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Influence of macronutrient and iron enrichment on phytoplankton productivity 
and community dynamics: an in situ microcosm study in a drinking water supply 
reservoir
Huy A. Luong ,a Ann-Marie Rohlfs,b Jordan A. Facey,a,c Anne Colville,a Alec W. Davie,b Joe B. Pera,b and Simon 
M. Mitrovica

aFreshwater and Estuarine Research Group, School of Life Sciences, University of Technology Sydney, Broadway, Australia; bStrategic Research 
and Innovation Group, WaterNSW, Parramatta, Australia; cDepartment of Community and Ecosystem Ecology, Leibniz Institute of Freshwater 
Ecology and Inland Fisheries, Berlin, Germany

ABSTRACT  
This study examines the influence of macronutrients (nitrogen and phosphorus) and trace metals 
(iron and manganese) on phytoplankton productivity and community composition in Prospect 
Reservoir, a key component of the drinking water supply for Greater Sydney, Australia. In situ 
microcosm bioassays were set up at 2 sites (shallow and pelagic) during the Austral growing 
season (early autumn), and the responses of phytoplankton to various nutrient enrichment 
scenarios were assessed following an 8-day incubation period. Initial conditions and nutrient 
additions were compared by analyzing productivity indicators including chlorophyll a (Chl-a), 
total phytoplankton, and potentially toxic cyanobacteria biovolume. Phytoplankton community 
changes were identified using functional group classification and hierarchical cluster analysis. 
Productivity was colimited by nitrogen and phosphorus. Addition of these nutrients was 
associated with significant growth and dominance of group F, representing green algae such as 
Scenedesmus and Oocystis. Significant growth was also observed in meso-eutrophic groups that 
included the nuisance cyanobacteria Microcystis (M). An additional enhancement in Chl-a and 
phytoplankton biovolume in the pelagic site was observed when iron was added. Group D, 
represented by the nuisance taxon Synedra, seemed to dominate in low-P conditions. The study 
highlights the importance of informed eutrophication management strategies that address 
nutrient dynamics including macronutrient colimitation, macronutrient ratios, and iron to 
mitigate the risks associated with increased phytoplankton productivity and nuisance 
phytoplankton growth in drinking water reservoirs. This knowledge is particularly significant 
given the projected increase in macronutrient and trace metal micronutrient inputs and climate 
change-driven events such as bush fires and flooding.
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Introduction

The management of eutrophication in fresh waterbodies 
is imperative because it directly impacts water quality 
and ecosystem stability, both essential for maintaining 
a healthy society (Khan and Mohammed 2013). Eutro-
phication often results in the excessive growth of phyto-
plankton, including problematic taxa that can 
complicate drinking water treatment by producing tox-
ins (Merel et al. 2013) and clogging filtration systems 
(Rose et al. 2019). A key factor in controlling phyto-
plankton productivity and community dynamics in 
freshwater systems is nutrient availability (Reynolds 
2006). Phosphorus (P) and nitrogen (N) are considered 
macronutrients, with P traditionally considered the 

primary limiting nutrient driving phytoplankton 
growth in freshwater systems (Schindler 1977). As a 
result, most management efforts have focused on closely 
monitoring and controlling this macronutrient to pre-
vent problematic phytoplankton growth (Wang and 
Wang 2009, Schindler et al. 2016). However, others 
advocate for dual macronutrient control, with growing 
evidence indicating that colimitation by N and P is com-
mon (Scott and McCarthy 2010, Mueller and Mitrovic 
2015, Paerl et al. 2016, Gardner et al. 2017, Facey et al. 
2019, Shatwell and Köhler 2019, Lewis et al. 2020). 
This understanding is valuable for water managers 
because it highlights the unique response of freshwater 
systems to nutrient pollution and the need for 
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system-specific knowledge of nutrient limitation for 
effective, targeted water quality management.

Trace metals, including iron (Fe) and manganese 
(Mn), are essential micronutrients that facilitate crucial 
biological functions in phytoplankton such as electron 
transport, chlorophyll synthesis, and oxygen evolution 
(Facey et al. 2019). Although the role of these trace met-
als in limiting phytoplankton productivity is well docu-
mented in oceanic systems (Sunda 2012, Tripathy and 
Jena 2019, Browning et al. 2021, Nishioka et al. 2021, 
Hawco et al. 2022), research in freshwater systems is 
scarce. The studies available indicate trace metals 
alone or in tandem with macronutrients can promote 
phytoplankton growth and/or alter phytoplankton com-
munity structure in some aquatic systems (Sterner et al. 
2004, Huang et al. 2020, Facey et al. 2021, Xiao et al. 
2022, Dengg et al. 2023). Notably, Facey et al. (2021) 
used in situ nutrient enrichment microcosm bioassays 
to identify nutrients limiting phytoplankton growth in 
various freshwater systems across Southeast Australia 
and uncovered varied combinations of N, P, and trace 
metal limitation, but the study did not identify the 
specific trace metal/s responsible for growth limitation. 
In another study on Lake Superior, a major North 
American lake, Sterner et al. (2004) observed that P 
limited phytoplankton growth and that co-addition 
with Fe further enhanced productivity. These findings 
underscore the need to examine specific trace metals 
in nutrient limitation studies to enhance our under-
standing of their role in freshwater phytoplankton 
dynamics.

Prospect Reservoir is a critical part of the drinking 
water supply network for Greater Sydney, in southeast 
Australia. The reservoir receives water transfers from 
multiple sources, resulting in complex water quality 
dynamics that require targeted studies to understand 
linkages between phytoplankton dynamics and nutrient 
availability. A recent examination of over a decade of 
monitoring data from Prospect Reservoir (Luong et al. 
2024) revealed that increases in flow activity, particu-
larly following severe bushfires and heavy flooding, 
were associated with elevated levels of nutrients such 
as N, Fe, and Mn and a corresponding increase in pro-
ductivity. Interestingly, the study found no correlation 
between total P (TP) and the phytoplankton productiv-
ity indicator chlorophyll a (Chl-a), despite its occur-
rence in most aquatic systems (Carlson 1977, Quinlan 
et al. 2021). Studies suggests that Chl-a and TP relation-
ships depend on trophic status and nutrient ratios, and 
clear relationships between Chl-a and TP would be 
observable in oligo-mesotrophic lakes (Seip et al. 2000, 
Liang et al. 2020). The absence of a distinct trend in 
Chl-a and TP in the long-term study by Luong et al. 

(2024) may suggest that the study lacks the sensitivity 
to detect such relationships (Dokulil and Teubner 
2005), particularly given that TP levels in Prospect Res-
ervoir are consistently low. Luong et al. (2024) also iden-
tified Fe and Mn as critical factors impacting 
phytoplankton dynamics, with strong correlations 
observed between total Mn with cyanobacteria and 
Chl-a, and a general trend of increasing phytoplankton 
productivity aligned with rising Fe levels. Given this 
insight, understanding the role of micronutrient trace 
metals like Fe and Mn in controlling phytoplankton 
growth and community dynamics is important for 
water quality management and can enhance under-
standing to better monitor and predict phytoplankton 
dynamics in contexts where no clear correlation exists 
with traditional limiting nutrients such as P. Such 
insights are also vital for designing effective manage-
ment interventions that reduce the impacts of eutrophi-
cation and ensure safe drinking water, especially 
considering the projected increase in macronutrient 
and trace metal inputs due to climate change (Paul 
et al. 2022).

In the present study, microcosm bioassays were set 
up in situ to understand linkages between phytoplank-
ton growth and macronutrients (N and P) and trace 
metals (Fe and Mn) that may explain the relationships 
seen in the long-term study (Luong et al. 2024). We 
hypothesized that phytoplankton productivity would 
be promoted following co-macronutrient (N and P) 
addition, and that trace metal addition would further 
increase productivity. Furthermore, we anticipated 
that increased cyanobacterial growth would be linked 
to Mn addition, as suggested by Luong et al. (2024).

Materials and method

Study site

Prospect Reservoir, a 50.2 GL water supply reservoir, is 
part of a supply network that delivers water to 5.3 mil-
lion residents in Greater Sydney, Australia. When full, it 
has an average and maximum depth of 9 and 20 m 
respectively. To ensure complete mixing of the water 
column, a bubble-plume destratifier operates almost 
constantly, except during short periods of routine main-
tenance. Microcosm incubations were performed at 2 
sites in Prospect Reservoir, chosen to represent the 
difference in reservoir environmental characteristics 
(Fig. 1). Site 1 (shallow site; 33.819N, 150.879E) is a 
shallow (2–4 m), macrophyte-dense site. Site 2 (pelagic 
site; 33.821N, 150.909E) is a deeper (10–12 m), more 
wind exposed site. The study was conducted in March 
2023 (Austral early autumn).
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Microcosm enrichment assays

Limiting nutrients were identified using nutrient 
enrichment in situ microcosms, comparable to Facey 
et al. (2021). Prior to experimental setup, the PET 
microcosms were rinsed inside with 10% HCl, followed 
by 3 repeated rinses with Milli-Q water. The inoculating 
nutrient solutions (Table 1) were prepared using pre-
washed glassware and stored in 50 mL Falcon tubes pre-
soaked overnight in an acid bath (10% HCl) and rinsed 
repeatedly with Milli-Q water reduce nutrient contami-
nation. Approximately 50 L of site-specific surface water 
was filtered through a 63 µm plankton net into a large 
plastic tub to exclude phytoplankton grazing by zoo-
plankton. Clear PET microcosms (3 L) were filled, leav-
ing some air space. Nutrient additions were added in 
accordance with the 8 treatments (Table 1), all in 
triplicate.

After nutrient addition, the bottles were tightly 
capped to maintain a closed system then mixed by rota-
tion and tied together in random order. The micro-
cosms were secured to a mooring for the duration of 
the experiment and held near the water surface using 

a series of polystyrene floats (∼90% surface irradiance). 
To prevent macronutrient limitation, N and P concen-
trations were selected to ensure effective growth 

Figure 1. Bathymetry of Prospect Reservoir with microcosm sites locations.

Table 1. Initial measurements of physical and chemical variables 
and productivity indicators (mean [standard error]). Physical 
chemical variables include: water temperature (WT), electrical 
conductivity (EC), pH, dissolved oxygen (DO), % saturation (% 
sat) and mg/L, and nutrients: soluble reactive phosphorus 
(SRP), oxidized nitrogen (NOx), soluble iron (Fe), and soluble 
manganese (Mn). Productivity indicators include chlorophyll a 
(Chl-a), total phytoplankton, and potentially toxic 
cyanobacteria (PTC) biovolume.
Initial conditions Shallow Pelagic

Physical and chemical variables
WT (°C) 24.08 (0.012) 24.09 (0.01)
EC (μS/cm) 124 (0.26) 124 (0.36)
pH 7.87 (0.0067) 7.72 (0.0088)
DO (%sat) 111 (0.12) 105 (0.67)
DO (mg/L) 9.5 (0) 9.06 (0.045)
SRP (mg/L) <0.001 (0) 0.0043 (0.0028)
NOx (mg N/L) 0.015 (0) 0.018 (00057)
Soluble Fe (mg/L) 0.077 (0.0033) 0.077 (0.0033)
Soluble Mn (mg/L) <0.001 (0) <0.001 (0)

Productivity indicators

Chl-a (µg/L) 14.8 (0.26) 9.36 (1.14)
Phytoplankton biovolume (mm3/L) 1.73 (0.12) 1.64 (0.3)
PTC biovolume (mm3/L) 0.0063 (0.003) 0.015 (0.0062)
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stimulation and avoid toxic effects (Müller and Mitrovic 
2015, Facey et al. 2021). Trace metal addition (Fe and 
Mn) followed concentrations of the algal growth 
medium, MLA (Bolch and Blackburn 1996), and were 
low enough to avert toxic effects. Samples for macro-
nutrients, trace metals, physical and chemical measure-
ments, Chl-a, and phytoplankton enumeration were 
taken in triplicate from the filtered water at the initia-
tion of the experiment to determine initial concentra-
tions. Macronutrient and trace metal samples were 
also collected from surrogate microcosms with added 
nutrients to determine the total concentration of the 
nutrient addition plus the initial concentration. After 
an 8-day incubation period, which prior research sug-
gest is adequate for significant changes in phytoplank-
ton productivity and community dynamics (Müller 
and Mitrovic 2015, Facey et al. 2021), samples were col-
lected from each microcosm. Samples for macro-
nutrient, trace metal, physical, chemical, and Chl-a 
measurements and phytoplankton enumeration were 
collected after mixing the bottles by rotation.

Nutrient and phytoplankton sampling and 
analysis

Nutrient samples were collected and preserved accord-
ing to standard methods after filtering with 0.45 µm 
pore size glass fibre filters (APHA 2017). Nutrient anal-
ysis followed standard methods (APHA 2017). Phyto-
plankton samples were immediately preserved with 
Lugol’s solution to 0.5% v/v and counted using an 
upright light microscope and a Lund cell (Hötzel and 
Croome 1999). Taxa were identified to at least the 
genus level. Algal cells were approximated as geometric 
shapes to calculate their surface area (representing the 
maximal cross-sectional area of the cell), and their 
dimensions were measured to derive a mean biovolume 
conversion factor for each taxonomic group. These fac-
tors were then multiplied by the cell counts to determine 
the biovolumes for each taxonomic group. Taxa were 
then classified into phytoplankton functional groups 
(FG; Reynolds et al. 2002, Padisák et al. 2009). Only 
the dominant groups, defined as those present in at 
least 3 samples and making up >2% of phytoplankton 
biovolume, were statistically analyzed.

Chlorophyll a analysis

A 500 mL sample water was filtered on site via vacuum 
filtration onto GF/C glass fibre filters (Whatman) and 
frozen for preservation. For samples with noticeably 
higher phytoplankton productivity through visual 
inspection, 250 mL of water was filtered and Chl-a 

analyzed according to Müller and Mitrovic (2015). 
Chl-a extraction was performed by immersing the 
glass fibre filters in 10 mL 90% ethanol, followed by 
heating the sample in a 75 °C water bath for 10 min. 
Unwanted filter material was removed by centrifugation 
at 2000 RCF for 10 min. The supernatant was analyzed 
immediately using Varian Cary 50 Bio UV Spectro-
photometer at wavelengths 665 and 750 nm.

Statistical analysis

Phytoplankton productivity differences between initial 
conditions and nutrient addition treatments were ana-
lyzed by comparing productivity indicators including 
Chl-a, phytoplankton biovolume, and potentially toxic 
cyanobacteria (PTC) biovolume using permutational 
analysis of variance (PERMANOVA) at a significance 
level of α = 0.05. To cluster community data, we used 
hierarchical cluster analysis based on Euclidean- 
distance similarities of phytoplankton FG biovolume, 
applying the average linkage method. Distance transfor-
mation was performed using the vegan package in 
RStudio 4.3.1 and cluster analysis using the cluster 
package. Statistically significant clusters were identified 
through PERMANOVA. A PCA ordination plot was 
generated using CANOCO 5.15 to visualize the separa-
tion of clusters and identify the FG accounting for these 
differences. Community data were log-transformed 
(x+1) prior to analysis. All PERMANOVA analyses 
were performed using the PRIMER + PERMANOVA 
software version 6 (Anderson 2001).

Results

Initial conditions

Field physical and chemical variables including water 
temperature (WT), electrical conductivity (EC), and 
pH at shallow and pelagic sites varied within a similar 
range (Table 2). Soluble phosphorus (SRP) in the shal-
low site was below the limit of detection (<LOD) of 
0.001 mg/L, contrasting with the pelagic site with mea-
surable concentrations of 0.0043 (standard error 
0.0028) mg/L. The initial trace metals concentrations, 
including filterable Mn, were consistently <LOD 
(<0.001 mg/L) and were comparable across sites. Initial 
Chl-a was higher in the shallow site (14.8 [0.26] µg/L) 
compared to the pelagic site (9.36 [1.14] µg/L), corre-
sponding with relatively higher DO levels in the shallow 
site. By contrast, PTC biovolume at the shallow site was 
less than the pelagic site, although the concentrations at 
both sites were relatively low. The initial phytoplankton 
biovolume were similar between both sites.
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Nutrient addition and productivity indicator 
changes

Nutrient measurements of surrogate microcosms indi-
cated that amended concentrations of NOx and SRP, 
were above the estimated concentration but were 
similar across sites. Mean (standard error) NOx and 
SRP concentrations were 0.7 (0.01) µg N/L and 
0.4 (0) µg/L, respectively (Fig. 2). For trace metals, 
soluble Fe and Mn, were close to estimated concentra-
tions at 0.1 (0) µg/L and 0.281 (0) µg/L, respectively. 
Following the 8-day microcosm incubation, NOx in 
the N treatment decreased to an average of 0.64 
(0) µg N/L. In treatments N + P with and without 
trace metals (N + P + X), reductions were more pro-
nounced (Fig. 2a). A similar pattern was observed 
for SRP (Fig. 2b), although final concentrations in 
the N + P + X treatments did not reduce to initial lev-
els as closely as NOx. Mean final concentrations of 
soluble Fe all reduced to below initial concentrations 
(Fig. 2c). Similarly, for soluble Mn, treatments with 
Mn addition also reduced to initial levels, with most 
replicates <LOD (Fig. 2d).

Two-way PERMANOVA comparing site (shallow vs. 
pelagic) and treatment (nutrient addition) revealed no 
significant effect of site on productivity indicators 
including Chl-a and PTC biovolume (Table 2) following 
the 8-day incubation. Two-way PERMANOVA revealed 

a significant effect of site for phytoplankton biovolume 
(Table 2), with the pelagic site having significantly 
higher levels, accounted for by N + P + X treatments 
(Fig. 3b). Two-way PERMANOVA showed a significant 
effect of treatment for all biological indicators and a sig-
nificant interaction between site and treatment for phy-
toplankton biovolume (Table 2).

Chl-a concentration in the control and single- 
nutrient additions (P, N, Fe) excluding Mn, were signifi-
cantly lower than the initial concentrations (Fig. 3a). 
The addition of N + P + X resulted in a significant increase 
in Chl-a production compared to initial concentrations, 
the control, and the single-nutrient addition treatments. 
Additionally, the N + P + Fe treatment was statistically 
higher than N + P.

Phytoplankton biovolume significantly increased fol-
lowing the 8-day incubation for all treatments and sites 
(Fig. 3b). At the shallow site, the biovolume in the con-
trol and Mn treatments were significantly higher than 
N, P and Fe treatments. The N + P + X treatment had 
the highest phytoplankton biovolume for the shallow 
site (10.36 [0.53] mm3/L), whereas the N + P + Fe treat-
ment measured the highest levels (19.70 [1.25] mm3/L) 
at the pelagic site.

PTC biovolume trends were similar to the other 2 
biological variables, whereby the N + P + X treatment 
resulted in higher concentrations than most other treat-
ments (control and single-nutrient addition; Fig. 3c). 
The exception was the N + P + Fe treatment, which 
was statistically similar to Fe alone and significantly 
lower than N + P + Mn.

Phytoplankton and functional groups

We identified 52 phytoplankton taxa from initial condi-
tions and the 8-day microcosm incubations (Table 3), 
classified into 20 FG, from which 17 were identified as 
dominant: B, D, F, J, K, Lo, M, N, P, T, Tc, W1, W2, 
X1, X2, X3, Y (Table 3).

PCA and cluster analysis

The first 2 axes of the PCA explained 86.86% of the 
variability in the FG community (axis 1 = 71.96%; 
axis 2 = 14.9%; Fig. 4a). Some of the most important 
groups for axis 1 ordination include F (1.15), J 
(1.09), and Y (0.89) on the positive side, and D 
(−0.88) and X1 (−0.67) on the negative. For axis 2, 
the most important group was D (1.73) and K 
(1.07) on the positive side. The community data dis-
played in the PCA were further separated into 4 sig-
nificantly distinct clusters (PERMANOVA: p < 0.05) 
identified through hierarchical cluster analysis. 

Table 2. Results of the 2-way PERMANOVA on 3 productivity 
indicators: chlorophyll a (Chl-a), phytoplankton biovolume, 
and potentially toxic cyanobacteria (PTC) biovolume. The 2 
factors were site (shallow and pelagic) and treatment (control 
and 7 nutrient enrichments). df = degrees of freedom; F =  
F ratio; p = level of significance. Significant p values (<0.05) 
are in bold.

Productivity indicator
Source of 
variation df Pseudo-F p

Chl-a
Site (A) 1 0.022 0.873
Treatment (B) 8 221.09 0.001
Interaction of 

A × B
8 0.639 0.741

Error 36
Total 53

Phytoplankton 
biovolume

Site (A) 1 11.737 0.002
Treatment (B) 8 51.705 0.001
Interaction of 

A × B
8 6.5095 0.001

Error 36
Total 53

PTC biovolume
Site (A) 1 2.987 × 10−4 0.586
Treatment (B) 8 2.24 × 10−2 0.001
Interaction of 

A × B
8 5.01 × 10−4 0.775

Error 36
Total 53
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Cluster 1 (Fig. 4a) represented the initial conditions, 
and the P treatment and was relatively low in bio-
volume (2.61 [0.312] mm3/L). On average, cluster 1 
was mostly dominated by group B (37.1%), followed 
by similar dominance of F (17%), Lo (16.4%), and 
D (12.8%; Fig. 4b). Cluster 2 (orange ellipse) was 
identified as samples from the control and single- 
nutrient additions (N, Fe, Mn), excluding P addition. 
Group D (65.8%) dominated the community of clus-
ter 2, with an average total biovolume more than dou-
ble the concentration of cluster 1 (6.13 [0.414] mm3/L). 
Cluster 3 and 4 (grey and green ellipses, respectively), 
shared similar dominant FG, with F dominating the 
community (55.7% and 63.0% for cluster 3 and 4, 
respectively), followed by a similar dominance in B, 
J, and Y. A major difference in clusters 3 and 4 is 
that the average total biovolume of cluster 4 (20.9 
[0.11] mm3/L) is almost double that of cluster 3 
(12.3 [0.58] mm3/L). The average total biovolume of 
clusters 3 and 4 were also >4 and 8 times higher 
than cluster 1, respectively. Cluster 4 included 2 

samples from the N + P + Fe treatment at the pelagic 
site while cluster 3 included all other samples from 
the N + P + X treatment.

Discussion

In situ microcosm incubations were performed at 2 sites 
(shallow and pelagic) within Prospect Reservoir to 
assess macronutrient and trace metal limitation on phyto-
plankton growth and composition. Both sites, which 
exhibited similar initial physical and chemical condi-
tions and phytoplankton communities, had mostly con-
sistent responses to the various nutrient-enrichment 
bioassays. The most consistent changes observed at 
both sites following the 8-day incubation included sig-
nificantly higher Chl-a, phytoplankton biovolume, and 
PTC biovolume in the N + P treatments with and 
without trace metal addition (N + P + X) relative to 
the control, indicating macronutrient colimitation. 
Productivity indicators for single-macronutrient treat-
ments typically did not statistically differ from the 

Figure 2. Soluble nutrient concentrations at the termination of the 8-day microcosm incubation (with standard error): (a) oxidized 
nitrogen (NOx), (b) reactive phosphorus (SRP), (c) iron (Fe), and (d) manganese (Mn). Red dashed line shows the mean soluble nutrient- 
addition concentration; red dotted lines indicate standard error; black dashed line represents initial soluble nutrient concentrations; and 
black dotted lines indicate standard error.

6 H. A. LUONG ET AL.



control, demonstrating the presence of simultaneous 
colimitation rather than independent limitation of 
resources (Harpole et al. 2011). Previous studies have 

shown similar outcomes of simultaneous macronutrient 
colimitation (Müller and Mitrovic 2015, Paerl et al. 
2016, Facey et al. 2021), highlighting the prevalence of 

Figure 3. Productivity indicator values at the termination of the 8-day incubation: (a) chlorophyll a (Chl-a), (b) phytoplankton bio-
volume, and (c) potentially toxic cyanobacteria (PTC) biovolume. * indicates a significant difference in indicator between sites 
(p < 0.05); i indicates initial concentration was significantly higher than the treatment. Box-plots sharing no letter or the same letter 
denote statistically similar treatments; treatments with different letters are significantly different; and treatments with double letters 
(e.g., ab) indicate statistical similarity to treatments associated with both letters. For Chl-a and PTC biovolume, Site × Treatment pair-
wise comparisons were not conducted because PERMANOVA revealed no significant interaction. Consequently, treatment pairwise 
comparisons are displayed on the pelagic site box-plot.
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this particular resource limitation in freshwater 
systems. The addition of N + P + Fe significantly pro-
moted Chl-a production and phytoplankton bio-
volume at the pelagic site, suggesting that Fe can 
further enhance phytoplankton growth. By contrast, 
no significantly distinct effects were observed in treat-
ments with Mn addition (Fig. 5).

Macronutrient co-limitation and trace metals

Phytoplankton community structure in the N + P + X 
treatments was grouped into either cluster 3 or 4, both 
dominated by group F. This group is mainly represented 
by green algae including Scenedesmus and Oocystis and 
prefers meso-eutrophic lakes (Padisák et al. 2009). Clus-
ters 3 and 4 had higher growth rates in several groups 
including J, K, M, and Y (Fig. 4a), all of which respond 
positively to nutrient enrichment (Reynolds et al. 2002, 
Padisák et al. 2009). Notably, Microcystis spp., the repre-
sentative alga for group M and a primary concern for 
water managers because of its potential to produce cyano-
toxins (Merel et al. 2013), increased in biovolume 
under addition of N + P + X. The concentration and 
percent composition remained relatively low following 

the 8-day incubation; however, over time concentra-
tions may reach concerning levels (WaterNSW 
2022). Green algae typically exhibit faster growth 
rates than cyanobacteria following nutrient additions 
(Lürling et al. 2013), suggesting they are the immedi-
ate responders. The response of cyanobacteria might 
be delayed, with potential succession occurring later 
(De Tezanos Pinto and Litchman 2010, Müller and 
Mitrovic 2015, Wang et al. 2015, Facey et al. 
2022a), a dynamic not identifiable in short-term stud-
ies. Müller and Mitrovic (2015) found that changes in 
PTC were not discernible in 4-day microcosm exper-
iments but were significant in 18-day mesocosm incu-
bations. Similarly, Facey et al. (2022a) observed in 
Mannus Lake, Southeast Australia, that an initial 
proliferation of green algae and diatoms in response 
to nutrient pulses was subsequently followed by a 
dominance of Microcystis.

Chl-a concentration was significantly higher in the 
N + P + Fe treatment than in N + P, indicating that Fe 
may elevate phytoplankton productivity in tandem 
with co-macronutrient addition, a response previously 
observed in Lake Superior (Sterner et al. 2004). How-
ever, while Chl-a showed no significant difference 
between sites following the 8-day incubation, higher 
phytoplankton biovolume was found in the pelagic 
site compared to the shallow site, despite similar initial 
conditions, a difference accounted for by the N + P + X 
addition. Moreover, phytoplankton biovolume follow-
ing N + P + Fe addition in the pelagic site was signifi-
cantly higher than N + P and N + P + Mn treatments 
and was approximately double the concentration from 
the N + P + X addition at the shallow site. The pelagic 
N + P + Fe treatment was also dominated by the cluster 
4 community, which had approximately double the 
average phytoplankton biovolume as cluster 3, suggest-
ing site characteristics may affect the severity of phyto-
plankton growth (biovolume) to nutrient addition.

Single-nutrient additions and phytoplankton 
dynamics

Despite mostly similar responses in productivity indicators 
(Chl-a, total phytoplankton, and PTC biovolume) between 
the control and single-nutrient addition treatments (N, P, 
Fe, and Mn), phytoplankton FG community analysis 
revealed key differences between the initial phytoplankton 
community and P addition, and the control and other 
single-nutrient additions (N, Fe, and Mn). Hierarchical 
cluster analysis identified the initial community and P 
addition treatment as statistically similar. They were 
grouped in cluster 1, which was characterized by a dom-
inance of the functional group B (Aulacoseira) followed 

Table 3. Phytoplankton functional groups (FG) found in initial 
conditions at Prospect Reservoir and following an 8-day 
microcosm incubation. The species represented by each FG 
are listed as well as the corresponding higher-level taxonomic 
groups. FG included in the principal component analysis are 
indicated by an asterisk. Dominant taxa within the FG are 
highlighted in bold.
FG Species Dominant Taxa

A Achnanthidium sp. Diatom
B* Aulacoseira sp., Cyclotella sp. Diatom
D* Nitzschia sp., Skeletonema sp., Synedra sp. Diatom
F* Dictyosphaerium sp., Elakatothrix sp., 

Kirchneriella sp., Nephrocytium sp., Oocystis 
sp., Scenedesmus spp., Ankistrodesmus sp.

Green algae

J* Coelastrum sp., Crucigenia sp., Pediastrum sp., 
Tetraedron sp., Tetrastrum sp.

Green algae

K* Aphanocapsa sp., Aphanothece sp., 
Cyanocatena sp., Cyanogranis sp., 
Cyanonephron sp., Rhabdogloea sp.

Cyanobacteria

Lo* Chroococcus sp., Merismopedia sp., Peridinium 
spp.

Dinoflagellate

M* Microcystis spp. Cyanobacteria
MP Navicula sp. Diatom
N* Cosmarium sp., Spondylosium spp., 

Staurastrum sp.
Green algae

P* Fragiliaria sp. Diatom
S1 Limnothrix sp., Planktolyngbya sp. Cyanobacteria
T* Mougeotia sp. Green algae
Tc* Leptolyngbya sp. Cyanobacteria
W1* Euglena sp., Gonium sp. Euglenoid
W2* Trachelomonas sp. Euglenoid
X1* Monoraphidium arcuatum Green algae
X2* Carteria sp., Chroomonas sp., 

Chrysochromulina sp., Pteromonas sp.
Cryptomonad

X3* Chlamydomonas sp. Green algae
Y* Cryptomonas sp., Gymnodinium sp. Cryptomonad/ 

dinoflagellate
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Figure 4. (a) Principal component analysis (PCA) applied to functional groups (FG) in initial lake water and microcosm incubations. 
Hierarchical cluster analysis identified 4 significant clusters indicated by numbered ellipses. Ellipses were created manually to aid 
visual interpretation of their distribution within the ordination. (b) FG community composition of the 4 clusters (left axis) and 
their average (standard error) biovolume (right axis, white diamonds [standard error]).
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by an equal distribution of D, F, and Lo. By contrast, the 
control and other single-nutrient additions were repre-
sented by cluster 2 (Fig. 4b), which was more productive 
(higher phytoplankton biovolume) and dominated by 
group D (Synedra), a diatom typically found in shallow 
and turbid environments (Padisák et al. 2009). Synedra 
is problematic for water managers because of its large 
cell size that can clog filters (Joh et al. 2011) and its poten-
tial to produce taste and odor compounds (Rose et al. 
2019). These issues indicate that Chl-a may not be sensi-
tive enough to elucidate significant differences in phyto-
plankton productivity (biovolume) and community 
response to nutrient enrichment that could be attributed 
to species-specific physiological variation in Chl-a produc-
tion (Bowles 1982). Additionally, the results indicate that 
P-enrichment or macronutrient co-enrichment could sup-
press the dominance of Synedra. Facey et al. (2021) found 
that P addition in microcosm incubations at Windeyers 
Creek, which was initially dominated by diatoms, resulted 
in their suppression and replacement by dinoflagellates. 
Laboratory studies have also shown that Synedra has a 
low P saturation constant, and thus is better adapted to 
low P conditions (Tilman et al. 1982, Youn et al. 2020), 
which further supports our findings.

At the time of this study, N, Mn, and Fe enrichment 
alone did not significantly influence phytoplankton pro-
ductivity and community dynamics because these 

treatments were statistically similar to the control. These 
results are similar to previous studies that suggest signifi-
cant trace metal effects only occur in conjunction with 
macronutrient co-addition (Sterner et al. 2004, Huang 
et al. 2020) or in systems with particularly low trace 
metal concentrations (Dengg et al. 2022). However, the 
results also contrast with the strong positive relationship 
between Chl-a and total Mn observed from analyzing his-
torical monitoring data from Prospect Reservoir (Luong 
et al. 2024), suggesting that the correlation between Mn 
and Chl-a may not be causative. Facey et al. (2022b) mea-
sured the growth of Microcystis aeruginosa under trace 
metal-limited laboratory conditions and found that while 
both Fe and Mn-limited conditions significantly reduced 
growth, the inhibition from Mn-limitation was less pro-
nounced, and clear effects were not apparent until after 
>20 days. This observation may be attributed to a surplus 
absorption of Mn, as suggested by Sunda (2012), who 
reported cyanobacteria can acquire 2–4 times more Mn 
than necessary to support maximum growth. Conse-
quently, the incubation period of the present study may 
not be long enough to detect any limiting effects of Mn.

Management recommendations

The present study suggests that the control of one or 
both key macronutrients is essential to reduce 

Figure 5. Visual summary of the 8-day in situ microcosm study. Productivity indicators and phytoplankton community responses to 
3 nutrient treatments: (1) high nitrogen to phosphorus ratio (N:P), including control and treatments without phosphorus addition; (2) 
nitrogen and phosphorus (N + P); and (3) nitrogen, phosphorus, and iron (N + P + Fe). Productivity indicators include chlorophyll a 
(Chl-a), phytoplankton biovolume, and potentially toxic cyanobacteria (PTC) biovolume. Statistical differences are indicated by arrows: 
An up arrow denotes significantly higher values (p < 0.05), while horizontal lines indicate no significant difference.
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productivity and the growth of problematic cyanobac-
teria like Microcystis in Prospect Reservoir. A study by 
Kolzau et al. (2014), who conducted monthly nutrient 
limitation bioassays on 4 German lakes, observed that 
colimitation occurred when both SRP and dissolved 
inorganic nitrogen (DIN) fell below thresholds of 
0.001 and 0.1 mg/L, respectively, levels consistent with 
those recorded in our study and initially identified by 
Maberly et al. (2002) as critical points for the develop-
ment of N or P limitation. Kolzau et al. (2014) also 
found that single-macronutrient limitation generally 
occurred when the particular macronutrient was 
below its aforementioned threshold. However, instances 
of single-nutrient limitation were recorded even when 
both nutrients were below these thresholds, suggesting 
that ambient nutrient concentrations may not consis-
tently predict colimitation. This irregularity was linked 
to the “luxury uptake” of macronutrients by certain 
phytoplankton taxa, highlighting the importance of 
understanding the physiological traits of the prevailing 
phytoplankton community when predicting nutrient 
limitations of a waterbody. Additionally, the observed 
weak association between Chl-a and phytoplankton bio-
mass and composition in this study suggests relying 
predominantly on Chl-a to monitor phytoplankton- 
related water quality threats could prove unreliable. 
Therefore, to ensure effective assessment and response 
to phytoplankton-related disturbances, we recom-
mended that regular algal speciation and quantitative 
counts continue to be incorporated in monitoring pro-
grams of crucial water supplies.

Recognition of the benefits of controlling both N 
and P to effectively manage eutrophication is growing 
(Paerl et al. 2016, Gardner et al. 2017, Shatwell and 
Köhler 2019). Managing both macronutrients simulta-
neously removes the need to assess which macronutri-
ent to prioritise and accommodates all potential 
temporal variations in nutrient limitation. Tradition-
ally, strategies have predominantly focused on reduc-
ing P loading because P is commonly regarded as 
the primary macronutrient controlling productivity, 
and such strategies are well-established management 
techniques (Schindler et al. 2016, Wagner and Erick-
son 2017). However, our findings reveal that P reduc-
tions alone could inadvertently promote the 
dominance of Synedra in low P environments, high-
lighting the need for a nuanced approach to managing 
eutrophication that considers complex ecological 
dynamics, such as nutrient stoichiometry, to ensure 
an optimal outcome. Controlling for both N and P 
simultaneously would reduce the likelihood of high 
N:P conditions that can promote Synedra growth 
(Youn et al. 2020, Pera et al. 2022), but the associated 

costs could limit its implementation in water manage-
ment schemes (Håkanson and Bryhn 2010).

Control measures that simultaneously address N 
and P inputs may not always be necessary to mitigate 
undesirable phytoplankton growth. The phytoplankton 
community response in the control treatment suggests 
that initial nutrient conditions are already conducive 
to Synedra over-production. Because the microcosm 
setup involved constant surface water irradiance, the 
phytoplankton community response observed in the 
control may be linked to stable light conditions. There-
fore, the phytoplankton response scenarios observed in 
the experiment may not occur in Prospect Reservoir, 
given its hydromorphological characteristics, including 
a deep and thoroughly mixed water column. Hamilton 
et al. (1995) illustrated a scenario in Prospect Reservoir 
where phytoplankton did not respond to sediment- 
nutrient release during stratification, which would 
then be accessible for phytoplankton following destra-
tification. However, this increase in phytoplankton 
productivity was delayed and only occurred after the 
water column had restratified. Light limitation could 
therefore be a significant factor in controlling phyto-
plankton dynamics in Prospect Reservoir, and the con-
tinuous operations of the destratifier may be integral in 
preventing undesirable productivity (Wagner and 
Erickson 2017).

This study raises concerns about the impact of 
increased Fe inputs on phytoplankton productivity, 
particularly when macronutrients are also available, a 
scenario that may occur following increased water 
transfers (Fornarelli and Antenucci 2011, Luong et al. 
2024). To mitigate this risk, macrophytes could present 
a sustainable management option with a low risk to 
biological communities when compared to conven-
tional chemical-based approaches (Wagner and Erick-
son 2017, Drewek et al. 2022). Macrophytes can 
influence the phytoplankton community through vari-
ous physical, chemical, and biological processes 
(Scheffer et al. 1993, Song et al. 2019), including the 
uptake of macronutrients and micronutrient trace 
metals (Nabi 2021, Lv et al. 2023) and the production 
of allelochemicals that suppress phytoplankton growth 
(Hu and Hong 2008). The immediate presence of 
macrophytes in Prospect Reservoir in the shallow site 
may explain the observed differences in phytoplankton 
productivity. Although the role of macrophytes in con-
trolling phytoplankton in deep lakes is not well under-
stood, their potential impact should not be overlooked 
(Hilt et al. 2010, Hilt 2015). Further research should be 
considered to understand the extent that macrophytes 
can mitigate eutrophication in deep reservoirs like 
Prospect Reservoir.
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Conclusion

This study advances our understanding of macronutri-
ent (N and P) and trace metal (Fe and Mn) influence 
on phytoplankton productivity and community dynam-
ics in a water drinking supply reservoir. We hypothes-
ised that colimitation by macronutrients would 
primarily limit phytoplankton growth and that trace 
metals would further promote productivity and cyano-
bacterial growth. Our findings confirmed macronutri-
ent colimitation at both study sites (shallow and 
pelagic), and productivity (Chl-a) was also enhanced 
with Fe addition, but Mn did not significantly affect 
cyanobacterial productivity. Low P conditions promoted 
the growth of Synedra, a problematic taxon. These 
insights highlight the need for management strategies 
that simultaneously address N and P levels and consider 
the role of Fe to effectively control eutrophication.
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