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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Regulated rivers can lead to mass 
development of aquatic plants. 

• Mechanical harvesting is often used to 
remove aquatic plants, seen as invasive. 

• Whole stream metabolism provided 
daily aquatic plant photosynthesis over 
an annual cycle. 

• Effect of plant removal was predicted 
from models of plant photosynthesis and 
expansion. 

• Intensity of mechanical harvesting con-
strained ecosystem resilience and car-
bon regulation.  
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A B S T R A C T   

Many rivers worldwide are regulated, and the altered hydrology can lead to mass development of aquatic plants. 
Plant invasions are often seen as a nuisance for human activities leading to costly remedial actions with uncertain 
implications for aquatic biodiversity and ecosystem functioning. Mechanical harvesting is often used to remove 
aquatic plants and knowledge of plant growth rate could improve management decisions. Here, we used a simple 
light-temperature theoretical model to make a priori prediction of aquatic plant photosynthesis. These pre-
dictions were assessed through an open-channel diel change in O2 mass balance approach. A Michaelis-Menten 
type model was fitted to observed gross primary production (GPP) standardised at 10 ◦C using a temperature 
dependence from thermodynamic theory of enzyme kinetics. The model explained 87 % of the variability in GPP 
of a submerged aquatic plant (Juncus bulbosus L.) throughout an annual cycle in the River Otra, Norway. The 
annual net plant production was about 2.4 (1.0–3.8) times the standing biomass of J. bulbosus. This suggests a 
high continuous mass loss due to hydraulic stress and natural mechanical breakage of stems, as the biomass of 
J. bulbosus remained relatively constant throughout the year. J. bulbosus was predicted to be resilient to me-
chanical harvesting with photosynthetic capacity recovered within two years following 50–85 % plant removal. 
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The predicted recovery was confirmed through a field experiment where 72 % of J. bulbosus biomass was me-
chanically removed. We emphasise the value of using a theoretical approach, like metabolic theory, over sta-
tistical models where a posteriori results are not always easy to interpret. Finally, the ability to predict ecosystem 
resilience of aquatic photosynthesis in response to varying management scenarios offers a valuable tool for 
estimating aquatic ecosystem services, such as carbon regulation. This tool can benefit the EU Biodiversity 
Strategy and UN Sustainable Development Goals.   

1. Introduction 

Large parts of the Earth’s rivers are now highly fragmented and flow 
regulated (Nilsson et al., 2005; Grill et al., 2019). The removal of flood 
dynamics, through water transfer and retention in reservoirs, alters 
geomorphological processes and may promote the mass development of 
aquatic submerged plants (Gurnell, 2014; Riis and Biggs, 2003), even in 
oligotrophic rivers (Rørslett, 1988; Rørslett et al., 1989; Nilsson, 1978). 
The mass development of aquatic plants is a worldwide problem often 
seen as nuisance for human activities, such as boat traffic, swimming, 
fishing, hydropower and hydrological functioning of the system (Ver-
hofstad and Bakker, 2019; Thiemer et al., 2023). Undesirable plant 
growth leads to costly remedial actions with variable effectiveness 
(Rørslett and Johansen, 1996; Hussner et al., 2017). Proliferation of 
plants can alter aquatic biodiversity and ecosystem functioning 
(Thiemer et al., 2021; Schultz and Dibble, 2012; Velle et al., 2022; 
Misteli et al., 2023). Mechanical harvesting is often used to remove 
aquatic plants and knowledge of plant regrowth rate and its main drivers 
could improve management decisions (Thiemer et al., 2021). 

Whole stream metabolism, including primary production, is strongly 
controlled by flow regime and light availability (Bernhardt et al., 2022), 
also in regulated rivers (Hall Jr. et al., 2015). Primary production may 
be more constrained by flow regime than temperature through control 
on standing biomass (Junker et al., 2021). Thus, stream temperature is 
likely the second most important factor controlling primary production 
(Demars et al., 2016). Although it is hard to disentangle the role of 
temperature from light in natural rivers (Huryn et al., 2014), regulated 
rivers often modify the thermal regime independently of light avail-
ability, allowing the quantification of temperature’s role (Hall Jr. et al., 
2015). These primary drivers may also interact with nutrient availability 
(Cross et al., 2022), reciprocal trophic exchange between primary pro-
ducers and decomposers (Demars et al., 2020) and top down control 
(Liess et al., 2009). 

The temperature dependence of stream photosynthesis has previ-
ously been based on a thermodynamic theory of enzyme kinetics for 
systems at steady state (Demars et al., 2016). Essentially, the theory as-
sumes that a single, rate-limiting ‘master reaction’ (here the fixation of 
CO2 by Rubisco) describes the temperature reaction norm of individual 
organisms. Natural selection is assumed here to operate at the level of 
the genes, where enzymes evolved with different forms balancing 
thermal stability (loose to compact molecular scaffolding with warming) 
with conservation of function (Demars et al., 2016). The genotypes of a 
given enzyme have different thermal optima but the same probability of 
activity along the thermal gradient. Expected peak performance of 
photosynthesis of genotypes increases systematically with temperature 
according to the average activation energy of enzymes. The theory as-
sumes no temperature compensation in the carboxylation reaction at 
community level (other mechanisms may be at play) – Demars et al., 
2016. The theory further assumes that Rubisco density and community 
size structure and biomass are independent of temperature. The theory 
recognised the central role of physiological CO2-concentrating mecha-
nisms preventing photorespiration, limiting photosynthesis with 
warming (Allen et al., 2005). The apparent activation energy of aquatic 
ecosystem photosynthesis was found to be approximately 0.57 electron 
volts (eV) for temperatures ranging from 4 to 45 ◦C, reflecting the 
average activation energy of enzymatic reactions (Elias et al., 2014). It 
remains to show how the theory may be applied when the equilibrium is 

disturbed, e.g. following mechanical harvesting of aquatic plants. 
Here, we test how the theoretical temperature dependence of stream 

photosynthesis constrains the photosynthesis of a perennial submerged 
plant with CO2-concentration mechanism under varying light conditions 
throughout an annual cycle in a regulated river. More specifically, we 
used a novel method to estimate gross primary production (GPP) using 
an open channel diel oxygen mass balance (Pathak and Demars, 2023) 
and predicted daily GPP with a Michaelis-Menten GPP-light model 
combined with an Arrhenius temperature model (Gillooly et al., 2001). 
The model was parameterised a priori with the theoretical activation 
energy (Demars et al., 2016), rather than with an a posteriori empirical 
fit (Hall Jr. et al., 2015; Song et al., 2018). We demonstrate how the 
theory may be used to predict recovery in gross primary production 
following loss of plant biomass. Finally, we demonstrate the usefulness 
of our approach for both management and the quantification of aquatic 
ecosystem services necessary for the European Union (EU) Biodiversity 
Strategy and United Nations Sustainable Development Goals. 

2. Material and methods 

2.1. Study site 

The River Otra is situated in southern Norway and flows from north 
to south through forests in an alpine landscape. The River Otra is 
extensively used for hydropower production with water reservoirs and 
water transfers (Wright et al., 2017; Rørslett, 1988). The studied section 
drains about 1900 km2, mostly through Brokke hydropower plant, and 
discharge is heavily regulated with characteristic diel changes (hydro-
peaking) to accommodate demand in electricity (Wright et al., 2017). 

The hydropower plant periodically discharges water highly super-
saturated in dissolved gases posing risks to fish health (Stenberg et al., 
2022; Lennox et al., 2022). Supersaturation is due to air entrainment in 
the secondary water intakes of the hydropower plant, which dissolved in 
the pressure tunnels. Supersaturation varies, depending on the water 
source (secondary stream intakes versus reservoirs), and hydraulic head 
mostly independent of discharge (Pulg et al., 2016a; Stenberg et al., 
2022). Total dissolved gas (TDG) was recorded every 30 min in the 
effluent (deep open canal) of the hydropower plant with a Total Gas 
Analyzer 3.0 (Fisch- und. Wassertechnik; Pulg et al., 2016a; Pulg et al., 
2016b), based on the Weiss-saturometer principle (Weiss, 1970). The 
Gas Analyzer measures TDG pressure in a submerged gas-permeable 
silicon hose connected to an underwater pressure sensor and an atmo-
spheric pressure sensor above the water surface. The saturation is 
measured as the gas pressure in the water relative to ambient air pres-
sure. The relationship is shown as percentage, where values over 100 % 
indicate TDG supersaturation. The saturometer has an accuracy of ±10 
hPa, which is approximately ±1 % TDG. The data were interpolated at 
15 min intervals, including the short periods for which we had missing 
data (Pulg et al., 2022). 

The studied river reach Rysstad – Straume (Fig. 1) shows profuse 
growth of the perennial aquatic plant Juncus bulbosus L. 3 to 7.8 km 
kilometres downstream of the hydropower plant effluent (Rørslett, 
1988). Plant growth was favoured by water regulation since the 1960s 
and the installation of Tjurrmo dam at Hekni in the 1990s (3 km 
downstream of Straume). The natural bed slope of the river section 
Rysstad – Straume was subsequently changed from 0.0012 (0.12 %) to 
0.0001 (0.01 %). We estimated plant cover (point recording along 
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transects) and biomass (roots and shoots) within J. bulbosus patches 
(0.12 m2 quadrats) in summer 2020 and inferred from the product an 
average (±se) standing biomass of 57 ± 8 g C m− 2 over the whole study 
site. The CO2 concentrations in the water column (20–60 μM CO2 L− 1) 
were well below the level necessary to saturate underwater photosyn-
thesis of the leaf apparatus of J. bulbosus (over 500 μM CO2 L− 1, Sand- 
Jensen, 1987; Roelofs et al., 1984). However, J. bulbosus has an efficient 
internal gas recycling and CO2 root uptake could partly alleviate CO2 
limitation (Wetzel et al., 1984; Wetzel et al., 1985) with sediment pore 
water concentrations averaging 170 μM CO2 L− 1 (Moe and Demars, 
2017). The gas supersaturation at the outlet of the hydropower plant did 
not increase the partial pressure of CO2 or photosynthesis in the studied 
reach (Demars and Dörsch, 2023). Most importantly, the physiology of 
the aquatic plant corresponded to the assumption of our thermodynamic 
theory of enzyme kinetics, i.e. the presence of a CO2-concentration 
mechanism limiting photorespiration (Demars et al., 2016). 

A monitoring station placed at Straume (Fig. 1) logged dissolved 
oxygen and water temperature at 15-min intervals (Xylem-Andeeraa 
optode 4831), as well as photosynthetic active radiation (PAR) above 
the water surface (LICOR, Quantum LI190R-L), air temperature and 
atmospheric pressure (Barometer RM Young 061302 V) using a Camp-
bell datalogger (CR1000X). The oxygen sensor was inserted in a white 
plastic pipe at about 1 m depth fixed to Straume bridge and protruding 
into the main current. An additional oxygen optode (miniDOT PME, also 
recording temperature) was fixed on a post mid-column in the main 
water current at the top of the reach (Rysstad, Fig. 1). The oxygen 
optodes were cross calibrated in river water with saturated air using an 

air bubbler in a small tank by the side of the river, as in previous studies 
(e.g. Demars, 2019). 

Hourly discharge data were available from the hydropower company 
just downstream the hydropower plant effluent (Brokke) and 11 km 
downstream at Hekni dam (Fig. 1). Discharge was interpolated at 15 min 
time intervals. 

2.2. Estimation of aquatic plant photosynthesis 

Since submerged J. bulbosus covered a large part of the sandy river 
bed (river section Rysstad-Straume, Fig. 1), plant photosynthesis may be 
assessed at the river reach scale using an open channel diel change in 
oxygen method. We developed a new model integrating and expanding 
the whole stream metabolism approach (Odum, 1956) with a modified 
flow routing model similar to Sincock and Lees (2002) to estimate plant 
gross primary production. The observed net ecosystem production (NEP, 
g O2 m− 2 min− 1) at time t was estimated with an accounting two-station 
open channel method (Pathak and Demars, 2023), as follows: 

NEPt =

(
Ct+Δt − Ct

Δt
−

Qi,t− α

Qt × Tsadv

(
Ci,t− α − Ct

)
− k

(
Cs,t − Ct

)
)

zt (1)  

and 

α = Fadv × Tsadv (2) 

Ct, oxygen concentration at time t (mg O2 L− 1 or g O2 m− 3), Δt time 
interval (15 min), Cs saturated oxygen concentration (mg O2 L− 1 or g O2 
m− 3), Qi,t− α incoming discharge at the top of the reach (m3 min− 1) at 

Fig. 1. Study area with three contrasting river sections. River flows from Brokke to Hekni. The hydropower plant effluent is at Brokke and the dissolved oxygen 
sensors were placed at Rysstad (top station) and Straume (bottom station). There is a dam at Hekni controlling the water level at least up to Straume. 
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time t − α, α advection delay (min), Fadv advection coefficient (unitless, 
range 0–1), Tsadv mean solute travel time (min), Qt outgoing discharge at 
the bottom of the river reach (same unit as Qi), k gas exchange rate 
(min− 1), Ci,t− α incoming oxygen concentration (mg O2 L− 1 or g O2 m− 3) 
at time t − α, Ct outgoing oxygen concentration at time t, and zt average 
stream water depth (m). 

Gross primary production (GPP, g O2 m− 2 min− 1) was derived from 

NEPt = GPPt − ERt (3)  

where ER is ecosystem respiration (g O2 m− 2 min− 1), which was esti-
mated during the night hours and assumed to be constant throughout 
the day. Note that ER is not reported in this study as it was still biased by 
supersaturation from the hydropower plant with ER linearly related to 
daily average TDG (R2 = 0.85). The bias was possibly due to a weak 
independence (14 %) of the bottom station relative to the top station, 
with reach respiration estimates masked by difficulties in removing the 
effect of upstream processes (Demars et al., 2015). The supersaturation 
effect has recently been corrected through the use of TDG, travel time 
and gas exchange rate (Roley et al., 2023). Alternatively, the concomi-
tant use of argon, a noble gas with similar diffusion and solubility to 
oxygen, allows the estimation of unbiased ER using only one station 
(Demars and Dörsch, 2023). 

The model was parameterised as in Pathak and Demars (2023). 
Water depth z (range 1.3–2.4 m) was deduced through combination of a 
bathymetric survey, water level monitoring and discharge at Straume. 
Discharge at Rysstad and Straume were derived from a flow routing 
model calibrated with the two gauging stations (Brokke and Hekni), see 
Pathak and Demars (2023) for more details. Velocity ranged from 0.05 
to 0.82 m s− 1. The gas exchange coefficient k = 0.36 day− 1 was esti-
mated using floating flux chambers (Bastviken et al., 2015) and was 
found to be independent of water temperature and discharge or depth 
(Pathak and Demars, 2023). The advection coefficient (unitless) was 
kept as Fadv = 0.83. 

Calculations were done in Excel (Microsoft) assuming that mea-
surement errors of the four key parameters were normally distributed. 
Uncertainties were propagated using 1000 Monte Carlo simulations. 
Uncertainties (standard deviation) were 0.1 mg O2 L− 1 for the oxygen 
concentrations, 0.07 day− 1 for the gas exchange rate and 0.05 for the 
advection coefficient. In addition, discharge was allowed to vary within 
±10 % error, the same error being used for Rysstad and Straume for each 
MC simulation, as discharge was derived from the same flow routing 
model also determining travel time and depth. We only retained results 
when TDG daily average in the effluent of the hydropower plant was 
within 90–130 %, the TDG standard deviation during the day was within 
10 % and when the maximum TDG within a day did not exceed 140 % 
(to avoid periods of fizzing water within the studied reach). The 1000 
simulations for the whole year took about 22 min on a laptop computer 
with 16 GB installed RAM (Intel® Core™ i5-6440HQ CPU @ 2.60GHz). 
The raw data and calculation spreadsheets are provided as Supple-
mentary information. 

2.3. Prediction of daily aquatic plant photosynthesis 

The thermodynamic theory of enzyme kinetics can be simplified to 
an Arrhenius model of temperature dependence within the physiological 
temperature range (4–45 ◦C; Demars et al., 2016). We centred the 
temperature response function at TC = 283 K = 10◦C similarly to Gil-
looly et al. (2001): 

GPPT = GPPTC exp
[

Ea

(
1

kTC
−

1
kT

)]

(4)  

with GPPT and GPPTC being gross primary production (g O2 m− 2 day− 1) 
at temperature T and centred temperature TC, respectively, Ea activation 
energy of autotrophs (0.57 eV), and k Boltzmann constant (8.62 10− 5 eV 
K− 1). In order to model light independently of temperature, the same 

equation (but inverting T and TC) was first used to standardise the 
observed GPPT to GPP at 10 ◦C (GPPTC) and then regress GPPTC against 
light using a Michaelis-Menten equation: 

GPPTC =
GPPmaxTC PAR

kPAR + PAR
(5)  

with GPPmaxTC being the maximum GPP at 10 ◦C, and PAR photosyn-
thetic active radiation (mol quanta m− 2 day− 1), and kPAR the PAR at 
which half the GPPmaxTC is realised. GPPmaxTC and kPAR were fitted 
parameters using a non-linear regression model in R (R Core Team, 
2020). 

Thus, the full predictive model with independent light and temper-
ature effect was: 

GPPT =
GPPmaxTC PAR

kPAR + PAR
exp

[

Ea

(
1

kTC
−

1
kT

)]

(6) 

Observed GPP was then regressed against the predictive model to 
determine the proportion of variance explained by the model. 

2.4. Prediction of photosynthesis recovery following aquatic plant 
harvesting 

The above theory can make predictions for warming when the sys-
tem is near equilibrium (or peak plant mass). In many cases the system 
will deviate significantly from equilibrium, particularly in the case of 
introduction of an invasive species, mechanical harvesting or annual 
plants. Plant colonisation rate may be modelled with a logistic growth 
curve as follows: 

dB
dt

=
rB

(
Beq − B

)

Beq
(7)  

where B is plant biomass (g C m− 2) at time t, Beq is plant biomass (g C 
m− 2) at equilibrium, and r plant expansion rate (day− 1). 

The above equation can be generalised to modelling the proportion 
of biomass relative to equilibrium with x = B/Beq and we now have: 

dx
dt

= rx(1 − x) (8)  

with solution: 

xt =
1

1 +

(
1
x0

− 1
)

e− rt (9) 

If we assume plant photosynthesis to be linearly dependent on 
biomass then we set 

GPPT,t = xt
GPPmaxTC PAR

kPAR + PAR
exp

[

Ea

(
1

kTC
−

1
kT

)]

(10) 

Now we can study how GPP changes with varying x0 representing e. 
g., the efficiency of mechanical harvesting (% removal of biomass) and 
varying r representing e.g., how fast an invasive species recolonises 
following harvesting. Here, we inferred r from removal experiments in 
the regulated River Mandalselva (Johansen, 2002), flowing parallel to 
the River Otra with similar environmental characteristics (Moe and 
Demars, 2017). Johansen et al. (2000) and Johansen (2002) reported 
three experiments: 72 % plant removal by machine and 99 % plant 
removal by hand in 50 m2 and 100 m2 plots, all done in 1996. The 
mechanical plant removal time series was re-aligned to have corre-
sponding plant cover (28 % cover in 1996 for mechanical removal and 
average 27 % plant cover in 1998 for removal by hand). These data 
allowed to infer the expansion rate per year, which we converted in per 
day, and implicitly assumed to be valid at our centred temperature TC =

10◦C. Note, plant expansion is also likely to be driven by temperature 
dependent processes which would combine multiplicatively and 

B.O.L. Demars et al.                                                                                                                                                                                                                            



Science of the Total Environment 912 (2024) 169201

5

increase the apparent activation energy (Anderson-Teixeira et al., 
2008). 

In order to better visualise the results, we used potential daylight 
availability and a sine function for temperature while keeping the 
observed range and time lag in light and temperature of our study site. 
Daily PAR was determined from daylength (D, hours) using the 
StreamMetabolism package in R 4.0.0. (R Core Team, 2020; Sefick Jr., 
2016) with the following empirical equation: PAR = (D − 6.09) × 3.73 
to fit the observed PAR fluctuation at our study site. The daily temper-

ature at the J day of year (TJ) was modelled with a sine function: TJ =

7 + 5.5
[
sin2π(− 165+J)

365

]
to correspond with observed data. In our dataset, 

the first day of the year was December 1st. We set x0 = 0.01 (corre-
sponding to the 1 % cover or 99 % removal in the hand removal ex-
periments) to infer the parameter r from a non-linear regression model 
in R (R Core Team, 2020). We also run the non-linear regression model 
with x0 as free parameter to see how the estimation of r may be affected. 

In June 2020, J. bulbosus was harvested mechanically in about 2 % of 
the Rysstad basin (Schneider et al., 2022). This had a negligible effect on 
dissolved oxygen at Straume, but provided a test dataset of plant 
regrowth. Plant biomass (roots and shoots) was estimated from 0.12 m2 

quadrats laid on patches of J. bulbosus before-after mechanical har-
vesting in control and impacted areas (n = 20, June 2020). Plant patch 
height and plant cover were estimated from point records along tran-
sects in both the control and impacted areas, before and after plant 
mechanical removal in June 2020 (see Schneider et al., 2022). The ef-
ficiency of harvesting was quantified as average standing biomass (patch 
biomass x plant cover) or average biovolume (patch height x plant 
cover, L m− 2). Monitoring post harvesting was only continued with 
biovolume. 

3. Results 

Large peaks of total dissolved gases (TDG), up to >200 % were 
observed in the hydropower plant effluent throughout the year (Fig. 2), 
independently of discharge (Fig. 3). The TDG supersaturation events 
were mirrored by the oxygen concentrations (Fig. 2). There were also 
periods throughout the year with no TDG supersaturation and more 
stable TDG. River water temperature was largely unrelated to light 
availability (Fig. 4). The average GPP (straight calculations) was highly 
related to the median GPP calculated stochastically by random Monte 
Carlo simulations (Fig. 5). 

Gross primary production was much better related to light after 
taking into account the effect of temperature yielding a GPPmaxTC value 
of 3.62 ± 0.07 g O2 m− 2 day− 1 and a kPAR value of 1.67 ± 0.18 mol 
quanta m− 2 day− 1 (Fig. 6). The full light-temperature model explained 
87 % of the variance in observed GPP with a slope of 1.02 ± 0.01 
(Fig. 7). The use of alternative temperature dependence over or under 
predicted observed GPP. Notably, using the temperature dependence of 
C3 plant metabolism (0.32 eV) underpredicted observed GPP by 12 ± 1 
%. The model also fitted GPP observed during large supersaturation 

events (with TDG 140–180 %) using an O2:Ar ratio method to isolate 
biological processes (metabolism) from purely physical supersaturation 
produced by the hydropower plant (Fig. 7, Demars and Dörsch, 2023). 

From the three published J. bulbosus removal experiments and 
following re-growth (1996–2000), we were able to infer an expansion 
rate (±se) r = 1.41 ± 0.10 year− 1 with x0 = 0.01 (R2 = 0.54) or r =
1.06 ± 0.33 when x0 was set as a free parameter, with inferred x0 =

0.03 ± 0.03 (R2 = 0.50, Fig. 8). We used r = 1.41 for our plant removal 
simulations (Fig. 9). The simulations suggest that J. bulbosus would 
regrow rapidly following 50–85 % removal, while near total removal 
(99 %) would keep photosynthesis below 50 % of its capacity at equi-
librium for three years (Fig. 9). The model provided general system 
behaviour, and on-going monitoring in the Rysstad basin showed 
J. bulbosus to recover within two years following plant mechanical 
removal in June 2020 of 72 ± 17 % biomass or 84 ± 6 % biovolume 
(±se) – see Fig. 9. 

4. Discussion 

4.1. Light and temperature controls on photosynthesis 

Our results suggest that a simple model with just two independent 
drivers (light and temperature) was sufficient to model GPP in the River 
Otra. This is likely because neither the standing biomass of J. bulbosus 
nor key nutrients (CO2, dissolved inorganic N, soluble reactive P) 
changed much throughout the year (Moe and Demars, 2017), suggesting 
that the Otra ecosystem was at or near steady-state. GPP was previously 
found to be independent of temperature in spring (O’Gorman et al., 
2012) under the same light conditions for which the activation energy Ea 
was determined under summer near steady-state conditions (Demars et al., 
2011; Demars et al., 2016). The lack of GPP response to temperature in 
spring was likely due to differences in standing biomass between spring 
and summer (see Gudmundsdottir et al., 2011) and could reconcile the 
lack of mass-specific GPP response to temperature found in spring 
without invoking additional temperature compensation mechanisms (as 
used by Padfield et al., 2017). The value for activation energy Ea = 0.57 
eV was determined from a large set of streams independently of 
numerous other factors including standing biomass, nutrients, hydrol-
ogy and top-down controls (Demars et al., 2016). 

The apparent response of GPP to temperature may be inflated 
through interactions with limiting nutrients (Anderson-Teixeira et al., 
2008; Cross et al., 2022; Cross et al., 2015). Determining the tempera-
ture dependence of GPP in streams empirically through inverse model-
ling across biomes, Song et al. (2018) reported a median similar to that 
used here (Demars et al., 2016), but also showed that individual apparent 
activation energy varied widely between streams (Song et al., 2018). 
The wide range of Ea values suggests that the temperature dependence 
was interacting with other factors, as reported extreme values have no 
direct physiological meaning. The challenge remains to identify those 
interactions more explicitly a priori. Metabolic theory allows to make a 
priori predictions on the role of temperature in ecosystems (Gillooly 

Fig. 2. Dissolved oxygen saturation (%) at Rysstad (top of the reach, orange dots) and Straume (bottom of the reach, blue dots); and total dissolved gases saturation 
(TDG, %, black line) during the annual cycle (Dec 2019-Nov 2020). 
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et al., 2001; Anderson-Teixeira et al., 2008; O’Gorman et al., 2016). 
With rapid climate change, metabolic traits, such as Ea, could undergo 
modifications through evolutionary processes (Padfield et al., 2016; 
Thomas et al., 2012). Moreover, certain phylogenetic groups or indi-
vidual species may exhibit varying rates of response to warming, with 

some adapting more quickly than others (Galmés et al., 2015; Barton 
and Yvon-Durocher, 2019). 

Since we measured light (PAR) above the water surface, light 
availability could be varying with water depth and turbidity (Hall Jr. 
et al., 2015). The water of the River Otra remains very clear throughout 
the year. Turbidity (mean ± stdev) under low flows was below 1 NTU 
(0.7 ± 0.1 NTU; July 2020) and turbidity during the hydrological peak 
due to snowmelt remained low (3.5 ± 2.1 NTU; June 2020). Unsur-
prisingly, water depth was not related to the residual of the model. The 
standing biomass of J. bulbosus also seemed resilient to hydropeaking 
and ‘dampened’ snow melt events in the River Otra, in contrast to the 
green algae of the River Colorado studied by Hall Jr. et al. (2015). 

4.2. Management 

The plant removal scenarios suggested that photosynthetic capacity 
of J. bulbosus at equilibrium was recovered within two years of me-
chanical harvesting in the range 50–85 % removal, and that near total 
removal (99 %) was necessary to keep photosynthesis below 50 % of its 
capacity for three years. Such high removal efficiency would likely be 
prohibitively expensive. The results of the scenarios were similar with 
the lower expansion rate r = 1.06 year− 1. Note our net expansion rate of 
J. bulbosus based on field experiments were one or two orders of 
magnitude smaller than net growth rate reported in laboratory experi-
ments (Wortelboer, 1990), so care should be taken in coupling demog-
raphy and physiology (Vermaat and Verhagen, 1996). The independent 
field experiment from Rysstad basin confirmed the relevance of our 
scenarios for management. 

General symptoms of water regulations may be mitigated through 
flow regime management (Palmer and Ruhi, 2019; Maavara et al., 2020; 
Sabo et al., 2017) and process-based restoration of fluvial geo-
morphology (Beechie et al., 2010; Ciotti et al., 2021). Here, in the River 
Otra, significant removal of plant biomass (30 % cover) was achieved 
through lowering the water level in mid-winter (− 10 ◦C) for five days to 
freeze the river bed followed by increasing discharge from 2 to 150 m3 

s− 1 within an hour (Rørslett and Johansen, 1996). However, J. bulbosus 
root system remained, the plant regrew rapidly, and the cost was pro-
hibitive to the hydropower company (Rørslett and Johansen, 1996). 
Thus, mechanical harvesting along one side of the river has been the 
preferred management option. The cost of plant removal should, how-
ever, be carefully considered against the benefit of plant growth. For 
example, aquatic plants may reduce total dissolved gas in the water 
column by increasing the rate of bubble formation and gas evasion rate 
to the atmosphere (Yuan et al., 2018), potentially protecting fish from 
dissolved gas supersaturation (Lennox et al., 2022; Stenberg et al., 
2022). 

4.3. Ecological relevance for environmental policy 

The EU Biodiversity Strategy for 2030 calls for developing an EU- 
wide methodology to map, assess and achieve good condition of 

Fig. 3. Measured discharge (black line) at Hovet (3.5 km upstream the studied reach) and associated changes in river water depth (blue line) within the studied reach 
Rysstad-Straume during the annual cycle (Dec 2019-Nov 2020). 

Fig. 4. River Otra decoupling of light availability (yellow points) and tem-
perature (red points) during an annual cycle (December 
2019–November 2020). 

Fig. 5. Average gross primary production (GPP) highly related to GPP deter-
mined by Monte Carlo simulations (GPP median ± 95 % confidence interval). 
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ecosystems, so they can deliver benefits to society through the provision 
of ecosystem services (Vallecillo et al., 2022). The European habitats for 
freshwater ecosystems follow the EU Water Framework Directive (WFD, 
2000/60/EC). The WFD defines ecological status as an expression of the 
quality of the structure and functioning of aquatic ecosystems associated 

with surface waters (Art. 2.21.), but current approaches generally rely 
on linking environmental pressures to taxonomic-based indices (Demars 
et al., 2012). The quantification of ecological functions, such as aquatic 
photosynthesis is more directly transferable to ecosystem services, such 
as carbon capture (regulating service). 

The knock-on effect of barriers and water regulation on aquatic plant 
mass development and river functioning is poorly known, notably on 
food-web and carbon cycle (Battin et al., 2023; Ruhi et al., 2016; Jones 
et al., 2020). There is a pressing need to better understand the in-
teractions between flow regime, biota and ecosystem processes (Palmer 
and Ruhi, 2019; Demars et al., 2021; Diamond et al., 2022). If we are to 
scale up our model from river reach to river network, we need to develop 
stronger predictive links with fluvial geomorphology and hydrology 
constraining standing biomass and metabolism (Junker et al., 2021; 
Gurnell, 2014; Warnaars et al., 2007). Novel GIS applications combining 
high resolution and large extent may help scaling up model results, e.g. 
potential sediment load and sediment trapping index (Grill et al., 2019). 

Our study of the effect of mechanical plant removal and subsequent 
re-growth resonates with ongoing attempts to infer ecosystem resilience 
in response to flow disturbance (Blaszczak et al., 2023). The use of 
sensors with high frequency recording opens new opportunities to study 
rapid recolonisation or changes in metabolism following disturbance, 
often unattainable using traditional approaches to estimate river func-
tioning, such as leaf litter decomposition (in-situ but takes weeks), 

Fig. 6. Daily gross primary production (GPP) as a function of light (photosynthetic active radiation, PAR) without (left) and with (right) a temperature correction. 
The curve is a Michaelis-Menten type model fitted to daily GPP at 10 ◦C. The three datapoints in orange were determined with the O2:Ar method. 

Fig. 7. Observed gross primary production (GPPOBS) can be accurately predicted from a light and temperature model (GPPMODEL; left graph). The GPP model (grey 
cross with moving average black line) could depict the daily observed GPP changes (green dot) throughout the year (right graph). The three datapoints in orange 
were determined with the O2:Ar method. 

Fig. 8. Changes in plant cover (net growth) following mechanical harvesting to 
infer plant expansion rate (r). 
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metabolic chambers or bottle incubations (discontinuous and labour 
intensive). 

Here, the sum of GPP throughout the year was 271 g C m− 2 year− 1, 
assuming a respiratory quotient of one. If we assume that 50 % (range 
20–80 %) of GPP is lost through autotrophic respiration (Demars et al., 
2015), then net primary production is 135 (54–217) g C m− 2 year− 1. The 
annual growth of J. bulbosus was therefore 2.4 (1.0–3.8) times the 
average standing biomass of J. bulbosus over the reach (57 ± 8 g C m− 2). 
This suggests some continuous plant mass loss through hydraulic stress 
and natural mechanical break of stems (Dawson, 1976; Dawson, 1980). 
Plant photosynthesis contributes to regulate carbon fluxes in rivers and 
should be better incorporated into river C cycle and transferred into 
aquatic ecosystem services. 

5. Conclusion 

The photosynthetic rate of J. bulbosus throughout the year in the 
River Otra could be determined from a simple light-temperature model. 
More studies should consider theoretical approaches in applied ecology 
with a priori predictions, because empirical statistical analyses with a 
posteriori results are not always easy to interpret. Our ability to predict 
aquatic plant photosynthesis under varying climate and management 
scenarios provides the means to integrate river functions into the 
assessment of aquatic ecosystem services. This is particularly relevant to 
major policies such as the EU Biodiversity Strategy and the UN Sus-
tainable Development Goals, where ecosystem services play a central 
role. 

Supplementary data to this article can be found online at https://doi. 

Fig. 9. Changes in gross primary production (GPP, green line) and proportion of biomass at equilibrium Beq (black lines) derived from light-temperature model with 
scenarios of plant harvest (50–99 %). Blue squares with standard errors illustrate observed proportional changes in plant biovolume in area affected by mechanical 
removal in June 2020 (2 % of the area of Rysstad basin). 
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