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Abstract Phosphorus (P) limitation has been
regarded as the rule in freshwater systems and the
basis for phytoplankton growth management. We
hypothesised that P would be the limiting nutrient for
phytoplankton growth in Grahamstown Dam, a shal-
low, mesotrophic reservoir, across different seasons
and on different experimental time scales. Seven fully
factorial microcosm assays with additions of nitrogen
(N) and P were conducted in situ during different
seasons. The influence of longer experimental dura-
tion was examined in two 18-day mesocosm assays.
Additions of N and P in combination evoked signif-
icantly higher phytoplankton biomass and biovolumes
of individual algal genera compared with controls and
other treatments in both types of experiment. There
were some significant responses to P additions in the
microcosm assays in winter. Some genera first
responded to combined P and N addition and then to
P only addition during the mesocoms assays. Our
results show that P was not the limiting nutrient across
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all seasons but that phytoplankton was mostly co-
limited by N and P. A longer experimental time scale
did not change this outcome at the biomass level. This
implies that input of N as well as of P should be
considered in the management of phytoplankton
growth.
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Introduction

Phytoplankton blooms, especially if dominated by
toxic cyanobacteria, can have serious consequences
for the supply of drinking water due to the production
of potent toxins (Bowling, 1994; Qin et al., 2010).
Hence, one goal of drinking water management is to
reduce the main cause of phytoplankton blooms—the
enrichment of water supplies with the macro nutrients
nitrogen (N) and phosphorus (P). Of these two main
algal nutrients, P has traditionally been the focus of
nutrient management in freshwater systems (Schin-
dler, 1977; Lewis & Wurtsbaugh, 2008; Sterner,
2008) and the reduction of P loading to lakes and
reservoirs has successfully led to a decrease in algal
and cyanobacterial biomass in many cases (Willén,
2001; Jeppesen et al., 2005). However, N alone can
also limit phytoplankton productivity (James et al.,
2003; Bergstrom et al., 2008) and there is increasing
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evidence that phytoplankton co-limitation by both
nutrients sometimes occurs (Elser et al., 2007; Har-
pole et al., 2011). Thus, in some lakes controlling N
may be as important as controlling P.

Moreover, seasonal changes in nutrient limitation
can occur and different scenarios have been observed
in different lakes. Co-limitation by P and silicate in
spring and P and N in autumn may occur although
limitation by P prevails during the rest of the year
(Moon & Carrick, 2007). No limitation by N or P in
some months and limitation by N only in others has
been observed in a mainly P limited lake (Xu et al.,
2013). In contrast, lakes that are governed by N
limitation may become P limited for short periods in
early summer followed by co-limitation by N and P
before switching back to N limitation (Bergstrém
et al., 2008). As these changes in nutrient limitation
fall into growth periods that may be critical for algal
bloom formation, the management of certain nutrients
may be necessary before or during these periods of
change while the management of other nutrients may
be more important throughout the rest of the year.

Whether phytoplankton growth is controlled by P
or N is commonly assessed using in situ nutrient
enrichment assays. Based on Liebig’s law of the
minimum, the nutrient that evokes the greatest
biomass increase is deemed the limiting nutrient for
phytoplankton growth. Biomass increase is often
determined as chlorophyll a and, in fewer cases, as
cell counts. In situ enrichment assays vary in spatial
and temporal scale, ranging from whole-lake fertil-
isation lasting for years (Schindler et al., 2008) to
microcosm assays using small volumes over a few
days (Burger et al., 2007). The extrapolation from
microcosm assays to whole ecosystem processes has
received criticism in the past. Schindler (1998) and
Carpenter (1996) argue that downscaling on the
temporal and spatial level, as occurs in microcosm
experiments, leads to ecologically unrealistic
responses. Reasons for this include the partial exclu-
sion of communities and the failure to capture slowly
evolving processes (Schindler, 1998). However,
research has shown that in nutrient enrichment studies
algal response does not vary greatly with container
volume or surface to volume ratio even when
comparing mesocosms ranging from several litres to
small ponds (Spivak et al., 2011). Thus, it is likely
that small scale assays examining the direct response
of phytoplankton to nutrient addition realistically
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represent processes occurring at larger scales. In
terms of environmental impact, cost and ability to
replicate, microcosm assays are the preferred option
for investigating nutrient limitation in drinking water
storages.

Temporal scale plays an important role in the
outcome of nutrient enrichment assays. Algal biomass
has been observed to be first limited by N then to not
be nutrient limited and finally to be limited by P in
bottle assays over a 11-day period (Carignan & Planas,
1994). Spivak et al. (2011) also report strong variation
of algal responses to nutrient enrichment with time
during their seven-day experiments. The growth
response at a species or genus level may be even
more affected by time than the overall growth or
biomass increase. Each phytoplankton species has its
own optimum growth rate which depends on growth
conditions, i.e. temperature, light and nutrient avail-
ability. Optimum growth rates can vary greatly
between species (Liirling et al., 2013) leading to
different species growing at different rates under the
same conditions (Litchman, 2000; Schabhiittl et al.,
2013). This is important to consider if the growth
response at a species or genus level is to be used in
predicting the growth of nuisance groups. In particu-
lar, many cyanobacteria have slower growth rates than
chlorophyta under similar temperature regimes (Liir-
ling et al., 2013) which implies that cyanobacterial
responses to nutrient enrichment may not be detected
as fast.

We examined the N and P limitation of phyto-
plankton in Grahamstown Dam, a shallow mesotro-
phic drinking water reservoir in south east Australia.
The reservoir has a small natural forested catchment
and water levels are maintained by pumping water
from a nearby river when required. This process
introduces nutrients into the lake as the river carries
a comparatively higher nutrient concentration.
Potentially toxic cyanobacteria are present in the
lake but they do not dominate the phytoplankton.
However, there is concern that cyanobacterial
blooms may develop as a result of increased nutrient
levels. Our aims were to find the limiting nutrient
for phytoplankton growth at a community and genus
level, to determine if nutrient limitation was
seasonally different and to examine if the experi-
mental period influenced the phytoplankton response
to nutrient enrichment at a community and genus
level.
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Methods
Study site

Grahamstown Dam is a shallow reservoir located 20
kilometres north of Newcastle on the east coast of New
South Wales, Australia (Fig. 1). The lake is usually
well mixed due to its surface area of 28 km?, which
provides a large fetch, and its relatively mean shallow
depth of 7 m. Short periods of thermal stratification
can occur for a duration of up to 21 days during the
summer months (Mueller and Mitrovic, unpublished
data). The catchment comprises 73 km? which at times
may not be sufficient to maintain levels necessary for
drinking water supply. To compensate, water levels
can be increased by pumping water from the nearby
Williams River through a canal (Balickera Canal) into
the northern end of the lake. This procedure also
increases nutrient levels in the reservoir as the
Williams River carries a higher nutrient concentration
than the lake. Currently, the lake has been classified as
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Fig. 1 Location of the three experimental sites, marked with
solid circles, within Grahamstown Dam. Coordinates of sites
were  S32°45'60", E151°47'44" (Site 1); S32°44'23",
E151°48'31” (Site 2) and S32°42'41”, E151°49'1" (Site 3).
The solid circle on the inset shows the approximate position of
the lake on the Australian continent

mesotrophic according to OECD guidelines (Cole &
Williams, 2011).

For this study, three different sites in the lake were
chosen for their individual environmental character-
istics. Site 3, close to Balickera Canal, is the most
protected and shallowest (4-6 m, depending on
capacity of the lake) while Site 2, closest to the centre
of the lake, is the most wind exposed and deepest
(9—10m). Site 1, close to the drinking water off take, is
between 7 and 9 m deep. Each site is permanently
marked with a buoy (Fig. 1).

Concentrations of filtered oxidised nitrogen (NO,)
and soluble reactive phosphorus (srP) vary between 8
and 50 pg N/L and 5 and 30 pg P/L in Grahamstown
Dam. Compared with the lake, concentrations of N
and P are higher in the Williams River at Seaham Weir
from where water is pumped into the dam via
Balickera Canal. Concentrations of NO, and srP vary
between 66 and 450 pg N/L and 31 and 120 pg P/L.

The lake’s phytoplankton is dominated by Chloro-
phyceae and Bacillariophyceae by biovolume and by
non toxic colonial cyanobacteria by cell counts.
Potentially toxic cyanobacteria of the genera Micro-
cystis, Anabaena and Aphanizomenon are present in
the lake. Cell densities of Microcystis are often around
1,000/ml while Anabaena rarely reaches 1,000/ml.
Counts have increased up to 30,000 for Microcystis
and 20,000 cell/ml for Anabaena on two separate
occasions since 1992 while Aphanizomenon has only
been recorded intermittently since 2000 (Hunter
Water monitoring data).

Microcosm enrichment assays

In order to identify the limiting nutrient for phyto-
plankton growth and potential changes with season,
in situ microcosm nutrient enrichment assays were
conducted in April 2009, August 2009, February 2010,
May 2010, December 2010, May 2011 and August
2011 at three sites. Each microcosm enrichment
experiment lasted for 4 days (from 12 pm on day O
to 12 pm on day 4).

Three different nutrient treatments and one
untreated control (C) were tested in triplicate for each
of the three sites: 500 pg N/L in the form KNOj
(treatment N), 200 pg P/L in the form of KH,POy4
(treatment P), a combination of both in the same
concentration as in the single treatments (treatment
PN). Nutrient concentrations were chosen so that
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«Fig.2 Chlorophyll a concentration for all three sites during the
seasonal microcosm nutrient enrichment assays conducted from
April 2009 until August 2011. Treatments with N only addition
(N), P only addition (P) and N and P added in combination (PN)
and the control (C) display values on day 4. Initial concentra-
tions (i) were measured on day O prior to nutrient additions.
Error bars are one standard error from the mean, n = 3

nutrients were initially available in excess but within
the natural range expected in Australian freshwater
systems.

The experimental set up at each site consisted of
two racks each holding six 1.25 L clear PET bottles
parallel to the water surface in order to ensure an even
light exposure. Racks were placed in the euphotic zone
at half of the Secchi depth which approximated 25 %
surface irradiance. At each site, about 25 1 of surface
water were filtered through a 63 um plankton net and
pooled in a plastic bin. Bottles were filled from the bin,
leaving some space at the top. Nutrient solutions of P
and N were added to make up intended concentrations,
then the bottles were filled to the top and mixed by
rotation. Lake water was filtered in order to exclude
zooplankton and thus any changes in phytoplankton
dynamics due to zooplankton grazing. The >63 um
fraction was examined and did not exclude cyanobac-
teria or other larger algae that were not present in the
filtrate.

Samples for phytoplankton, chlorophyll a and
nutrient concentrations were collected on day 0 and
day 4. Day 0 samples were taken in triplicate from the
bin of filtered but otherwise untreated lake water.
Phytoplankton samples were preserved in Lugol’s
iodine. Concentrations of the added dissolved nutri-
ents were measured in surrogate bottles on day 0.
Surrogate bottles were prepared in triplicate and in the
same way as the bottles for the PN treatment. Nutrient
samples were filtered through a 0.45 pum filter.
Dissolved oxygen, pH and temperature were measured
in the bottles on day 0 and 4 at each site.

Mesocosm enrichment assays

In situ mesocosm assays were conducted to examine
the effect of increasing incubation time on phyto-
plankton growth in nutrient enriched conditions.
Assays were conducted from 17 January 2013 until 4
February 2013 and from 21 March 2013 until 8 April
2013. Mesocosm assays were deployed at Site 3 in
Grahamstown Dam as the previous microcosm assays

had shown that phytoplankton growth at this site was
generally higher compared with the other sites and
cyanobacterial numbers were often higher. Moreover,
Site 3 was the most sheltered of the three. Simulta-
neously, microcosm assays were conducted at Site 3 as
described above.

Nutrient treatments were the same as in the
microcosm assays (C, N, P, PN, n = 3) . Mesocosms
were made of polyethylene sheeting, heat-sealed into
bags of 2 m length and 1.5 m width. A cylindrical
shape (1 m diameter, 1.5 m length), open only at the
water surface, was maintained by stiff plastic tubing
attached at the top and bottom of the bags. The
mesocosm bags were attached to three floating frames
(2 x 2 x 2 m) and each level of nutrient treatment
was represented within each frame. Mesocosms were
filled with approximately 1,000 I of unfiltered lake
water.

Integrated depth samples for phytoplankton, chlo-
rophyll a and nutrient concentrations were collected
onday 0, 4, 8, 12 and 18. Nutrient samples were taken
before and after nutrient additions on day 0. Dissolved
oxygen, pH and temperature were measured in the
mesocosms on each sampling day.

Chlorophyll a analysis

Chlorophyll a samples were filtered via vacuum filtra-
tion onto glass fibre filters on site or in the laboratory on
the same day of sampling. Chlorophyll a was analysed
according to Gregor & Marsalek (2004) but omitting the
acidification step. The glass fibre filters were extracted
in 90 % boiling ethanol for five minutes. Remains of the
filters were eliminated by centrifuging. The supernatant
was analysed immediately using a Varian Cary 50 Bio
UV spectrophotometer.

Phytoplankton enumeration

Phytoplankton numbers were determined microscopi-
cally at 200 times magnification using a Sedgwick-
Rafter counting chamber. Samples were concentrated
by factors 3.3, 5 or 10 prior to counting as required.
Cyanobacteria and algae were identified to genus level
using identification literature by Prescott (1978), Streble
and Krauter (2008) and Entwistle et al. (1997). Biovo-
lumes of the most abundant genera were determined by
using the most appropriate conversion factors from
Burch et al. (2006) and Olenina et al. (2005).
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Nutrient analysis

Nutrient concentrations were determined photometri-
cally with a QuikChem 8500 Lachat nutrient analyser.
Soluble reactive phosphorus (srP) was measured with
the molybdate blue method using ascorbic acid as
reductant. Nitrate and nitrite (NO,) were analysed as
surrogate of nitrate (after establishing that nitrite
concentrations were negligible) with the sulphanila-
mide method after reduction by a cadmium column
(APHA, 1995).

Data analysis

Chlorophyll @ concentrations from the seasonal
microcosm assays were analysed with two factorial
repeated measures analysis of variance (ANOVA)
with a significance level of o = 0.05 using SPSS
Statistics 19.0. The Wilk’s Lambda statistic was
interpreted and interactions between treatments and
sites were analysed using Tukey’s pairwise compar-
ison. Data for phytoplankton genera and chlorophyll
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Fig. 3 Chlorophyll a concentration in pg/l in the mesocosm
assays conducted in January and March 2013. Treatments are N
only addition (N), P only addition (P) and N and P added in
combination (PN) and the control (C). Error bars are one
standard error from the mean, n = 3
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a were analysed with two factorial ANOVA and
Tukey’s pairwise comparison for each assay. Homo-
geneity of variance was tested with the Levene
statistic. Consequentially, chlorophyll a data from
the seasonal microcosm assays were logarithmically
transformed to satisfy the assumptions of ANOVA.
Chlorophyll a concentrations on day 4 in the meso-
cosm assays and simultaneous microcosm assays were
compared using two factorial ANOVA.

Results
Microcosm enrichment assays
Chlorophyll a response to nutrient enrichment

Chlorophyll a concentrations increased in the exper-
imental bottles in each of the seven assays in at least
one of the treatments compared with initial concen-
trations. Figure 2 shows that the PN treatment evoked
significantly higher phytoplankton growth compared
with all other treatments at all three sites in most
assays.

There was a significant interaction between nutrient
enrichment treatment and site in most assays. Accord-
ing to Tukey’s pairwise comparison, the PN treatment
evoked significant responses P < 0.05 compared to
the controls and the remaining treatments on the
following occasions: at all three sites in the assays
conducted in February and May 2010, at Sites 2 and 3
in April 2009, at Sites 1 and 2 in December 2010, at
Sites 1 and 2 in May 2011 and at Site 1 in August 2009.
The remaining treatments did not lead to a significant
growth response on these occasions.

In August 2009, chlorophyll a values in the P and
PN treatments were significantly greater than values in
the remaining treatments at Sites 2 and 3. In December
2010, there was also a significant response to N
additions at Site 3, albeit significantly lower than the
response to the PN treatment.

There was a significant interaction P < 0.001
between time, nutrient enrichment treatment and site
(Table 1). This was due to a varying magnitude of the
response to the PN treatment at different sites and
different assays and a response mainly to the P
treatment in August 2009. Also, a lack of a distinct
response pattern at Site 3 in May and August 2011
likely contributed to the interaction. Site 3 generally
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Table 1 Result of the repeated measures ANOVA of the chlorophyll a response in the seasonal microcosm assays

Effect Wilk’s 4 F Hypothesis df Error df P

Time 0.011 294.993 6 19.000 0.001
Time x site 0.013 24.957 12 38.000 0.001
Time x treatment 0.004 19.012 18 54.225 0.001
Time x site x treatment 0.008 4.895 36 86.196 0.001

Factor time had seven levels (the seven assays), factor site had the levels Site 1, 2 and 3 and factor treatment had the levels C, N, P
and PN

Table 2 Growth responses of the phytoplankton genera that responded to the nutrient enrichment treatments and chlorophyll
a response in the seasonal microcosm assays

Taxonomic group Genus April 2009  August February May December May August
2009 2010 2010 2010 2011 2011
Cyanobacteria Aphanothece PN##2t P2 Pk PN P
Aphanocapsa PN PN PN PN*
Anabaena P, N
Chlorophyceae Ankistrodesmus ~ PN**! P, PN PN** PN** PN**
Chodatella PN PNt PN
Cosmarium PN##!
Crucigenia P, PN px+t  PN® PN*¢ PN, P
Dictyosphaerium  P?*, PN* PN, P PN, P PNd | piekdt - PN P*?, PN*
Elakatothrix P, PN* PN Pt
Nephrocytium PNt PN PNt P*', PN PN*', P
QOocystis PN, P PN P PNt
Scenedesmus PN PN**! PN PN p*
Sphaerocystis P*, PN* PN* PN**
Bacillariophyceae Acanthoceras PN, P PN#*# > N#*
Aulacoseira PN#** PN PN#**
Cyclotella PN** PN PN#*! PN**
Synedra PN** PN#*
Urosolenia N PN PN
Cryptophyceae Cryptomonas PN PN## > P PN##! PN PN##¢
Synurophyceae Mallomonas PN**¢ PN, P PN** PN
Euglenophyceae  Trachelomonas N PN#*
Chlorophyll a PN#* PN##8 Pt pN#*t PN#* PN#* > N#** PNt

As results of all three sites were similar, only results of Site 3 are shown. Treatment names given in the table indicate which
treatments evoked increased growth. Asterisks indicate whether the growth response was significantly higher compared with the
control (*P < 0.05 and *P < 0.005, P values were derived from full factorial two way ANOVA of site and nutrient treatment for
each assay followed by Tukey’s pairwise comparison). Superscript a indicates that responses were not statistically different from each
other. Supersrcipt t indicates that there was no interaction between treatment and site but treatment was significant P < 0.05. No
entry means there was no distinct growth in any of the treatments compared with controls

had the highest chlorophyll a concentration in the PN The responses to nutrient treatments as well as overall
treatment, followed by Site 1 and then Site 2. The growth were lowest in the August 2009 and 2011
magnitude of the response to the PN treatment was assays, i.e. assays conducted in winter.

greater in the assays carried out during the warmer Time and site as well as time and treatment
seasons, in particular in February and December 2010. interaction terms were also significant and according
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to Tukey’s pairwise comparison the nutrient treat-
ments can be grouped into the following three
homogeneous subsets:

(1) PN treatment,
(2) P treatment and N treatment and
(3) controls (C).

Genera response to nutrient enrichment

About 35 of the most abundant genera were counted in
each assay of which 23 responded to the nutrient
treatment. Responses of genera were similar at the
three sites but often more pronounced at Site 3. Results
of this site are summarised in Table 2.

An increase in biovolume as a response to the P, N
or PN treatments was found in 218 cases. Biovolumes
in these treatments were significantly higher than in
the controls in 89 out of 218 responses (P < 0.05).

Responses to the PN treatment were the most
frequently recorded ones and were significantly higher
than responses to the control and the other treatments on
63 occasions (P < 0.05). Growth responses to the PN
treatments and the P treatment were significantly higher
than responses to the N treatment and the controls on 25
occasions. There was one significant growth response to
the N treatment and the PN treatment when compared
to the P treatment and the control.

Chlorophyceae and Bacillariophyceae mainly
responded to the PN treatment or the P treatment with
significantly increased growth but there were also
responses by Cryptomonas, Mallomonas and Trache-
lomonas. Aphanothece and Aphanocapsa showed
significant growth responses to the PN and the P
treatments and thus were the only cyanobacteria to
significantly respond to nutrient additions. The former
responded to P and PN treatments in the April 2009,
August 2009 and December 2010 assays and the latter
to the PN treatment in the December 2009 assay.

Mesocosm enrichment assays

Chlorophyll a response to nutrient enrichment
Similar to the seasonal microcosm assays, the greatest
response to nutrient enrichment was found in the PN
treatment in the two mesocosm and simultaneous

microcosm assays conducted in 2013 (Fig. 3). In both
mesocosm assays, biomass continued to increase in
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Fig.4 Chlorophyll a concentration in pg/l in the mesocosm and
microcosm assays conducted in January and March 2013.
Treatments with N only addition (N), P only addition (P) and N
and P added in combination (PN) and the control (C) display
values on day 4. Values on day O (i) of the microcosm assays
were measured in filtered and pooled lake water prior to filling
the microcosms. Error bars are one standard error from the
mean, n = 3

the PN treatment until day 8. After day 8, biomass
declined in both assays.

In the January 2013 assay, chlorophyll a concentra-
tions increased almost threefold between days 0 (5.2
pg/l) and 4 (14 pg/l) and more than threefold between
days 4 and 8 (48 pg/1) in the PN treatment. In the March
assay, biomass increase was more than threefold in the
PN treatment between days 0 (9.4 pg/l) and 4 (33 pg/l)
and almost doubled between days 4 and 8 (62 pg/l).

There was a small response to the N treatment, with the
January assay reaching highest values on day 18 (12 pg/l)
while there was no noticeable response to the P treatment
compared with controls in either assay. Controls did not
experience a biomass increase more than twofold in the
January assays. In March, biomass declined in the
controls from day O onwards. There was no statistical
difference between chlorophyll a concentrations in
treatments and controls on day 0 in either assay.

Chlorophyll a concentrations in the simulta-
neously conducted microcosm assay  were



Hydrobiologia (2015) 744:255-269

10 | *C
o N ]
op Mougeotia
v PN
8 —
)
o
£
E
[0
1S
=R
o
>
i)
m
2 —
¥
0 — % ¥ - ##* -
I I I I I
Chmeomonas
0.4 —
o
o= 0.3 7
1S
£
[0
E 02
=
o
>
i)
@ 0.1
0.0 - f\-& ¥ .
I I I I I
Day 0 Day 4 Day 8 Day 12 Day 18

Fig. 5 Biovolumes in mm*/1 of some phytoplankton genera
responding to additions of P and N in combination (PN
treatment) in the mesocosm assays in January (Mougeotia)
and March (Aphanocapsa, Chroomonas and Acanthoceras)

statistically not different from the ones in the
mesocosm assay on day 4 in the January assays
(Table 3; Fig. 4). In the March assays, concentra-
tions were higher in the microcosm assay but the
response pattern was the same, i.e. highest response
in the PN treatment (Table 3; Fig. 4).

Genera responses to nutrient enrichment
In both mesocosm assays, the most obvious response

to nutrient additions by individual genera was
observed in the PN treatment.
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2013. Remaining treatments were additions of P (P treatment),
additions of N (N treatment) and one untreated control (C).
Error bars are one standard error from the mean, n = 3

This treatment evoked distinctly higher growth in
13 of the 25 most abundant phytoplankton genera in
the January assay and in 20 genera in the March assay.
Three genera in the January assay and 11 genera in the
March assay responded to the PN treatment with
increased biovolumes but not to the other treatments or
the control. Figure 5 illustrates this response pattern in
four of the genera. Graphs showing the growth
response of the remaining genera can be found in the
supplementary material.

There was a response to the PN treatment and at the
same time a small response to the N treatment in 10
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Fig. 6 Biovolumes in mm*/l of some phytoplankton genera
responding to the PN and the N treatments (top row) or the PN
and the P treatments (botfom row) mesocosm assays in January
(Cryptomonas and Cyclotella) in March 2013 (Aphanizomenon

and Anabaena). Remaining treatments were additions of P (P
treatment) and one untreated control (C). Error bars are one
standard error from the mean, n = 3

Table 3 Results of the comparison of the chlorophyll a concentration of the mesocosm and microcosm assays on day 4

Factor January 2013 March 2013

Adjusted MS F P Adjusted MS F P
Size 0.08 0.01 0.939 122.19 24.48 0.000
Treatment 105.74 93.49 0.000 962.79 192.89 0.000
Size x treatment 2.11 1.87 0.176 10.21 2.05 0.148

Factor size had the levels microcosm and mesocosm, factor treatment had the levels C, N, P and PN in the two factorial ANOVA

genera in the January assay and in six genera in the
March assay. Similarly, there was a response to the PN
treatment and at the same time a small response to the
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P treatment in two genera in the January assay and
three genera in the March assay. Responses of four of
these genera are shown in Fig. 6 and graphs for the
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remaining genera can be found in the supplementary
material.

Single additions of N also evoked growth responses
in some genera while there was no distinct difference
between the other treatments and the controls (Fig. 7).

Some genera responded to different nutrient treat-
ments during the course of the experiment. The cyano-
bacteria Aphanizomenon and Anabaena responded to the
PN treatment within the first 8 days of both experiments
(Fig. 6 and graphs in the supplementary material). The P
treatment evoked a 24-fold increase in biovolume by
Aphanizomenon and a 28-fold increase in biovolume by
Anabaena between days 12 and 18 in the January assay.
Anabaena also responded to the P treatment between
days 8 and 12 in the March assay but its growth response
to the PN treatment exceeded the growth response to the
P treatment.

Discussion

The most frequent outcome of our nutrient enrichment
assays was a response to the PN treatment while
addition of single nutrients did not lead to a significant
growth response. This was observed at the biomass
level and at the level of individual genera. The response
pattern to factorial nutrient addition, where two
simultaneously added nutrients evoke a greater growth
response than their individual additions, is often
referred to as co-limitation by both nutrients (Burger
et al., 2007; Ogbebo et al., 2009; Harpole et al., 2011).
Harpole et al. (2011) further distinguish between two
types of co-limitation: simultaneous and independent.
Responses to two resources in combination but not to
their individual additions are classified as simultaneous

T T T T T T T
Day 12 Day 18 Day 0 Day 4 Day 8 Day 12  Day 18

co-limitation. In the case of independent co-limitation,
two resources evoke an equal growth response when
added individually. When added in combination, the
growth response exceeds the ones caused by their
individual additions.

Most results of our microcosm assays fall into the
category of simultaneous co-limitation: community
growth responses at all three sites in February and May
2010, at Sites 2 and 3 in April 2009, Sites 1 and 2 in
December 2010, Sites 1 and 2 in May 2011 and at Site
1 in August 2009. Most of the genera responses to
nutrient additions in these assays can also be classified
as simultaneous co-limitation (e.g. Ankistrodesmus,
Table 2).

A significant response to the PN treatment together
with a significant response to addition of either N or P
can be classified as “serial limitation” (Harpole et al.,
2011). This type of response was observed at the
community level in the microcosm assays at Sites 2
and 3 in August 2009, Site 1 in April 2009 and at Site 3
in December 2009. In August 2009, most genera
responses reflected the community response, i.e. most
genera were serially limited by P and then by N
(Table 2). In December 2010 and April 2009, some
genera responses could be classified as serially limited
(e.g. Acanthoceras, limited first by N and then by P,
Table 2) but most genera would be considered simul-
taneously co-limited. This indicates that in particular
in August 2009, one nutrient was more important for
the phytoplankton community and its individual
genera than the other.

Similarly, the community response in the January
mesocosm assay may fall into the category of serial
limitation as concentrations in the N treatment were
increased throughout the assay compared with the
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controls. In contrast, the biomass response in the
March mesocosm assay could be considered as
simultaneous co-limitation. Also, the community
response was reflected by most genera in both assays.

Co-limitation of phytoplankton growth has been
reported frequently in short term experiments using
chlorophyll a or other composite measures to detect a
growth response (Dzialowski et al., 2005; Burger
et al., 2007; Quiblier et al., 2008; Ogbebo et al., 2009).
We not only found phytoplankton growth to be co-
limited by P and N at a community level but also at a
genus level in two different types of nutrient enrich-
ment assay, i.e. seasonal nutrient enrichment micro-
cosm assays and two mesocosm assays.

According to Liebig’s Law of the Minimum, only
one nutrient can be limiting at a given time and co-
limitation by two nutrients at the same time would not
be possible. Danger et al. (2008) argue that Liebig’s
Law was developed for individual crop plants and
could not be applied to naturally diverse communities
which would adapt to the stoichiometry of their
available resources. Ultimately, this would result in
co-limitation at the community level. When individual
taxa responses are not considered and a composite
measure alone detects co-limitation, it seems obvious
to explain co-limitation as the combined effect of
individual taxonomic groups being limited by differ-
ent single nutrients as suggested in some studies
(Harpole et al., 2011). It has been demonstrated that
the entire community can be co-limited by N and P
while individual species or genera are limited by either
nutrient (Burger et al., 2007; Quiblier et al., 2008).

Although co-limitation of the phytoplankton com-
munity seems to be common, it has rarely been
shown that growth of individual genera can also be
co-limited. Hyenstrand et al. (2001) demonstrated
that growth of the cyanobacterium Gloeotrichia
echinulata was co-limited by trace metal nutrients
and macronutrients (N and P) in combination.
Different mechanisms for co-limitation of algal
growth rates by trace metals have been suggested
and shown, e.g. biochemical substitution where two
trace metals can fulfil the same biological function,
or biochemically dependent co-limitation where the
lack of one element prevents the acquisition of
another (Saito et al., 2008). However, these mecha-
nisms cannot explain co-limitation by biochemically
mutually exclusive nutrients such as N and P at the
genus or species level.
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In our assays, many genera from different families
were simultaneously co-limited in both types of
nutrient enrichment assay. Harpole et al. (2011) found
that simultaneous and independent co-limitation were
often observed in nutrient enrichment assays where
environmental nutrient concentrations were low. This
may also apply to our case as concentrations of srP and
NO, in Grahamstown Dam are usually low (8-50 pg
N/L and 5-30 pg P/L). The response evoked by
additions of single nutrients might have been too small
to be statistically significant and thus simultaneous co-
limitation may have masked serial limitation.

Simultaneous co-limitation does not contradict
Liebig’s Law, if indeed small growth responses and
low statistical power are responsible for this response
and serial limitation was the actual type of nutrient
limitation. Serial limitation may be interpreted as the
limitation by one nutrient, i.e. the nutrient that evokes
a response when added on its own, N or P in our case.
This would alleviate limitation but it might also induce
limitation by the second nutrient. When the second
nutrient is also present, as in the PN treatment, further
growth can occur.

Different container sizes and the inclusion or
exclusion of zooplankton, in mesocosms and micro-
cosms, respectively, may also have influenced phyto-
plankton responses to nutrient additions in our
enrichment assays. However, container size had only
an effect in the experiments conducted in March 2013.
Chlorophyll a concentrations were higher in all
treatments of the microcosm assay compared with
treatments of the mesocosm assay on day 4. Different
mean light levels may have affected algal biomass in
mesocosm and microcosm assays. The microcosm
bottles were suspended at the same depth (at 25 %
surface irradiance) during the course of the assay,
while the mesocosms covered the first 1.5 m of the
water column (including the depth where microcosm
bottles where placed). It is also likely that the
exclusion of zooplankton from the microcosms
affected algal growth positively. In turn, zooplankton
grazing in the mesocosms may have caused the delay
of growth responses in some genera. It is difficult to
tease apart the specific effects of zooplankton grazing
and container size on our experiments without quan-
tifying zooplankton densities. Generally, mesocosms
would provide a more natural environment than
microcosms. However, the fact that the pattern of the
nutrient limitation response of the phytoplankton
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community was the same in both types of enrichment
asssay—mesocosm and microcosm—within the first
four days, confirms and validates the results of the
seasonal microcosm assays. Further, it suggests that
the results from the seasonal microcosm assays are a
good indicator of the nutrients limiting algal biomass
in Grahamstown Dam.

Co-limitation may not have prevailed throughout
the year in Grahamstown Dam as there were signs of P
limitation of the phytoplankton community as well as
individual genera during winter. Although this may
indicate a greater importance of P compared with N,
growth responses were also much lower in winter,
hinting at a combination of nutrient and light or
temperature limitation. Seasonal changes in nutrient
limitation have been shown in other studies (Moon &
Carrick, 2007; Bergstrom et al., 2008; Xu et al., 2013)
and in contrast to the present results, they often occur
during the phytoplankton growing season. It is possi-
ble that the sampling frequency was too low to pick up
switches in nutrient limitation in Grahamstown Dam.
However, several experiments were conducted during
the main growing season in the lake (December to
May) and all of those resulted in co-limitation of
phytoplankton biomass.

Not only seasonality but also experimental duration
influenced the phytoplankton response to nutrient
enrichment in Grahamstown Dam. Specifically, there
were three different effects of experimental duration on
the response to nutrient enrichment, as shown in the two
mesocosm experiments. Firstly, some genera switched
from responding to one nutrient treatment to responding
to another during the course of the experiment. This was
most evident in the potentially toxic cyanobacteria
Anabaena and Aphanizomenon in the January experi-
ment. Both genera are capable of fixing atmospheric N
and may have used this trait to their advantage in the P
treatments. It has been observed, that low N:P ratios can
result in increased N fixation rates (Piehler et al., 2009)
and dominance of the phytoplankton by N-fixing
cyanobacteria (Vrede et al., 2009; Tezanos & Litchman,
2010). In contrast, switching from responding to the PN
treatment to the N treatment may be explained by the
utilisation of internal P storages. The formation of
polyphosphate storage granules may take place after
periods of P starvation (Eixler et al., 2006) and may
increase growth when additional N is available. As srP
concentrations are often low in Grahamstown Dam, this
is not unlikely to occur.

Secondly, some genera showed a delay in the
response to nutrient additions. Again, an explanation
may be found in zooplankton grazing. Initial cell
densities of these genera may have been at the
detection limit but in balance, i.e. growth and loss
would have been in balance so that a stable population
would have been present. Added nutrients would have
increased the growth of these sparse genera. Eventu-
ally, the exponential nature of algal growth would
have led to growth exceeding loss and thus would have
made the growth response detectable.

The day the highest growth response was measured
varied between individual genera, i.e. the day the
highest growth response was measured varied between
day 4, 8, 12 or 18. This may have been due to different
growth rates of different taxa within the phytoplankton
community, preferences of zooplankton grazing or a
combination of both factors. In contrast, at the
community level, the highest magnitude of the growth
response occurred on day 8 (or shortly thereafter as
biomass on day 12 was lower than on day 8).

Assessing responses of potentially toxic cyanobac-
teria to nutrient enrichment in a lake where those
cyanobacteria occur in low densities proved to be
difficult. Although potentially toxic cyanobacteria
were present during the seasonal microcosm experi-
ments, there were no significant growth responses to
any nutrient treatment. Despite even lower densities of
the potentially toxic cyanobacteria in the mesocosm
assays, the mesocosm assays enabled us to record the
growth response of the two genera that were present in
the lake at the time the assays were conducted. This can
be attributed to the longer duration of the mesocosm
assays.

The results of the present study confirm that one has
to choose the experimental period of nutrient enrich-
ment assays carefully. Although micro- and meso-
cosm assays conducted in 2013 revealed the same
response pattern in terms of biomass within the first 4
days, the mesocosm assays have also shown that
longer time frames showed some temporal response
patterns.

For the management of external nutrient loading to
Grahamstown Dam, our results imply that the input of N
and P needs to be addressed to prevent excessive
phytoplankton growth. Currently, water quality man-
agement is based on concentration of total phosphorus
(TP) and cyanobacterial numbers in Grahamstown Dam
(Cole & Williams, 2011). Under this management plan,
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water can be extracted from the Williams River, if the
concentration of TP is below 200 pg/l and toxic
cyanobacteria do not exceed 10,000 cells/ml. Thus, it
would be advisable to include N in the management plan
and define limits of external N loading. As P is likely to
be more important for potentially toxic N-fixing cyano-
bacteria, the control of P should be continued.
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