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Implications of environmental conditions for health status and
biomechanics of freshwater macrophytes in hydraulic laboratories
Submerged freshwater macrophytes are frequently used in hydraulic laboratories to
study flow-plant interactions and the role of plants in aquatic ecosystems, but
environmental conditions in flume facilities are often suboptimal for plants and can
cause plant stress. Physiological responses of plants under stress can trigger
modifications in plant biomechanics, which may affect plant-flow interactions and
compromise experimental results. In the extreme, dead plants cannot be expected to
reveal how live plants interact with flowing water, but stressed plants that are not
visibly unhealthy may also affect experimental results. The present work aims to assess
if and how environmental conditions typical of flume facilities can impact plant health
status and induce variations in plant biomechanics. Using chlorophyll fluorescence
analysis, a standard method for assessing plant health, we found that freshwater
macrophytes can be significantly stressed under conditions typically found in hydraulic
laboratories. Even though the abiotic factors investigated affected different species in
different ways, exposure to tap water and low irradiance were the most stressful
conditions for freshwater macrophytes. Biomechanical properties with a primary role in
flow-plant physical interactions (e.g. flexural rigidity) changed significantly as a result
of exposure to stressful conditions. In general, plant stress was associated with a
reduction in flexural rigidity at the top of plant stems, suggesting a potential effect on
plant hydrodynamics when leaves and petioles are considered. The maximum quantum
yield of photosystem II, used as proxy of plant health status, was positively correlated
with flexural rigidity of plant stems.
Keywords: Freshwater macrophytes, Chlorophyll fluorescence, Biomechanics, Flexural
rigidity, Plant stress, Hydraulic laboratory

1. Introduction
Vegetation is investigated in hydraulics-related research fields for a variety of purposes that
reflect its importance for fluvial morphodynamics (e.g. Bertoldi et al. 2015; Tal and Paola
2010), open-channel hydrodynamics (e.g. Marjoribanks et al. 2017; Siniscalchi and Nikora
2012), channel roughness (e.g. Aberle and Järvelä 2013; Järvelä 2005), coastal protection
(e.g. Möller et al. 2014), and in studies of plant physiology and functioning (e.g. Dülger and
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Hussner 2017; Olesen and Sand-Jensen 1993). Some recent reviews on vegetated flows and
the role of riverine vegetation as an ecosystem engineer (Folkard 2011; Gurnell 2014; Nepf
2012) reveal the booming interest in understanding how vegetation interacts with flowing
water. Live vegetation is employed in hydraulic laboratories because it allows a
representation of natural systems that is closer to reality than that obtained with artificial
surrogates. While surrogates allow a more comprehensive control of experimental conditions
and make experiments more replicable (Thomas et al. 2014), it is evident that simplistic
surrogates, even when properly scaled, can behave differently from the vegetation prototypes
(Aberle and Järvelä 2013; Vettori and Nikora 2019). Successful experiments with live
vegetation, however, depend upon careful husbandry that is required to maintain the health of
the organisms.
The increasing interest in research on freshwater macrophytes reflects the importance of the
ecological and physical services that these plants provide (O’Hare et al. 2018). Submerged
freshwater macrophytes have been mostly used in flume experiments to characterise their
drag force and hydrodynamics (e.g. Biehle et al. 1998; Sand-Jensen 2003). Some recent
studies have combined physical and biological observations (Asaeda et al. 2017). Previous
research has shown that the biomechanical properties of freshwater macrophytes change
significantly depending on the environment in which macrophytes live (Miler et al. 2014) or
their growth stage (Łoboda et al. 2018a). However, it is currently unknown whether the
environmental conditions plants are exposed to in hydraulic laboratories affect their
physiology and biomechanical properties significantly. This has important implications for
the way in which plants interact with the flow, i.e. their drag force and reconfiguration,
because significant variations in biomechanics are expected to alter plant hydrodynamics. A
common dimensionless parameter to characterise plant hydrodynamics is the Cauchy number
𝐶" , which describes the deformation of a body associated with the effect of the approach flow
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and is defined as 𝐶" = 𝜌𝑈 ' 𝑙 ) 𝑤/(𝐸𝐼), where 𝜌 is water density, 𝑈 is the mean flow velocity,
𝑙, 𝑤, and 𝐸𝐼 are the length, width and flexural rigidity of the plant (de Langre 2008).
While measurements of plant biomechanical properties are obtained from standard
mechanical tests (e.g. Biehle et al. 1998; Miler et al. 2014), plant health can be assessed with
several techniques. For example, growth rate is commonly used as an indicator of plant health
because it can be monitored easily (e.g. Asaeda and Rashid 2017; Madsen and Cedergreen
2002). But most flume experiments employing live plants investigate processes at short
temporal scales (i.e. seconds to days), thus they would benefit from indicators that convey
information of plant health at these relevant scales. Plants adapt to environmental conditions,
including stressful conditions, via several processes that occur with different time scales:
photosynthetic activity can change in a matter of seconds; changes in heat dissipation are
effective within minutes; pigment content and leaf morphology take several days or weeks to
modify (Ralph and Gademann 2005).
A suitable and robust technique to monitor plant health status is chlorophyll fluorescence
analysis. This technique provides information about the photosynthetic activity in leaves by
measuring the fluorescence signal re-emitted by chlorophyll pigments and is very sensitive to
health stress (e.g. Murchie and Lawson 2013). Chlorophyll fluorescence analysis has been
used to assess stress induced by light irradiance and/or chemicals in freshwater macrophytes
(Hanelt et al. 2006; Hussner et al. 2010; Knauert et al. 2010; Marwood et al. 2001).
A pivotal issue for progressing the understanding of interactions in water ecosystems is to
assess if vegetation responses in a flume setting are representative of what happens in the
natural environment. This study addresses this knowledge gap by assessing if environmental
conditions typical of flume facilities cause physiological stress in freshwater macrophytes
and induce significant biomechanical changes in them. In particular, we address the following
research questions: (1) Can freshwater macrophytes be stressed by the environmental
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conditions typical in flume facilities and which abiotic factors cause significant plant stress?
(2) Do the environmental conditions typical in flume facilities induce changes in the
biomechanical properties of macrophytes? (3) Across a gradient of stress, are the maximum
quantum yield of photosystem II (the chlorophyll fluorescence indicator used in this study)
and plant biomechanical properties correlated? We present results from mesocosm
experiments conducted with three freshwater macrophytes (Callitriche stagnalis,
Myriophyllum verticillatum, and Potamogeton crispus). Plants were exposed to
environmental conditions commonly found in hydraulic laboratories that were initially
established using a survey completed by hydraulic researchers. Plant health status was
monitored daily throughout the experiments and the biomechanics of plant stems was
characterised at the end of the experiments.

2. Materials and methods
2.1 Online survey
Bornette and Puijalon (2011) report the following abiotic factors as the most significant
causes of stress in freshwater macrophytes: light, temperature, characteristics of water,
characteristics of substrate, and water movements. The present study focuses on the first three
factors. To replicate conditions typical of flume facilities, we conducted an online survey
among hydraulic researchers in May and June 2017. The results of the survey, completed by
26 researchers worldwide, are summarised in Table 1. It is worth noting that tap water is
commonly used in flume facilities, with a few notable exceptions where river water or lake
water is readily available.
According to the information collected, 27% of hydraulic researchers do not use live
vegetation in their facilities, 19% use freshwater vegetation, 23% use saltwater vegetation,
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and 31% use both freshwater and saltwater species. Plants are kept in flume facilities from a
few hours up to 2 weeks, with 71% of researchers keeping plants for up to five days. Most
studies (70%) are conducted using standard laboratory light conditions and in 87% of cases
Photosynthetically Active Radiation (PAR) – that is, the amount of light that can be used by
plants for photosynthesis – can be assumed to be inadequate for plants. Water temperature in
flume facilities varies in a broad range between 5 and 30°C. The conditions in which plants
are tested depend on the plant species and the type of experiments performed, but in 52% of
cases plants are rooted during tests.

2.2 Mesocosm experiments
Experiments were conducted using 3 freshwater species (C. stagnalis, M. verticillatum, and
P. crispus, Fig. 1) that are widely distributed across the UK (Haslam 1978). Species with
contrasting leaf morphology were chosen to encompass some of the diversity present in
freshwater macrophytes (Fig. 1). Plants were collected by cutting the main stem above the
roots and were then stored in moisturised bags for transport. Within 48 hours of collection
plants were moved in 300 L aerated containers filled with water collected from a local pond
rich in macrophytes. Before use, pond water was left to settle for 24 hours and filtered with a
53µm mesh sieve to remove micro-invertebrates and algae that could affect macrophyte
health. The concentration of the main anions in the water was measured with an ionchromatograph (761 Compact IC, Metrohm AG, Herisau, Switzerland) and the total organic
carbon with a TOC analyser (TOC-V CSN, Shimadzu, Kyoto, Japan). Pond water had a nonpurgeable organic carbon (NPOC) concentration equal to 4.20 ppm and the following
concentration of anions: 0.99 mg/l NO2-, 8.79 mg/l NO3-, 0 mg/l PO43-, 0.27 mg/l F-, 44.77
Cl-, 48.35 SO42-. Before starting any experiment, plants were stored in the pond water for up
to 3 days at a temperature between 17ºC and 20.5ºC and under a 14h:10h day-night cycle
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with irradiance level at the water surface of approximately 150 µmolphotonm-2s-1, similar to
values typically reported in the relevant literature for cultivation of freshwater macrophtytes
(e.g. Abernethy et al. 1996; Hussner et al. 2010).
Even though most researchers that participated in our survey indicated they used rooted
plants, freshwater macrophytes can sustain normal growth via uptake of nutrients from water
only (e.g. Bornette and Puijalon 2011; Madsen and Cedergreen 2002). For this reason and to
simplify our experimental setup, at collection plants were cut above the roots. From the
beginning to the end of our experiments, decrease in concentration of nutrients in water did
not exceed 14% in pond water and 7% in tap water, respectively. Because of these small
declines, we assume that lack of nutrients did not affect our results. P. crispus were tested
between 17th and 24th August 2017, C. stagnalis were tested between 14th and 20th September
2017, and M. verticillatum were tested between 30th September and 6th October 2017.
Based on the information acquired with the survey, we designed five treatments: (i) use
of unconditioned tap water, which differs from pond water in the concentration of anions (i.e.
0.68 mg/l NO2-, 11.05 mg/l NO3-, 3.35 mg/l PO43-, 0.17 mg/l F-, 49.68 mg/l Cl-, 100.86 mg/l
SO42-, 2.59 ppm NPOC); (ii) low water temperature; (iii) high water temperature; (iv) low
irradiance level, i.e. with the use of standard ceiling lights; and (v) high irradiance level, with
values of PAR similar to the maximum value reported in the survey. A summary of the
characteristics of each treatment is reported in Table 2.
Each treatment mesocosm consisted of an 80 L plastic container filled with water to a
depth of 28 cm that was aerated using air pumps. For all groups but ‘Low Irradiance’,
irradiance level was maintained with fluorescent lighting units. To start each treatment, eight
plants were randomly selected from the storage tanks and plastic labels were applied on them
so that they could be recognized during the monitoring phase. Plants were then allotted to the
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dedicated mesocosm and homogeneously distributed throughout the container in order to
prevent self-shading. Cooling and heating units, used for ‘Low Temperature’ and ‘High
Temperature’, respectively, were activated once plants were already in the tanks to ensure a
gradual temperature increase. Each treatment lasted five days, during which time plants were
exposed to a 14h:10h day-night cycle. The health status of each plant was monitored on a
daily basis (from day 1 to day 5) using a chlorophyll fluorometer. At the end of the 5-day
treatment period, plants were removed from the mesocosms and their morphological and
mechanical properties were investigated.
To assess the effects of storage conditions on plant health status, eight plants were
randomly selected from the storage tanks within 48h of collection and their conditions were
monitored on a daily basis. This group is henceforth referred to as ‘Pond Water’ treatment
(Table 2). Additionally, a control group made of eight plants were randomly selected from
the storage tanks within three days of collection and their biomechanical properties were
investigated immediately.

2.3 Chlorophyll fluorescence
Chlorophyll fluorescence analysis and its potential applications in plant physiology have been
widely reviewed (Baker 2008; Baker and Rosenqvist 2004; Maxwell and Johnson 2000;
Murchie and Lawson 2013). Here, we provide a brief description of the method and the
experimental procedure followed in this study. Chlorophyll fluorometers measure the
fluorescence signal emitted by chlorophyll pigments and provide indirect measurements of
the photosynthetic activity of photosystem II (PSII; Murchie and Lawson 2013). Chlorophyll
fluorometers measure photosynthetic activity in a non-intrusive and non-destructive way. For
this reason they are promising tools to assess plant stress in hydraulic research.
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Among the parameters that can be obtained from measurements of chlorophyll
fluorescence, the maximum quantum yield 𝐹1 /𝐹2 of PSII is the most robust indicator of plant
health status, being sensitive to any stress causing photoinhibition or damage to PSII (e.g.
Murchie and Lawson 2013). Regardless of the species, 𝐹1 /𝐹2 is commonly reported to be
close to 0.83 in healthy, unstressed plants. Measurements of the maximum level of
fluorescence 𝐹2 and the minimum level of fluorescence 𝐹3 = 𝐹2 − 𝐹1 , where 𝐹1 is the
variable fluorescence, are taken in the Dark Adapted State (DAS), when plant material is
adapted to conditions in which no actinic light is present (i.e. no photosynthetic activity
occurs). The maximum level of fluorescence 𝐹2 is measured right after the plant material has
been exposed to a short saturating light pulse, the minimum level of fluorescence 𝐹3 is
measured in the dark (with only a measuring light on, Fig. 2b). To dark-adapt, a leaf/plant
must not be exposed to actinic light for at least 20-30 minutes (e.g. Murchie and Lawson
2013).
The chlorophyll fluorometer used in this study is a Classic Fluorometer (Aquation Pty
Ltd, Umina Beach, Australia). During experiments we measured the minimum level of
fluorescence 𝐹3 and the maximum level of fluorescence 𝐹2 . Following standard practice for
plants exposed to suboptimal conditions (Murchie and Lawson 2013), chlorophyll
fluorescence was monitored before dawn. During measurements, plants were exposed to an
irradiance level of approximately 0.2 µmolphotonm-2s-1, which would not trigger photosynthetic
activity (Baker and Rosenqvist 2004). For each plant, before the treatment started, we
selected a healthy leaf/group of leaves on which measurements were to be taken, the same
leaf/group of leaflets was used throughout the experiments. Following a protocol common in
botanical research, the youngest mature leaf/group of leaflets was selected. Leaves of P.
crispus (Fig. 1a) were big enough so that measurements could be performed relatively easily
on a single leaf. For C. stagnalis, leaves were too small in size (Fig. 1b) for a single leaf to
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cover the testing area of the chlorophyll fluorometer, therefore measurements were taken on
the rosette at the top of the stem. For M. verticillatum, feathery leaflets (Fig. 1c) were
clumped together to form a quasi-homogenous surface on which measurements could be
made. It is important to note that different testing area sizes would produce different
measurements of chlorophyll fluorescence parameters 𝐹3 and 𝐹2 . However, since we
analysed the ratio 𝐹1 /𝐹2 the size of the testing area did not affect the results.

2.4 Biomechanical tests
At the end of a treatment, plants were removed from the mesocosm, washed with unfiltered
water, dried, and their mass density 𝜌 was measured via volumetric displacement. From each
plant two samples were prepared from the top part of the stem and two samples from the
bottom part of the stem because mechanical and morphological properties of Callitriche spp.,
P. crispus, and Myriophyllum spp. depend on the position along the stem (Miler et al. 2014,
2012). For each pair, one sample was used for uniaxial tensile tests and one for 3-point
flexural tests. Samples were prepared from undamaged portions of stems and their
morphology (e.g. length, diameter, cross-sectional area) was recorded. Once prepared,
samples were stored in pondwater or tap water (depending on the treatment plants were
exposed to) for up to 4 hours until mechanical test were performed. Each sample was
removed from the water immediately before the test was conducted, so that drying effects
would not impact the results (Łoboda et al. 2018b).
Mechanical tests were conducted using a benchtop testing machine (Instron Single
Column 3343, Instron, High Wycombe, UK) equipped with a 50N load cell. Tests were
conducted with a displacement rate equal to 10 mm/min and lasted less than 1 minute. The
manufacturer reports an accuracy of the force readings of 0.5% and that of displacement
readings of 1%. To minimize end-wall effects, samples for uniaxial tensile tests were
prepared with a diameter to length ratio lower than 1:10 (Niklas 1992; Niklas and Spatz
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2012). Sample ends were positioned within screw, side-action grips and were protected using
small metal pipes to preserve sample integrity during the tests (Miler et al. 2012). Samples
for flexural tests were prepared with a diameter-to-span ratio as low as possible to minimize
shear effects, bearing in mind that this ratio is recommended to be lower than 1:15 (Miler et
al. 2012; Usherwood et al. 1997). To perform 3-point flexural tests, sample ends were
supported at each end by two lower anvils, while an upper anvil applied a load at the centre.
For tensile tests, data of force 𝐹 and displacement 𝛿 were converted into nominal stress 𝜎 and
strain 𝜀, from which the tensile Young’s modulus 𝐸8 was calculated as the slope of the linear
(elastic) part of the stress-strain curve (Fig. 3a). From 3-point flexural tests, data of force and
displacement were used to calculate the flexural rigidity 𝐸9 𝐼 using the formula 𝐸9 𝐼 =
(𝑠 ) 𝐹⁄𝛿 )/48, where 𝐸9 is the flexural Young’s modulus, 𝐼 is the moment of inertia, 𝑠 is the
sample span, and 𝐹⁄𝛿 is the slope of the initial part of the force-displacement curve (Fig. 3b).

2.5 Statistical analysis
All data post-processing and statistical analyses were conducted using MATLAB Release
2016a (The MathWorks, Inc., Natick, Massachusetts, USA). Given the strong dispersion in
biological variables, significance for all statistical analyses was set at α = 0.10. Further to
significance, eta squared 𝜂' was calculated as measure of the effect size.

2.5.1

Plant health status

For 𝐹1 /𝐹2 , two metrics were used to assess physiological response of each plant to a
treatment: (i) the slope 𝑚@ of a linear regression model of 𝐹1 /𝐹2 in time calculated using the
least square method, and (ii) the absolute value 𝐹1 /𝐹2A on the last day of experiments. First,
statistical analysis was conducted for each species independently. Differences in health status
between treatments were tested with one-way ANOVA and Tukey’s Honestly Significant
Differences (HSD) test corrected with the Bonferroni technique (e.g. Hochberg and Tamhane
11

1987). Differences in metrics between species and treatments were tested with generalized
linear models (GLMs) including potential interactions between species and treatment. For all
models, visual inspection of residual plots did not reveal any obvious deviations from
assumptions of normality and homoscedasticity.

2.5.2

Plant biomechanics

Statistical analysis was conducted for each species and location along the stem (i.e. top and
bottom) separately, because these factors significantly affect the biomechanics of freshwater
macrophytes (Miler et al. 2014). For each biomechanical property considered we tested
differences between treatments and the control group using multiple pairwise comparisons
with one-way ANOVA. The significance level of each test was corrected using the percomparison error rate to account for multiple non-independent tests. Mass density differences
between treatments and species were tested using two-way ANOVA and Tukey’s Honestly
Significant Differences (HSD) test corrected with the Bonferroni technique. Location along
the stem was not included as a factor because 𝜌 was measured using whole plants.
Differences in biomechanical properties between species, treatments and locations
along the stem were tested with GLMs including potential interactions between species and
treatment and between species and location along the stem. In some cases, parameters were
transformed to achieve normality and homogeneity of variance of the residuals and/or outliers
were removed. For all models described here, visual inspection of residual plots did not
reveal any obvious deviations from assumptions of normality and homoscedasticity.
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3. Results
3.1 Plant health status
3.1.1

Effects of treatments on each species

For P. crispus ‘Tap Water’ and ‘Low Irradiance’ were characterised by a high percentage of
invalid 𝐹1 /𝐹2 measurements because many leaves underwent severe deterioration. Thus,
these two treatments were not included in the analysis of the slope and the day 5 value of
𝐹1 /𝐹2 (Table 3). As an alternative, after setting invalid 𝐹1 /𝐹2 equal to zero, we calculated the
BBBBBBBB
mean daily value 𝐹
1 /𝐹2 of 𝐹1 /𝐹2 across all plants within each treatment and compared the
time series (Fig. 4a). It is evident from Fig. 4a that the trend of both ‘Tap Water’ and ‘Low
Irradiance’ is considerably different (slope = -0.12 to -0.13 d-1) from that of the remaining
treatments (slope = -0.01 to -0.02 d-1). Moreover, the ‘Low Temperature’ treatment had a
marginally significant effect on health status (𝑚@ , p = 0.134; Fig. 4b).
For C. stagnalis treatments did not have any significant effect on 𝐹1 /𝐹2A or 𝑚@ (Table
3). For M. verticillatum the highest values of 𝐹1 /𝐹2A were not associated with ‘Pond Water’
but with ‘Low Temperature’. For this reason, values of 𝐹1 /𝐹2CDA and 𝑚@ of treatments were
compared with those of ‘Low Temperature’. Both ‘Tap Water’ (𝐹1 /𝐹2A , p = 0.058) and ‘Low
Irradiance’ (𝑚@ , p = 0.014) were found to reduce plant health status.
Before analysis, all parameters were tested for homogeneity of variance using the
Brown-Forsythe test. The parameter 𝑚@ for M. verticillatum did not have homogenous
variance (see supplementary material), however no transformation of data that would achieve
homoscedasticity was found. One-way ANOVA was used nonetheless because the sample
size was relatively large, i.e. more than five treatments with more than six samples per
treatment (Underwood 1997).
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3.1.2

Interspecies comparison

Both C. stagnalis and M. verticillatum were characterised by values of 𝐹1 /𝐹2A lower than
those of P. crispus, while ‘Tap Water’ was the only treatment inducing a significant decline
in health (Table 4). The GLM for 𝐹1 /𝐹2A is able to describe only 17% of the variance (Table
4) possibly because data are skewed (skewness = -1.525) due to the nature of 𝐹1 /𝐹2 . Results
of GLM for 𝑚@ indicate that there was a significant difference between M. verticillatum and
the other species (Table 4) and significant interactions between species and treatments were
present (not shown). Unfortunately, the ability of GLMs to characterise the effects of
treatments across species is limited by the lack of data from ‘Tap Water’ and ‘Low
Irradiance’ for P. crispus, with only two samples available for each treatment. Overall, results
of GLMs of 𝐹1 /𝐹2A and 𝑚@ indicate that species is the most important factor for these
metrics, while different treatments had different effects depending on the species and the
metric used in the analysis.

3.2 Plant biomechanics
3.2.1

Effects of treatments on each species

The mean values and standard deviations of the cross-sectional surface area 𝐴FG , moment of
inertia 𝐼, mass density 𝜌, tensile Young’s modulus 𝐸8 , flexural Young’s modulus 𝐸9 and
flexural rigidity 𝐸9 𝐼 for plants of the control group are reported in Table 5 for each species
investigated. However, in this section we focus attention on most important biomechanical
properties for defining plant hydraulic performance, i.e. 𝜌, 𝐸8 , and 𝐸9 𝐼.
No treatments significantly affected the mass density for any species (two-way
ANOVA, treatment: p = 0.118, 𝜂' = 0.052), but several treatments significantly affected the
tensile Young’s modulus or flexural rigidity of species investigated (Table 6). For P. crispus,
changes in 𝐸8 associated with ‘Tap Water’ and ‘Low Temperature’ occurred at the bottom
14

and top of stems, respectively. Flexural rigidity reduced significantly with ‘Low Irradiance’
at the top of stems (Table 6).
Due to a power cut at the institute, after being prepared, testing samples of the control
group for C. stagnalis were left for 24 hours in pond water before being used in mechanical
tests. This additional storage time probably affected the biomechanical properties of the
samples, so results of mechanical tests on those samples were not used for analysis, which
was conducted using samples of ‘Pond Water’ as a control group. For the top parts of the
stems ‘High Temperature’ and both irradiance treatments induced a reduction in 𝐸9 𝐼 (Table
6).
Treatments inducing variations in the biomechanical properties of M. verticillatum were
‘Tap Water’ and ‘Low Irradiance’, the first reduced 𝐸9 𝐼 at the top of stems, the latter induced
a decline in 𝐸8 at the top of stems (Table 6). The ‘Low Irradiance’ treatment was associated
with declines in 𝐸8 or 𝐸9 𝐼 for all species, and ‘Tap Water’ was associated with changes in
these properties for two species. The flexural rigidity at the top of stems reduced for all
species as a result of either treatments.

3.2.2

Interspecies comparison

For the mass density, interactions between treatments and species were not significant (twoway ANOVA, treatment x species: p = 0.886, 𝜂' = 0.033) and effect of treatments was
marginally significant, but with small effect size compared to that of species (two-way
ANOVA, species: F2,147 = 17.28, p ≪ 0.01, 𝜂' = 0.174). No difference in the mass density of
P. crispus and C. stagnalis was identified (Tukey’s HDS, Δ = -16.2 ± 50 g dm-3, p = 1), while
the mass density of M. verticillatum was significantly lower than that of the other two species
(Tukey’s HDS, P. crispus: Δ = -96.6 ± 50 g dm-3, p ≪ 0.01; C. stagnalis: Δ = -113 ± 50 g
dm-3, p ≪ 0.01).
15

The tensile Young’s modulus was not significantly affected by interactions between
species and treatment (species × treatment: F10,251 = 1.33, p = 0.213, 𝜂' = 0.031), hence
effects of treatments on 𝐸8 could be discussed independently of species. The GLM describes
56% of the variance (Table 7) and indicates that species is by far the most important factor
(species: F2,251 = 69, p ≪ 0.01, 𝜂' = 0.332), followed by interactions between species and
location along the stem (species × location: F2,251 = 10.8, p ≪ 0.01, 𝜂' = 0.05) and location
along the stem (location: F1,251 = 9.93, p = 0.002, 𝜂' = 0.024) which, however, show a small
effect size. The species with the stiffest stems was P. crispus, followed by C. stagnalis and
M. verticillatum (Table 7).
Interactions between treatment and species in the model of flexural rigidity 𝐸9 𝐼 (species
× treatment: F10,273 = 133, p = 0.062, 𝜂' = 0.013) were significant but with a small effect
size, therefore they were removed. Species was the most important factor (species: F2,273 =
373, p ≪ 0.01, 𝜂' = 0.546), followed by location along the stem (location: F1,273 = 294, p ≪
0.01, 𝜂' = 0.215) and interactions between the two factors (species × location: F2,273 = 30.8, p
≪ 0.01, 𝜂' = 0.046;Table 7). The species with the highest flexural rigidity was P. crispus
followed by M. verticillatum and C. stagnalis (Table 7). In general, species and location
along the stem were the most significant factors to define plant biomechanics, with species
showing significantly different values of 𝐸9 𝐼, 𝐸8 and 𝜌.

3.2.3

Health status as predictor of variations in biomechanics

Potential correlations between biomechanical properties 𝐸8 , 𝐸9 𝐼 and 𝐹1 /𝐹2A were
investigated within a generalized linear model framework. Species, location along the stem
and 𝐹1 /𝐹2A were entered as factors, including two-way interactions. In all cases the model
described a good portion of the deviance. For 𝐸8 , 𝐹1 /𝐹2A had a considerable effect on the
estimate, but the associated error was large, hence the effect was not significant (Table 8).
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Further, including 𝐹1 /𝐹2A in the model led to a marginal increase of R2adj from 0.563 (for the
case in which only species and location are considered) to 0.568. The interactions between
species and 𝐹1 /𝐹2A was marginally significant (not shown in Table 8). For 𝐸9 𝐼, interactions
between species and 𝐹1 /𝐹2A could be removed from the model (species × 𝐹1 /𝐹2A : LR Stat =
2.606, p = 0.272). The factor 𝐹1 /𝐹2A had a significant effect even though the standard error
associated with it was large (Table 8). Including 𝐹1 /𝐹2A in the model increased R2adj from
0.788 to 0.811. The effect of 𝐹1 /𝐹2A on 𝐸9 𝐼 and 𝐸8 was always positive - after the relevant
transformation is taken into account – that is, higher values of 𝐹1 /𝐹2A (i.e. healthier plants)
were associated with more rigid stems.

4. Discussion
4.1 Plant health status
During the experimental period plant health declined in all species. Even for plants in ‘Pond
Water’, designed to minimize plant stress, 𝐹1 /𝐹2 reduced significantly (t-test for slope equal
to 0: P. crispus, t = -4.606, p = 0.003; C. stagnalis, t = -3.145, p = 0.016; M. verticillatum, t =
-2.320, p = 0.054), indicating that plants were exposed to suboptimal conditions. However,
plants can be tolerant and continue to live in suboptimal conditions, therefore showing
nonstationary health status. The key issue for hydraulic experiments is whether the
physiological or biomechanical adaptation to reduced health also leads to alterations in
biophysical properties that affect plant-flow interactions.
Species is the most important factor for the estimation of 𝐹1 /𝐹2 (Table 4), and each
species appears to react differently to treatments (Fig. 4), with different values of 𝐹1 /𝐹2 for
different species. However, low irradiance and exposure to tap water caused stress in two out
of three species, suggesting that there may be some general patterns. The strong effect that
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low irradiance and tap water had on 𝐹1 /𝐹2 of P. crispus and M. verticillatum can be ascribed
to different causes. The ‘Low Irradiance’ treatment did not provide enough irradiance to
exceed the light compensation point for plants; that is, the amount of light required for the
rate of photosynthesis to match respiration rate (i.e. so that a plant can store nutrients and
grow). The cause of reduced health in ‘Tap Water’ is not clear and may be due to high
conductivity (Table 1), high concentration of sulphate (e.g. Davies 2007; Simmons 2012)
and/or low concentration of CO2 associated with a limited presence of microorganisms
compared to pond water. We hypothesise that C. stagnalis was not significantly affected by
these treatments because it is a perennial species and, as such, it is adapted to a wider range
of conditions (Preston and Croft 1997), which may include very low light irradiances.
We believe that seasonality and plant phenology played an important role in the
experiments with P. crispus. The high sensitivity of P. crispus to tap water and low irradiance
conditions can be related to the period when these plants were tested, i.e. with turions already
present. This indicates that the plants had already invested nutrients to ensure vegetation
spread in the autumn and were therefore already deteriorating (Catling and Dobson 1985;
Chambers et al. 1985).

4.2 Plant biomechanics and implications for hydraulic performance
Several treatments were associated with significant changes in plant biomechanical
properties, but results were strongly dependant on the species and varied depending on the
biomechanical property considered (Table 6). The effects of treatments on plant
biomechanics were somewhat similar for P. crispus and M. verticillatum. Interestingly,
biomechanical properties at breakage, such as toughness, were not significantly affected by
any treatments (shown in supplementary material), suggesting that stiffness and rigidity are
more sensitive to environmental conditions and respond more quickly to plant physiology.
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For all properties considered in this study, results of GLMs indicate that treatments did not
have significant or considerable effects on plant biomechanics. While this type of analysis
can identify patterns common for all species and treatments, it is evident that in a speciesdependent scenario in which different treatments induce different effects, as here, it is more
relevant to focus attention on the effects of a specific treatment on each species.
Notwithstanding the high variability intrinsic in plant biomechanics (Niklas and Spatz
2012), ‘Tap Water’ and/or ‘Low Irradiance’, which were identified as the most stressful for
plants, induced considerable variations in stem stiffness of all species, especially at the top
part of stems (Table 6). The range of variations in biomechanical properties in this study was
between 29% and 68% of the values of the control group. Changes in 𝐸9 𝐼 were associated
with significant reduction in 𝐸9 for C. stagnalis and M. verticillatum and significant
reduction in 𝐼 for P. crispus (shown in supplementary material). While these variations are
statistically significant and seem quite large, they need contextualising. The hydraulic
performance of vegetation is commonly evaluated with the Cauchy number 𝐶" , which
describes vegetation flexibility as a response to flow action (e.g. de Langre 2008). Due to the
nature of the Cauchy number, important variations in plant behaviour occur across orders of
magnitude of 𝐶" . Therefore, the variations reported in this study are not expected to change
the biomechanics of plant stems sufficiently to cause a significant modification of plant
hydraulic performance. Nevertheless, it is expected that treatments that induce changes in
stem biomechanics would also induce variations in the mechanical properties of petioles and
leaves. These effects, which have not been investigated in the current study, may have a
major impact on the interactions of a plant with the flow. Aberle and Järvelä (2013) argued
that the role of leaves is crucial in the characterisation of the drag force of riparian vegetation.
Similarly, we expect the role of leaves to be important for the hydraulic performance of
submerged freshwater macrophytes. Further, we expect the effects of plant stress on leaves
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and petioles, which are crucial in determining the orientation (and drag) of leaves (Tadrist et
al. 2014), to be more significant and faster to detect compared to the effects on the main stem.
For example, Albayrak et al. (2012) and Vettori and Nikora (2018) reported that
blades/leaves with lower flexural rigidity experienced lower drag force.

4.3 Linking plant health status and biomechanics
Independent analysis of plant health status and biomechanics revealed that exposure to tap
water and low irradiance conditions caused a reduction in 𝐹1 /𝐹2 and in stem stiffness or
flexural rigidity in both P. crispus and M. verticillatum. Further, in 88% of cases where
biomechanical variations occurred and in all cases where variations occurred at the top of
stems, stiffness or flexural rigidity declined (Table 3). Therefore, it is pertinent to ask if there
is a correlation between 𝐹1 /𝐹2 on leaves and plant biomechanics and if 𝐹1 /𝐹2 can be used as
metric to predict stress-related changes in biomechanics. Results of LME models indicate that
𝐹1 /𝐹2 was positively correlated with all biomechanical properties considered, but it was the
least significant factor among those included in the models (Table 8). Our model of
𝑙𝑜𝑔 (𝐸9 𝐼) describes up to 81% of variance (Table 8), thus providing a tool to estimate
flexural rigidity of a species based on the location along a stem and its value of 𝐹1 /𝐹2 . The
accuracy of the model with 𝐹1 /𝐹2 (R2adj = 0.811, Table 8) surpasses that of the model with
description of treatments (R2adj = 0.800, Table 7) and that of the model without 𝐹1 /𝐹2 (R2adj =
0.788), indicating that 𝐹1 /𝐹2 can be used as simple metric to characterise the effects of
environmental conditions on plant biomechanics. Nevertheless, species and location along a
stem are the most important factors for defining flexural rigidity. Bearing in mind that 𝐸9 𝐼
(together with the mass density) is the most important biomechanical property to
parameterise the resistance of vegetation to a flow, these findings are important in hydraulic
applications.
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The present study has attempted, for the first time, to link the physiology and
biomechanics of freshwater macrophytes. Our results provide evidence that some correlation
between plant health status and stiffness/rigidity exists, which highlights the importance of
additional investigations of the role of plant physiology in flow-plant interactions and
hydraulic experiments. Even though we found a correlation between 𝐹1 /𝐹2 and 𝑙𝑜𝑔 (𝐸9 𝐼) for
plant stems, the metric 𝐹1 /𝐹2 may be better correlated with the flexural rigidity of leaves
and/or petioles, because these plant components are constituted by softer tissues. Moreover,
other physiological parameters important in plant signalling networks, such as reactive
oxygen species investigated by Asaeda et al. (2017) and Asaeda and Rashid (2017), may
provide a stronger link between plant health status and plant biomechanics.
To acquire a better understanding of the connections between plant physiology, plant
biomechanics and flow-plant interactions, we propose that measurements of plant health
status should be made as a standard part of hydraulic experiments. This would generate a
dataset of plant health status and plant performance measurements that could be used to
develop a fuller understanding of the links between plant physiology and hydrodynamics.
Developing stronger interdisciplinary collaborations, for example with plant ecologists, is
critical for achieving such understanding. We recommend that future research in this area
focuses on the following key issues: (1) identifying the indicator of plant health status which
most strongly correlates with plant biophysical properties; (2) conducting experiments with
different stressors and different species to identify common and potentially universal
patterns; (3) characterising the effects of stressors on the biomechanical properties of leaves
and petioles; and (4) investigating the effects of gradients of plant stress on flow-plant
interactions.
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5. Conclusions
Typical environmental conditions in hydraulic laboratories can unduly stress freshwater
macrophytes. While the effects of abiotic factors depend on species and seasonality, exposure
to tap water and irradiance below the light compensation point caused major stress to the
plants examined here. Typical laboratory conditions can also induce significant variations in
plant biomechanical properties, with flexural rigidity at the top of stems being the most
sensitive to changes and stem stiffness or flexural rigidity declining in most cases. The metric
𝐹1 /𝐹2 , obtained from chlorophyll fluorescence measurements on dark adapted leaves, had a
significant positive correlation with 𝐸9 𝐼 and 𝐸8 of plant stems. Also, we showed that 𝐹1 /𝐹2
can be used to estimate the flexural rigidity of plant stems for individual species and specific
locations along the plant stem..
These findings have significant implications for the use of live vegetation in hydraulic
laboratories. If hydraulic researchers do not provide freshwater macrophytes with appropriate
husbandry, even a short storage time (e.g. 5 days) can negatively affect plant physiology and
make plant stems more flexible, potentially invalidating experiments designed to measure the
impact of healthy plants on flow properties. The effects of plant stress on the hydraulic
performance of freshwater macrophytes will be addressed in a future manuscript.
Measurements of physiological parameters such as 𝐹1 /𝐹2 are simple and effective tools to
evaluate plants health status. These measurements can provide important indirect information
about plant biomechanical properties such as flexural rigidity. To facilitate fuller
understanding of the relations between plant health, biomechanics, and interactions with
water flow we recommend that plant health status is measured as standard practice (as one
might monitor temperature or flow velocity) during hydraulic experiments with live
vegetation. Pending further research the maximum quantum yield of PSII, measured using
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Chlorophyll Fluorescence, is a suitable measurement of health status that is widely
achievable.
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Tables and figures

Table 1 Results of survey of hydraulic researchers on standard practices in flume facilities.
Note that the survey was completed by researchers using any type of vegetation. PAR is the
acronym of Photosynthetically Active Radiation.
Summary of results

Most relevant result

Time in which

Less than 1 day in 24% of cases

Up to 5 days in 71% of cases

plants are kept

Between 1 and 2 days in 33% of cases

in a flume

More than 2 days in 43% of cases
More than 5 days in 29% of cases

Light conditions

Light that provides adequate PAR used in 13%

Standard laboratory light conditions

of cases (PAR = 50-300μmolphotonm-2s-1)

(standard light and/or natural light)

Standard laboratory light used in 70% of cases

used in 70% of cases

Other lighting equipment used in 17% of cases
Water

Less than 10°C in 9% of cases

Between 10°C and 30°C in 77% of

temperature

Between 10 and 20°C in 54% of cases

cases

Over 20°C in 23% of cases
Not monitored in 14% of cases
Conditions of

Rooted in the soil it grew in, in 52% of cases

Rooted in the soil it grew in, in 52% of

vegetation used

Uprooted in 22% of cases

cases

in a flume

Stems cut from plants in 26% of cases
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Table 2 Description of environmental conditions for each treatment (the characteristic factor
of each treatment is underlined). Conductivity, and pH of water were measured daily,
differences in concentration of anions between pond water and tap water is reported in the
text. The parameter z stands for depth in the water column.
Treatment name

Type of

Temperature

Light irradiance

Conductivity

water

(ºC)

(µmolphotonm-2s-1)

(µS cm-1)

z = 0 cm

z = 24 cm

pH

Pond Water

Pond water

16-22

150±30

50±5

540-608

8.5-8.71

Tap Water

Tap water

16-22

150±30

50±5

632-674

8.38-8.61

Low Temperature

Pond water

12-13

150±30

50±5

530-637

8.55-8.74

High Temperature

Pond water

25-32

150±30

50±5

603-740

8.6-8.68

Low Irradiance

Pond water

18-23

2±1

0.5±0.1

611-681

8.58-8.71

High Irradiance

Pond water

18-29

350±25

85±5

569-643

8.55-8.78

Table 3 Results of one-way ANOVA (F statistic, p value, eta squared) and results of the
Brown-Forsythe (BF) test on health status metrics for each species. Complete results of
Tukey’s HSD tests on health status data are reported in the supplementary material.
Species

P. crispus

C. stagnalis

M. verticillatum

F statistic

p- value

𝜼𝟐

p- value

(ANOVA)

(ANOVA)

(ANOVA)

(BF test)

𝐹1 /FNA

F3,31 = 1.28

0.30

0.121

0.84

𝑚@

F3,31 = 3.42

0.03

0.268

0.82

𝐹1 /FNA

F5,47 = 2.13

0.08

0.202

0.29

𝑚@

F5,47 = 1.10

0.38

0.115

0.72

𝐹1 /FNA

F5,47 = 2.70

0.03

0.244

0.67

𝑚@

F5,47 = 5.31

≪0.01

0.387

0.01

Metric
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Table 4 Results of GLM analysis of 𝑭𝒗 /𝑭𝒎𝟓 and 𝒎𝑭 created using stepwise linear
regression. Model of 𝑭𝒗 /𝑭𝒎𝟓 can be expressed as: 𝑭𝒗 /𝑭𝒎𝟓 = Intercept + Species +
Treatment; model of 𝒎𝑭 can be expressed as 𝒎𝑭 = Intercept + Species × Treatment
(interactions between factors are not shown).
𝐹1 /𝐹2A, R2adj = 0.166

𝑚@ , R2adj = 0.484

Estimate St. error t Stat

p-value

Estimate St. error t Stat

p-value

Intercept

0.764

0.009

81.326

≪ 0.01

-0.012

0.003

-4.431

≪ 0.01

C. stagnalis

-0.022

0.009

-2.539

0.012

0.001

0.004

0.258

0.797

M. verticillatum

-0.034

0.009

-3.936

0.0001

0.011

0.004

2.888

0.005

Tap Water

-0.037

0.012

-3.009

0.003

0.0003

0.004

0.075

0.940

Low Temperature

-0.003

0.011

-0.229

0.819

-0.009

0.004

-2.335

0.021

High Temperature

-0.011

0.011

-0.995

0.322

0.001

0.004

0.221

0.825

Low Irradiance

0.005

0.012

0.373

0.710

0.003

0.004

0.780

0.437

High Irradiance

-0.007

0.011

-0.630

0.530

0.001

0.004

0.309

0.758

Table 5 Mean and standard deviation of biomechanical properties for plants not exposed to
treatments (i.e. control group). Note that ‘Pond Water’ was used as control for 𝑬𝒕 , 𝑬𝒃 and
𝑬𝒃 𝑰 of C. stagnalis because of a data bias in the control group. The unit of measurement of
flexural rigidity is Nm2. Further note that mass density is reported only once for each species
because it was measured using whole plants (i.e. not separating top and bottom parts of
stems).
P. crispus
Bottom

C. stagnalis
Top

Bottom

M. verticillatum
Top

Bottom

Top

Mean St. dev. Mean St. dev. Mean St. dev. Mean St. dev. Mean St. dev. Mean St. dev.
𝑨𝒙𝒔 (mm2) 2.731

0.265

1.809

1.280

0.355

0.155

0.326

0.049

2.274

0.966

0.832

0.295

𝑰 (mm4)

0.520

0.387

0.306

0.191

0.013

0.010

0.008

0.002

0.413

0.261

0.068

0.022

𝝆 (g dm-3) 1017

112.9

1001

98.18

905

62.02

𝑬𝒕 (MPa) 31.67

8.037

32.16

10.88

30.17

10.47

23.70

10.85

16.37

5.877

17.52

3.683

𝑬𝒃 (MPa) 62.29

24.63

74.29

53.53

71.97

22.76

44.32

12.27

30.44

14.28

20.75

8.154

𝒍𝒐𝒈(𝑬𝒃 𝑰) -4.627 0.436

-4.758 0.315

-6.048 0.119
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-6.175 0.143

-5.022 0.265

-5.904 0.242

Table 6 Results of one-way ANOVA and multiple pairwise comparison tests of
biomechanical properties. Each treatment was compared with the relevant control group; note
that for C. stagnalis ‘Pond Water’ was used as control group. Only cases with p<0.017, η2 >
0.2 and |variation|> 20% are shown. Significance level for α= 0.1 is equal to p = 0.017,
calculated using per-comparison error rate to account for multiple non-independent tests.
Treatments are listed using their initials (e.g. T. W. for Tap Water).
Species

Part

Biomechanical Treatment Results of ANOVA

Mean

Variation

Property

difference from
Control

P. crispus

Top

C. stagnalis Top

M.
verticillatum

T. W.

F1,15 = 19.4, p ≪ 0.01, 𝜂' = 0.581

-15.21

48%

𝐸8 (MPa)

L. T.

F1,15 = 8.57, p = 0.011, 𝜂' = 0.380

11.12

-35%

𝐸9 𝐼 (Nm2)

L. I.

F1,15 = 7.71, p = 0.015, 𝜂' = 0.355

1×10-5

-68%

𝐸9 𝐼 (Nm2)

H. T.

F1,15 = 8.79, p = 0.010, 𝜂' = 0.386

3×10-7

-39%

L. I.

F1,15 = 29.9, p ≪ 0.01, 𝜂' = 0.681

4×10-7

-57%

H. I.

F1,15 = 22.0, p ≪ 0.01, 𝜂' = 0.611

3×10-7

-50%

𝐸8 (MPa)

L. I.

F1,15 = 15.2, p = 0.002, 𝜂' = 0.521

5.098

-29%

𝐸9 𝐼 (Nm2)

T. W.

F1,15 = 8.38, p = 0.012, 𝜂' = 0.374

8×10-7

-58%

Bottom 𝐸8 (MPa)

Top
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Table 7 Results of GLM analysis of 𝑬𝒕 and 𝑬𝒃 𝑰.
1/𝐸8 , R2adj = 0.556

𝑙𝑜𝑔_3 (𝐸9 𝐼), R2adj = 0.800

Estimate St. error t Stat

p

Estimate St. error t Stat

p

Intercept

0.026

0.002

12.67

≪ 0.01

-4.544

0.067

-68.11

≪ 0.01

C. stagnalis

0.005

0.002

2.460

0.015

-1.434

0.067

-21.26

≪ 0.01

M. Verticillatum

0.043

0.003

13.01

≪ 0.01

-0.303

0.067

-4.511

≪ 0.01

Tap water

-0.004

0.002

-1.659

0.099

-0.081

0.069

-1.174

0.241

Low temperature

0.005

0.003

1.747

0.082

-0.007

0.068

-0.097

0.923

High temperature

0.002

0.003

0.968

0.334

-0.065

0.068

-0.951

0.343

Low irradiance

0.001

0.003

0.218

0.827

-0.144

0.068

-2.115

0.035

High irradiance

0.003

0.003

1.318

0.189

-0.121

0.069

-1.763

0.079

Top part

0.008

0.002

3.935

≪ 0.01

-0.593

0.068

-8.744

≪ 0.01

C. stagnalis – top

0.008

0.003

2.335

0.020

0.254

0.096

2.640

0.009

0.005

-3.336

0.001

-0.484

0.095

-5.074

≪ 0.01

M. verticillatum – top -0.016

Table 8 Results of GLM analysis of 𝑬𝒕 and 𝑬𝒃 𝑰 and the maximum quantum yield of
photosystem II
1/𝐸8 , R2adj = 0.568

𝑙𝑜𝑔_3 (𝐸9 𝐼), R2adj = 0.811

Estimate St. error t Stat

p

Estimate St. error t Stat

p

Intercept

-0.049

0.042

-1.159

0.248

-5.584

0.395

-14.118

≪ 0.01

C. stagnalis

0.160

0.060

2.666

0.008

-1.422

0.074

-19.201

≪ 0.01

M. verticillatum

0.069

0.049

1.414

0.159

-0.271

0.074

-3.676

≪ 0.01

Top

0.011

0.004

2.762

0.006

-0.625

0.077

-8.106

≪ 0.01

𝐹1 /𝐹2A

0.103

0.056

1.851

0.066

1.303

0.517

2.518

0.012

C. stagnalis - Top

0.007

0.005

1.328

0.186

0.264

0.103

2.561

0.011

0.005

-4.434

≪ 0.01

-0.458

0.101

-4.546

≪ 0.01

M. verticillatum - Top -0.023
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(a)

(c)

(b)
1 cm

1 cm

1 cm

Fig. 1 Different morphological traits shown by leaves: (a) P. crispus have oblong linear
leaves a few cm long; (b) C. stagnalis top leaves are compounded, spoon-shaped and grouped
in rosettes; (c) M. verticillatum leaves are compounded with multiple needle-like leaflets.

(a)

(b)

Fig. 2 (a) Details of a chlorophyll fluorometer: light pipe extension, leaf clip, and sampled
leaf; (b) idealized chlorophyll fluorescence signal of a 𝑭𝒗 /𝑭𝒎 test on a dark-adapted sample.
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Fig. 3 Example of (a) stress-strain curve from uniaxial tensile tests and (b) forcedisplacement curve from 3-point flexural tests conducted on samples of P. crispus exposed to
‘Pond Water’ treatment.

Fig. 4 (a) Mean daily values of 𝑭𝒗 /𝐅𝒎 for P. crispus, markers represent mean daily values
across all plants in a treatment, a linear regression for each treatment was calculated. In (b-d)
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a linear regression of 𝑭𝒗 /𝐅𝒎 for each plant was obtained and the line calculated with the
mean value of intercepts and slopes within each treatment is shown (markers represent mean
values of 𝑭𝒗 /𝐅𝒎 , bars are the standard deviations of 𝑭𝒗 /𝐅𝒎 in each day) for (b) P. crispus,
(c) C. stagnalis and (d) M. verticillatum. Note that the scale is different in each figure and (b)
does not show results for the ‘Tap Water’ and the ‘Low Irradiance’ treatments because valid
data are insufficient to compute linear regressions.
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