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1. Introduction
Vegetation plays multiple roles in the ecological and physical processes of aquatic ecosystems, and many 
studies have investigated the interplay of vegetation and hydraulics in coastal and riverine vegetation set-
tings. For example, coastal vegetation has been extensively studied to assess the role of saltmarshes (e.g., Lara 
et al., 2016; Möller et al., 2014) and seagrass (e.g., Infantes et al., 2012; James et al., 2019; Lei & Nepf, 2019) 
in coastal protection through wave attenuation and reduction of sediment transport. Riparian vegetation 
has been investigated to understand its impact on river morphodynamics (e.g., Bertoldi et al., 2015; Tal & 
Paola, 2010) and how it contributes to flow resistance during flooding events (e.g., Aberle & Järvelä, 2013; 
Armanini et al., 2005; Västilä & Järvelä, 2014). Studies have been conducted to assess the hydrodynamics 
of freshwater macrophytes (e.g., Siniscalchi & Nikora, 2012) and how their nutrient uptake is influenced 
by local flow conditions (Cornacchia et al., 2019). The interactions between vegetation and flowing water 

Abstract Live plants are increasingly used in hydraulic laboratories to investigate flow-vegetation 
interactions. In such experiments, they are often exposed to stressful handling and storage that can 
cause strong physiological responses and modifications in plant biomechanics. Little is known about 
the potential effect of these impacts on the performance of plants during hydraulic experiments. In 
this multidisciplinary study with a freshwater macrophyte (Potamogeton natans) we assess whether 
the duration and the conditions in which plants are stored in a laboratory prior to testing can impact 
plant stress, biomechanics and hydrodynamics, and quantify this impact. Plant stress was evaluated 
using chlorophyll fluorescence analysis (and the maximum quantum yield of photosystem II as specific 
indicator). Plant hydrodynamics were assessed using the drag coefficient calculated from drag force 
measurements at two flow scenarios. The results show that different plant handling/storage procedures 
can have a significant impact on plant hydrodynamics even within a short time frame, with a variation 
of the mean drag coefficient of approximately 30% across groups, which is comparable to the variation 
found across different species of freshwater macrophytes in previous studies. Plants with the highest level 
of stress were also characterized by the lowest drag coefficient across the groups considered, suggesting a 
potential link between plant stress and hydrodynamics.

Plain Language Summary Aquatic plants are used in laboratory experiments designed to 
understand how they affect water velocity, sediment movement and the distribution of substances in the 
water. Plants are moved from the field or nursery to the laboratory, where the light conditions are often 
insufficient for photosynthesis and the water quality can be poor; this can lead to deterioration in plant 
health and cause plants to physically change. Here we use a common aquatic plant to investigate how 
such changes can affect the force associated with the water flow that pulls the plant downstream (drag 
force). To measure plant health, we used an indicator of photosynthesis efficiency, to measure plant 
rigidity we conducted bending tests on plant stems, and to measure the drag force on the plant we carried 
out tests in a channel equipped with a force sensor. The results show that the drag force experienced 
by plants depends on how, and for how long, they have been stored and that stressed plants are better 
at avoiding some of the drag force. This has implications for scientists who use live plants in laboratory 
experiments, indicating that storage and handling prior to experiments can have a significant effect on the 
results.
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and the role of vegetation in sediment transport processes across spatial scales have been reviewed by Niko-
ra (2010), Folkard (2011), Nepf (2012), Gurnell (2014), and Larsen (2019) among others.

Various recent investigations of flow-vegetation interactions have made use of live plants in laboratory 
settings. This approach is advantageous because it ensures some degree of experimental control within the 
facility while ensuring that the biomechanical complexity of real plants is properly represented (Thomas 
et al., 2014). In hydraulic engineering practice, the benefits of using live vegetation rather than artificial 
replicates has been recently pointed out by Aberle and Järvelä (2013) for floodplain vegetation and Vettori 
and Nikora (2020) for submerged flexible vegetation. Aberle and Järvelä (2013) report that modeling plants 
as rigid cylinders makes it difficult to parameterize the drag force, and consequently the flow resistance, 
correctly. Vettori and Nikora (2020) provide evidence that using artificial replicates of seaweeds causes a 
substantial underestimation of the drag force even though replicates were designed following an appropri-
ate similarity theory. As long as the potential of numerical works is constrained by (a) insufficient data on 
vegetation biomechanics and (b) limited knowledge of biological and physical processes with which vege-
tation interacts with flowing water and sediments, we expect that future progress in this research area will 
be heavily based upon laboratory experiments conducted with live vegetation.

Laboratory experiments are commonly designed around physical processes, with limited consideration of 
conditions such as temperature, light availability and water quality, even though these can substantially af-
fect plant physiology. Vettori and Rice (2020) found that in hydraulic facilities across Europe live plants are 
often exposed to suboptimal laboratory conditions. Most commonly, laboratories are characterized by levels 
of light irradiance that are inadequate for plant photosynthesis and water quality is not managed. Even 
short-term exposure to such conditions is associated with significant increases in plant stress and modifi-
cations of the biomechanical properties of freshwater macrophytes (Vettori & Rice, 2020). Additionally, it 
is possible that plants experience a transient stress when moved from the field to the laboratory (i.e., when 
they are collected). Given the established relationships (e.g., through the Cauchy number) linking plant 
biomechanics to hydrodynamics (e.g., Nikora, 2010), such modifications have the potential to affect plant 
hydrodynamics, for example altering the drag force.

At first glance, the effect on the hydrodynamics of a single plant may seem to have limited relevance for 
practical applications. However, determining biased drag coefficients at the plant scale can result in inac-
curate estimates of flow resistance at the reach scale. According to the classical definition, the drag force FD 
acting on a submerged plant is a function of the approach flow velocity, the plant characteristic area and the 
drag coefficient. Using a “static approach” (sensu Statzner et al., 2006) for defining flow velocity and plant 
area, the drag force FD exerted on a plant can be obtained as:

 21
2D D w aF C A U (1)

where ρ is the water density, CD and Aw are the drag coefficient and wetted surface area of the plant, and 
Ua is the mean approach velocity (in front of the plant). Upscaling from a single plant to a reach scale, flow 
resistance can be characterized using the Darcy-Weisbach friction factor (f). This factor can account for both 
flow resistance related to the bed material (fb) and that associated with the drag force exerted on vegetation 
(fv; e.g., Aberle & Järvelä, 2013) by using the linear superimposition principle according to f = fb + fv (e.g., 
Yen, 2002). The friction factor fv related to the presence of vegetation can be obtained from a spatially av-
eraged drag force  DE F  per unit bed area, which inevitably depends on CD (Aberle & Järvelä, 2013), that is:

 
 2
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v

m

Ff
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 (2)

where Um is the spatially averaged mean flow velocity.

The authors are not aware of any previous study in which the time and conditions of storage of plants 
prior to experiments and resultant plant hydrodynamics have been investigated in a systemic manner. This 
correlation, if confirmed, would have considerable implications in the study of vegetated flows because it 
would imply that the results of hydraulic experiments are, to some extent, dependent on the way in which 
plants are handled and stored. Therefore, the main objective of the present paper is to assess whether the 
storage of plants prior to hydraulic experiments is associated with physiological stress and changes in plant 
hydrodynamic performance. In particular, we aim to address three research questions:
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1.  Can typical pre-experimental storage procedures induce plant stress?
2.  Can plant hydrodynamic performance be affected by conditions at the collection site and storage 

procedure?
3.  Is there a link between plant stress and hydrodynamics?

To address these questions, we conducted laboratory experiments with samples of Potamogeton natans, a 
freshwater macrophyte, exposed to different treatments so that a range of plant stress was achieved. Fresh-
water macrophytes were used because they are generally flexible and, consequently, are expected to have a 
strong biomechanical response to environmental stressors (Vettori & Rice, 2020). For each plant, we meas-
ured: plant stress, morphological characteristics, flexural rigidity, and drag force, deflected height and verti-
cal distribution of plant biomass at two different flows. It is worth noting that in the present work the term 
“stress” is used to describe the plant response to the laboratory conditions, not the conditions themselves, 
which are referred to as “stressors” in the following text.

2. Materials and Methods
2.1. Experimental Design and Procedure

A total of 24 samples of P. natans were collected from a pond (52.309°N, 10.606°E) created by the river 
Schunter and located near Braunschweig, Germany. At the time of collection, Photosynthetic Active Radia-
tion (PAR) was approximately 1,000 μmolphoton/m2/s, water temperature was 30.1°C, and water conductivity 
was 1,000 μS/cm (Table 1). Immediately after collection plants were brought to the hydraulic laboratory of 
the Leichtweiß-Institute for Hydraulic Engineering and Water Resources (LWI), Technische Universität 
Braunschweig. The plants were randomly allocated to three groups and each group to one of three meso-
cosms (eight plants per mesocosm) characterized by different conditions (Table 1). Each mesocosm consist-
ed of a 30–50 l container filled with water and aerated using an air pump.

The conditions in the mesocosms were designed based on the findings of our previous work (Vettori & 
Rice, 2020) which indicated that plant stress is negatively correlated with the flexural rigidity of plant stems. 
Among the most common abiotic stressors encountered in laboratory facilities, short-term exposure to low 
light irradiance and immersion in tap water were identified as the most stressful for three freshwater macro-
phyte species. In the current study, Group A was used as a reference group and the plants were tested within 
48 h of collection so that the effects of laboratory storage conditions were minimized and transient stress 
limited. Group B was designed to expose plants to the stress induced by water used in the flumes for exper-
iments (i.e., from the LWI-hydraulic laboratory water circuit)—characterized by the presence of artificial 
seeding materials used in acoustic and optical flow velocimetry and potentially lacking important nutrients 
for plant growth. Group C was designed to expose plants to a combination of potential stressors: water used 
in the flumes and a light irradiance level insufficient for photosynthesis. Plants in Groups B and C were 
used after 7 and 8 days, respectively, to guarantee their response to the laboratory conditions.

In more detail, in Group A, a mix of pond water and water used in the LWI-hydraulic laboratory water 
circuit was employed (approximate ratio was 75:25) and a fluorescent lighting unit was installed to increase 
the level of PAR compared to the standard light conditions of the laboratory (Table 1). In Groups B and C 

Group Water
Temperature 

(°C)
Conductivity 

(μS/cm)
Light irradiance (PAR) 

(μmolphoton/m2/s)
Exposure time 
before tests (d)

A Pond and flume water 19.7–23.1 568–590 34–37 2

B Flume water 20.3–21.1 368–413 34–38 7

C Flume water 19.6–21.7 360–386 0.3–3.1 8

Site Pond water 30.1 1,000 1,000 –

Note. Values for the collection site refer to the date and time of collection (June 5, 2019 at 17:00).

Table 1 
Description of Conditions in the Group A to C Mesocosms Where Plants Were Stored in the Laboratory (Values of Light 
Irradiance are Reported for Day Only) and of Environmental Conditions at the Site Where Plants Were Collected
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only water from the LWI-hydraulic laboratory water circuit was used; in Group B a dedicated fluorescent 
lighting unit was installed similar to Group A, while in Group C plants were exposed to the standard light 
conditions of the laboratory—a mix of natural light and light from standard ceiling lights. The day-night 
light cycle for Groups A and B was set so that it matched the natural light cycle experienced by Group C, 
hence plants were exposed to 15 h of light per day. In all groups water temperature was not controlled and, 
thus, varied within a small range—note that the maximum temperature for Group A is higher than that of 
the remaining groups because at the time of collection the water temperature in the pond was 30°C. In each 
mesocosm water temperature and conductivity and PAR at the water surface were measured daily.

On the day of testing, all plants within a group were removed from the mesocosm and a standard experi-
mental procedure was followed for each plant: plant stress was measured using a chlorophyll fluorometer 
(procedure described in Section 2.2); plant hydrodynamic performance was characterized in an open chan-
nel flume by measuring the drag force (described in Section 2.3); and plant morphological characteristics 
and flexural rigidity of stems were determined (described in Section 2.4).

2.2. Chlorophyll Fluorescence as a Proxy of Plant Stress

Chlorophyll fluorescence analysis is a standard technique used in plant physiology to monitor plant health 
status. It exploits the fluorescence signal emitted by chlorophyll pigments when they are struck by light and, 
thus, provides information on the photosynthetic phenomena occurring within the photosystem II (PSII) 
(e.g., Baker, 2008; Murchie & Lawson, 2013). As reported in several comprehensive reviews (Baker, 2008; 
Baker & Rosenqvist, 2004; Maxwell & Johnson, 2000; Murchie & Lawson, 2013) this technique is very sen-
sitive to plant stress associated with inhibition of the photosynthetic apparatus (i.e., photoinhibition) and 
allows non-intrusive and non-destructive measurements. Chlorophyll fluorescence analysis has been pre-
viously used to monitor plant stress of freshwater macrophytes exposed to abiotic stressors such as extreme 
light irradiance and contaminants of various kinds (e.g., Hussner et al., 2010; Marwood et al., 2001).

For our study we made use of the maximum quantum yield (FV/FM) of PSII as an indicator of plant stress. 
This parameter was calculated as the ratio of variable fluorescence (FV) to maximum fluorescence (FM) 
using measurements from dark-adapted plants before dawn following standard practice reported in Bak-
er (2008) and Murchie and Lawson (2013). The maximum quantum yield was selected because it is a robust 
indicator of plant stress causing damage to the PSII and its value is commonly reported to be close to 0.83 
for healthy, unstressed plants, regardless of the species (e.g., Murchie & Lawson, 2013). In more detail, pre-
dawn FV/FM displays a substantial decrease when plants are exposed to severe and long-term suboptimal 
conditions that induce important photoinhibition, while it is less sensitive to mild stresses (Murchie & 
Lawson, 2013). Reduction of FV/FM is usually associated with a lower photosynthetic efficiency, this may be 
effective at low ambient light levels but does not compromise photosynthesis when light levels are high—in 
such cases photosynthetic efficiency is considerably lower than the observed FV/FM (Baker, 2008). For the 
purposes of this study, it is important to bear in mind that the higher the value of FV/FM the healthier is the 
plant. Even though typical values of FV/FM for P. natans have not been reported in the literature, we expect 
FV/FM to range between 0.7 and 0.83 for healthy unstressed plants based on previous publications (e.g., 
Hanelt et al., 2006; Marwood et al., 2001; Vettori & Rice, 2020) with freshwater macrophytes.

We measured FV/FM using a Classic Fluorometer (Aquation Pty Ltd, Umina Beach, Australia). During the 
measurements the light irradiance level was approximately 0.2 μmolphoton/m2/s so that photosynthetic ac-
tivity would not be triggered (Baker & Rosenqvist, 2004). Measurements of FV/FM were taken from at least 
three healthy leaves on each plant. All measurements were used for comparing the plant stress across the 
three groups (see Section 3.1), while the average value of FV/FM across all tested leaves within a plant was 
used for assessing the potential correlation between FV/FM and the drag coefficient of individual plants (see 
Section 3.4).

2.3. Hydrodynamic Experiments

Hydrodynamic experiments were performed after plant stress was evaluated with the chlorophyll fluorome-
ter. Experiments were conducted in a 32 m long and 0.6 wide tilting open channel flume in the LWI-hydrau-
lic laboratory. In the central part of the flume, between 5 and 23 m from the inlet, a rubber mat with 3 mm 
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high pyramidal-shaped roughness elements was fixed to the flume bed and a canopy of artificial vegetation 
was installed. The canopy consisted of identical flexible foliated elements 15 cm high that were arranged 
following a staggered pattern with a distance between two adjacent elements of 0.2 m (plant arrangement 
20S, Jalonen et al., 2013; Schoneboom, 2011).

At a distance of 16 m from the inlet, the artificial vegetation elements were removed to create a 0.6 m long 
testing section (Figure 1) in which specimens of P. natans could be located for experiments. This setup 
allowed investigation of a single specimen within a patch setting typical of freshwater macrophytes in the 
field (e.g., Biggs et al., 2018; Cornacchia et al., 2018). Each plant was tested at two flow scenarios with hy-
draulic conditions described in Table 2. The scenario with low mean flow velocity was tested first, followed 
by the scenario with high mean flow velocity. All experiments were performed at quasi-steady uniform flow 
conditions, which were achieved by adjusting bed slope, flow discharge and the height of a tailgate located 
25 m downstream of the flume inlet (Figure 1). The water depth and flow discharge were measured using 
12 piezometers located along the flume and an inductive flow meter, respectively. Even though the length 
of plants tested was larger than the water depth used in the experiments—plant length was between 0.3 and 
0.45 m, plants were always fully submerged because of their high flexibility and the flow-induced forces.

After the hydraulic conditions were set, the plant to be tested was fitted onto a Drag Force Sensor (DFS) 
located under the bottom of the flume at the center of the cross-section and at the upstream edge of the 
testing section (Figure 1). The DFS is the same measuring system used in the studies of Schoneboom (2011), 
Siniscalchi et al. (2012), Jalonen et al. (2013), and Västilä and Järvelä (2014) and it was described compre-
hensively by Schoneboom et al. (2008). It is based on two Wheatstone bridges in full configuration each 
comprised of two strain gauges; strain data are converted into drag force by using a calibration force and 
the geometrical properties of the sensor. On the side of the flume glass wall, a digital camera was mounted 
and used to record plant reconfiguration during experiments. Because the plant was fixed to the DFS at the 
upstream edge of the testing section, plant reconfiguration could be monitored without interference from 
the artificial vegetation elements (Figure 1). Each plant was tested for 5 min, during which time the drag 
force was measured at a frequency of 1,613 Hz and the digital camera recorded at 30 fps.

Figure 1. Schematics of the open-cannel facility used for hydrodynamic experiments and relevant instrumentation.

Scenario

Flow 
rate 

(m3/s)

Water 
depth 
(m)

Bed 
slope 
(%)

Water 
surface 

slope (%)

Cross-sectional 
averaged 

velocity (m/s)

Mean 
approach 

velocity (m/s)

Reynolds 
number 

(−)

Plant 
Reynolds 

number (−)

Low 0.018 0.30 0.05 0.04 0.10 0.106 3 × 104 2.4 ± 0.2 × 104

High 0.064 0.26 0.36 0.33 0.41 0.393 1.06 × 105 9.0 ± 0.9 × 104

Note. The cross-sectional averaged velocity is estimated from the flow rate, while the mean approach velocity is 
calculated as the double-averaged velocity in front of the plant (from LDA measurements). The Reynolds number 
is calculated using the cross-sectional averaged velocity and the water depth, while the plant Reynolds number 
(mean ± standard deviation) is calculated using the mean approach velocity and the square root of the plant wetted 
surface area.

Table 2 
Hydraulic Conditions Used in the Experiments
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Additional experiments were conducted with a Dantec 3D Laser Doppler Anemometer (LDA) at the flow 
scenarios described in Table 2, and with an artificial vegetation element attached to the DFS, to obtain the 
vertical profiles of the mean velocity at three different lateral locations 0.05 m upstream of the DFS. The 
profiles were measured in the central cross-section, 0.05 m on its left and 0.1 m on its right (spatial inho-
mogeneity of the measurements was caused by the interference of the vegetation elements). The spatially 
averaged profiles across the three locations are shown in Figures 2b and 2c. The mean approach velocity 
(Table 2) used in the calculations of the drag coefficient was estimated as the depth-average of the profile 
shown in Figures 2b and 2c. The LDA system consisted of a 4 W Argon-Ion laser and two probes (2D and 
1D) with a focal length of 198 mm in water. The probes were mounted on a fully automated traverse system 
above the flume with a 30° angle between them. For measurements at a water depth less than the focal 
length the probes were placed in a water-filled tank with a glass bottom to ensure that the laser beams 
traveled through water. Flow velocities were calculated using coincident LDA-velocity measurements via a 
transformation matrix using BSA Flow Software v5 (see Aberle, 2006 for LDA-setup). The vertical profiles 
were sampled every 10 mm between 5 and 150 mm from the bed and every 20 mm from that point onwards. 
Velocity measurements were collected with a frequency between 50 and 200 Hz over 30 s.

2.4. Plant Biomechanical and Morphological Characterization

When hydrodynamic tests on plants were completed, plant biomechanical and morphological traits were 
characterized by (a) taking a photograph of each plant spread out flat on a light table (Figure 2a) and (b) 
conducting three-point flexural tests on stem samples. Morphological characteristics such as length (l), 
one-sided leaf surface area (Aleaf) and total (i.e., two-sided) wetted surface area (Aw) were obtained from the 
photographs using image analysis implemented with a MATLAB® routine. Three-point flexural tests were 
conducted manually with an apparatus purposely built in-house. The apparatus consisted of two identical 
quasi-frictionless wheels set 50 mm apart and mounted at the same vertical level on a horizontal beam with 
their rotational axis parallel to the horizontal plane. At the center of the beam, equidistant from the wheels, 
a manual distance measuring gauge allowed measuring the deflection of a stem sample supported by the 
wheels.

From each plant two stem samples were prepared, one from the bottom and one from the top of the plant, 
and their length and average diameter were measured with a ruler (±1 mm) and a micrometer (±0.01 mm). 
At the beginning of the test, the stem sample was set on the apparatus in such a way that its center was 
aligned with the distance measuring gauge. Then, the sample was loaded in its center using a range of 
known weights and for each weight the vertical displacement (Δ) of the sample associated with the applied 

Figure 2. Images of a specimen from Group B: (a) for morphological characterization; (b) during hydrodynamic test at the low flow scenario; and (c) during 
hydrodynamic test at the high flow scenario. The scale bar in (a–c) is 10 cm. In (b and c) the vertical profile of the mean velocity U(z) spatially averaged across 
the three locations 0.05 m upstream of the DFS (in blue) and the time-averaged vertical distribution of plant biomass pplant(z) (in red) are superimposed to the 
image and the instantaneous plant deflected height hd(t) is shown.
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force (W) was measured with the gauge. Each sample was loaded with four different weights so that it was 
possible to estimate the slope (W/Δ) of the force-displacement curve and, from it, the flexural rigidity (EbI) 
according to:




3

48b
s WE I (3)

where s is the sample span (i.e., the distance between the supports; in this case 50 mm e.g., Niklas, 1992). 
Based on visual observations of the stems, the calculation of the second moment of area (I) of the stems 
was conducted considering a circular cross-section for the bottom parts (i.e., I = π/4 D4) and a semicircular 
cross-section with respect to an axis passing through the centroid for the top parts (i.e., I = 0.11 D4/16), 
where D is the cross-section diameter. Prior to three-point flexural tests, samples were kept in water and, 
during the tests, they were kept moistened so that their flexural rigidity would not be affected by the tests 
being conducted in air (Łoboda et al., 2018).

2.5. Data Analysis

The recorded videos were analyzed with a MATLAB® routine to extract the vertical distribution of plant bio-
mass and plant deflected height in each frame. The first step in the routine consisted in removing the back-
ground (i.e., a frame with no plant) from the videos, then filters in the RGB channels were applied to remove 
any noise induced by non-homogenous light conditions so that only pixels containing parts of the plant (or 
outliers) remained. Potential outliers were erased by filtering out small disconnected objects and, thus, the 
position of the plant in each frame was obtained. The plant vertical distribution (or vertical distribution of 
plant biomass, pplant(z), see examples in Figures 2b and 2c) was then estimated as the time-averaged position 
of a plant in each vertical coordinate normalized by the mean plant surface area extracted from the videos. 
From the plant vertical distribution, the height of the plant centroid (hc) was calculated. Similarly, plant 
deflected height (hd) was estimated as the time-average vertical position of the highest point of the plant.

For the purposes of statistical analysis, the time-averaged deflected height (hd) and centroid height (hc) were 
normalized using the plant length (l). The mean streamwise velocity (Uz) 0.05 m upstream of the DFS was 
calculated by numerical integration of the measured double-averaged vertical profile (Figures 2b and 2c). 
For calculation of the drag coefficient (CD) we used the formulation reported in Equation 1, considering Uz 
to be equivalent to the mean approach velocity (Ua) and using the total (i.e., two-sided) wetted surface area 
(Aw) obtained from photographs of plants as described in the previous subsection.

All data post-processing and statistical analyses were conducted using MATLAB® and significance for all 
analyses was set at α = 0.05. For all parameters of interest (e.g., FV/FM, EbI, and CD) normality and homosce-
dasticity were assessed using the Kolmogorov-Smirnov and the Brown-Forsythe tests, respectively. In all 
cases the probability distributions were significantly different from the normal distribution. However, be-
cause the distribution shape was consistent between groups and variance was homogeneous across groups, 
we used analysis of variance and the Tukey's post-hoc comparison test corrected with Bonferroni technique 
for testing differences between plant groups. It is noteworthy that qualitatively similar results for all param-
eters of interest were obtained using the Kruskal-Wallis test by rank and Dunn's post-hoc comparison test. 
In Section 3.4 potential association between plant stress and hydrodynamics independently of plant group 
was assessed by analyzing the residual variance in a power-law regression model of CD as a function of ReA 
(such as that proposed by Wu et al. [1999]) against FV/FM using a robust linear regression model.

3. Results
3.1. Plant Stress

In this study we used the maximum quantum yield (FV/FM) of PSII as an indicator of plant stress. For 
the tested P. natans specimens, FV/FM ranged between 0.69 and 0.79 (even though values below 0.73 are 
outliers, Figure 3a). Recalling that values of FV/FM close to 0.83 are found in healthy plants, this range is 
comparable to the values reported by Hanelt et al. (2006) and Vettori and Rice (2020) for freshwater mac-
rophytes of the Potamogeton family. The difference in plant stress across groups was significant (Table 3), 
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with plants belonging to Group A characterized by lower values of FV/FM compared to plants of Groups B 
and C (Figure 3a).

3.2. Plant Biomechanical and Morphological Traits

Biomechanical and morphological characterization of plants considered: flexural rigidity (EbI) and diam-
eter (d) of plant stems at the bottom and top of plants; plant length (l); wetted surface area (Aw); one-sided 

Figure 3. Results of Tukey's post-hoc comparisons corrected with the Bonferroni technique across Groups A, B, and C for: (a) maximum quantum yield of 
PSII; (b) flexural rigidity of stems at the bottom of plants; (c) flexural rigidity of stems at the top of plants. An asterisk indicates that a group is significantly 
different from the others.

Parameters 1-way ANOVA Tukey's HSD

Plant stress FV/FM F2,78 = 8.82 p << 0.01 A < B (p << 0.01)

A < C (p = 0.022)

Plant biomechanical and morphological traits dtop F2,23 = 0.43 p = 0.654 ||

dbot F2,23 = 0.14 p = 0.871 ||

l F2,23 = 0.50 p = 0.611 ||

EItop F2,23 = 1.11 p = 0.348 ||

EIbot F2,23 = 0.11 p = 0.898 ||

Aw F2,23 = 4.81 p = 0.019 A > C (p = 0.017)

Aleaf F2,23 = 3.46 p = 0.050 A > C (p = 0.055)

nleaf F2,23 = 0.11 p = 0.896 ||

Plant hydrodynamics hd—Run 1 F2,23 = 0.89 p = 0.425 ||

hd—Run 2 F2,23 = 0.41 p = 0.666 ||

hc—Run 1 F2,23 = 0.05 p = 0.951 ||

hc—Run 2 F2,23 = 0.45 p = 0.830 ||

FD—Run 1 F2,23 = 2.36 p = 0.120 ||

FD—Run 2 F2,23 = 2.11 p = 0.150 ||

CD—Run 1 F2,23 = 5.36 p = 0.013 A < B (p = 0.019)

A < C (p = 0.053)

CD—Run 2 F2,23 = 5.82 p = 0.010 A < B (p = 0.033)

A < C (p = 0.017)

Note. The symbols indicate: maximum quantum yield of photosystem II FV/FM; diameter of stem's top part dtop; diameter of stem's bottom part dbot; length of 
plant l; flexural rigidity of stem's top part EItop; flexural rigidity of stem's bottom part EIbot; wetted surface area Aw; leaves surface area Aleaf; number of leaves nleaf; 
plant deflected height hd; plant centroid height hc; mean drag force FD; drag coefficient CD.

Table 3 
Results of Comparisons of Various Parameters Across Groups Performed With 1-Way Analysis of Variance and, Where Relevant, Post-hoc Tukey's Test With the 
Bonferroni Correction
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leaf surface area (Aleaf); and number of leaves (nleaf). These parameters were used because they contribute 
to defining the hydrodynamic forces acting on plants, EbI being the most important in our analysis. The 
flexural rigidity of plant stems ranged from 17 Nm2 to 300 Nm2 for the bottom of plants and from 6 to 70 
Nm2 for the top parts (Figures 3b and 3c). For all parameters considered, no significant differences were 
found across groups (Table 3), but the wetted surface area and the one-sided leaf surface area were larger 
for Group A compared to Group C.

3.3. Plant Hydrodynamics

The hydrodynamic performance of plant specimens was assessed with the dimensionless plant deflected 
height (hd/l), the dimensionless plant centroid height (hc/l) and the drag coefficient (CD) calculated using 
Equation 1. The dimensionless plant deflected height varied within the ranges 0.48–0.77 and 0.19–0.47 in 
the two flow scenarios investigated (Figures 4a and 4d), while hc/l ranged within 0.28–0.47 and 0.07–0.26, 
respectively (Figures 4b and 4e). The drag coefficient varied between 0.06–0.13 and 0.016–0.033 at the low 
and high flow scenarios, respectively (Figures 4c and 4f).

No differences across groups were identified for the dimensionless plant deflected height (Figures 4a and 4d) 
or plant centroid height (Figures 4b and 4e) in either flow scenario, suggesting that plant reconfiguration 
was independent of the groups. It is important to note that also the (dimensional) plant deflected height (hd) 
and centroid height (hc) were not characterized by significant differences across groups (Table 3). However, 
the drag coefficient for plants of Group A was significantly different from that for plants of other groups 
at both flow scenarios (Table 3). Results of Tukey's post-hoc comparisons corrected with the Bonferroni 
technique show that CD for Group A is lower than for Groups B and C with p = 0.02–0.05 for the low flow 
scenario and p = 0.02–0.03 for the high flow scenario (Figures 4c and 4f).

Figure 4. Results of Tukey's post-hoc comparisons corrected with the Bonferroni technique across Groups A, B, and C for: (a–d) dimensionless plant deflected 
height; (b–e) dimensionless plant mean height; (c–f) the drag coefficient. The top row reports values at the low flow scenario, the bottom row at the high flow 
scenario. An asterisk indicates that a group is significantly different from the others.
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3.4. Linking Plant Stress and Hydrodynamics of Individual Plants

The potential link between plant stress and hydrodynamics of individual plants was first investigated by 
plotting the drag coefficient (CD) as a power-law function of the plant Reynolds number (ReA) (Figure 5a). 
The relationship thus obtained describes the variance in the data very well (R2 = 0.94) and is strongly sig-
nificant. Even though they show a large variance, the residuals of the power-law regression are significantly 
correlated with FV/FM (p = 0.045; inset of Figure 5a), suggesting that part of the variance in CD that cannot 
be ascribed to ReA is linked to FV/FM. In more detail, it appears that higher values of FV/FM are associated 
with values of CD larger than what predicted by the power-law model.

Moreover, we plotted the drag coefficient as a function of the average maximum quantum yield (FV/FM) of 
PSII for both flow scenarios (Figure 5b). While CD does not have a clear correlation with FV/FM for the low 
flow scenario, for the high flow scenario the correlation between the parameters is marginally significant 
(p = 0.09, Figure 5b).

4. Discussion
4.1. Plant Physiological and Biomechanical Response

The maximum quantum yield of PSII (FV/FM), a proxy of plant stress, was significantly lower for Group 
A than for Groups B and C (Figure 3a). Since Group A was the reference group originally designed to 
minimize plant stress while Groups B and C were designed to generate stress on plants, this result is 
unexpected. To explain it, two possibilities exist: plants were exposed to stressful conditions in the field 
and recovered during the storage in the laboratory, or plants in Group A still showed a transient stress 
response caused by moving them from the field to the laboratory—whereas Groups B and C had sufficient 
time to adapt to the laboratory conditions. To corroborate the first possibility, we note that the conditions 
at the site were particularly warm in the days prior to collection (see temperature at the time of collection 
in Table 1). Even though the tolerance to thermal variations of freshwater macrophytes is mostly un-
known, Chalanika De Silva & Asaeda (2017) reported an increase in oxidative damage and a decrease in 

Figure 5. The drag coefficient of specimens of P. natans as a function of: (a) the plant Reynolds number defined using the total wetted surface area of plants 
(i.e.,  /A a wE Re U A  ) and (b) the average (across all leaves tested) maximum quantum yield of PSII for each plant. For a clearer presentation, different colors 
are used for different flow scenarios (blue for low flow scenario and red for high flow scenario) and different symbol shading are used for different groups 
(white for Group A, gray for Group B and black for Group C). In panel (a) the black dashed line refers to the power-law regression (whose expression and 
relevant statistical information are reported) and the inset displays its residuals against FV/FM and the linear regression (with relevant statistical information) 
between them. In panel (b) the solid black lines refer to the linear regressions for both flow scenarios (expressions and relevant statistical information are 
reported).
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the growth rate of three species of freshwater macrophytes when water temperature exceeded 25–30°C. 
These effects were measured 48 h after the exposure to high temperature treatment, a time period similar 
to the one employed in the current study for Group A. Further, a number of works on terrestrial plants 
found that plant photosynthetic activities are negatively affected when temperature exceeds a species-de-
pendent maximum threshold (e.g., Wahid et al., 2007). This impact is particular evident in the activity 
of PSII and causes a significant reduction in the maximum quantum yield of PSII (Yamada et al., 1996). 
Unfortunately, because we did not monitor FV/FM of all groups in time, we cannot identify the cause of 
this difference in FV/FM with certainty.

It is also worth noting that the light conditions in all group mesocosms are below the optimal for plant 
growth; for instance Smart and Barko (1985) suggested using PAR levels above 300 μmolphoton/m2/s. How-
ever, in previous works with submerged freshwater macrophytes PAR levels between 20 and 120 μmolphoton/
m2/s were employed (e.g., Chalanika De Silva & Asaeda, 2017; Hanelt et al., 2006; Marwood et al., 2001), 
and levels as low as 50 μmolphoton/m2/s are common in hydraulic laboratories when dedicated lighting units 
are installed (see Table 1 in Vettori & Rice, 2020). Moreover, the light compensation point for various fresh-
water macrophytes has been reported between 2 and 23 μmolphoton/m2/s within a 16 h: 8 h day/night cycle 
(Eller et al., 2015; Sand-Jensen & Madsen, 1991). Therefore, we are confident that the PAR levels used for 
Groups A and B are above the light compensation point for P. natans, while they are below it for Group C. 
As a consequence, we expect that plants of Group C would have deteriorated soon after the tests because of 
light conditions inadequate for photosynthesis.

Regardless of its origin—that is, transient stress or stress induced by conditions in the field, the difference 
in FV/FM between Group A and Groups B and C is approximately 2%–3%; thus it appears to be associated 
with non-severe conditions. Indeed, previous studies with freshwater macrophytes found reductions in FV/
FM between 10% and 30% when plant were exposed to severe conditions (e.g., Hanelt et al., 2006; Marwood 
et al., 2001).

Biomechanical properties across groups did not show significant variations in contrast with findings 
reported in Vettori and Rice (2020). In this study estimates of the stem flexural rigidity were obtained 
from data collected with tests manually conducted with an apparatus built in-house and whose accu-
racy is certainly lower than that of professional benchtop testing machines such as those used by Miler 
et al. (2012) or Vettori and Rice (2020). Indeed, the coefficient of variation associated with the estimates 
of stem flexural rigidity in this study is between 60% and 90%, while it ranged between 30% and 45% 
for another species of the Potamogeton family in Vettori and Rice (2020). Therefore, it is possible, even 
though unlikely, that no differences in stem flexural rigidity were identified because of the low accuracy 
of the mechanical tests. However, considering the findings of the hydrodynamic experiments—namely, 
no difference in plant deflected height and centroid height across groups (Table 3)—we argue that the 
potential effect of this inaccuracy in the biomechanical tests on the results is unimportant. It is also worth 
noting that a distinction in flexural rigidity between top and bottom of plant stems has been identified in 
the current study, in agreement with previous works on freshwater macrophytes (e.g., Miler et al., 2012; 
Vettori & Rice, 2020).

The only significant differences in the morphological traits were found between Groups A and C, with the 
wetted surface area (and leaf surface area) of the former being larger than the that of the latter. This dif-
ference, though, was likely caused by plant allocation into group mesocosms rather than being associated 
with the different laboratory conditions, as it is not probable that the surface area of leaves would reduce 
significantly within a few days.

4.2. Plant Hydrodynamic Performance

The values of the drag coefficient experienced by specimens of P. natans (Figure 5) vary within the range 
0.016–0.13, which is compatible with the range between 0.02 and 0.065 reported by Siniscalchi and Niko-
ra (2012) for five macrophyte species at similar plant Reynolds numbers (ReA = 4–10 × 104). Bal et al. (2011) 
carried out experiments with specimens of P. natans at flow conditions analogous to those used in the pres-
ent study, namely mean flow velocity between 0.01 and 0.37 m/s and water depth of 0.3 m. They reported 
values of the mean drag force FD per one-sided surface area of approximately 2 and 7 N/m2 for flow scenar-
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ios similar to those used in the present study. Calculating the same parameter from our data, we found that 
the mean drag force per one-sided surface area was 0.7–1.4 N/m2 at the low flow scenario and 2.5–5.1 N/m2 
at the high flow scenario. The lower values reported in the present study are likely associated with the tested 
plants being located within a canopy, while Bal et al. (2011) conducted experiments with isolated plants. 
We can therefore deduce that the specimens we used for hydrodynamic tests performed similarly to the 
freshwater macrophytes used in earlier works—namely, they are representative of standard experiments 
carried out in hydraulic facilities. Unfortunately, no studies that specifically report the drag coefficient CD 
of P. natans are available.

Plants in Group A were characterized by a drag coefficient significantly lower than that for plants in Groups 
B and C, with a difference in the group's mean CD of approximately 30%. Since CD was different across 
groups but plant deflected height and centroid height (both dimensional and dimensionless) were not, we 
deduce that the variation in the drag force associated with the groups was not caused by a different plant 
posture or reconfiguration. In other words, plants of Group A were not bent closer to the bed compared to 
the others, a strategy that would reduce the approach velocity (see velocity profiles in Figures 2b and 2c) and 
the frontal area exposed to the incoming flow.

4.3. Linking Plant Stress and Hydrodynamics

In the context of a potential link between plant stress and hydrodynamics, first we note that the same sig-
nificant differences across groups (i.e., A vs. B and C) are identified for the maximum quantum yield (FV/
FM) of PSII and the drag coefficient (CD), with lower drag coefficients experienced by plants showing higher 
levels of stress (Figures 3 and 4). It is possible that CD for Group A was smaller than for Group C because 
their mean drag force (FD, Table 3) were undistinguishable, while the wetted surface area (Aw, Table 3) for 
Group A was larger than that for Group C—recalling that C f F AD D w  /  (see Equation 1). However, 
this reasoning would not explain the difference in CD between Groups A and B. Therefore, we argue that 
there may be a causal association between CD and FV/FM.

To corroborate such a hypothesis, we analyzed the data of all plants tested independent of their allocation 
group and a marginal correlation between CD and FV/FM was found for the high flow scenario (Figure 5b). 
Further, FV/FM was found to be significantly correlated with the residuals of the power-law model between 
the drag coefficient and plant Reynolds number (which included both flow scenarios), suggesting that FV/
FM  can describe part of the variance left in CD once the effect of ReA is accounted for. It is also worth not-
ing that the slope of the linear regression between FV/FM and the residuals is positive, indicating that CD 
of healthier plants is biased high compared to the prediction of the model (and the opposite applies for 
stressed plants).

It is likely that the reason for this partial inconsistency in results between pooled and individual plant data 
lies in the high variability of FV/FM. To investigate this further, we verified that the within-plant variance 
(based on the multiple measurements per plant taken) was larger than the within-group variance using 
analysis of variance for each group. This result is a natural consequence of the spatial heterogeneity of plant 
photosynthetic performance (Baker, 2008; Murchie & Lawson, 2013); in other words, even though the pre-
dawn FV/FM is a stable fluorescence parameter, it is dependent on the leaves and the position within each 
leaf where measurements are taken.

It is therefore possible that our treatments were not sufficiently severe to induce a variation in FV/FM com-
parable to the variance inherent to photosynthetic spatial heterogeneity across the plants (see Section 4.1). 
However, by analyzing the pooled data this variability would reduce and the effects of treatments become 
more significant/visible. Additionally, FV/FM could be intrinsically linked to a biomechanical trait not meas-
ured in the current study that is controlled by processes linked to photosynthesis. Indeed, a global analysis 
of leaf biomechanics in trees revealed that local environmental conditions, that are known to affect plant 
health status, have a strong influence in leaf biomechanics (Onoda et al., 2011). Given that a similar finding 
was reported for seagrasses (Vettori & Marjoribanks, 2021), this could be the case for freshwater macro-
phytes too. Because earlier works have concluded that foliage makes a considerable contribution to the 
total drag force experienced by a plant (e.g., Aberle & Järvelä, 2013; Bal et al., 2011), it is possible that leaf 
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biomechanics regulates the drag force of freshwater macrophytes in a way similar to that of seagrass blades 
(Vettori & Marjoribanks, 2021).

In our previous work (Vettori & Rice, 2020) we tested how freshwater macrophytes respond to laborato-
ry conditions typical of hydraulic facilities in terms of plant stress and stem mechanical properties. We 
found that it is quite common for plants to be stressed in laboratory settings and that higher levels of plant 
stress are associated with plant stems being more pliant, from which we hypothesized that even short-
term inappropriate plant husbandry can potentially affect the results of hydrodynamic experiments. The 
present study seems to verify this hypothesis by suggesting that some link exists between plant stress and 
hydrodynamics. In more detail, the results described herein indicate that more stressed plants experience 
lower drag forces. Since the differences across groups appear to be associated with the different time and 
conditions of storage of plants, this study provides first indications that the period and nature of plant 
storage prior to experiments can impact on plant hydrodynamics. While this may sound obvious when 
considering large temporal scales (i.e., months, years), the fact that this impact can be significant at tem-
poral scales relevant to laboratory experiments (i.e., days to weeks) is of relevance for hydraulic practi-
tioners. Based on the results of our study, we infer that in previous works the drag force or flow resistance 
of vegetation may have been underestimated because of high levels of plant stress in the specimens used 
for flume experiments.

In the light of these findings, a better characterization of environmental conditions in the field and labo-
ratory storage conditions is desirable. However, it is also important to bear in mind that the effects of envi-
ronmental stressors vary considerably depending on the plant species and phenotypes. For example, in the 
present study the highest stress and lowest drag force were reported for the group that was stored for the 
shortest period of time (i.e., Group A), probably because plants were exposed to very high temperature in 
the field. On the other hand, there was no significant effect caused by very low light conditions within an 
8-day period (i.e., Group B vs. Group C). For this reason, we believe using an indicator of plant stress able 
to indicate how healthy plants are, independently of the specific conditions, is advantageous. The proxy of 
plant health status used herein was characterized by a large variability that, to some extent, impacted on the 
significance of our results. Parameters used for studying plant signal networks may work better at linking 
plant stress and hydrodynamics, also because they are more directly correlated with the development of 
plant tissues. For example, hydrogen peroxide and other reactive oxygen species have been used success-
fully by Asaeda et al. (2017) and Asaeda and Rashid (2017) to assess the effect of abiotic stressors on plant 
health.

Different conditions and time of storage can be associated with a variation of about 30% in the mean drag 
coefficient of the groups considered herein. To contextualize this impact, it is useful to compare it with 
the drag variability due to plant species found in earlier laboratory studies with freshwater macrophytes. 
At hydraulic conditions similar to those used in the current study, the variability associated with the 
plant species was approximately 15%–20% in the mean drag force per plant one-sided surface area in Bal 
et al. (2011) and between 30% and 50% in the drag coefficient in Siniscalchi et al. (2012). Therefore, the 
impact of conditions and time of storage can be as important as that associated with the use of different 
plant species. Since biomechanical response of plants to environmental stressors takes effect in a few 
days, if plants are used in flume tests soon after collection we expect their performance to be close to that 
they would have at the collection site, even though the potential effect of transient stress is still unknown. 
On the contrary, when plants are used in tests after being exposed for several days to new conditions, 
the results of flume tests will be influenced by plant adaptation. This does not imply that plants should 
always be tested at optimal conditions (i.e., lowest stress levels), instead it highlights the need for results 
to be put in the correct environmental context, which goes beyond simple identification of species and 
seasonality.

This study was focused on a freshwater macrophyte, a type of vegetation that is flexible and charac-
terized by non-woody tissues. Nevertheless, we expect the same behavior to occur in other types of 
aquatic vegetation, such as marine and saltmarsh plants, within their own timeframes. In the case of 
plants largely comprised of woody tissues (e.g., riparian trees), we anticipate that the effect of labo-
ratory and storage conditions will still be evident because of the large contribution of foliage to the 
drag force.
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5. Conclusions
This paper presents a multidisciplinary study, based on laboratory experiments conducted with a freshwa-
ter macrophyte (P. natans), that assesses the effects of storage conditions typical of hydraulic laboratories 
on: plant stress, using chlorophyll fluorescence analysis; plant biomechanical and morphological traits, 
via 3-point flexural tests and morphological characterization; and plant hydrodynamic performance, using 
data collected during flume experiments. Results indicate that the conditions in which plants are stored 
and the period of storage can influence plant stress and hydrodynamics significantly. The treatment caus-
ing the highest stress to plants is also associated with the best hydrodynamic performance (i.e., lowest drag 
coefficient), therefore suggesting a potential link between plant stress and hydrodynamics. The mean drag 
coefficient across the most stressed plants was approximately 30% lower than that across the healthiest 
plants; quantitatively, this effect is comparable to differences in drag force between species of freshwater 
macrophytes reported in previous studies. Even though the proxy of plant stress used in the current study 
was not found to be strongly correlated with the drag coefficient of individual plants, using tools developed 
in plant physiology to monitor plant stress can help manage plant use in laboratory settings and avoid bias 
associated with plants being unhealthy.
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