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Abstract Many arctic lakes are oligotrophic systems
where phototrophic growth is controlled by nutrient supply.
Recent anthropogenic nutrient loading is associated with
biological and/or physico-chemical change in several lakes
across the arctic. Shifts in nutrient limitation (nitrogen (N),
phosphorus (P), or N + P) and associated effects on the
growth and composition of algal communities are com-
monly reported. The Kangerlussuaq region of south-west
Greenland forms a major lake district which is considered
to receive little direct anthropogenic disturbance. However,
long-range transport of pollutant N is now reaching
Greenland, and it was hypothesised that a precipitation
gradient from the inland ice sheet margin to the coast might
also deliver increased N deposition. In situ nutrient bio-
assays were deployed in three lakes across the region: ice
sheet margin, inland (close to Kangerlussuaq) and the coast
(near Sisimiut), to determine nutrient limitation of lakes
and investigate any effects of nutrients on periphyton
growth and community composition. Nutrient limitation
differed amongst lakes: N limitation (ice sheet margin), N
and P limitation (inland) and N + P co-limitation (coast).
Factors including variation in N supply, ice phenology,
seasonal algal succession, community structure and
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physical limnology are explored as mechanisms to explain
differences amongst lakes. Nutrient limitation of arctic
lakes and associated ecological impacts are highly variable,
even across small geographic areas. In this highly sensitive
region, future environmental change scenarios carry a
strong risk of significantly altering nutrient limitation; in
turn, potentially severely impacting lake structure and
function.
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Introduction

Arctic lakes are traditionally classified as low-resource,
ultraoligotrophic systems in which phototrophic growth is
tightly controlled by nutrient availability (Bonilla et al.
2005). However, many arctic lakes have recently experi-
enced anthropogenically enhanced nutrient loading from
sources including warming-induced melt of permafrost and
increased terrestrial run-off as well as increased atmo-
spheric nitrogen (N) deposition (Wolfe et al. 2006; Anisi-
mov et al., 2007; Holtgrieve et al. 2011). As a result of
increased nutrient supply, many oligotrophic lakes have
undergone or are currently experiencing significant bio-
logical, chemical and physical change (Smol et al. 2005;
Bergstrom and Jansson 2006; Wolfe et al. 2006; Holtgrieve
et al. 2011). In response to such change, several studies
have recently focussed attention on nutrient limitation in
high-latitude lakes in order to determine which essential
macro-nutrient (N, phosphorus (P) or a combination of
N + P) exerts the greatest control over phototrophic
growth and how this might change in response to variation
in nutrient supply (e.g. Levine and Whalen 2001;
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Bergstrom et al. 2005; Elser et al. 2009a, 2009b; Symons
et al. 2012). A common feature of many of these studies is
a focus on nutrient limitation of phytoplankton growing in
the open water column (Levine and Whalen 2001; Bergs-
trom and Jansson 2006, 2008; Elser et al. 2009a, b). This is
despite evidence which suggests that phytobenthos
(periphyton) communities can achieve very high standing
stocks (Bonilla et al. 2005) and often dominate total lake
biomass and/or production in high-latitude lakes (Vade-
boncoeur et al. 2003; Hodgson et al. 2004; Bonilla et al.
2005). The contribution of phytobenthos and phytoplank-
ton communities towards total lake production is also
highly variable and has been shown to shift in response to
physico-chemical gradients, including nutrient availability
(Vadeboncoeur et al. 2003). For example, in response to
increasing P availability (2-430 pg 1™") Vadeboncoeur
et al. (2003) reported a marked community shift from
benthic- to planktonic-dominated productivity in multiple
lakes across the globe (including arctic sites).

The success of periphyton communities in arctic lakes is
attributed to their growth on the lake bottom, where the
physical environment is more stable than the open water
and where there is a source of nutrients via sedimentation
of particles from the water above, as well as from under-
lying lake sediments (Hansson 1992; Vincent et al. 2008).
This close proximity to a nutrient source has been fre-
quently mistaken as evidence that periphyton growth is not
nutrient limited and is controlled by other factors (e.g.
light, temperature, grazing) (Hansson 1992; Vinebrooke
and Leavitt 1996). This has resulted in fewer studies
investigating the degree and type of nutrient limitation
experienced by algae in this habitat. However, periphyton
communities in arctic lakes commonly contain species with
growth-led demand for nutrients which can be as high as
that of phytoplankton (Bonilla et al. 2005), and there is
growing evidence that periphyton respond rapidly to N
and/or P supply in oligotrophic lakes (Vinebrooke and
Leavitt 1998; Elser et al. 2007; Lepori and Robin 2014).

A common method employed to determine nutrient
limitation is nutrient enrichment bioassays (Elser et al.
1990; Levine and Whalen 2001; Symons et al. 2012). In
such experiments, algal growth is measured in response to
artificially manipulated nutrient concentrations. This
approach (including both laboratory and in situ experi-
ments) provides a useful biomonitoring tool to assess the
biological availability of nutrients and help infer any
nutrient limitation of algal growth within a particular lake
(Symons et al. 2012). Nutrient bioassays are especially
valuable in remote arctic lakes where reliable, accurate
measurements of very low nutrient concentrations can be
challenging and where nutrient availability can vary
markedly both spatially across different lake habitats and
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temporally over the course of a growing season. In addi-
tion, although they provide information on the nutrient
status of lake water, variation in the specific design of
nutrient bioassays can help to provide a reliable indication
of the nutrient limitation of a particular algal community
(e.g. phytobenthos or phytoplankton).

The Kangerlussuaq region of south-west (SW) Green-
land is typical of much of the Arctic in terms of its climate,
vegetation and lake density (Nielsen 2010). Direct
anthropogenic disturbance of lakes is considered to be low.
However, the region experiences a precipitation gradient
which increases from the inland ice sheet margin to the
coast ¢. 150 km away (Anderson et al. 2012) and has been
linked to increased atmospheric transport and deposition of
pollutants including mercury and lead (Bindler et al. 2001a,
2001b). We hypothesised that the precipitation gradient
might also deliver increased N deposition as there is
growing evidence of long-range transport of N to sites far
removed from pollution sources, including Greenland
(Hastings et al. 2009). Arens et al. (2008) suggested
<1 kg N ha~! year™' deposition to high arctic dwarf shrub
tundra in north-west Greenland and preliminary measure-
ments at Kangerlussuaq report ¢. 0.2 kg N ha™' year™'
(Anderson, unpub.). The current study was designed as a
preliminary investigation to determine nutrient limitation
of arctic lakes in SW Greenland and to investigate any
effects of N, P and N + P supply on periphyton growth and
community structure.

Materials and methods
Study area

The Kangerlussuaq region between 66.5-67.2°N and
50-53.5°W forms part of the widest ice-free margin of SW
Greenland (Fig. 1). There are >15,000 lakes across the area
(Anderson and Stedmon 2007), most of which are oligo-
trophic and chemically dilute (Anderson et al. 2001). Mean
annual precipitation increases from <150 mm year™ ' at the
ice sheet margin to >500 mm year ' at the coast
(Anderson et al. 2009), with the greatest percentage of this
received as snowfall during winter. The climate at the ice
sheet margin and inland at Kangerlussuaq is continental
low arctic compared with moist, oceanic low arctic at the
coast. Summer temperatures close to the ice sheet margin
typically remain <10 °C as a result of katabatic winds
which blow off the ice sheet, whilst coastal fog banks and
sea breezes reduce June—August temperatures at the coast.
Higher summer temperatures at Kangerlussuaq increase
evaporative forcing of the inland lakes, accounting for high
conductivity values (Table 1).
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Fig. 1 Map of study region in south-west Greenland showing location of study lakes

Table 1 Physical parameters and water chemistry of study lakes

Location Ice sheet  Inland Coast
margin
Lake SS903 SS2 AT7
Latitude (°N) 66.073 66.997 66.582
Longitude (°W) 50.101 50.970 53.350
Lake area (ha) 38 36.8 6.5
Maximum depth (m) 30 11.2 20
Altitude (m asl) 350 185 450
Mean July air temperature (°C)* 9 12.5 9.1
July precipitation (mm year ') 17 16 27°
Date NSD deployed 30.06.11 29.06.11 02.07.11
Date NSD harvested 11.08.11 09.08.11  06.08.11
TP (ug 17h 221 BDL BDL
SRP (ug 17" 2.03 1.40 0.49
NO;™ (ug17h BDL BDL 13.4
NH, " (ug 17h 1.56 2.34 BDL
TN (g 171 380 721 33
Alkalinity (peq 17") 2,300 1,400 100
pH 8.03 8.2 6.5
Water temperature (°C) 11.81 14.47 4.55
Conductivity (uS cm™") 174 332 39
DO (mg 171 10.66 10.95 12.37
Light attenuation coefficient 0.23 0.66 0.2
(Kg, m™")
Depth at 10 % irradiance (m) 9 5 N/A
Depth at 1 % irradiance (m) 19 7 17¢

Values from July 2011% or 2010° from www.dmi.dk or www.promise.
dk, © Estimated from Secchi disc (SD) reading taken 2010 and equa-
tion 1 % irradiance = 2(SD). BDL below detection limits, N/A not
available

Study lakes

Three study lakes were selected as representative systems
for three distinct locations differing in climate and precip-
itation across the region: ice sheet margin (SS903), inland
close to Kangerlussuaq (SS2) and at the coast near Sisimiut
(AT7) (Fig. 1). The study lakes are all small (<40 ha),
glacially scoured basins, which are typically frozen from
mid-September to mid-June, although the period of ice
cover is extended by several weeks at the coast (Anderson
and Brodersen 2001). Phytoplankton chlorophyll a values
(Chl a, <0.5 pg 17" place lakes in the ultraoligotrophic to
oligotrophic range (Villeneuve et al. 2001). There are
regional differences in the physical properties of lakes
including temperature, stratification depth, chemical com-
position and light availability (Table 1).

Nutrient diffusing substrata

Nutrient diffusing substrata (NDS) were used to measure
nutrient limitation following the general method of Mat-
lock et al. (1998). The NDS were constructed with acid
washed 250-ml Nalgene bottles filled with one of the four
solutions made up with nutrient salts and deionised water:
control (no nutrients added), N (90 uM NH4NO;), P (6 uM
NaH,PO,) and N + P (concentrations as previously sta-
ted). We selected NH4;NO; to provide both reduced and
oxidised forms of N, based on evidence from previous
investigations which reported no significant difference in
the release rate of NO;~ and NH,+ from NDS (Fairchild
et al. 1989). A sodium salt was selected as the carrier for
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Fig. 2 Diagram of a components of individual nutrient diffusing substrata (NDS) and b experimental set-up with NDS attached to a metal frame

PO, because it provides the most biologically available
form of P without interference from other nutrients (Mat-
lock et al. 1998). The concentrations were selected as c.
1,500x and c¢. 100x current N and P concentrations,
respectively, in ice sheet margin lakes. These values were
chosen to permit continual diffusion of nutrients to the
growth substratum over the duration of the investigation
and encourage periphyton colonisation.

A square of hydrated semi-permeable 14 kDa dialysis
membrane tubing (Spectra/Por 25 mm flat width tubing,
12-14 kDa, Fisher Scientific, Loughborough, UK) was cut
and carefully placed over the neck of the bottle, providing a
biofilter preventing bacterial and algal contamination of the
nutrient solution. A 0.7-um GF/F glass fibre filter paper
(47 mm diameter, Whatman, UK) was laid over the semi-
permeable membrane (rough-side up) providing a substrate
onto which periphyton could attach and grow and which
could be easily removed for analysis at the end of the
experiment (Fig. 2a). The lid of the Nalgene bottle was
modified with a 32-mm-diameter hole, and this was care-
fully screwed onto the bottle, taking care not to rip the filter
paper or semi-permeable membrane. Grazing pressure by
zooplankton was reduced by covering the opening of the
NDS with a square of 150-pum zooplankton mesh (Fig. 2a).

Nutrient diffusing substrata were deployed for
3540 days during June—August 2011 (Table 1). Six rep-
licates from each treatment were randomly attached to the
underside of a wire frame, orientated perpendicular to the
lake bottom in line with Matlock et al. (1998) (Fig. 2b).
The frame was placed in a macrophyte-free region in the
littoral zone at a depth of 0.75 m, ensuring NDS were
completely submerged, positioned at a depth of c¢. 0.07 m
above the bottom of the lake.

@ Springer

Upon collection, NDS were removed from study lakes
and GF/F filter papers were recovered, immediately
wrapped in aluminium foil and stored at —18 °C prior to
high-performance liquid chromatography (HPLC) pigment
analysis. Recovery of GF/F filter papers was high, with the
loss of six samples.

Matlock et al. (1998) reported diffusion rates of
17+ 16 uygem > h™" and 27 £ 17 ugem™2 h™' for
1.5 mM PO,>~ and 8.1 mM NO;~, respectively, across the
same NDS at 26 °C. The authors suggested that the rate of
diffusion for both ions was approximately linear and cal-
culated that the concentration of ions within NDS decreased
by c¢. 15 % over 14 days and by 25 % over 21 days (Mat-
lock et al. 1998). Based on these rates of diffusion and given
the nutrient concentrations supplied in the current study, it
was estimated that under lower temperatures and limited
water flow, nutrient concentrations in NDS should not
become depleted and nutrient release to the growing surface
would continue over the duration of the investigation.

Photosynthetically active radiation and water chemistry

Photosynthetically active radiation (PAR), nutrient con-
centrations (soluble reactive phosphorus (SRP), total
phosphorus (TP), nitrate (NO3™), ammonium (NH4 %) and
total nitrogen (TN)) and physical properties (temperature,
pH, conductivity and dissolved oxygen (DO) concentra-
tion) were measured on the date NDS were deployed
(Table 1). Lakes SS903 and SS2 were sampled throughout
the water column at the deepest part (Table 1). However,
AT7 was sampled from the ice-free littoral moat as residual
ice cover prevented safe access to the deepest point in the
centre of the lake. Photosynthetically active radiation was
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measured with a Li-cor LI-192SA underwater quantum
sensor attached to a LI-1400 data logger (LI-COR Bio-
sciences, Lincoln, NE, USA) at SS903 and SS2, whilst a
Secchi disc reading was taken at AT7 on 5 August 2010.
To compensate for different weather conditions, all PAR
readings were normalised against the surface reading
(100 %). The percentage of PAR at all depths was In
transformed and plotted against depth, with the gradient of
this relationship used to estimate light attenuation through
the water column (extinction coefficient, Kjy, m !

(Table 1). For AT7, the Secchi disc reading was trans-
formed to give an approximate K4 value using the equation:
K4 = 1.7/SD (Poole and Atkins 1929; Table 1). Conduc-
tivity, pH, temperature and DO were measured using a YSI
datasonde probe (YSI Incorporated, Yellow Springs, Ohio,
USA) at a depth of 2 m at the deepest point of SS903 and
SS2 and at a depth of 1 m in the littoral moat at Lake AT7.
Water samples for chemical analysis were also taken from
these locations and depths. Samples for the analysis of
SRP, NO;~ and NH, 1 were filtered through 0.7-um GF/F
glass fibre filter papers in the field with unfiltered water
collected for TP and TN analysis. Samples for water
chemistry were kept cold, in the dark, in the field until they
were returned to the laboratory (typically within 8 h) where
they were stored at 4 °C in the dark until analysis. Soluble
reactive phosphorus, TP, NH,* and NO;~ were analysed
by standard colourimetric methods following Mackereth
et al. (1989), whilst TN was measured by alkaline potas-
sium persulphate digestion and UV absorption (J. Saros,
University of Maine, USA). Due to logistical constraints
associated with working in remote environments, water
chemistry was analysed as soon as possible after sample
collection (typically within 4 days). We note that a delay in
analysis of water chemistry can permit changes in major
nutrient concentrations via algal and microbial activity.
However, in the current investigation, any such changes are
not deemed to alter major conclusions drawn.

Periphyton photosynthetic pigment analysis including
chlorophyll a

Photosynthetic pigments were measured with standard high-
performance liquid chromatography (HPLC) following
Leavitt & Hodgson (2001) and described in McGowan et al.
(2012). Characterisation of different algal communities was
based on HPLC separations of chlorophylls and carotenoids
from all algal groups (Chl a), chlorophytes (chlorophyll
b (Chl b), lutein and violaxanthin), cryptophytes (alloxan-
thin), cyanobacteria (canthaxanthin and zeaxanthin), dino-
flagellates (peridinin) and siliceous algae including diatoms
and chrysophytes (fucoxanthin). Total pigment concentra-
tion was calculated from the sum of the above pigments
(excluding Chl a) in addition to concentrations of

diadinoxanthin, diatoxanthin, pheophytin b, pheophytin
a and B-carotene, which are not discussed in further detail in
the current study. Chlorophyll ¢ and pigment concentrations
are calculated from the total area over which nutrients could
diffuse and periphyton attach (8.04 cm?). Whilst photosyn-
thetic pigment biomarkers provide coarser taxonomic
information than microscopic algal counts, the design of this
investigation did not permit microscopic examination of
algal material from recovered NDS and the taxonomic res-
olution provided was considered sufficient to address our
research hypotheses and for a preliminary investigation.

Statistical analysis

SPSS ((UK) Ltd, Woking, UK) was used to perform
standard statistical analyses. All data were log, trans-
formed and checked for normality and homoscedasticity.
For each lake, one-way ANOVA with Least Squares Dif-
ference post hoc tests was used to determine differences in
Chl a and pigments between nutrient treatments. Nutrient
limitation was determined following the hierarchical logic
sequence presented in Maberly et al. (2002) with P < 0.05
as statistically significant. Nitrogen limitation was ascribed
when measured values were significantly greater in
N-treated samples compared against controls. Co-limita-
tion was inferred when N 4 P was the only treatment
resulting in significantly greater values than control sam-
ples (i.e. neither N nor P addition alone stimulated biomass
yield significantly). Where N and P supplied alone stimu-
lated periphyton biomass significantly, both nutrients were
determined to limit growth.

Results
Physical parameters

Concentrations of SRP ranged from 0.5 pug 1=' in AT7 to
2.0 ug 1™' in SS903 (Table 1). Concentrations of NH,"
were low (<2.3 pg 17') and below detection limits in AT7
(Table 1). In contrast, NO3~ was only detected in AT7
(134 pg 1_1). Maximum TN was measured at SS2, where
it was approximately twice the concentration recorded in
SS903 and 95 % greater than in AT7.

Surface water temperature ranged from 4.6 to 14.5 °C
across all three lakes (Table 1). The pH of SS2 and SS903
was similar (8.2 and 8.03, respectively), but a much lower
pH of 6.5 was recorded at AT7 (Table 1). Alkalinity ran-
ged between 100 and 2,300 peq 17, and conductivity was
recorded between 39 and 322 pS cm™ ' (Table 1). Similar
values were calculated for the light extinction coefficient
(Ky) in SS903 (0.23 m~') and AT7 (0.2 m™'), but was
higher at SS2 (0.66 m™).

@ Springer



1336

Polar Biol (2014) 37:1331-1342

5 5
(a) SS8903 - Ice sheet margin (d) S5903 - Ice sheet margin
4 4l
3 3 b be
3 T
ac
2 2+ a / B
= I
b ab
1+ T 1+
a / a Fﬁ
0 0
5 5 —
N
‘e (b) ss2 - Inland o (e) ss2-Inland b
§ 4 § 4t = |a
s ) e Zalinl
< 3 - £ 3L
o =) a
ks b a
6 2+ T /- ab g 2 I
g2 %/ T c
o a 1 ¥
o 1 I =] 1+
= x
0 0
5 5.00
(c) AT7 - Coast (F) AT7 - Coast
4r 4.00 |-
3 —
3.00
0.10
2 —
b b
L I 0.05 - I
a a a %
a a
0 - / 0.00
C N P N+P C N P N+P
Treatment

Fig. 3 Effect of nutrient supply (nitrogen (N), phosphorus (P) and
N + P) on periphyton chlorophyll a concentration (a—¢) and total
pigment biomass (d-f) compared against control samples (no
nutrients) in three study lakes from south-west Greenland: ice sheet
margin (SS903, a, d), inland close to Kangerlussuaq (SS2, b, e) and at
the coast near Sisimiut (AT7, ¢, f). Plotted values are means
(n = 4-6) £ 1 SEM, with one-way ANOVA and LSD post hoc test

Periphyton chlorophyll a

Nutrient enrichment significantly increased Chl a in all
three study lakes (P < 0.025, Fig. 3a-c). Nitrogen addition
significantly increased Chl a by 164 % relative to control
samples in SS903 (P = 0.003, Fig. 3a). At SS2, both N and
P addition alone resulted in significant increases
(P <0.006) in Chlato2 x 1072 £ 0.3 x 1072 pg cm™ >
(+N) and 2 x 1072 £ 0.6 x 107% pug cm 2 (+P) com-
pared against control samples (0.7 x 1072 4 0.2 x 1072
pg cm~2, Fig. 3b). At AT7, N + P significantly increased
Chl a (P = 0.007) by 7-16x compared against all other
nutrient treatments in this lake (Fig. 3c).

@ Springer

used to calculate significant differences between nutrient treatments
for each lake. Points assigned the same letter are not significantly
different at the P < 0.05 level, with results statistically significant
from control samples highlighted by shaded bars. Note the break in
the y-axis scale between 0.1 and 3 (x 102 nmol pigment cm~?) in
plot f

Periphyton photosynthetic pigments

Addition of N significantly increased total photosynthetic
pigment concentration in SS903 and SS2 (P < 0.023,
Fig. 3d, e), whilst supply of N 4 P together resulted in a
significant increase in total pigment concentration in AT7
(P = 0.008, Fig. 3f). The lowest pigment concentrations
(<8 x 10~% nmol cmfz) were recorded in AT7, and com-
monly, individual pigments were below detection limits in
this lake (Fig. 4). In SS903, fucoxanthin and lutein—zea-
xanthin (indicating siliceous and green algae) accounted for
up to 16 and 10 % of total pigment concentration, respec-
tively (Fig. 4d, m). In addition, N supply significantly
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increased fucoxanthin (siliceous algae), violaxanthin,
lutein—zeaxanthin and Chl b (green and blue-green algae)
by a factor of 2.7 — 12 relative to control samples
(P <0.01, Fig. 4d, g, m, s) and resulted in the highest
concentration of alloxanthin (suggesting an increase in
cryptophytes). There was little effect of P enrichment on
pigment concentrations in SS903. Peridinin (indicating
dinoflagellates) was only detected in the N 4 P treatment,
and the supply of N + P significantly increased indicators
of siliceous and green algae, including fucoxanthin, viola-
xanthin, lutein—zeaxanthin and Chl b compared to control
samples (Fig. 4d, g, m, s). However, individual pigment
concentrations recorded under N + P treatments in SS903
were lower than those achieved with N addition alone.

Nitrogen significantly increased siliceous and green
algal pigments fucoxanthin and violaxanthin in SS2
(P < 0.038, Fig. 4e, h). Alloxanthin, lutein—zeaxanthin and
Chl b also increased in response to N supply when com-
pared against control samples (Fig. 4k, n, t). Phosphorus
stimulated fucoxanthin, violaxanthin and alloxanthin by
58-90 % compared to control samples (Fig. 4e, h, k) and
resulted in the maximum peridinin (dinoflagellates) recor-
ded in SS2. The addition of P also increased canthaxanthin
(cyanobacteria) by a factor of c. 13 relative to concentra-
tions measured in control samples (Fig. 4q). The supply of
N + P increased pigment concentrations of siliceous,
green algae and cyanobacteria (fucoxanthin, violaxanthin,
lutein—zeaxanthin and Chl b) by c. 40-200 % compared to
control samples (Fig. 4e, h, n, t) with fucoxanthin (sili-
ceous algae) accounting for the largest proportion of total
periphyton pigment concentration (15-27 %) across all
nutrient treatments in SS2 (Fig. 4e).

Periphyton pigments were reduced in AT7 compared
against other study lakes (Fig. 4). Fucoxanthin and lutein—
zeaxanthin were the only detectable pigments in control
samples, and fucoxanthin and violaxanthin (siliceous and
green algae) were the only pigments recorded on N-treated
samples (Fig. 4f, i). Phosphorus supply increased fucoxan-
thin concentration (Fig. 4f) and resulted in detection of Chl
b (Fig. 4u). Dual nutrient enrichment significantly increased
fucoxanthin and lutein—zeaxanthin by a factor of ¢. 17 and
c. 70, respectively (P < 0.05, Fig 4f, o), relative to control
samples. The highest measured concentration of Chl b in
AT7reached3 x 10 £ 1 x 107> nmol cm_zinresponse
to the supply of N 4 P (Fig. 4u). Peridinin (dinoflagellates),
alloxanthin (cryptophytes) and canthaxanthin (cyanobacte-
ria) were not detected at this lake (Fig. 4c, 1, r).

Discussion

Periphyton growth in oligotrophic lakes in SW Greenland
is constrained by nutrient availability. The addition of N, P

or N + P increased Chl a by a factor of 1.5—16 in all three
study lakes, suggesting a severe shortage of bioavailable
nutrients for growth. This is consistent with studies which
report N and/or P limitation in polar, alpine and montane
oligotrophic lakes (e.g. Levine and Whalen 2001; Symons
et al. 2012), including SW Greenland (Brutemark et al.
2006), as well as for community-specific periphyton
responses (Blumenshine et al. 1997; Vadeboncoeur et al.
2001; Elser et al. 2007; Lepori and Robin 2014).

Nutrient limitation varied amongst study lakes. Nitrogen
limitation was observed at SS903 (ice sheet margin), whilst
evidence of both N and P limitation was recorded at SS2
(inland) and N + P co-nutrient limitation was determined
for AT7 (coast). At SS903 and SS2, addition of N signif-
icantly increased periphyton Chl a and pigments indicative
of siliceous algae and chlorophytes. Lepori and Robin
(2014) reported that green algae (including filamentous
forms) grew more favourably in response to the supply of
N from NDS in oligotrophic alpine lakes. Nydick et al.
(2004) also recorded an increase in chlorophytes in
response to N enrichment in shallow mountain lakes of the
Snowy Range, Wyoming, USA, which the authors attrib-
uted to a high optimum N requirement of these taxa. Sili-
ceous algae can also be highly competitive for inorganic N
uptake in oligotrophic systems (Tilman et al. 1986; Lomas
and Glibert 1999). At SS903, the action of strong katabatic
winds in the littoral zone might aid P release from sedi-
ments, altering lake water N:P stoichiometry and enhanc-
ing periphyton growth-led demand for N.

At SS2, P addition also significantly increased Chl a and
total pigment concentration, although different taxa
responded compared with N addition. Canthaxanthin
increased by c. 90 % in P-treated samples compared to
control treatments, suggesting a marked increase in cya-
nobacteria. Many cyanobacteria are able to fix atmospheric
N,, thereby possessing a mechanism to alleviate N limi-
tation. However, N,-fixation is an energy intensive process
(Sprent and Sprent 1990; Postgate 1998) which carries an
increased demand for P. Therefore, P addition might have
supported growth of N,-fixing cyanobacteria by enabling
more optimal cellular N/P ratios. Fairchild et al. (1985)
showed that N,-fixing periphyton achieved higher biomass
after the supply of P, compared with control and N treat-
ments during an in situ nutrient bioassay investigation in
Douglas Lake, Michigan, USA.

Co-limitation was recorded at AT7. The addition of
N + P supplied together significantly stimulated Chl a and
pigment concentrations indicative of siliceous and green
algae by c. 90 %, suggesting a severe shortage of both N
and P for uptake and assimilation. Morris and Lewis (1988)
reported that communities composed of a relatively small
number of closely related species with similar N and P
requirements (typical of arctic phytobenthos) commonly
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«Fig. 4 Effect of nutrient supply (nitrogen (N), phosphorus (P),
N + P) on periphyton photosynthetic pigment concentration com-
pared against control samples (no nutrients) in three study lakes from
south-west Greenland: a—c peridinin (dinoflagellates), d—f fucoxanthin
(siliceous algae and chrysophytes), g—i violaxanthin (chlorophytes),
j-1 alloxanthin (cryptophytes), m—o lutein—zeaxanthin (chlorophytes),
p-r canthaxanthin (cyanobacteria), s—u Chl b (chlorophytes). Plotted
values are means (n = 4-6) = 1 SEM, with one-way ANOVA and
LSD post hoc test used to calculate significant differences in pigment
concentration between nutrient treatments for each lake. Points
assigned the same letter are not significantly different at the P < 0.05
level, with results statistically significant from control samples
highlighted by diagonal lines. Note the different y-axis scale bar
for fucoxanthin (d—f) compared with other pigment biomarkers

exhibit N 4 P co-limitation. Although N + P supply
stimulated growth in all three study lakes, co-nutrient
limitation was only determined for AT7. Nonetheless, in
response to N + P supply, maximum Chl a and pigment
values were up to 80x lower than reported for other study
lakes, suggesting potentially lower periphyton biomass and
reduced diversity in AT7. The low Chl a and pigment
concentrations recorded at AT7 could be explained by
heterogeneity in environmental conditions and community
composition between lakes (Baulch et al. 2009).

Ice melt is typically delayed at the coast by c. 2-3 weeks
compared with lakes inland (Anderson and Brodersen
2001). Nutrient diffusing substrata were deployed in lakes
within a 3-day period, and although ice melt had occurred
>10 days earlier at SS2 and SS903, there was still a large
volume of ice present on AT7 at the start of the investi-
gation. The growth and natural succession pattern of
periphyton in arctic lakes (typified by early spring blooms
of siliceous algae and chlorophytes followed by a peak in
cyanobacteria later in the growing season) are tightly
coupled to ice cover, timing of ice melt and associated
limnological changes, in particular, light availability and
water temperature. At the start of the investigation, water
temperature in the upper 2 m was 7-10 °C lower at AT7,
potentially resulting in reduced colonisation rates. How-
ever, the temperature of water close to the sediment
(phytobenthos habitat) in the littoral zone is likely to
remain more stable following ice melt and differ less
between the three lakes. Hansson (1992) reported similar
periphyton Chl @ values in Antarctic (2-40 pg cm™ 2, mean
water temperatures <4 °C) and temperate lakes
(3-27 pg em™2, ¢. 10-20 °C warmer), concluding that low
water temperature was unlikely to exert a major control
over periphyton growth.

Light attenuation through the water column was similar
at SS903 and AT7, suggesting variation in PAR availability
was unlikely to account for lower Chl a and pigment
concentrations at AT7. The lowest PAR (and highest light
attenuation) was recorded at SS2, associated with Chl

a values 60-80 % higher than other study lakes. This could
reflect increased periphyton biomass, but it is important to
consider that it could also represent higher individual cel-
lular Chl a concentrations (enhancing light-harvesting
capacity) (Lizotte 2008). There is evidence that light (as a
result of increased exposure to ultraviolet (UV) radiation)
can have a marked effect and reduce periphyton growth
and community composition in oligotrophic lakes (Vine-
brooke and Leavitt 1996). Although the role of UV radia-
tion was not addressed directly, it could potentially limit
Chl a and induce pigment degradation at AT7 which is
located at the highest altitude and where there was low
light attenuation and associated high PAR.

There was no evidence of cyanobacterial growth (can-
thaxanthin) on NDS at AT7. This might reflect a lag in the
seasonal succession pattern of periphyton, resulting from
delayed ice melt. Alternatively, it could represent a lower
demand for N,-fixation due to increased NO3 ™ availability.
Previous regional studies have reported increased N
availability in lakes at the coast compared with inland
(Anderson et al. 2012), which could be attributed to
accumulation of atmospheric deposits over winter deliv-
ered to lakes during the spring thaw (Rautio et al. 2011).

It was initially hypothesised that regional variation in
atmospheric N deposition (linked to precipitation) might
effect the nutrient limitation of lakes across SW Greenland.
There is growing evidence that long-range atmospheric
transport of N is now reaching Greenland; preliminary data
from a recent regional survey (2010-2012) suggest that N
deposition increases by a factor of 2 from the ice sheet
margin to the coast (C. Curtis, Pers. comm). Increased
atmospheric N deposition has previously been shown to
shift nutrient limitation of oligotrophic lakes from N to P
limitation (Bergstrom et al. 2005; Elser et al. 2009a, b). In
agreement with these findings, N limitation was reported at
the lowest N deposition site (SS903). However, P limita-
tion alone was not reported at the highest N deposition site
(AT7). A shift from N to P limitation has previously been
reported at rates >6 kg ha™' year™' (Bergstrom et al. 2005;
Elser et al. 2009b), far in excess of atmospheric N depo-
sition currently estimated for Greenland (<1 kg N ha™'
year_l) (Arens et al. 2008; C. Curtis, Pers. comm).

South-west Greenland is dominated by small, shallow
lakes which typically have high ratios of littoral surface
area relative to pelagic volume, typically favouring the
growth of benthic phototrophs (Wetzel 1990). Vade-
boncoeur et al. (2003) reported that periphyton was
responsible for 80-90 % of primary production in similar
shallow, oligotrophic lakes in north-east Greenland. How-
ever, to date, the majority of studies undertaken on lakes
across the study region (including nutrient bioassay stud-
ies) have focussed on the phytoplankton community (e.g.
Kristiansen 1994; Anderson et al. 1999; Brutemark et al.
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2006). Although information from phytoplankton bioassays
can help inform about the nutrient limitation of a lake, one
drawback is that the design of such experiments requires
‘closed assays’ where the algal community is either
removed from the lake and grown under controlled con-
ditions (Levine and Whalen 2001; Maberly et al. 2002;
Symons et al. 2012), or for in situ experiments, is com-
pletely isolated from the surrounding lake water (Brute-
mark et al. 2006) therefore giving little insight into how
algal assemblages adapt to nutrient supply conditions in
their natural habitat (Elser et al. 1990).

The use of NDS provides a platform onto which periphyton
can attach and grow, whilst exposing algae to the water col-
umn continuously throughout the duration of the experiment.
As such, it can provide a potentially greater understanding of
the nutrient limitation status of the water body and its effect on
specific (periphyton) community growth as well as informing
more broadly, about the likely nutrient limitation status of
other algal groups inhabiting the lake. However, there are
limitations to consider when using and interpreting data from
NDS, in particular, the ability of artificial substrates to accu-
rately replicate natural substrata (Cattaneo and Amireault
1992). Artificial substrates (including NDS) have been shown
to miss-represent natural colonisation rates, periphyton bio-
mass, primary production and species composition (Aloi
1990; Cattaneo and Amireault 1992). This might account for
low periphyton Chl a (0.05-2 x 107> pg cm™?) values
recorded in the current study compared with values reported
for natural substrates in high-latitude oligotrophic lakes and
ponds (0.01-40 pg cmfz) (Hansson 1992; Vadeboncoeur and
Lodge 2000; Bonilla et al. 2005; McMaster and Schindler
2005). Heterogeneity of benthic habitats (deployment of a
single experimental set-up) and length of deployment along-
side HPLC analysis (rather than trichromatic methodology)
and variation in periphyton biomass/pigment ratios (concen-
trations per cell) (Schagerl and Kiinzl 2007; Baulch et al.
2009) could also help account for low Chl a values. None-
theless, results from the current study provide novel infor-
mation on the nutrient limitation of freshwater lakes in SW
Greenland as well as adding to the limited knowledge of
periphyton ecology in this region of the arctic. Nutrient lim-
itation of arctic lakes and associated ecological impacts are
highly variable, even across small geographic areas. In this
highly sensitive region, future environmental change scenar-
ios carry a strong risk of significantly altering nutrient limi-
tation (IPCC 2013), in turn, potentially severely impacting
lake structure and function.
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