return to
each site to collect seawater nutrient samples (n = 3) at the
water’s surface.

Statistical analyses

The effect of fertilisation on combined growth parameters
(e.g. blade elongation, erosion, blade weight, etc.) were
tested for overall statistical significance using nested mul-
tivariate ANOVA (MANOVA). This was followed by uni-
variate analysis within the MANOVA model, in which the
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differences in the means of individual growth parameters
were determined using nested ANOVA (sites nested within
treatment for both MANOVA and ANOVA). For seawater
samples collected throughout the 30-day period, the differ-
ences in means were determined using repeated-measures
ANOVA. For tissue chemistry samples collected at the end
of the 30-day period (e.g. soluble NO;™ and % N), the dif-
ferences in means in the six observed tissue types were
determined using nested ANOVA, in which fertilised tis-
sues were nested within individual fronds and, again, the
site nested within treatment. '5NO3_ uptake efficiency and
translocation within individual fronds was modelled using
MixSIAR GUI (Moore and Semmens 2008). Statistical
significance was set at the 5 % level (o = 0.05). All data
fulfilled prerequisites of normality and equal variance for
parametric tests. All statistical analyses were carried out
using the software package R version 3.0.3.

Results
Experimentally evaluating NO;™ release from blocks

NO;™ release was consistent, with total concentrations
beginning to plateau close to the 10-h mark (Fig. 3). The
percent block weight lost after 10 h did not significantly
vary by treatment (df = 5, F = 0.09, p = 0.99), nor did
the percent NO;™ released after 10 h (df = 4, F = 0.02,
p = 0.99). By 10 h, the blocks had lost a mean of 11.30 %
(SE = 0.79; across treatments) of their initial weight but
released a mean of 97.23 % (SE = 1.26; across treatments)
of their initial NO;™~ (Table 1), indicating that the release of
N was decoupled from block dissolution.

Light, temperature and seawater nutrients

Over the course of the field experiment, irradiance averaged
4.3 mol photons m~2 day~! (SE = 0.30) and temperature
averaged 14.3 °C day ™! (SE = 0.04). These values are simi-
lar to those observed in the same period in the previous year
and in the same region (Stephens and Hepburn 2014). Sea-
water NO;™ surrounding experimental fronds was an order
of magnitude higher than those in control sites (df = 1,70;
F =90.79; p < 0.001), averaging 10.55 pM (SE = 1.33)
across all sampling periods; control values averaged
0.95 pM (SE = 0.04). NO;~ concentrations within treat-
ments and across sites were not significantly different
df = 1,70; F = 1.42; p = 0.237). Concentrations varied
across the sampling days (df = 4,70; F = 7.38; p < 0.001)
without detectable trends, ranging from 7.95 to 13.89 uM in
fertilised sites, and 0.83—1.11 wM in control sites.
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Fig. 3 Cumulative nitrate (NO;™) release from potassium nitrate
(KNOs;) dissolution blocks during the laboratory experiment. Differ-
ent symbols represent different amounts of KNO; (mg) within each
block. Error bars £1 SE (n = 3)

Table 2 Statistical values derived from nested ANOVA testing for
differences in means between control and fertilisation treatments for
listed parameters

df F p

Blade elongation

Treatment 1.35 0.46 0.503

Site 1.35 3.21 0.082

Treatment:site 1.35 0.10 0.756
Stipe elongation

Treatment 1.35 1.62 0.211

Site 1.35 1.50 0.228

Treatment:site 1.35 0.36 0.551
Blade production

Treatment 1.35 0.20 0.660

Site 1.35 0.29 0.593

Treatment:site 1.35 0.38 0.544
Erosion

Treatment 1.35 9.70 0.004

Site 1.35 1.63 0.210

Treatment:site 1.35 1.52 0.226
Tissue replacement

Treatment 1.35 5.73 0.022

Site 1.35 2.10 0.156

Treatment:site 1.35 2.21 0.146
Blade weight

Treatment 1.35 4.90 0.033

Site 1.35 241 0.130

Treatment:site 1.35 0.25 0.620

Significant results are highlighted in italic
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Nested MANOVA including all metrics for growth sug-
gests that fertilisation significantly influenced over-
all growth compared to the control (df = 5,30; approx.
F = 5.43; p = 0.001) and that site did not affect growth
(df = 5,30; approximately F = 1.30; p = 0.295), nor was
there an interaction between treatment and sites (df = 5,30;
approximately F = 2.27; p = 0.076). Nested ANOVA for
each growth parameter, however, suggest that there was
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no significant fertilisation effect on blade elongation, stipe
elongation or new blade production rates (Table 2; Fig. 4),
though blade mass (grams per squared centimetre), blade
erosion, and tissue replacement rates were significantly
influenced by fertilisation (Table 2). For the latter three
parameters, fertilised treatments showed a reduction in
erosion rates but enhanced tissue replacement and blade
weight per area (Fig. 4).

Fertilised whole fronds—including scimitar, stipe, adult
blade, mature blade, sporophyll and holdfast—had a net
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Table 3 Statistical values derived from nested ANOVA testing for
differences in means between control and fertilisation treatments for
listed parameters

df F p

Soluble NO;

Treatment 1.97 32.7 <0.001

Tissue 3.97 48.8 <0.001

Treatment:tissue 3.97 6.22 <0.001
Pigments

Treatment 1.47 9.37 0.004

Tissue 5.47 41.1 <0.001

Treatment:tissue 5.47 1.65 0.165
% C

Treatment 1.25 6.47 0.018

Tissue 5.24 16.4 <0.001

Treatment:tissue 5.24 0.10 0.991
9% N

Treatment 1.25 8.95 0.006

Tissue 5.24 115.61 <0.001

Treatment:tissue 5.24 0.66 0.659
C:N

Treatment 1.25 10.26 0.004*

Tissue 5.24 47.10 <0.001

Treatment:tissue 5.24 1.01 0.431
h(®

Treatment 1.25 1.68 0.207

Tissue 5.24 4.65 0.004

Treatment:tissue 5.24 1.54 0.214
SN

Treatment 1.25 217.62 <0.001

Tissue 5.24 24.26 <0.001

Treatment:tissue 5.24 24.97 <0.001

Significant results are highlighted in italic

% Control treatment values are higher

increase in both soluble NO;™ and pigment concentrations
(Table 3). Although whole frond pigmentation was collec-
tively higher in fertilised tissues, across tissues (fertilised
fronds averaged 637.09 pg g~! FW, SE = 118.66; control
tissues averaged 473.01 wg g~! FW, SE = 97.96), only the
comparison between control and fertilised adult blades (see
Table 4) was significant (df = 1,28; F = 6.18; p = 0.019),
in which fertilised adult blades had increased pigmentation.
The largest disparities in tissue chemistry between the two
treatments were found in adult blades and holdfasts. Ferti-
lised adult blades showed a large increase in total pigments
(approximately twofold) compared to the other five tissues
(approximately 1.2-fold), and fertilised holdfasts showed a
disproportionate increase in soluble NO;™ (approximately
sixfold) compared to other tissues (approximately 3.2-fold)
(Fig. 5).
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The % C throughout fronds (across tissues) was signifi-
cantly higher in controls (Table 3); fertilised fronds aver-
aged 27.18 % C (SE = 0.75) and control fronds averaged
29.64 % C (SE = 0.68) (Fig. 6). The % N throughout ferti-
lised fronds was higher than in control fronds (Table 4); fer-
tilised fronds averaged 1.58 % N (SE = 0.11) and control
fronds averaged 1.31 % N (SE = 0.12) (Fig. 6). 8!3C sig-
natures significantly varied across tissues, but whole frond
813C values did not vary between treatments (Table 3).
The $'°C values from control fronds averaged —17.7 %o
(SE = 0.3) and fertilised fronds average —17.4 %o
(SE = 0.2); the mean 8'3C values for each tissue, ignor-
ing treatment, are as follow: scimitar, —17.2 %o (SE = 0.1);
stipe, —17.1 %o (SE = 0.3); adult blade, —16.7 %o
(SE = 0.4); mature blade, —18.4 %o (SE = 0.3); sporophyll,
—18.1 %o (SE = 0.3); holdfast, —17.7 %o (SE = 0.4). §"°N
values were more enriched throughout fertilised fronds
(Table 3). The §"°N signatures of control fronds were simi-
lar across all tissue types (df = 5,12; F = 0.92; p = 0.500),
averaging 8.8 %o (SE = 0.1). In fertilised fronds, however,
8N values varied by tissue type (df = 5,12; F = 24.71,
p < 0.001), means are as follow: scimitar, 39.0 %o
(SE = 8.8); stipe, 56.1 %o (SE = 3.0); adult blade, 65.1 %o
(SE = 4.3); mature blade, 21.3 %o (SE = 2.1); sporophyll,
14.4 %o (SE = 1.1); holdfast, 15.2 %o (SE = 2.2). The vari-
ation in 8'°N values across tissues supports the MixSIAR
isotope model, which suggested that the fertilisation blocks
contributed the following percent of total N to tissues:
scimitar, 5.2 % (SE = 1.6); stipe, 8.3 % (SE = 0.6); adult
blade, 9.9 % (SE = 0.8); mature blade, 2.0 % (SE = 0.4);
sporophyll, 0.8 % (SE = 0.1); holdfast, 0.9 % (SE = 0.3).

Discussion

Despite successful N enhancement of the study population
(as evidenced by §'°N values) during limited-N conditions
[% N in the stipe and adult blades were lower than 0.7 and
1.1 %, respectively; criteria described by Gerard (1982b)],
fertilisation did not result in the predicted increases in
blade elongation, stipe elongation, or new blade produc-
tion. Thus the hypothesis that fertilisation would spur
elongated growth or increased production of new blades
was not supported. Blade mass per area (thickness), how-
ever, did increase in fertilised blade tissues (excluding the
scimitar), which was unexpected and suggests that exist-
ing tissues ‘bulked up’ instead of elongating; the impli-
cations of this are discussed later. These results are sur-
prising because numerous studies have described that the
elongation of M. pyrifera fronds quickly and strongly
respond to increases in ambient N (Gerard 1982b; Dean
and Jacobsen 1986; Zimmerman and Kremer 1986).
The primary difference in our study is that we aimed to
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Table 4 Mean soluble NO;™

. . Date Soluble NO;~ Pigments (ug g~! FW)
and pigment measurements in WM g™! FW)
six tissue types from control Chla Chl ¢ Fucoxanthin Total
and fertilised fronds; samples
were collected at the end Control
of the 30-day experimental Scimitar 2457 +6.78 433.8+59.9  373+13.0 146.9+236  569.4 +64.2
fertilisation Stipe 11.78 + 4.60 117.4 £ 8.9 244479 473433 1753 + 13.4
Adult blade 20.77 £ 5.59 3139+ 434 59.4+145 1242+94 477.5 £50.8
Mature blade  1201.53 4 178.94  820.3 £ 89.3 62.5+19.0 2254+£27.6 10324 +104.3
Sporophyll 792.75 £ 12422 394.6 £52.5 28.0 + 8.7 1304 £ 14.7 508.9 £41.3
Holdfast 992.74 £ 144.75 458 +£4.9 712 £42.6 219+ 2.1 744+£7.7
Fertilised
Scimitar 170.79 £ 24.76 476.6 + 88.2 302+10.1  128.5 £26.1 643.6 +93.3
Stipe 57.54 £24.77 1559 £ 16.5 37.1+11.2  145.1 £51.8 321.9+394
Adult Blade 89.51 +24.31 627.4 +49.8 549+94 219.3 +28.6 896.1 +57.2
Mature blade  1739.99 + 152.57  892.8 £+ 53.8 61.6+9.4 197.8 £47.1  1160.3 £ 58.1
Sporophyll 1904.12 £401.55 464.8 £97.5 404 £231 1109 £38.1 635.3 £ 83.5
Holdfast 1768.78 £ 141.29 623 +6.57 1452 +£534 28.7+29 165.1 £ 63.1
FW fresh weight, Chl chlorophyll
Fig. 5 The mean differences in 500 7 . 250
the pigments and soluble NO;~ [ ] Plnglents T
between control and fertilised l:l NO, L T
fronds, for each tissue type. —~ 400 4 " 200 >
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capture prioritised physiological response to more realis-
tic N enrichment when kelp are N limited—akin to that
delivered by internal waves or by wastes from associated
epifauna (see Konotchick et al. 2012; Hepburn et al. 2011,
respectively). Other experiments saturated the nutrient
environment surrounding kelp and results may not be eco-
logically relevant. Konotchick et al. (2012) suggest that
0.14-1.03 ¢ N m~2 day~! m~ reef is necessary to sup-
port M. pyrifera populations. Supplementary calculations
from fertilisation literature reveal that approximately
5.20-7.43 g N day~! per nutrient bag (Dean and Jacob-
sen 1986) and 91.07 g N day ! per nutrient pot (Champan
and Craigie 1977) were used for kelp fertilisation. North
and Zimmerman (1984) did not report the amount of N
used. In our study, KNO; blocks collectively released

0.12-0.16 g N day ! to each frond, which is close to the
minimum N requirement suggested by Konotchick et al.
(2012) and instils confidence that our data demonstrate
how M. pyrifera prioritises the use of N within its tissues
when nutrient pulses reflect concentrations that are simi-
lar to those observed in its natural setting (see Hepburn
2003; Konotchick et al. 2012).

Because dissolution blocks were replaced every
3-4 days and because the laboratory experiment revealed
that the blocks released nearly all of their NO;™ after 10 h,
we estimate that fertilised fronds were exposed to ele-
vated NO;~ concentrations (~10 wM) for approximately
10-12 % of the 30-day period. At the site of >N enrich-
ment (adult blades), the stable isotope mixing model sug-
gests that block-derived NO;™ contributed 9.9 % N to total
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Fig. 6 % C, % N and C:N ratios for each tissue type from control
and fertilised fronds. % Ny, shows how much of the tissue % com-
prises block-derived N. Error bars £1 SE (n = 3). For abbreviations,
see Fig. 5

tissue N. While this value is similar to the estimated expo-
sure time to enhanced NO;~, one might expect M. pyrif-
era to capitalise upon the increased N concentrations dur-
ing NO;~ pulses and observe an even higher contribution
from the fertilisation blocks. Adult blade values may not
reflect this for two reasons: not all of the '°N was accumu-
lated in the adult blades because some was translocated to
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different portions of the thallus and the history of N stress
from extended low concentrations could have temporar-
ily reduced or delayed N uptake capacity, as is sometimes
observed in Chaetomorpha linum and Undaria pinnatifida
(McGlathery et al. 1996; Gao et al. 2013). The former pos-
sible explanation highlights long-distance transport of N.
Studies have previously identified that C and P are trans-
ported throughout M. pyrifera individuals using elongated
sieve cells (reviewed in Raven 2003). Instead of tissues
relying on acquired N from on-site uptake and assimila-
tion, free amino acids were quantified in the sap from
sieve tubes in the stipe and were postulated to aid in the
long-distance transport of N (Schmitz and Srivastava 1979;
Manley 1983). Hepburn et al. (2011) showed slow trans-
port of N, which mostly reached tissues adjacent to the site
of >N enrichment; a longer incubation time might have
allowed for increased mobilisation to the rest of the frond.
The study presented here is the first to demonstrate long-
distance transport of N, in which N was introduced in the
top of the canopy and translocated to basal tissues (includ-
ing the holdfast) approximately 10 m down the stipe.
Instead of allocating resources to blade and stipe elon-
gation, fertilised fronds stabilised their canopy tissues
by increasing blade mass per area and reducing erosion
rates. Few studies have reported M. pyrifera erosion rates.
Brown et al. (1997) discuss that blade erosion is a function
of blade age, in which older blades display higher erosion
rates regardless of ambient nutrients. Although we did not
measure erosion in blades of different ages, it was observed
that blades of the same age exhibit significantly different
erosion rates under different N conditions (lower rates in
fertilised blades), suggesting that N is at least a secondary
factor that influences blade erosion. Likewise, Hepburn
et al. (2007) measured reduced erosion in sporophytes that
were subject to higher mass-transfer rates (translating into
increased N acquisition). Some terrestrial plants show simi-
lar traits. Cell walls within their leaves can accumulate N
compounds (up to 10 % of cell wall material) to increase
the mechanical toughness of leaves (Lamport 1965; Reiter
1998), allowing the leaves to persist over longer periods of
time (Reich et al. 1991; Wright and Cannon 2001). This
strategy also increases the mean residence time of N within
leaf tissues and is advantageous in low-N regimes (Aerts
and Chapin 2000). It is possible that M. pyrifera employs a
similar strategy to reduce the loss of N over time by reduc-
ing tissue loss. This might not be evident in control kelp
in this study because their N pools are likely exhausted [as
evidenced by 0.89 % N in adult blades, which is below the
1.1 % N exhaustion levels described by Gerard (1982b)];
therefore, they may not have enough N within their tis-
sues to promote increased mechanical toughness of blades.
N stress is slightly alleviated in fertilised kelp; given that
the rates of passive erosion were lower, that biomass (per
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squared centimetre) and % N increased, but that % C
decreased, it is likely that some of the experimental N was
assimilated into N-based structural compounds that might
have increased mechanical toughness. Although fertilised
blade tissues felt slightly thicker and more resistant to tear-
ing (personal observation) we did not measure mechanical
toughness in this study because results were unexpected
and appropriate facilities were not immediately available to
accommodate fresh tissues.

Canopy pigmentation, particularly in adult blades,
increased in response to fertilisation. In a laboratory
study, pigments in experimental M. pyrifera (Shivji 1985)
increased in response to N enrichment, but sporophyte
elongation was also significantly higher, therefore it is
impossible to tease apart which response is a physiologi-
cal priority when N is limited, or if both share priority. In
this study, the N-associated tissue chemistry (e.g. % N,
pigments) was enhanced by fertilisation but blade elonga-
tion and new blade production (ultimately the expansion of
blade surface area) were not, indicating that N assimilation
is decoupled from these forms of growth in M. pyrifera,
and contradicts studies by Gerard (1982b) and Zimmerman
and Kremer (1986) (i.e. elongation is a primary response to
fluctuations in ambient N).

It is likely that much of the additional N from blocks
assimilated by the canopy was used to increase photosyn-
thetic capacity per area (instead of increasing blade sur-
face area), especially considering that over 50 % of tissue
N might be allocated to chloroplasts (Huppe and Turpin
1994). Interestingly, Chapin (1980) describes that higher
plants often limit growth before photosynthesis. Although
the pigments in basal tissues (mature blade, sporophyll,
holdfast) increased after fertilisation, there was a much
larger increase in soluble NO;™, particularly in the hold-
fast. Even in the control fronds, basal tissues harboured
higher soluble NO;~ concentrations than canopy tissues
(by 20-fold). The most likely explanations for such dispro-
portionate N allocation in basal tissues are (1) their use as
preferred storage sites, (2) that they are important NO;~
reduction sites, or (3) that they serve as transitory tissues
before further translocation of N to other fronds within the
same sporophyte. Gerard (1982a) describes mature blades
functioning as nutrient storage sites (sinks); therefore,
Zimmerman and Kremer (1986) suggest that these tissues
should be the first to lose N content when nutrient demand
exceeds ambient supply. Thus they should release N to
canopy tissues (the source) when N stressed, and should
be the last tissues to build reserves when N is again avail-
able in excess. In unfertilised tissues in this study, the % N
in mature blades (1.73 %) was higher than in adult blades
(0.89 %), indicating that the canopy tissues were more N
limited and potentially depleted (see Gerard 1982b). If
the mature blades are supplying N to canopy tissues, it is

at a very low concentration and the sporophyte teeters on
N exhaustion. Soluble NO;~ comprises a large propor-
tion of the % N in these basal tissues, and NO;~ needs
to be reduced to NH4+, then to amino acids, before it can
be assimilated into algal tissues (Syrett 1981; Raven et al.
1992; Barsanti and Paolo 2014).

The clear dichotomy in the chemical responses of can-
opy versus basal tissues highlights that physiological pro-
cesses within M. pyrifera fronds are not homogeneous, but
instead show functional differentiation. Despite the preva-
lence of M. pyrifera research, few studies have integrated
physiological measurements throughout an entire frond
(Graham et al. 2007), and most research utilises single
measurements (i.e. only growth, nutrient uptake, or photo-
synthetic rates) from specific parts of the thallus, usually
canopy blades. Colombo-Pallotta et al. (2006) measured
photosynthetic performance of blades along entire fronds
and concluded that canopy tissues significantly contribute
to algal production while basal blades are likely important
nutrient-uptake sites. They did not measure N uptake, but
Gerard (1982a) found slower uptake rates in basal mature
blades compared to those measured in the canopy. If this is
the case, then the high NO;™ concentrations in basal tissues
described in our study suggest that translocation is likely
responsible for accrued NO;~, which is supported by the
5N data. But why expend energy to mobilise NO;™ such a
long distance down the stipe? Other than potential translo-
cation to juvenile fronds arising from the holdfast, there is
evidence that basal tissues may be an important region for
the reduction of NO;™. Research on N physiology in higher
plants shows that respiratory metabolism donates electrons
to NO;™ reduction (Schilling et al. 2006). Basal M. pyrif-
era tissues have higher respiratory rates because of reduced
light and increased pigmentation (Colombo-Pallotta et al.
2006) and it therefore may be an energetically efficient site
for the translocation of NO;~ for reduction processes. In
fact, Konotchick et al. (2013) reported higher upregulation
of nitrate reductase (an enzyme required to reduce NO;™)
in tissues from deeper in the water column compared to
blades near the water’s surface.

Semi-related is the issue concerning lower % C in fer-
tilised tissues. One might assume that higher pigmenta-
tion would increase photosynthetic rate and therefore
would increase photosynthate production, providing tis-
sues with more carbohydrates to build compounds that
support growth (e.g. polysaccharides, C skeletons, pro-
teins). This was not observed and the differences in % C
between treatments are slight. We did not quantify major
C compounds in this study and it is therefore difficult to
interpret why % C is lower in fertilised tissues, but the fact
that 8!°C values did not change across treatments indi-
cates that there was not a significant surge of productivity
in fertilised kelp. If there were a surge, we would expect
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heavier §!°C signatures due to more rapid assimilation of
C (see Shemesh et al. 1993; Fry 2007). Therefore the lower
% C in fertilised tissues may be an artefact of one of the
following: (1) with increased NO;~ availability, increased
activity of nitrate reductase is necessary for N assimilation.
This reductant is often generated by C oxidation via respi-
ration (Foyer et al. 2001). The % C, therefore, might have
decreased because C could have been lost as carbon diox-
ide as the tissues respired during the reduction of NO;™ and
eventual N assimilation (Schilling et al. 2006). (2) C and N
metabolisms compete and the competition is often related
to the synthesis or utilisation of important enzymes [e.g.
ribulose-1,5-bisphosphate carboxylase/oxygenase (Barsanti
and Paolo 2014)], during which the fixation of C is some-
times reduced in favour of allocating energy to N processes
(see McGlathery and Pedersen 1999). In this study, % C
may be higher in control fronds because the rates of C fixa-
tion were not impaired by the N metabolism responding to
elevated concentrations of NO;™.

Lastly, tissue replacement rates in the adult blades, coupled
with tissue % N, provide an opportunity to revisit Gerard’s
(1982a) modelled critical % N values necessary to support M.
pyrifera thallus growth. We are not proposing an alternative
model in this paper, but it is important to entertain the idea that
more than 30 years of physiological data since Gerard’s model
may warrant an update. Gerard states that tissue N > 2 % is a
necessary concentration to sustain growth and N <1 % is a
concentration that limits or reduces growth. While adult blades
from control and fertilised fronds sustained growth despite
low % N in this study (0.89 and 1.07 %, respectively), tis-
sue replacement rates cannot keep up with erosion rates and
therefore total blade length decreased over the 30-day period,
indicating net biomass loss. Tissue replacement rates were
—1.63 mm day~! and —3.39 mm day ™' in fertilised and con-
trol fronds, respectively. A linear model using these rates and
associated tissue % N suggests that replacement rates could
stabilise or become positive when canopy adult blade tissue
N is >1.24 %. These data imply that the model provided by
Gerard (1982a) over-estimates the N requirements for the kelp
population used in this study.

Conclusion

In a system where nutrients are limiting, tissue senes-
cence could intensify a negative feedback loop in photo-
synthesis and nutrient uptake, in which increased tissue
loss will decrease surface area available to carry out such
processes. When N stressed, M. pyrifera prioritises tissue
maintenance over frond or blade elongation and instead
grows by increasing the mass of its blades per unit area,
probably resulting in increased biomechanical integrity and
thus reducing blade erosion. Reduction in erosion may be a
mechanism to ensure continued photosynthesis and nutrient
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uptake in canopy tissues, allowing for delayed frond/blade
elongation after critical tissues stabilise, as seen in some
terrestrial plants but poorly described in marine macroal-
gae. The clear dichotomy in both the pigment and soluble
NO;™ response between canopy and basal tissues dem-
onstrates physiological functional differentiation within
sporophytes, highlighting the importance of long-distance
translocation. However, it is unclear whether the soluble
NO;™ pools exist for fixation, storage or transport to adja-
cent fronds. The results from this study call for more holis-
tic and integrative methodologies when characterizing the
physiological processes within marine algae, especially in
more complex taxa like Laminariales.
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