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ARTICLE INFO ABSTRACT

Keywords: Motivated by stream ecosystem degradation by eutrophication, we mimicked slow flowing low-
Freshwater land stream conditions with a novel experimental setup to further our understanding of aquatic
Macrophyte

plant responses to increases in nitrate and light. We conducted a mesocosm growth experiment of

A ic pl . . . .

quam? aflt two species from the genus Potamogeton: P. crispus (alien) and P. ochreatus (native), grown at four
Eutrophication . . . s .
Nutrients nitrate and four light levels. We hypothesised that (i) internal nutrient status of the plants would
Invasive scale with water column nutrient concentration, and that (ii) plant performance would reflect the
Traits nutrient status of the plant. Furthermore, we hypothesised that (iii) a low irradiance level would
Potamogeton crispus 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 pg NO3 L™1) and the two lower nutrient treatments (<20 pg 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].

* Corresponding author. University of Waikato, School of Science, New Zealand.
E-mail address: ljs@bio.au.dk (L.J. Skovsholt).

https://doi.org/10.1016/j.heliyon.2023.e15528

Received 26 September 2022; Received in revised form 27 March 2023; Accepted 12 April 2023

Available online 17 April 2023

2405-8440/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:ljs@bio.au.dk
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2023.e15528
https://doi.org/10.1016/j.heliyon.2023.e15528
http://crossmark.crossref.org/dialog/?doi=10.1016/j.heliyon.2023.e15528&domain=pdf
https://doi.org/10.1016/j.heliyon.2023.e15528
http://creativecommons.org/licenses/by-nc-nd/4.0/

L.J. Skovsholt et al. Heliyon 9 (2023) e15528

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 (NHY) 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™!) 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 pg N
LY, low (50 pg N L™1), medium (500 pg N L) and high (5000 pg N L™1). The target P content (as sodium hydrogen phosphate) of the
growth medium was 100 pg P L™! 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 (Ieow) - (Iabm,e)f1 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 d! (mean =+ s.d.), thus the
light treatments yielded on average 67.7, 44.5, 30.9, and 7.8 mol photons m~2 d* (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 % 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 (DWg,,) 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 = (Fp,’-F)/Fy,’, where F is the fluorescence at ambient light and F;,’ 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 e 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 Pp,,x and saturation irradiance I. from
the curves, a hyperbolic tangent function y = P, tanh(axPpe 1) was fitted to each replicate, and I, was calculated as I, = @ Ppg,
[51]. The parameters Pp,y, I and the yield at PAR; = 0 were all chl. A corrected.

Incoming irradiation
10% 30% 50% 70%

( Growth medium input % / i Outflow

V2

/

<
Recirculation

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 (NHZ, NO3) and dissolved reactive phosphorus (DRP) on a Lachat flow injection
analyser (Quikchem® 8500, Hach, USA), with a detection limit of 1 pg L~L. 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 ™), lateral spread (total length - main stem
length™1), density (DW - total length ™), root to shoot ratio and relative growth rate (RGR) were calculated. RGR was calculated [cf
[52]] as

In (DW,q) — In(DWyarr)

RGR (di ] ) - time

@

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

C,=(13.36A454 — 5.19A5s3) @ 4.1 « DW ™" (2)
Cp=(27.43A613 — 8.12A454) @ 4.1 ¢ DW ™! 3)
Coip = (524A66 +22.24Ags5) @ 4.1 ¢ DW™! Q)
Crre = (10004479 — 2.13C, — 97.64C;) @ 4.1 « DW~' #2097 (5)

Where Ag4s, Asss and Agyg 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 pg L7} NHj pg L7! NO3 pg L7! DIN pg L™* DIN:DRP
Control Upstream 52 20 1 21 04:1
Downstream 57 1 <1 <2 <0.04:1
Low Upstream 63 8 21 29 05:1
Downstream 71 7 17 24 03:1
Medium Upstream 49 23 264 287 59:1
Downstream 54 62 252 314 58:1
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 (NHJ) 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. 2¢). 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 **
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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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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 by “***.

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

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 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. abey " as tested by pairwise Wilcoxon tests.
Parameter N-group Species Light treatment
70% 50% 30% 10%
RGR (d 1) High-N P. crispus 0.0217 0.019% 0.025% 0.006%
+0.018 +0.011 +0.013 +0.011
P. ochreatus 0.018% 0.0217 0.017% 0.005°
+0.006 +0.006 +0.007 +0.002
Low-N P. crispus 0.003* 0.008* 0.005% —0.006"
+0.009 +0.004 +0.011 +0.005
P. ochreatus 0.006™ 0.009* 0.008* 0.000"
+0.004 +0.004 +0.004 +0.006
Difference between N groups P. crispus W=74 W =284 W =65 W =289
P. ochreatus W =98 W =288 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. abey “as tested by pairwise Wilcoxon tests.

Parameter N-group Species % Incoming irradiation
70% 50% 30% 10%
Branching degree (cm ™) High-N P. crispus 1.3° 0.8" 1.1% 0.4
+0.5 +0.4 +1.1 +0.2
P. ochreatus 0.6 1.0° 0.4% 0.2
+0.6 +0.8 +0.5 +0.1
Low-N P. crispus 0.6% 1.17 0.7% 0.4%
+0.2 +0.9 +0.3 +0.2
P. ochreatus 0.2% 0.4% 0.1% 0.1%
+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 =281 W=77 W =67 W =48
Lateral spread (cm cm 1) High-N P. crispus 6.6% 3.9° 4.3° 2.5¢
+2.6 +1.3 +1.5 +1.3
P. ochreatus 3.2% 4.8 2.8 1.8°
+2.2 +2.7 +2.3 +0.6
Low-N P. crispus 3.1° 4.2° 3.5% 2.1°
+1.0 +2.7 +1.3 +0.7
P. ochreatus 1.6 2.5% 1.4 1.8°
+0.5 +1.5 +0.4 +0.9
Difference between N groups P. crispus W =96 W =96 W =51 W =163
P. ochreatus w=71 Ww=281 wW=79 W =39
Main shoot length (cm™*) High-N P. crispus 11.4° 14.9° 20.1% 9.1%
+6.7 +11.7 +12.3 +4.6
P. ochreatus 13.0° 11.6° 14.0* 9.4
+3.3 +1.8 +3.4 +1.6
Low-N P. crispus 7.5% 6.1% 7.2% 7.0%
+1.9 +2.0 +2.4 +3.0
P. ochreatus 10.6" 9.7° 11.8° 10.1°
+1.9 +3.5 +1.0 +1.8
Difference between N groups P. crispus W=72 wW=72 W =282 W =288
P. ochreatus W =74 W =67 wW=74 W=25
Root length (cm) High-N P. crispus 9.6% 10.6% 13.3% 5.6%
+4.4 +5.8 +7.4 +4.1
P. ochreatus 7.7% 13.9* 9.6% 5.6
+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 =288 W=176 wW=091
P. ochreatus W =64 W =288 W=77 W =39
Density (mg cm ™) High-N P. crispus 0.003? 0.002° 0.002° 0.003?
+0.002 +0.001 +0.001 +0.002
P. ochreatus 0.004* 0.004* 0.004* 0.004%
+0.001 +0.001 +0.001 +0.001
Low-N P. crispus 0.003% 0.003% 0.003% 0.003%
+0.001 +0.001 +0.001 +0.005
P. ochreatus 0.004* 0.004% 0.005% 0.003*
+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 =238 W =52
Below-/aboveground biomass ra