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A B S T R A C T   

Motivated by stream ecosystem degradation by eutrophication, we mimicked slow flowing low-
land stream conditions with a novel experimental setup to further our understanding of aquatic 
plant responses to increases in nitrate and light. We conducted a mesocosm growth experiment of 
two species from the genus Potamogeton: P. crispus (alien) and P. ochreatus (native), grown at four 
nitrate and four light levels. We hypothesised that (i) internal nutrient status of the plants would 
scale with water column nutrient concentration, and that (ii) plant performance would reflect the 
nutrient status of the plant. Furthermore, we hypothesised that (iii) a low irradiance level would 
negate the effects of an increased nitrate level. In relation to (ii) we hypothesised that (iv) the 
traits of the alien species would enable it to outperform the native species where both the 
availability of light and nutrient resources was high. Internal tissue N content was broadly similar 
in the two higher (>250 μg NO3

− L− 1) and the two lower nutrient treatments (<20 μg NO3
− L− 1) in 

both species and plants were therefore collapsed into high and low N-groups. High-N individuals 
had higher growth rates than low-N ones regardless of species or light treatment and plants had 
reduced growth rates at the lowest light treatment, however this response was less evident for 
P. crispus. The highest growth rate was found at the high-N individuals of P. crispus at the highest 
light treatment, and correspondingly, in this treatment this species exhibited an increase in 
branching degree and lateral spread from the low-N plants. As P. crispus spreads by fragmenta-
tion, our results show it to be a highly effective competitor in anthropogenically impacted areas 
compared to its native counterpart. Our study exemplifies how light can influence eutrophication 
responses of plants and how both need to be accounted for in management decisions.   

1. Introduction 

Aquatic submerged macrophytes support many important services in stream ecosystems. They provide food and habitat for in-
vertebrates and fish [1–4], alter the physico-chemical environment [5] and affect nutrient cycling [6]. However, increased anthro-
pogenic influences have impacted stream macrophyte communities and the services they support [7–9]. Of particular relevance to 
macrophytes has been the global increase in fertilizer use, which has led to widespread eutrophication across ecosystems [10] and 
excessive biomass production [11,12], also termed ‘nuisance growth’ [13,14]. 
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Nuisance biomass accrual by macrophytes is dependent on the complex interplay of multiple environmental and biotic factors, and 
is most frequently occurring in lowland reaches, where water velocity is sufficiently low to reduce scouring [15] and light is not 
limiting macrophyte growth [7]. When these conditions are met, in-stream biomass scales with nutrient levels [16–23]. When these 
conditions are not met, no direct link between macrophyte biomass and stream nutrient concentrations is observed [24–27], making 
simple relationships unlikely and underpins the importance of disentangling the specific effects of eutrophication [16]. 

There are many factors that potentially confound relationships between water nutrient status and plant biomass. Firstly, spot 
measurements of water column nutrient concentrations do not integrate potential temporal variations in nutrient levels that the plants 
have been exposed to prior to the date of sampling. This is particularly problematic when trying to correlate water column nutrient 
concentrations with biomass in situ [20]. Most submerged macrophytes can also take up nutrients from the sediment as well as the 
water column via root uptake [28] or have nutrients stored in their tissue from times when nutrient availability was higher [i.e. luxury 
uptake; [29]]. Thus, studies of plant-nutrient relations should consider these issues in experimental design. For example, measurement 
of tissue nutrients is a more direct indicator of the supply available for growth than external concentrations [30–33]. 

Where occurring, extreme macrophyte proliferation can clog waterways and lead to diverse ecological alterations, including 
anoxia, altered pH, loss of plant species diversity [12,34–36] and subsequently loss of biodiversity in other trophic levels [1,37,38]. 
Consequently, there is an interest from managers to limit nuisance growths and controlling incoming nutrient loads to streams to 
prevent prolific macrophyte growth is seen as a tractable option. However, our knowledge on how substantial nutrient reduction needs 
to be to reverse eutrophication effects and prevent nuisance growth is still lacking [but see Ref. [12]]. 

Biotic factors, including intrinsic potential of macrophytes, also add complexity to nutrient-plant responses. Large scale studies of 
lowland streams in Europe suggest that, when plants are no longer competing for nutrients, traits related to enhancing either light 
interception or light utilization are dominant in submerged macrophyte communities in eutrophic streams [12,39]. Ellenberg et al. 
[40] introduced Ellenberg Indicator Values (EIVs) to vegetation science to classify plant responses to environmental variables. 
Baattrup-Pedersen et al. [39] applied the EIV concept to aquatic macrophytes in lowland streams and reported traits of successful taxa 
in response to eutrophication to include apical and multi-apical growth meristems as strategies for canopy formation at the water 
surface for better light capture, but also that plants with low EIV(Light) trait scores can be promoted, as these systems are often highly 
productive and shade-dominated [39]. These traits are commonly found in invasive nuisance species and as such these species often 
dominate stream sections where light and nutrient levels are high [7]. In New Zealand, one such species is Potamogeton crispus [41], 
which is also known as a problematic species in the US [42]. However, only few experimental investigations of how the interaction of 
different levels of light and nutrients affect the performance of aquatic macrophytes exist, although these could shed light on how these 
abiotic factors facilitate certain species in streams. 

To further our understanding of species’ response to nutrient increases and how this response is affected by variations in incoming 
light, we conducted a mesocosm growth experiment of two species occurring in New Zealand from the genus Potamogeton: P. crispus 
and P. ochreatus. The species were specifically chosen such that we might elucidate how the focal factors and potential interaction of 
these influenced the response of a native and an alien invasive species with otherwise similar habits of growth. The study used a novel 
mesocosm setup to mimic slow flowing lowland river conditions, as this is where these two macrophytes often proliferate. The setup 
consisted of four large (~10 m) flume channels with continuous inflow of purified water dosed with macro- and micronutrients and 
dissolved inorganic carbon at controlled concentrations. By using clean, low-nutrient, sand as a rooting medium, and providing P and 
other essential growth elements at non-limiting concentrations in the water column, the effects of N could be isolated. We employed a 
four-by-four factorial design with four nitrate and four irradiance levels. We used nitrate as a dissolved inorganic N (DIN) source, 
although ammonium (NH4

+) is taken up by plants with lower energetic costs, as nitrate (NO3
− ) is the dominant form of DIN in streams, 

and the one most readily leached from agricultural soils [43]. We hypothesised that (i) internal nutrient status of the plants would scale 
with water column nutrient concentration and that (ii) plant performance would reflect the nutrient status of the plant. Furthermore, 
we hypothesised that (iii) a low irradiance level would negate the effects of an increased nitrate level. In relation to (ii) we hypoth-
esised that (iv) the traits of the alien species would enable it to outperform the native species where both the availability of light and 
nutrient resources was high. A suite of relevant plant traits was measured to test the above hypotheses. 

2. Methods 

2.1. Potamogeton crispus and P. Ochreatus 

Were collected from a lowland stream near Morrinsville, New Zealand (37′42′′18.59 S; 175′33′′4.15 E). P. crispus is a naturalised, 
widely distributed alien species in Aotearoa New Zealand (Figure SI-1), considered native to Eurasia, Africa and Australia [44]. It is 
regarded as having a ruderal (R) strategy [sensu Grimes [45]]; characterised by fast growth rates and a high disturbance tolerance (i.e. 
high stem flexibility and root:shoot ratio). P. ochreatus is a native species, however not endemic [46], and is also found nation-wide 
(Figure SI-1), as well as in Australia and south-east Asia. P. ochreatus is classified as a competitive-ruderal (CR) strategist [sensu Grimes; 
45] and thus shares characteristics of P. crispus but is less resistant or resilient to disturbance. At low disturbance and high resource 
availability both species show traits of high stature, dense canopy formation and high morphological plasticity [45]. 

2.2. Mesocosms 

The experimental setup consisted of four flume mesocosms, each 10 m long and 0.55 m wide, with a water level of 0.35 m and a 
constant inflow of water at the top (1.5 L min− 1) giving a water residence time of ca. 0.8 d. A pump at the lower end of each flume 
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recirculated water to the top end, to increase water velocity, homogenize water column elemental concentrations and prevent stag-
nation (Fig. 1). By preventing water stagnation in the high light treatment, this reduced phytoplankton build-up that could affect light 
climate [e.g. Ref. [47]]. Water from a groundwater bore was purified using a reverse osmosis system (Ecosoft MO10000) with sub-
sequent addition of micro- and macronutrients to create a growth solution excluding nitrogen, bicarbonate and potassium [cf [48]]. 
Bicarbonate and potassium, to complete the growth medium, were added to the water via peristaltic pumps immediately before 
entering the flumes, as well as different amounts of NO3

− targeting four different N concentrations across the flumes: control (0 μg N 
L− 1), low (50 μg N L− 1), medium (500 μg N L− 1) and high (5000 μg N L− 1). The target P content (as sodium hydrogen phosphate) of the 
growth medium was 100 μg P L− 1 and was considered to be in excess in all nitrogen treatments. The flow rates of all pumps were 
checked at least every three days. 

Water samples were taken to verify nutrient concentrations in each treatment. Both top and bottom of the flumes were sampled to 
test for potential gradients due to nutrient uptake by the plants. Each flume was covered by shade cloth in four different densities, 
yielding four light treatments. By measuring incoming irradiation (I) (LI-COR LI-200 sensor) above and below the cloth, the irradiance 
of each was calculated (Ibelow) · (Iabove)

− 1 X 100 as 70%, 44%, 32%, 8% of incident. This is very close to the nominated percentages, and 
for ease of reading we maintain the naming scheme of 70%, 50%, 30%, and 10% light treatments in which 70% is highest and 10% is 
lowest. Mean daily incoming irradiance for the duration of the experiment was 96.8 ± 29.5 mol photons m− 2 d1 (mean ± s.d.), thus the 
light treatments yielded on average 67.7, 44.5, 30.9, and 7.8 mol photons m− 2 d1 (Figure SI-2). 

2.3. Plants 

Plants used in experiments comprised 15 cm apical shoots cut from healthy donor plants, potted in 700 ml plastic pots ¾ filled with 
nutrient poor sand [Particulate carbon, particulate nitrogen, and TRP contents were 0.03 ± 0.006%, 0.02 ± 0.001% and 0.01 ±
0.001%, respectively; [49]]. Cuttings were set to acclimate for at least 3 weeks in their respective nutrient treatments under 50% shade 
cloth, to ensure internal nitrogen was in equilibrium with the external medium and stored N could not affect growth. At experiment 
start, 15 cm apical shoots taken from recovered plants were transplanted to new pots and 5 replicates of each species were assigned to 
each of the 16 treatments. From each nutrient treatment, 5 shoots of each species were taken for mean initial biomass (DWstart) and 
internal C and N measurements (20 in total per species). The plants were grown under experimental conditions for ~10 weeks. 

2.4. Estimation of photosynthetic parameters 

Immediately prior to harvest, we used pulse amplitude modulated (PAM) fluorometry (MONI-DA/S, Heinz Walz GmbH, Germany) 
to create photosynthesis-irradiance (PI) curves of dark acclimated leaves. PAM utilizes the fluorescence of chlorophyll excited by 
absorption of photons to estimate the saturation state of photosystem II (PSII) by comparing fluorescence yield under ambient light, 
when some reaction centres are closed and some open, with that under saturating light (when all reaction centres are closed). Quantum 
yield of PSII is estimated as Y = (Fm’-F)/Fm’, where F is the fluorescence at ambient light and Fm’ is fluorescence under saturating light 
sufficient to close all the reaction centres [50]. The quantum yield of PSII is subsequently used to estimate electron transport rate (ETR) 
(see below). 

The 3rd leaf from the apex was taken from three individuals of each treatment for measurement. If the 3rd leaf was too small to 
produce viable readings the 4th leaf was taken instead. Leaves were fixed in measuring clips and left in the dark for 30 min before 
measuring yield at 12 actinic light intensities of increasing magnitude. Subsequently, light absorption factor (AF) of the leaves was 
determined as the proportion of incident irradiance absorbed by each leaf by measuring irradiance reaching the LiCOR Li200 sensor 
from a fixed light source (white LED flashlight, similar to the white LED of the PAM instrument) with and without the leaves/top 
covering the light sensor [50]. Leaves were then frozen for chl. an analysis (see below). 

ETR of the plants was calculated as ETR = Y • PAR • AF • 0.5 where Y is the yield, PAR is the light intensity emitted by the PAM- 
sensor and AF is the absorption factor of the leaf. ETR was then plotted by the PAR to make the PI-curves. For easier literature 
comparison we present photosynthesis as mol oxygen produced rather than electrons transferred, we assumed a conversion factor of 
0.25 oxygen evolved per electron transferred [50]. To obtain the maximum photosynthetic rate Pmax and saturation irradiance Ic from 
the curves, a hyperbolic tangent function y = Pmax tanh(αxPmax

− 1) was fitted to each replicate, and Ic was calculated as Ic = α Pmax
− 1 

[51]. The parameters Pmax, Ic and the yield at PARi = 0 were all chl. A corrected. 

Fig. 1. Schematic representation of the mesocosm flume experimental setup. See text for details.  
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2.5. Harvest 

At harvest, for each plant, the length of the main stem and each branch was measured, and biomass was separated into above and 
below ground fractions, then dried for 48 h at 60 ◦C to obtain dry weight (DW). Internal tissue C and N concentrations were obtained 
from ~2 mg subsamples of finely ground dried biomass, by flash combustion followed by separation of the gaseous products and 
subsequent mass spectroscopy (Vario EL cube, Elementar, Germany; <0.1% absolute precision). Ratios of tissue C and N are given by 
weight. Water samples were analyzed for DIN (NH4

+, NO3
− ) and dissolved reactive phosphorus (DRP) on a Lachat flow injection 

analyser (Quikchem® 8500, Hach, USA), with a detection limit of 1 μg L− 1. Trace elements were analyzed at Hills laboratories in 
Hamilton, NZ (see supplementary information for details). 

Chlorophyll and carotenoid content of the leaves from PAM measurements was determined by UV-VIS spectroscopy of ethanol 
extracts. Plant material was submerged in liquid nitrogen and left to lyophilise in a freeze drier after which ~5 mg (when possible) was 
weighed and transferred to a test tube and rehydrated with 0.1 ml Milli-Q water. Some leaves were too small for accurate analysis and 
thus three leaves of a treatment were pooled together as one replicate. Ethanol (4 ml) was added, and samples were left to extract 
overnight, in the dark at 4 ◦C. Absorbance was subsequently measured at 470, 648 and 664 nm on a UV-1800 spectrophotometer 
(Shimadzu). An additional measurement was taken at 750 nm to be able to correct for impurities. Where a measurable absorbance was 
measured at 750 nm this was subtracted from that at all other wavelengths. 

From the lengths and weights, branching degree (number of branches ⋅ main stem length− 1), lateral spread (total length ⋅ main stem 
length− 1), density (DW ⋅ total length− 1), root to shoot ratio and relative growth rate (RGR) were calculated. RGR was calculated [cf 
[52]] as 

RGR
(
d− 1)=

ln (DWend) − ln(DWstart)

time
(1) 

From the UV-VIS spectroscopic absorbances, chlorophyll a (Ca), b (Cb), total (Ca + b) and total carotenoids (Cx + c; all in mg g− 1 dw) 
were calculated as follows [53]: 

Ca =(13.36A664 − 5.19A648) • 4.1 • DW − 1 (2)  

Cb =(27.43A648 − 8.12A664) • 4.1 • DW − 1 (3)  

Ca+b =(5.24A664 + 22.24A648) • 4.1 • DW − 1 (4)  

Cx+c =(1000A470 − 2.13Ca − 97.64Cb) • 4.1 • DW − 1 • 209− 1 (5)  

Where A648, A664 and A470 is absorbance at 648, 664 and 470 nm respectively and 4.1 is the volume of liquid added to the sample. 

2.6. Data analysis 

To investigate differences of internal nitrogen (%N), carbon (%C) content and C:N ratio, amongst nutrient treatments, species, and 
light, we performed Wilcoxon tests between species grouped by nutrient and light treatments, as well as Kruskal-Wallis tests between 
light and nutrient treatments, grouped by species and nutrient and species and light respectively. Following the Kruskal-Wallis tests, 
we conducted post hoc pairwise Wilcoxon tests on individual group pairings of light and nutrient treatments. Non-parametric statistics 
were used as data failed tests of normality and heteroskedasticity. 

To evaluate effects of nutrient and light on response parameters, two-way ANOVA tests were attempted, but all parameters failed 
either or both of Shapiro-Wilk test of normality (p < 0.05) or Levene’s test of variance homogeneity (p < 0.05), even after log 
transformation of data. Thus, non-parametric Wilcoxon rank-sum tests were employed to ascertain differences between species within 
light and N groups and between N groups within light treatments and species. Kruskal-Wallis tests were carried out on light treatments 
within N group and species, with post hoc pairwise Wilcoxon tests (with Bonferroni-Holm p adjustment method) between specific light 
levels. 

Table 1 
Resulting nutrient concentrations of the water samples taken at top end (upstream) and lower end (downstream) of the mesocosm flumes (n = 1).   

DRP μg L− 1 NH4
+ μg L− 1 NO3

− μg L− 1 DIN μg L− 1 DIN:DRP 

Control Upstream 52 20 1 21 0.4 : 1 
Downstream 57 1 <1 <2 <0.04 : 1 

Low Upstream 63 8 21 29 0.5 : 1 
Downstream 71 7 17 24 0.3 : 1 

Medium Upstream 49 23 264 287 5.9 : 1 
Downstream 54 62 252 314 5.8 : 1 

High Upstream 60 15 5470 5485 91 : 1 
Downstream 49 20 5580 5600 114 : 1  
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3. Results 

3.1. Nutrient concentrations in water and plants 

Dissolved reactive phosphorous concentrations were similar amongst flumes, whereas a clear distinction was evident between DIN 
concentrations of the four nutrient treatments (Table 1). Differences between inflow and outflow were negligible except for the control 
flume which had more ammonium (NH4

+) in the upstream part. DIN:DRP ratios ranged from <0.04:1 in the control flume to as much as 
114:1 in the high DIN flume. 

Both species within light treatments showed significant differences in tissue %N content amongst nutrient treatments, whereas in 
only two instances difference in tissue %C were significant (Kruskal-Wallis rank-sum test p < 0.05; Table 2, Fig. 2). Similarly, both 
species mostly differed in %N content amongst the light treatments and less so for %C content (Table 3, Fig. 2). C:N ratios tended to 
follow %N, given the greater between-treatment variation in %N than %C. As the number of post hoc Wilcoxon tests between % N, % C, 
and C:N ratios, within light and nutrient treatments are very high (288 tests in total), the results of the individual tests are omitted here 
but in summary the results showed two consistent patterns: 1) Within nutrient treatments, there were more significant differences 
found between control or low and medium or high nutrient treatments than between control and low, and medium and high. Out of 24 
comparisons, control differed from low only 6 times, whereas control differed from medium and high 15 and 19 times, respectively, 
and low differed from medium and high 14 and 15 times, respectively. Medium and high differed in only 3 out of 24 comparisons. 2) 
Within light treatments, there were more differences between the 10% light treatment and any other light treatment than amongst the 
70, 50, and 30% light treatments. Out of 72 comparisons involving the 10% light treatment 27 of these were significantly different, 
while of the 72 comparisons involving the other treatments only 6 were significantly different. 

Thus, internal tissue N content was broadly similar in the two higher and the two lower nutrient treatments in both species (Fig. 2a). 
Consequently, in terms of internal N status, the four N treatments collapsed into high (High and Medium) and low (Low and Control) N- 
groups (Fig. 2c). For further analyses, we therefore combined high and medium N treatments, and low and control N treatments as 
high-N and low-N, respectively, as well as individuals from the high-N and low-N treatments will be referred to as high-N individuals 
and low-N individuals, respectively. 

The only noteworthy difference between species was that P. crispus incorporated more N in the 70% and 50% light treatment than 
P. ochreatus, but only at 70% light did it lead to a difference in C:N ratio (Supplementary Table 3). No obvious differences were seen in 
the C content of the two plants. Although P. ochreatus tended to have slightly higher C content than P. crispus (Fig. 2b), this did not give 
rise to differences in C:N ratio (Fig. 2c). 

3.2. Growth and morphology 

High-N individuals had higher RGR than low-N ones regardless of species or light treatment save for two instances (Table 4), 
although P. crispus at 70% light was close to the 0.05 mark (p = 0.08). Generally, P. crispus had higher variation than P. ochreatus 
meaning that some individuals achieved much higher RGR’s than P. ochreatus at high-N, the highest (0.06 d− 1) found under high 

Table 2 
Results of Kruskal-Wallis tests of internal tissue carbon and nitrogen content difference amongst nutrient treatments for each of the two Potamogeton 
species within light treatments. P < 0.05 denoted by ‘*‘, P < 0.01 by ‘**‘.  

Species Light treatment Response parameter n Kruskal-Wallis rank-sum statistic P 

P. crispus 70% % N 20 14.3 0.002 ** 
P. crispus 50% % N 20 16.1 0.001 ** 
P. crispus 30% % N 20 14.8 0.002 ** 
P. crispus 10% % N 18 10.8 0.013 * 
P. ochreatus 70% % N 20 14.7 0.002 ** 
P. ochreatus 50% % N 20 16.2 0.001 ** 
P. ochreatus 30% % N 20 16.1 0.001 ** 
P. ochreatus 10% % N 18 13.4 0.004 ** 
P. crispus 70% % C 20 6.9 0.075 
P. crispus 50% % C 20 9.2 0.027 * 
P. crispus 30% % C 20 3.4 0.34 
P. crispus 10% % C 18 1.7 0.64 
P. ochreatus 70% % C 20 14.4 0.002 ** 
P. ochreatus 50% % C 20 6.4 0.093 
P. ochreatus 30% % C 20 4.3 0.23 
P. ochreatus 10% % C 18 6.2 0.10 
P. crispus 70% C:N ratio 20 14.6 0.002 ** 
P. crispus 50% C:N ratio 20 16.1 0.001 ** 
P. crispus 30% C:N ratio 20 14.9 0.002 ** 
P. crispus 10% C:N ratio 18 11.0 0.012 * 
P. ochreatus 70% C:N ratio 20 15.6 0.001 ** 
P. ochreatus 50% C:N ratio 20 16.4 0.001 ** 
P. ochreatus 30% C:N ratio 20 16.2 0.001 ** 
P. ochreatus 10% C:N ratio 18 13.4 0.004 **  

L.J. Skovsholt et al.                                                                                                                                                                                                    



Heliyon 9 (2023) e15528

6

Fig. 2. Internal tissue % nitrogen (N), % carbon (C), and C:N ratio of Potamogeton crispus and P. ochreatus grown at four nutrient and light levels. 
Lines connect mean values between light treatments and errorbars denote standard deviation. 
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irradiance (70%), while many individuals at low-N had negative RGR’s regardless of light treatment. However, a significant difference 
between species was only found between means of the low-N individuals at the lowest irradiance (10% - W = 14, p = 0.04; Table 4), 
which was the only treatment where P. ochreatus individuals had negative RGR’s. Both species showed a similar response trend to 
changes in light, by having reduced RGR’s at the lowest light treatment (10%), but for the high-N plants, the significant difference was 
for P. ochreatus, while for low-N plants it was for P. crispus (Table 4). 

P. crispus showed a significant difference between high-N and low-N in branching degree and lateral spread at the highest light 
treatment only (Table 5). Generally, P. crispus responded to increased N content with main shoot length increases (Table 5), while 
P. ochreatus responded with increases in branching degree and lateral spread (Table 5). Both species responded to increase in N content 
by increased root extension (Table 5) and increase in below-ground/above-ground biomass ratio (Table 5). For all traits but the below- 
ground/above-ground biomass ratio, no difference between high-N and low-N plants were found at the 10% light treatment. For high- 
N P. crispus plants decreasing irradiation intensity tended to decrease branching degree and lateral spread and high-N P. ochreatus 
plants had the lowest main shoot length at 10% light (Table 5). P. ochreatus achieved longer shoot lengths than P. crispus at low-N, and 
higher densities overall (Table 5), while P. crispus had generally higher branching degree and lateral spread than P. ochreatus, 
regardless of light treatment and N group (Table 5). 

Table 3 
Results of Kruskal-Wallis tests of internal tissue carbon and nitrogen content difference amongst light treatments for each of the two Potamogeton 
species within nutrient treatments. P < 0.05 denoted by ‘*’, P < 0.01 b y ‘**‘.  

Species Nutrient treatment Response parameter n Kruskal-Wallis rank-sum statistic P 

P. crispus Control % N 19 9.4 0.02 * 
P. crispus Low % N 19 10.8 0.01 * 
P. crispus Medium % N 20 3.8 0.29 
P. crispus High % N 20 11.0 0.01 * 
P. ochreatus Control % N 20 8.0 0.05 * 
P. ochreatus Low % N 19 9.9 0.02 * 
P. ochreatus Medium % N 20 11.5 0.009 ** 
P. ochreatus High % N 19 2.6 0.46 
P. crispus Control % C 19 4.7 0.20 
P. crispus Low % C 19 6.2 0.10 
P. crispus Medium % C 20 4.5 0.22 
P. crispus High % C 20 13.3 0.004 ** 
P. ochreatus Control % C 20 8.9 0.03 * 
P. ochreatus Low % C 19 7.7 0.05 
P. ochreatus Medium % C 20 12.0 0.007 ** 
P. ochreatus High % C 19 2.5 0.47 
P. crispus Control C:N ratio 19 9.4 0.02 * 
P. crispus Low C:N ratio 19 10.4 0.02 * 
P. crispus Medium C:N ratio 20 3.3 0.35 
P. crispus High C:N ratio 20 11.3 0.01 * 
P. ochreatus Control C:N ratio 20 8.9 0.03 * 
P. ochreatus Low C:N ratio 19 8.8 0.03 * 
P. ochreatus Medium C:N ratio 20 15.3 0.002 ** 
P. ochreatus High C:N ratio 19 2.8 0.43  

Table 4 
RGR mean (±SD) values of High-N and Low-N groups of Potamogeton crispus and P. ochreatus at four different light treatments. Difference between N 
groups for each species are reported below. Difference between species within N group and light treatment are shown as bold text on the highest 
scoring species if significant (Wilcoxson rank sum test: W stat <10, p < 0.05). Differences of the means between light treatments within species and N- 
group are shown as alphabetical operators after each mean value (i.e. abc), as tested by pairwise Wilcoxon tests.  

Parameter N-group Species Light treatment 

70% 50% 30% 10% 

RGR (d− 1) High-N P. crispus 0.021a 0.019a 0.025a 0.006a 

±0.018 ±0.011 ±0.013 ±0.011 
P. ochreatus 0.018a 0.021a 0.017a 0.005b 

±0.006 ±0.006 ±0.007 ±0.002 
Low-N P. crispus 0.003a 0.008a 0.005ab − 0.006b 

±0.009 ±0.004 ±0.011 ±0.005 
P. ochreatus 0.006ab 0.009a 0.008a 0.000b 

±0.004 ±0.004 ±0.004 ±0.006 
Difference between N groups P. crispus W = 74 W = 84 W = 65 W = 89 

P. ochreatus W = 98 W = 88 W = 93 W = 53  
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Table 5 
Mean (+- SD) values for growth responses of High-N and Low-N groups of Potamogeton crispus and P. ochreatus at four different light treatments. 
Difference between N groups for each species are reported below each parameter. Difference between species within N group and light treatment are 
shown as bold text on the highest scoring species if significant (Wilcoxson rank sum test: W stat <10, p < 0.05). Differences of the means between light 
treatments within species and N-group are shown as alphabetical operators after each mean value (i.e. abc), as tested by pairwise Wilcoxon tests.  

Parameter N-group Species % Incoming irradiation 

70% 50% 30% 10% 

Branching degree (cm− 1) High-N P. crispus 1.3a 0.8b 1.1ab 0.4c 

±0.5 ±0.4 ±1.1 ±0.2 
P. ochreatus 0.6ab 1.0a 0.4ab 0.2b 

±0.6 ±0.8 ±0.5 ±0.1 
Low-N P. crispus 0.6a 1.1a 0.7a 0.4a 

±0.2 ±0.9 ±0.3 ±0.2 
P. ochreatus 0.2a 0.4a 0.1a 0.1a 

±0.1 ±0.4 ±0.0 ±0.1 
Difference between N groups P. crispus W = 94 W = 94 W = 47 W = 66 

P. ochreatus W = 81 W = 77 W = 67 W = 48 
Lateral spread (cm cm− 1) High-N P. crispus 6.6a 3.9b 4.3b 2.5c 

±2.6 ±1.3 ±1.5 ±1.3 
P. ochreatus 3.2ab 4.8a 2.8ab 1.8b 

±2.2 ±2.7 ±2.3 ±0.6 
Low-N P. crispus 3.1a 4.2a 3.5ab 2.1a 

±1.0 ±2.7 ±1.3 ±0.7 
P. ochreatus 1.6a 2.5a 1.4ab 1.8a 

±0.5 ±1.5 ±0.4 ±0.9 
Difference between N groups P. crispus W = 96 W = 96 W = 51 W = 63 

P. ochreatus W = 71 W = 81 W = 79 W = 39 
Main shoot length (cm− 1) High-N P. crispus 11.4a 14.9a 20.1a 9.1a 

±6.7 ±11.7 ±12.3 ±4.6 
P. ochreatus 13.0a 11.6a 14.0a 9.4b 

±3.3 ±1.8 ±3.4 ±1.6 
Low-N P. crispus 7.5a 6.1a 7.2a 7.0a 

±1.9 ±2.0 ±2.4 ±3.0 
P. ochreatus 10.6a 9.7a 11.8a 10.1a 

±1.9 ±3.5 ±1.0 ±1.8 
Difference between N groups P. crispus W = 72 W = 72 W = 82 W = 88 

P. ochreatus W = 74 W = 67 W = 74 W = 25 
Root length (cm) High-N P. crispus 9.6a 10.6a 13.3a 5.6a 

±4.4 ±5.8 ±7.4 ±4.1 
P. ochreatus 7.7ab 13.9a 9.6ab 5.6b 

±6.6 ±6.1 ±6.6 ±4.5 
Low-N P. crispus 4.1 4.8 3.6 3.4 

±2.5 ±3.6 ±3.4 ±3.4 
P. ochreatus 4.3 4.7 4.1 6.2 

±3.0 ±3.1 ±4.5 ±4.3 
Difference between N groups P. crispus W = 88 W = 88 W = 76 W = 91 

P. ochreatus W = 64 W = 88 W = 77 W = 39 
Density (mg cm− 1) High-N P. crispus 0.003a 0.002a 0.002a 0.003a 

±0.002 ±0.001 ±0.001 ±0.002 
P. ochreatus 0.004a 0.004a 0.004a 0.004a 

±0.001 ±0.001 ±0.001 ±0.001 
Low-N P. crispus 0.003a 0.003a 0.003a 0.003a 

±0.001 ±0.001 ±0.001 ±0.005 
P. ochreatus 0.004a 0.004a 0.005a 0.003a 

±0.002 ±0.001 ±0.001 ±0.001 
Difference between N groups P. crispus W = 45 W = 45 W = 20 W = 49 

P. ochreatus W = 43 W = 46 W = 38 W = 52 
Below-/aboveground biomass ratio High-N P. crispus 0.63a 0.22a 0.36a 0.20a  

±0.57 ±0.09 ±0.55 ±0.23 
P. ochreatus 0.23a 0.21a 0.18a 0.27a  

±0.26 ±0.10 ±0.16 ±0.28 
Low-N P. crispus 0.07a 0.05a 0.01a 0.01a  

±0.09 ±0.06 ±0.02 ±0.01 
P. ochreatus 0.05a 0.06a 0.02a 0.11a  

±0.06 ±0.08 ±0.02 ±0.19 
Difference between N groups P. crispus W = 84 W = 84 W = 76 W = 80 

P. ochreatus W = 53 W = 79 W = 49 W = 53  

L.J. Skovsholt et al.                                                                                                                                                                                                    



Heliyon 9 (2023) e15528

9

3.3. Photosynthetic parameters 

No clear patterns emerged from the photosynthetic parameters, although in all cases of statistical difference, high-N plants had the 
higher trait score (Table 6). Two trends can be noticed, however; 1) high-N plants of both species tended to have higher saturation 
irradiance (Ek) than low-N plants, and for P. ochreatus at 70 and 30% light, this was reflected in a trend of a lower quantum yield (Φ); 2) 
high-N plants had higher maximum photosynthetic rate (Pmax) at 10% light. Significant differences between species were only found 
for low-N individuals at 50% light, where P. ochreatus had higher Pmax and Ek, and P. crispus had higher yield at PAR = 0 (Table 6). 

Significant differences between light treatments were found for low-N individuals of P. ochreatus, that had lower Pmax and higher 
Yield at PAR = 0 at 10% light compared to all other shade treatments (Table 6). P. ochreatus also showed difference between Ek at 70% 
and 10% light for high-N plants (Table 6). Kruskal-Wallis test results showed differences amongst light treatments in low-N P. crispus 
plants for Ek and Yield at PAR = 0 (P = 0.02), but none of the pairwise Wilcoxon tests were significant (Table 6). 

As pigment samples had to be pooled across replicates to obtain sufficient for analysis, robust statistical comparisons were not 
possible. However it was evident that the content chlorophyll-a, chlorophyl-b and total carotenoids increased with N content for all 
light treatments in both species (Figure SI-3). The range of content of each pigment showed no difference between species. 

4. Discussion 

We tested differences between growth rates, morphological traits, and photosynthetic performance parameters of two species of 

Table 6 
Mean (+- SD) values of photosynthetic parameters from High-N and Low-N groups of Potamogeton crispus and P. ochreatus grown at four different light 
treatments. Difference between N groups for each species are reported below each parameter. Difference between species within N group and light 
treatment are shown as bold text on the highest scoring species if significant (Wilcoxson rank sum test: W stat <10, p < 0.05). Differences of the means 
between light treatments within species and N-group are shown as alphabetical operators after each mean value (i.e. abc), as tested by pairwise 
Wilcoxon tests.  

Parameter N-group Species % Incoming irradiation 

70% 50% 30% 10% 

Quantum yield Φ High-N P. crispus 0.013a 0.017a 0.013a 0.019a 

±0.008 ±0.013 ±0.009 ±0.015 
P. ochreatus 0.015a 0.014a 0.007a 0.014b 

±0.010 ±0.010 ±0.007 ±0.010 
Low-N P. crispus 0.017a 0.009a 0.009a 0.012a 

±0.000 ±0.007 ±0.010 ±0.007 
P. ochreatus 0.028a 0.012a 0.015a 0.006a 

±0.018 ±0.006 ±0.007 ±0.005 
Difference between N groups P. crispus W = 3 W = 18 W = 16 W = 25 

P. ochreatus W = 8 W = 17 W = 7 W = 28 
Ek (mmol photons m− 2s− 1) High-N P. crispus 51a 62a 66a 34a 

±37 ±43 ±22 ±13 
P. ochreatus 88a 53ab 66ab 42b 

±19 ±27 ±15 ±14 
Low-N P. crispus 29a 13a 49a 20a 

±0 ±3 ±27 ±3 
P. ochreatus 33a 41a 47a 18a 

±8 ±23 ±30 ±7 
Difference between N groups P. crispus W = 4 W = 24 W = 16 W = 32 

P. ochreatus W = 24 W = 19 W = 20 W = 35 
Pmax (mmol O2 m− 2s− 1) High-N P. crispus 0.6a 1.0a 0.8a 0.6a 

±0.4 ±1.0 ±0.5 ±0.5 
P. ochreatus 1.2a 0.7a 0.4a 0.6b 

±0.8 ±0.5 ±0.3 ±0.5 
Low-N P. crispus 0.5a 0.1a 0.6a 0.2a 

±0.0 ±0.1 ±0.9 ±0.1 
P. ochreatus 0.8a 0.4a 0.8a 0.1b 

±0.4 ±0.3 ±0.7 ±0.1 
Difference between N groups P. crispus W = 3 W = 22 W = 14 W = 26 

P. ochreatus W = 16 W = 22 W = 9 W = 32 
Yield (PS II) at PAR = 0 High-N P. crispus 0.6a 0.6a 0.7a 0.6a 

±0.1 ±0.1 ±0.1 ±0.1 
P. ochreatus 0.6a 0.7a 0.5a 0.6b 

±0.1 ±0.0 ±0.2 ±0.1 
Low-N P. crispus 0.7a 0.7a 0.5a 0.6a 

±0.0 ±0.0 ±0.1 ±0.0 
P. ochreatus 0.5a 0.5a 0.5a 0.6b 

±0.0 ±0.1 ±0.0 ±0.0 
Difference between N groups P. crispus W = 5 W = 10 W = 24 W = 15 

P. ochreatus W = 19 W = 30 W = 24 W = 15  
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Potamogeton, the naturalised P. crispus and the native P. ochreatus, grown under four N concentrations then split into two N-groups 
based on internal N content in combination with four irradiances. 

4.1. Factors controlling rate of growth - interplay of light and nutrients 

Our hypotheses were partly supported; internal N content increased with N treatment, but this did not directly correspond to 
external concentration; the four nitrogen treatments appeared to collapse to two. Except at the lowest irradiance, the two lowest N 
treatments in both species yielded % N contents of less than 1%, while at all irradiances the two highest N treatments yielded similar N 
contents between 2 and 3%. The internal nutrient content of a plant is widely recognised as an indicator of its growth potential, as this 
represents the nutrients available for production of biomass; below certain %N thresholds, the growth of the plant will be limited, or 
the plant will senesce [54]. These thresholds can vary between species [55], but a mean N content for 95% maximum growth and 95% 
maximum quantum yield for aquatic macrophytes is reported as 1.82% N and 1.14% N, respectively [see 31]. Minimum macrophyte 
content of N to permit growth is reported to be 0.6% [54] and in general, N contents of <1% are rare in natural freshwater macrophytes 
[e.g. 31]. Internal tissue concentrations above 3% is considered high for P. crispus [42] though Cavalli et al. [32] reports concentrations 
as high as 4.7% N. Furthermore, N limitation thresholds can be approximated by plotting N content against C:N ratios, and estimating 
when % N starts changing more so than the C:N ratio [56]. Using this approach, Cavalli et al. [32] suggests a limitation threshold of 
<2% for tissue N which corresponds reasonably well with our data when we plot our C:N ratios against % N (Fig. 3a) and look at the 
correlation between RGR and % N overall (Fig. 3b). 

Large scale surveys have found that in situ freshwater angiosperms normally contain between 2 and 3% tissue N [33], and Demars 
and Edwards [31] confirmed this, citing a median N content of 2.64% in a dataset of 268 samples across 765 sites. Higher N content 
(and consequently lower C:N ratio) in plants grown at low light is probably due to lower nutrient demand from growth. Similar effects 
of other abiotic factors influencing N limitation have been found by Madsen et al. [57], who finds that low inorganic carbon con-
centrations lower the growth rates of two aquatic macrophytes and consequently allows an increase in their N content due to lower 
demand. Adding to the complexity of nutrient dynamics is the fact that the ability to maintain a high N content during growth will vary 
between species as they inherently vary in nutrient uptake rates, and that these rates differ for NO3

− and NH4
+ [52]. Nevertheless, we 

have effectively created eutrophic and oligotrophic environments, which yield the high-N and low-N groups, and plants that are at 

Fig. 3. a) % N content of all plants from the experiment plotted against C:N ratio for threshold analysis [56]. The inflexion point of the curve 
indicates onset of N saturation. And b) the relationship between % N content and RGR - a clear threshold can be witnessed at the 2% N mark. 
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growth saturating and extreme growth limiting nitrogen content. At water column concentrations of more than ~290 μg NO3
− L− 1 

internal N content of our plants did not scale with higher water column N and similarly, plants from ~30 μg NO3
− L− 1 achieved 

minimum N content as well as those with no N supply (Fig. 2). 
There was an obvious effect of nutrient content on the response parameters of the plants, in support of our second hypothesis; plant 

traits were generally higher for high-N plants, as were the contents of pigments. Still, we expected a larger difference between the high- 
N and low-N plants, particularly at the higher irradiances. We have no good explanation as to why so many of the P. crispus high-N 
plants did not attain better RGR’s. Manolaki et al. [52] finds for P. crispus a mean RGR of 0.06 day− 1 under non-limiting light and 
nutrient conditions, suggesting an inherent ability of this species to grow even faster than what was attained here. Not much research 
has been done on growth of P. ochreatus, but Cenzato and Ganf [58] finds maximum RGR of P. ochreatus grown in eutrophic sediment to 
be around 0.02 d− 1, comparable to our results. Both species are classified as high N loving species [45] and as such are well adapted to 
be able to utilize a high resource availability for growth as we see in our experiment. Indeed, pigment content for both species were 
high compared to previously reported values for similar plants [59–61], suggesting ample capability to upscale the photosynthetic 
apparatus when resource supply is high. Thus, even though evidently, our plants have not been able to perform to their maximum 
potential (see supplementary info for details), from the increased growth rates we can see that ecological issues like nuisance biomass 
will most likely occur when available N concentrations are higher, even when light is quite reduced. We find it interesting that the 
largest main shoot length difference was found between N groups for P. crispus, while P. ochreatus differed more in branching degree 
and lateral spread, when main shoot length is classified as a C-strategist trait, while the others are R-strategist traits [45] and thus 
reversed cf. the species Grime’s classifications. Possibly, this is an evolutionary strategy of the plants to allocate relatively more re-
sources into traits that fall within their Grime’s classification category when resources are scarce and when resources are plenty, there 
is a surplus to allocate to additional traits. We had anticipated the low-N plants to increase root length more than the high-N plants, to 
explore the sediment as a nutrient source. A possible explanation for longer roots at high N is flow induced root biomass allocation 
[62]. 

Our third hypothesis was mostly supported, as we see no difference between N groups for most parameters at the lowest irradiance 
and most of the differences between irradiance levels was between 10% light and the other levels. Still, we did not expect a difference 
in RGR between low-N and high-N plants at this irradiance level (P. crispus Table 4). Although certainly light limited when compared to 
the other irradiance levels, 10% light high-N plants were still able to grow. Compensation irradiance points for the plants are reported 
as 152 ± 23 lux (~2.5 μmol photons m− 2 s− 1) at 15 ◦C for P. crispus [63] and 37 μmol photons m− 2 s− 1 [58] for P. ochreatus (daily 
average), both of which are lower than what the plants are exposed to in our experiment. We note however, that the compensation 
point irradiance of the P. ochreatus is the ecological, while for P. crispus it is the instantaneous and the ecological is expected to be 
higher [64]. Furthermore, the conversion from lux to mol photons depends on the type of light source used and this is not stated in the 
experiment [63], thus the conversion made here can only ever be approximate. Thus, even at these low irradiances both species can 
maintain positive growth rates, but evidently shading is a constraining factor. Low irradiance has recently been shown to be important 
in restricting the presence and growth of invasive species [7] and can influence the plants ability to cope with adverse conditions [65]. 
The results of our study further exemplify the importance of the light environment and highlights the need for this to be considered 
when investigating the effects of nutrients. Successful strategies of plants in eutrophic streams are either to grow to the water surface 
for better light capture or better light utilization for tolerance of out shading [39]. As neither of the species exhibited signs of accli-
mation to shading at the lowest irradiance, i.e. increased quantum yield (αB) and lower Pmax, we see no evidence that either of the 
tested species were opting for the light utilization strategy although we did not test other parameters that respond to irradiance such as 
reduced specific leaf area [66]. 

We see some evidence in support of our fourth hypothesis, partly due to P. crispus having higher maximum RGR’s and thus have the 
potential to outgrow P. ochreatus. Moreover, P. crispus had increases in branching degree and lateral spread only in the high light 
treatment when the N content was high. Furthermore, when the light was only at an intermediate level, the increase in lateral spread 
and branching degree was not significantly different between N groups but was different for main shoot length. Thus, although growth 
rates are similar, when resources are high, as we would expect to see in streams in an anthropogenic setting, we see a response of 
extending laterally with many branches rather than vertically, which is beneficial for dispersal (i.e. increases likelihood of frag-
mentation), as P. crispus spreads by vegetative formation in New Zealand [67]. This response is virtually absent in P. ochreatus which 
generally show the same responses to increases in N content in all but the lowest irradiance treatment. Certainly, the species that 
suffered the most under low light and low nutrient levels was P. crispus, showing the importance of ample resource supply for this 
species. 

4.2. Implications for thresholds and management perspective 

Eutrophication of stream ecosystems have consequences for macrophyte communities that then propagate through the higher 
trophic levels and adversely affect ecosystem services. In this study we present results showing how low NO3–N concentrations in the 
water column can significantly reduce internal N content and growth rates of plants and how this can be seen across a wide range of 
irradiance but was less evident below 10% incident. It is important to acknowledge that the mesocosm environment does not mirror a 
natural setting to perfection. In our case, the plants were exposed to a continuous, stable supply of nutrients and flow rate was kept at a 
constant low level, creating a constant flux of nutrients from the water to the plants. In a natural setting, precipitation events will likely 
play an important, pulsed role in supplying N to stream plants, by washing out N from soils and diminishing boundary layer thickness. 
Especially for oligotrophic streams, this will, at least temporarily, provide a boost of N that can be stored in the plants and help 
maintain growth even though consequent stream conditions are yet again oligotrophic. In addition, internal N content of the pre 
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experiment plants were mostly above the 1.82% threshold for growth as determined by Demars and Edwards [31] and thus it must be 
assumed that this stored N has in part been available to support growth during the experiment. N uptake rates vary little between 
Potamogeton species [52], thus utilization might be the key differentiator. Further studies are required in the field of temporarily 
elevated N concentrations and the legacy effect they can have on plant communities. 

Despite these experimental limitations, our hypotheses were able to be tested and were partly supported. Most importantly, plants 
grown under higher nitrate conditions sustained high % N, had higher growth rates, and higher trait scores than plants grown under 
lower nitrate conditions, suggesting eutrophication thresholds for nitrate-N lie somewhere between the concentrations of the low (47 
μg N L− 1) and medium (290 μg N L− 1) nutrient treatments in our experiment. The current guideline trigger value for nitrate con-
centration in lowland streams in New Zealand is 444 μg N L− 1, a concentration which would offer little protection from macrophyte 
proliferation Mean concentrations of nitrate-N in lowland streams draining pastoral and urban areas in New Zealand are above these 
levels (1102 and 705 μg N L− 1 respectively), while that of streams draining natural catchments is 78 μg N L− 1 [68]. Pastoral and urban 
streams also had much lower ecological health scores [69], consistent with eutrophication loss of ecosystem values. There is thus little 
expectation that growth of existing populations of either species in lowland rivers of Aotearoa New Zealand, of which only 5% of those 
in Larned et al. [68]were in natural catchments, are nutrient limited. 

Under conditions prevailing in the few lowland streams of Aotearoa New Zealand with minimal anthropogenic change to their 
catchments, water nitrate concentrations may be sufficiently low to limit the rate of growth of the two Potamogeton spp investigated 
here. In addition, lowland forest provides shading and under the combination of low nitrogen supply with a high degree of shading the 
native P. ochreatus did exhibit a higher RGR than the alien P. crispus. It was generally better and maintaining positive growth rates 
under combined nutrient and light limiting conditions. The suggestion in our results is that there is potential for the alien P. crispus to 
out-grow the native P. ochreatus in more eutrophic, brightly lit systems and informs the “phenotypic convergence – phenotypic 
divergence” paradigm in invasive species theory [70]. Our example suggests that the non-native species may be successful because it is 
pre-adapted to better exploit conditions prevailing in newly modified catchments, specifically increased resource supply, than 
pre-existing native organisms. 

Our results provide some insight into setting limits to manage macrophyte proliferation in streams of Aotearoa New Zealand. They 
suggest that reducing resource supply could be an effective management tool to both reverse the advantage from P. crispus back to 
P. ochreatus, and also reduce growth rates, as could the restoration of riparian shade. However, a substantial reduction, up to tenfold in 
m any cases [68]in nitrate may be needed that would require significant changes to lowland catchment land use. Such socioeconomic 
challenges of lowland stream restoration are persistent, and a recent review of forty years of effort in the Netherlands concludes 
“biophysical objectives and restoration measures, a monitoring deficiency and restoration plans neglecting large scale catchment wide effects 
hampered the success of ecological stream restoration. It is therefore recommended to improve the monitoring programmes accompanying 
restoration projects by applying a proper design, matching the relevant spatiotemporal dimensions for the ecosystem under study” [71]. Our 
results support the need for large-scale catchment consideration if the underlying cases of eutrophication, macrophyte proliferation 
and species spread are to be addressed. 
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