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majority of permanently submerged species can supplement their inorganic car-
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was close to air saturation during summer, whereas sites with no lake influence

tions over the past 40 years has marginal influence on CO, concentrations in the
streams.

3. In lake outlets with low CO, concentrations, calculations on 33 stream spe-
cies showed essentially no underwater photosynthesis by temporarily sub-
merged terrestrial species, low rates by amphibious species, and high rates by
permanently submerged bicarbonate users. Underwater photosynthetic rates
increased at sites with high CO, concentrations (no lake influence): they were
lowest for terrestrial wetland species (mean 1.8 mg O, g dry weight™* hr'}), fol-
lowed by homophyllous (3.0) and heterophyllous amphibious species (5.6), and
highest among permanently submerged species (15.0). Terrestrial and amphibi-
ous species grew very slowly when CO, levels were low, but rapidly in CO, rich
water, or when in contact with air above the water's surface. Decreasing CO,
concentrations from upstream to downstream caused lower photosynthesis
rates of amphibious species, while photosynthesis by bicarbonate users was
consistently high.

4. The relative abundance of terrestrial and amphibious species decreased sig-
nificantly as CO, resources decline from upstream to downstream, while the

abundance of permanently submerged species increased as streams progressed.
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However, plant abundance as a function of CO, concentrations did not differ

markedly among the plant groups.

. We conclude that photosynthesis and growth of species of different plant types

under controlled experimental conditions resembling high in situ nutrient availa-
bility are closely related to inorganic carbon supplies, while their representation
in plant assemblages is influenced by the spatially and temporally highly diverse
ecological conditions from upstream to downstream in the mostly CO,-rich low-

land streams.

. Submerged terrestrial and amphibious species restricted to CO, use for pho-

tosynthesis can partly escape the slow gas diffusion under water by growing in
very CO,-rich streams and having apical leaves in contact with air. Thus, strong
restrictions on their growth and existence should be identified at sites where
CO, concentrations are consistently low and no air contact is possible, while co-
limitation by nutrients is likely to be marginal.

Generally, rising atmospheric CO, is irrelevant to photosynthesis of permanently
submerged plants because of their ability to use bicarbonate and the high CO,
supersaturation in most stream sites. In contrast, photosynthesis and growth of
amphibious and terrestrial plants under water are highly dependent on CO, con-

centrations varying from close to air saturation in lake outlets to supersaturation

in headwaters.

KEYWORDS

1 | INTRODUCTION

Streams are open windows for carbon dioxide (COZ) emissions to the
atmosphere due to the commonly observed 5-15 times greater CO,
supersaturation in the water than in air (Cole et al., 2007; Rebsdorf
et al., 1991). Extensive research has shown the significance of
stream emissions in stream networks and in regional and global car-
bon budgets (Lauerwald et al., 2015; Sand-Jensen & Staehr, 2012;
Wallin et al., 2013). It has become apparent that the CO, concen-
trations driving emissions are highly variable among sites and over
time due to changing input and output along the stream network
determined by a combination of physical, chemical, and biological
processes (Neal et al., 1998; Stets et al., 2009; Wallin et al., 2011). In-
stream CO, concentrations are often highest at upstream sites fed
by CO,-rich groundwater with declining concentrations downstream
due to an increase in water residence time accompanied by ongo-
ing emissions to the atmosphere mediated by water turbulence and
consumption in photosynthesis (Finlay, 2003; Maberly et al., 2015;
Neal et al., 1998). The CO, decline is even larger during passage
through eutrophic lakes located in the stream network. While CO,
is highly supersaturated upstream of lakes, phytoplankton photo-
synthesis in lakes reduces outlet CO, concentrations to below or
near the air equilibrium; also known as air saturation (Sand-Jensen
& Staehr, 2012). The observed spatial variability of CO, concentra-
tions may have a strong influence on photosynthesis, growth, and

amphibious plants, bicarbonate users, CO, limitation, obligate CO,, users, stream macrophytes

biodiversity of plants growing under water, as many stream plants
are restricted to CO, use. This contrasts with plants capable of using
bicarbonate (HCO3) to supplement their inorganic carbon demand
by different biochemical investment in enzymes and membrane
transporters, ensuring higher internal CO, concentrations and more
efficient carboxylation (Maberly & Madsen, 2002). Despite CO, su-
persaturation, which is common in streams, obligate CO, users may
have difficulty taking up much underwater CO, because gas diffu-
sivity is low (Madsen & Sand-Jensen, 1987). Thus, coupled to the
CO, variability, we expect a decrease in underwater photosynthe-
sis of obligate CO, users along the streams, while HCOj users can
maintain photosynthesis at about 30%-40% of maximum photosyn-
thesis in alkaline water at very low CO, concentrations (Madsen &
Maberly, 1991; Madsen & Sand-Jensen, 1987; Sand-Jensen, 1983).
The present synthesis and new quantitative analysis draw on data
and insights from Danish researchers and international associates
who have studied inorganic carbon sources in streams and their use
in photosynthesis and growth of stream plants for almost 40 years
(e.g. Manolaki et al., 2020; Sand-Jensen, 1983). Throughout the 40-
year period, the streams under investigation had high average CO,
concentrations (c. 140-170 uM): 7.9-9.2-fold supersaturated relative
to air-saturated water (Rebsdorf et al., 1991). Compared to these
levels, the increase in dissolved CO, concentrations at air saturation
by 20% (c. 15-18 uM) between 1983 and 2020 due to the rise of
CO, in the atmosphere (c. 343-412 patm) is minor. Thus, the rise of
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atmospheric concentrations did not influence the CO, gradient from
stream water to air, and observed changes of stream CO, concen-
trations in certain regions were caused by changes in land use (e.g.
acidification of the groundwater due to nitrification of ammonium
applied as fertiliser; Rebsdorf et al., 1991).

Concerning the possible influence of nutrient sources, Denmark
is a lowland country with fertile soils and intensively cultivated
cropland occupying the majority (60%) of the land area, while nat-
ural areas and forests occupy much less (<20%, Sand-Jensen &
Lindegaard, 2004). The streams draining natural areas are relatively
rich in dissolved inorganic nutrients (overall mean: 24 ug ortho--
P/L and 840 pg ammonium + nitrate-N/L), while farmland streams
are very nutrient rich (80 pg P/L and 5700 ug N/L; Sand-Jensen &
Lindegaard, 2004). Tissue concentrations of nitrogen and phospho-
rus in vascular stream plants are high; Kern-Hansen and Dawson
(1978) found no indication of biomass yield limitation by nutrients in
19 streams. Cavalli et al. (2015) evaluated potential growth rate lim-
itation of 13 species collected from many Danish streams. Applying
the experimentally derived tissue thresholds of 2% N and 0.2% P of
dry weight (DW) for 95% maximum growth rate (Colman et al., 1987,
Demars & Edwards, 2007; Gerloff & Krombholz, 1966), they found
tissue concentrations markedly above the thresholds for all sub-
merged species, while only a few samples of terrestrial and amphib-
ious species were below the thresholds. Experiments on submerged
plants in a groundwater-fed stream by nutrient amendment or root
removal consistently found high tissue concentrations (i.e., 2.5%-
3.4% N and 0.53%-0.70% P of DW) and no influence on growth
rates (Madsen & Cedergren, 2002). Thus, nutrients do not appear
to influence the growth rate and spatial distribution of submerged
plants in the majority of Danish streams, while in few instances am-
phibious and terrestrial species may be nutrient limited. In contrast,
extensive experiments over the years have shown the influence of
dissolved inorganic carbon on photosynthesis and growth of stream
plants (e.g., Maberly & Madsen, 2002; Madsen & Maberly, 1991;
Manolaki et al., 2020; Riis et al., 2009; Sand-Jensen, 1983; Sand-
Jensen & Frost-Christensen, 1998, 1999). Measurements of CO, and
HCO; concentrations in 50 Danish stream networks offer an oppor-
tunity to evaluate, under field conditions, the experimentally tested
performance of plant species that differ in their modes of carbon
acquisition.

About 170 vascular plant species exist under water in Danish
streams, corresponding to about 10% of the native national spe-
cies pool (Riis et al., 2001). About 75 of these species are primar-
ily terrestrial (i.e., secondary water plants) that grow in streams for
some period (Sand-Jensen et al., 1992). Stream environments also
include 45 species of amphibious plants with either the same (ho-
mophyllous) or different (heterophyllous) leaf form in air and under
water. Differences of the cuticle and the epidermis wall result in
higher CO, conductance in aquatic photosynthesis for leaves accli-
mated to water as opposed to air (Frost-Christensen & Floto, 2007,
Frost-Christensen et al., 2003). Heterophyllous species with strap-
formed, or filamentous aquatic leaves may have higher photo-
synthesis rates than homophyllous species with broader leaves
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(Mommer et al., 2005). Danish streams host 50 species that are
permanently submerged, and most of these can use HCOj (Sand-
Jensen et al., 1992). We examined the responses of species from
these four plant groups (terrestrial, amphibious-homophyllous, and
amphibious-heterophyllous, and permanently submerged HCO;
users) to variable CO, concentrations among stream sites to evalu-
ate their photosynthesis and growth. Species representing the four
plant groups are shown (Figure 1).

The ability of terrestrial and amphibious plants to persist under
water enables them to occupy the spaces where stream's water level
fluctuates widely, leaving plants to alternate between submergence
and air exposure (Riis et al., 2001; Winkel et al., 2016). Moreover, in
the small shallow streams, plants grow from small individuals under
water in winter and spring to tall individuals exposed to air later
during summer and autumn (Voesenek et al., 2004). Both plant types
acclimate to shifts between air and water by forming new leaves that
use CO, to photosynthesise more efficiently in the environment to
which they are exposed (Frost-Christensen et al., 2003; van Veen &
Sasidharan, 2021).

The distribution of plant species is influenced by interrelated
geomorphological and environmental conditions and interacting
biotic processes (Baattrup-Pedersen & Riis, 2004). This complex-
ity gives rise to extensive variation in the composition of plant as-
semblages among stream sites (Demars & Harper, 2005). Increase
in width and water depth probably reduces the proportions of ter-
restrial and amphibious species relative to permanently submerged
species from shallow headwaters with closer contact with land and
air compared to deeper downstream sites with weaker contact.
Moreover, changes in temperature, substratum, and water clarity
among sites influence the plant assemblages (Baattrup-Pedersen &
Riis, 2004). Within this complexity of interacting factors, we exam-
ined whether the form of inorganic carbon used for photosynthesis
influenced plant assemblages.

In an earlier study, we examined the abundance of plant
groups along 208 reaches in 40 Danish streams (Riis et al., 2001).
Permanently submerged and amphibious species had high and
almost similar plant cover (45% and 38%, respectively), but pri-
marily terrestrial species were present as well (17%). Among the
10 most frequent species, seven species were amphibious and
Sparganium emersum, Callitriche platycarpa, and Callitriche copho-
carpa were the most common overall (Riis et al., 2000). Callitriche
species form floating leaf rosettes in shallow water during summer,
gaining access to atmospheric CO, (Madsen & Breinholt, 1995).
Sparganium emersum, which resembles the anatomy and morphol-
ogy of Vallisneria americana, may offer a transport pathway from
roots buried in CO,-rich organic sediment, through air lacunae, to
leaves (Winkel & Borum, 2009). Thus, supplementary CO, supplies
from air or sediment may influence the distribution of Callitriche
and Sparganium.

The overall goal of this synthesis is to combine earlier extensive
experimental data on photosynthesis and growth of many stream
species of four plant types with new findings related to their mea-
sured abundance and calculated performance at stream sites with
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FIGURE 1 Species representing the four different plant groups in Danish streams. (a) Primarily terrestrial species (secondary water
species), Chrysosplenium oppositifolium with basal leaves under water and apical leaves in air in a small, very shallow stream (about 0.1 m
deep). (b) Homophyllous amphibious species, Berula erecta with basal leaves under water and some apical leaves in air in a small stream
(about 0.9 m deep). (c) Heterophyllous amphibious species, Sparganium emersum with strap-formed submerged leaves, floating leaves, aerial
leaves, and an inflorescence in a deeper stream (about 1.1 m deep). (d) Permanently submerged species, Potamogeton lucens in a very deep
stream (about 3 m deep). Photos by Jens Christian Schou, shown with permission

widely divergent CO, and HCOj concentrations. Specifically, our
first hypothesis was that underwater photosynthesis increased
from terrestrial, over amphibious to permanently submerged spe-
cies. We made these determinations by combining CO, and HCO;
concentrations at many sites with photosynthesis of 33 species
as measured in the laboratory at ambient field concentrations of
inorganic carbon as well as very low and very high CO, concen-
trations. The second hypothesis was that photosynthesis of 11 in-
tensively studied amphibious or permanently submerged species
would gradually decrease in water simulating inorganic carbon
conditions in headwaters, upstream and downstream of lakes. The
third hypothesis was that the daily metabolic balance would match
the directly measured growth rates, under water and in air, of eight
rooted species of CO, users and 12 species of HCOj users. Finally,
the fourth hypothesis was that the abundance of plant groups
was related to site dimensions and CO, concentrations along the
stream network. The possibility of co-limitation by nutrients is
also discussed.

2 | MATERIAL AND METHODS

2.1 | Study design

Our synthesis and quantitative analyses use numerous data from
almost 40 years of field measurements and experimental studies
in Danish lowland streams. The analyses can be grouped as: (1) in-
organic carbon concentrations at 236 sites in 50 lowland streams;
(2) photosynthetic response to inorganic carbon of 33 plant species

tested at low, ambient, and high CO, concentrations (Sand-Jensen
et al., 1992) and 11 species tested at multiple CO, and HCOj con-
centrations (many papers); (3) relative growth rates (RGRs) of eight
amphibious species in air and under water and 12 species of per-
manently submerged species measured at multiple CO, and HCOj
concentrations (many papers); (4) relative abundance of stream
plants at 159 of the sites in (1) (Baattrup-Pedersen & Riis, 2004; Riis
et al., 2000).

2.2 | Inorganic carbon availability in the field (1)

Bicarbonate and CO, concentrations were measured in samples
collected in the morning (8:00-11:00) during mid-summer in 50
Danish lowland, high-alkalinity streams. The majority of sites
(203) had no or distant influence of lakes, while 33 sites were
located downstream of lakes. Along 13 streams, HCO; and CO,
concentrations were measured at the upper reaches of headwa-
ters as well as immediately upstream and downstream lakes in the
stream network in the morning and the afternoon (14:00-17:00)
on the same day. Water temperature, pH, specific conductivity,
and total alkalinity (Gran titration; Sand-Jensen & Staehr, 2012)
were used to calculate dissolved inorganic carbon (DIC, sum of
[CO,], HCOS], and [CO%‘]), HCOj, and CO, according to Mackereth
(1978). Total alkalinity averaged 2.80 meq/L and no streams had
high humic content, ensuring reliable calculations of DIC, HCO;,
, and CO, (Abril et al., 2015); 94% of all CO, measurements were
below 50 uM in 33 lake outlets and below 300 uM at 203 sites
with no lake influence. These CO, thresholds correspond to about
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3- and 18-times supersaturation of the stream water relative to air

saturation (c. 17 uM).

2.3 | Photosynthetic response to inorganic carbon:
Laboratory analysis (2)

Several papers have examined the photosynthetic response to
variable inorganic carbon supply in laboratory experiments with
plant species collected from Danish streams during summer (e.g.,
Baattrup-Pedersen et al.,, 2013; Frost-Christensen et al., 2003;
Madsen, 1984; Madsen & Breinholt, 1995; Madsen & Maberly, 1991;
Madsen & Sand-Jensen, 1987; Sand-Jensen, 1983; Sand-Jensen &
Frost-Christensen, 1998, 1999; Sand-Jensen et al., 1992; Vadstrup &
Madsen, 1995). All experiments were performed under well-stirred
conditions at relatively high photosynthetic irradiance (>400 umol
photons m™2 s}, 400-700 nm). Incubation temperature was mostly
15°C, close to the mean summer temperature for Danish streams.
In a few cases, incubation temperature was 12 or 20°C; one ex-
periment on Callitriche cophocarpa from a spring-fed brook used the
ambient temperature of 8°C (Madsen & Maberly, 1991). Laboratory
conditions thus intended to replicate natural conditions, but no fur-
ther attempt was made to correct for the influence of variable water
temperature on the rate of photosynthesis.
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2.3.1 | Thirty-three species from four plant

groups (2)

The most comprehensive experimental study measured photo-
synthesis of 33 species collected from eight streams (Sand-Jensen
et al.,, 1992). Most collections and incubations (c. 80%) were with
species from high alkalinity (4.16-4.74 meq/L) and CO,-rich waters
(215-260 uM). Experiments were conducted at 15°C in ambient
water at unaltered pH and reduced pH by HCI addition to elevate
the CO, concentration (800 uM, Sand-Jensen et al. (1992)). The
CO, compensation point, where photosynthesis compensates for
respiration and oxygen exchange is zero, was calculated from end-
pH and DIC in drift experiments (Maberly & Madsen, 1998). End
pH was also measured for HCOj users, which seem to offer a CO,
compensation point that reflects the combined influence of low
CO, (<0.5 uM), high pH (>10.2), and reduced HCOj; concentration
relative to CO?. In addition to the 33 species, photosynthesis was
measured at many CO, concentrations on one species from each
of the four plant types of interest in the current study (figure 6 in
Sand-Jensen et al. (1992)).

All measurements show that photosynthesis by CO, users in-
creased in linear proportion to CO, at low concentrations (Figure 2).
The slopes of photosynthesis versus CO, concentration for the
two intervals between the CO, compensation point and either
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the ambient or the highly elevated CO, concentration (800 uM)
were quite similar for all 23 non-permanent underwater species
(Figure S1). However, slopes became slightly steeper and the differ-
ence between the slopes for the lower and higher CO, concentra-
tion interval, respectively, decreased from the photosynthetically
less active terrestrial species to the more active heterophyllous
amphibious species. The relationship for the lower concentration
interval was used in all calculations of mean photosynthesis across
the 236 field sites with available CO, concentrations. This lower CO,
interval covers 90% of concentrations observed in the field.
Photosynthesis of HCO3 users does not stop as CO, approaches
very low concentrations at high pH (about 1-2 uM at pH 9.2-9.5),
but typically continues by use of HCOj up to pH 10.2-10.8 (Maberly
& Madsen, 1998). In detailed measurements on six HCO; users,
the photosynthetic rate extrapolated to zero CO, averaged 35.8%
(SD £5.7) of maximum photosynthesis (P__ ; Sand-Jensen, 1983;
Madsen & Sand-Jensen, 1987; Madsen & Maberly, 1991; Sand-
Jensen et al., 1992). For the 10 HCO; users tested only at two con-
centrations, i.e., ambient and high CO, of 800 uM that saturated
photosynthesis (Sand-Jensen et al., 1992), the extrapolation to zero

CO, yielded a similar mean value (35.3% of P__ ). Thus, we used the

max
equation for photosynthesis for the interval between CO, in ambi-
ent water and 800 uM to calculate the range of photosynthesis for
all species at the 236 sites. Subsequently, we calculated mean and
median values of photosynthesis for species and plant types among

the 33 lake outlets and the 203 sites with no lake influence.

2.3.2 | Eleven species studied in detail (2)

The rate of photosynthesis has been measured at a wide vari-
ety of CO, and HCOj concentrations for 11 representatives of
the four plant types that are found in Danish streams (Madsen &
Maberly, 1991; Madsen & Sand-Jensen, 1987; Sand-Jensen & Frost-
Christensen, 1998, 1999; Sand-Jensen et al., 1992). We calculated
their photosynthetic rate in the morning and afternoon in reaches in
headwaters where CO, concentrations are particularly high, as well

as upstream and downstream of lakes in 13 stream networks.

2.4 | Daily metabolic balance and growth rates (3)

Both photosynthesis and respiration by three amphibious CO,
users were measured in carbon units for above-ground shoots col-
lected from three streams (Sand-Jensen & Frost-Christensen, 1999).
Laboratory conditions replicated the assumed natural conditions of
12 hr of photosynthesis at high illumination at the field sites and
12 hr of dark respiration, and the data gathered were used to deter-
mine the daily metabolic balance between formation of organic car-
bon by photosynthesis and loss by respiration. This daily metabolic
balance was converted to the RGR by, firstly, assuming that organic
carbon comprised 40% of the plant DW and, secondly, calculating
the daily biomass increments (i.e., the daily metabolic balance, AB)

relative to the biomass the day before (B). In this case, the period (T,

days) for calculation in the general formula is 1 day:
RGR (d7*) =In((By + AB)/By) /T

The calculated daily metabolic balance and its conversion to RGR
do not subtract the costs of producing and sustaining the root sys-
tem. However, these measures provide an indication of the ability
of the species to grow and survive in a variety of field conditions.
The growth estimates were compared with direct measurements
of RGR of entire plants among the same amphibious species and
five additional amphibious species. Moreover, RGRs of 12 perma-
nently submerged species were measured under different levels of
inorganic carbon supply in water and atmospheric air over several
days (T, e.g., Madsen, 1993; Madsen & Breinholt, 1995; Madsen
& Brix, 1997; Madsen & Cedergreen, 2002; Madsen & Sand-
Jensen, 1987; Manolaki et al., 2020; Pedersen & Sand-Jensen, 1997;
Riis et al., 2009; Sand-Jensen & Frost-Christensen, 1999).

25 |
sites (4)

Observed plant abundance among stream

Abundance of species and plant groups were measured at 159
sites in 30 Danish lowland streams based on quantitative analyses
of species cover in more than 40,000 quadrats (0.2 x 0.2 m); ap-
proximately 250 quadrats across the stream along a 100-m reach
(Baattrup-Pedersen & Riis, 2004; Riis et al., 2000). We coupled these
data to stream dimensions and CO, concentrations available for the
same sites collected at the same time as the vegetation analysis. At
each site, we created 10 transects, 10 m apart along a 100-m reach.
At each transect, we recorded water depth and species cover for
every 0.2-m interval from shore to shore. These measurements were
used to calculate the species cover and the average wetted cross-
sectional areas (A, m?) for each reach. Dissolved nutrients are high
and saturating to plant growth in most Danish streams (Manolaki
et al., 2020). This implies that nutrient variability does not influence
the distribution of plant species among stream sites in these nutrient-
rich Danish streams and in other nutrient-rich lowland streams in
countries with intensive agriculture and dense human populations.
The percentage plant cover of species was analysed along the
stream network (Baattrup-Pedersen & Riis, 2004; Riis et al., 2000).
Individual species were combined into three categories: terrestrial
wetland species, amphibious species, and permanently submerged
species. The two types of amphibious species (homophyllous and
heterophyllous) were combined into a single category to ensure a
more robust analysis as homophyllous species had a relatively low
abundance. In addition, the abundances of Callitriche spp. (mainly
C. platycarpa and C. cophocarpa) and Sparganium spp. (primarily
Sparganium emersum and secondarily Sparganium erectum) were
calculated separately as they may exhibit a contrasting preference
for air contact that may influence their distribution. Callitriche spp.
form floating leaf rosettes in shallow water, whereas submerged
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populations of Sparganium spp. in deeper water form long, strap-
shaped leaves. Sparganium spp. were also combined or kept sepa-
rate from permanently submerged species. The distributions of plant
groups and species were analysed in relation to both wetted area
and CO, concentration along all sites.

2.6 | Statistics

We tested the importance of stream site dimensions (wetted area)
and CO, concentrations on relative occupancy (response variable,
proportion) of the three plant groups using beta-regression model-
ling. Beta-regression is suitable for regression problems when the re-
sponse is continuous and bounded between 0 and 1, and avoids the
potential drawbacks associated with alternative analysis (i.e. trans-
formation of the response variables followed by linear regression;
Cribari-Neto & Zeileis, 2010). Wetted area and CO, concentrations
(predictor variables) were log,-transformed to improve normality.
To avoid values of exactly O or 1, proportions were transformed as
described in Douma and Weedon (2019). Candidate models were
compared using the Akaike information criterion with correction for
small sample sizes. Beta-regression models were fitted using the be-
tareg R-package (Cribari-Neto & Zeileis, 2010; R Core Team, 2021).

3 | RESULTS

3.1 | Stream water CO, and HCO; (1)

Carbon dioxide and HCO; concentrations varied markedly between
stream sites located in lake outlets and sites with no lake influence.
In 33 lake outlets, the CO, concentration averaged 18.4 uM (median
12.8 uM) and the water was below air-saturation in 60% of measure-
ments (Figure 3). Measurements at 203 sites with no lake influence
showed a mean CO, concentration of 147 uM (median 121 uM), and
the water was supersaturated in all cases. The HCOj concentration
was lower in lake outlets (mean 1.44 mM) compared with sites with
no lake influence (mean 2.41 mM), hence the molar concentration of

CO, relative to HCO; was much lower in lake outlets (mean 1.3%)
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compared with sites with no lake influence (9.2%). Low concentra-
tions of CO, and low proportions relative to HCOj in lake outlets
suggest that the ability of submerged species to use HCO; may be
particularly important here.

3.2 |
sites (2)

Photosynthesis across all species and stream

Mean photosynthesis measured in ambient water from the collec-
tion sites increased gradually from the terrestrial, over the amphibi-
ous, and to the permanently submerged species reaching a 7-fold
difference (Figure 4). The CO, compensation point dropped in the
same order, from mean concentrations close to air saturation for
terrestrial wetland species (16.8 uM), over slightly under-saturated
concentrations for the two types of amphibious species (11.8 and
8.4 uM), to concentrations close to zero for permanently submerged
HCOj users (0.3 uM) reaching pH of 10.2-10.8 in pH-drift experi-
ments (Maberly & Madsen, 1998). These patterns accord with the
first hypothesis.

Photosynthesis averaged across 203 sites with no lake influence
and among species belonging to the four plant types also increased
gradually from terrestrial species (1.8 mg O, g DW™ h™?), over ho-
mophyllous (3.0) and heterophyllous amphibious species (5.6), to
permanently submerged species (15.0, Figure 5). Overall, terrestrial
species performed poorly under water at stream sites with low CO,
concentrations due to strong CO,-related constraints on their pho-
tosynthesis, while amphibious species attained appreciable photo-
synthesis and permanently submerged species did even better, due
to their use of HCO;. The performance also varied considerably
among species within each plant group. Cardamine amara, a terres-
trial wetland species, performed as well as many amphibious species,
and some homophyllous amphibious species did as well as some het-
erophyllous amphibious species.

The difference in aquatic photosynthesis among plant groups
was even more pronounced when photosynthesis was compared
across 33 lake outlets with low CO, concentrations (Figure 5). Mean
photosynthetic rates of the three groups of obligate CO, users were

close to zero (0.08 for terrestrial, 0.19 for homophyllous amphibious,
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P, (mg 0, gDW " h™) COy,comp (MM)

Equisetum fluviatile 4
Phragmites australis A
Sium latifolium A
Epilobium hirsutum -
Carex elata -
Chrysosplenium alternifolium 4
Ranunculus repens -
Solanum dulcamara -
Barbarea stricta -

Poa pratensis A
Cardamine amara -
Glyceria maxima
Myosotis laxa -
Catabrosa aquatica -
Veronica anagallis—aquatica -
Veronica beccabunga -
Berula erecta A

Myosotis palustris -
Callitriche cophocarpa -
Sparganium emersum -
Callitriche stagnalis -
Sagittaria sagittifolia -
Sparganium erectum A
Lemna trisulca
Potamogeton perfoliatus -
Potamogeton friesii -
Ranunculus trichophyllus A
Elodea canadensis -
Potamogeton crispus
Potamogeton pectinatus
Ranunculus circinatus -
Ranunculus peltatus A
Ranunuculus aquatilis -

Species

-
o

N
o
w
o
N
o

40 60

Plant group

. Terrestrial

. Amphibious homophyllous
. Amphibious heterophyllous
. Submerged bicarbonate-users

FIGURE 4 Photosynthesis in ambient water (left panel) and CO, compensation point (right panel) of species belonging to four plant

groups. Calculated from data in Sand-Jensen et al. (1992)

and0.44mg O, g DW™ h™* for heterophyllous amphibious species),
while permanently submerged HCOj users performed well (11.4 mg
0,8 DW™ h™). The mean percentage of photosynthetic rates in
lake outlets, relative to sites without lake influence, was O for ter-
restrial species, 6% for homophyllous amphibious species and 8%
for heterophyllous amphibious species, while the percentage was
high (72%) for permanently submerged HCOj users. It is evident that
CO, users can barely photosynthesise when submerged at the low
CO, concentrations immediately downstream of lakes, even when
exposed to summer sunshine, while HCOj3 users do well. These pat-
terns accord with the second hypothesis.

3.3 | Eleven species in stream-lake networks (2)

We calculated the CO, and HCOj concentrations as well as the per-
formance of 11 intensively studied species in the morning and in the
afternoon along 13 stream networks. In lake outlets, median CO,
concentrations were markedly below air saturation in the morning
(8.6 uM) and more so in the afternoon (5.5 uM), although a few lake
outlets were supersaturated (Figure 6). Inmediately upstream of the
lakes, median CO, concentrations in both morning and afternoon
were about 6-fold supersaturated (97 and 87 uM) and headwaters
were about 12-fold supersaturated (188 and 195 uM). At high CO,
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FIGURE 5 Mean photosynthesis of
species within four plant groups for 33
lake outlets (green) and 203 stream sites
with no lake influence (blue). The median
(diamond) is shown for all species within
plant groups. Calculated from data in
Sand-Jensen et al. (1992)
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concentrations in upstream sites and headwaters, differences in
morning and afternoon CO, were small.

In lake outlets, medians of calculated net photosynthetic rates
of CO, users were close to zero; they were mostly positive in morn-
ing hours due to higher CO, concentrations and negative in the
afternoon, when CO, concentrations were lower and respiration
exceeded gross photosynthesis (Figure 7). In certain lake outlets
with higher CO, concentrations, all CO, users attained positive
photosynthesis. The HCOj users did well in the lake outlets both in
the morning and in the afternoon. Their photosynthetic rates were

® Headwaters

between 9.9 and 152 mg O, g DW™ h™* and resembled the rates
calculated for the 10 HCOj users in 33 lake outlets (Figure 5). These
patterns supported the second hypothesis.

At sites immediately upstream of lakes, calculated photosyn-
thetic rates were positive for all CO, users and about 1.5-fold higher
in the morning (medians between 3.5 and 13.6) than in the afternoon
(20-9.6 mg O, g DW™ h™%; Figure 7). Bicarbonate users had higher
rates (medians 10-21.3mg O, g DW™ h™) that declined by only 10%
from the morning to the afternoon. In the headwaters, CO, concen-
trations and photosynthesis were consistently high; some CO, users
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é Berula erecta Il [ Jo} ® 0 ®
5‘;— Call cophocarpa - ®0 [ Jo) °
Sparganium emersum | A  Jo [ Je} ®
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FIGURE 7 Mean calculated photosynthesis of 11 species among four plant types in the morning (open point) and the afternoon (closed
point) in headwaters, distant from lakes, and upstream and downstream lakes in 13 stream networks. Data calculated from field data on
inorganic carbon and experimental photosynthesis data from Sand-Jensen (1983), Madsen and Sand-Jensen (1987), Madsen (1991), Madsen
and Maberly (1991); Sand-Jensen et al. (1992); Madsen and Breinholt (1995), and Sand-Jensen and Frost-Christensen (1999)

attained the same maximum photosynthetic rates here as HCO;
users (approximately 25 mg O, g DW™h™).

3.4 | Daily metabolic balance and relative growth
rate under water and in air (3)

For three common amphibious CO, users, Mentha aquatica, Myosotis
palustris, and Veronica anagallis-aquatica, data on the photosynthe-
sis-CO, relationship and dark respiration enabled calculation of the
daily metabolic balance for a 12-h light and 12-h dark cycle in 13
stream networks (Table 1). The mean daily metabolic balance for

the green shoots was negative in most lake outlets (-11 to =20 mg
0,8 DW™ day™): few individuals from these amphibious species
can survive if they are permanently submerged in these conditions.
However, in two of 13 lake outlets, CO, concentrations were higher
and the daily metabolic balance was positive (data not shown). At
the generally higher CO, concentrations upstream of the lakes, the
mean daily balance was positive (41-53 mg O, g DW ™ day™) for the
three species and even more so in the headwaters (107-143 mg O, g
DW ™ day™). Those positive metabolic balances for the green shoots,
without accounting for the respiratory cost of root systems, corre-
sponded to daily RGR of 38-49 x 1078 upstream of lakes and 95-
125 x 1072 in headwaters supporting the third hypothesis (Table 1).
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TABLE 1 Metabolic balances of three amphibious stream plants

Mentha Myosotis Veronica
Location aquatica palustris anagallis-aquatica
Headwaters 111 (+13) 107 (+11) 143 (+16)
No lakes 53 (+11) 47 (+10) 41 (+14)
Lake outlets -20 (+6) -11 (£5) -20(+7)

Note: Daily metabolic balance of three amphibious species in 13

stream networks in headwaters and at sites immediately upstream

and downstream of lakes. Calculated from CO, concentrations in

the morning and in the afternoon at the sites and measurements of
photosynthesis-CO, relations and dark respiration in experiments
(Sand-Jensen & Frost-Christensen, 1999). A 12-h light and 12-h dark
period was used for calculations. Mean values (+SEM) as mg O, g DW1?
day™.

Daily RGRs of rooted amphibious species measured in field and
laboratory experiments were negative or close to zero in water,
where CO, concentration is close to air saturation (20-25 uM),
while daily RGR increased to about 100 x 1072 in highly supersatu-
rated water (Figure 8). Daily RGRs resembled those calculated from
the metabolic balance (Table 1). Amphibious species’ RGR did not
change with HCOj concentration. Thus, the faster conversion to
CO, at higher HCOj concentrations through carbonate buffer re-
actions was not reflected by RGR. The HCOj users’ RGR increased
from low to higher concentrations of CO, and HCOj. Bicarbonate
users grew when CO, concentration was at the air saturation level,
and they grew faster as HCOj concentrations increased. For exam-
ple, Ranunculus aquatilis in air-saturated water and 0.55 mM HCOj
attained half of the maximum daily RGR of 63 x 1073 obtained when
HCOj exceeded 1.5 mM (Madsen, 1993). Increasing the CO, con-
centration 20-fold above air saturation (350 uM) raised the daily
RGR further (96 x 107%), indeed to the same level as achieved by
amphibious species at the same high CO, concentration (Figure 8).
This growth stimulation of HCOj users by elevated CO, at all HCOj
concentrations is consistent with the CO, stimulation of their pho-
tosynthesis (Figure 2; Maberly & Madsen, 2002).

The strong limitation of photosynthesis and growth that terres-
trial wetland and amphibious species experience in air-saturated
water vanishes when plants extend above the water's surface or
have a floating leaf rosette (Frost-Christensen et al., 2003; Madsen &
Breinholt, 1995; Sand-Jensen & Frost-Christensen, 1999). Thus, the
amphibious species attained daily RGR between 25 and 125 x 107°
with air contact, while values were very low (-8-25 x 10'3) when
completely submerged in water with low CO, close to air saturation
(Figure 8). In water supersaturated 25-30 times with CO, (i.e., 500~
600 uM), the species grew much better, although generally slower
than with air contact.

3.5 | Plant abundance along streams (4)

Combining all streams and sites, we analysed the influence of
site dimension (i.e., wetted area) and CO, concentration on plant

Freshwater Biology BV LEYJﬁ
o]

(a)
[ ]
150 A
. [ ]
N o °
° o o
% 100 4 c)o o
N 0© °
E:’ [ )
o 5049
° ° °
9 ) [ ]
0_ Y T T
[ ]
30 100 300 1000
CO, (UM)
Growth medium
o Air
e \Water
(b)
120 1 o o
° [ ]
—~ 901
i 't
© °
r?" °
g 60 - ge o ® . °
E ° ° : :
O °
X 30 °
[ ]
[ ]
[ ]
O. ....................................
0 1 2 3
HCO; (mM)

FIGURE 8 Daily relative growth rates (RGRs) of different species
as a function of CO, and bicarbonate concentrations in the water.
(a) Amphibious CO, users with (open point) and without (closed
point) air contact. (b) Permanently submerged bicarbonate users.
Data compiled from Madsen (1993), Madsen and Breinholt (1995),
Vadstrup and Madsen (1995), Madsen and Brix (1997), Pedersen
and Sand-Jensen (1997); Sand-Jensen and Frost-Christensen (1999),
Madsen and Cedergreen (2002); Riis et al. (2009), and Manolaki

et al. (2020)

abundance. The best beta-regression model included wetted area,
plant group, CO, concentration, and an interaction between wet-
ted area and plant group, showing that plant groups differed in their
response to site dimension (Table S1). The proportion of Callitriche
spp., all amphibious, and terrestrial species in the plant assemblage
decreased significantly with increasing wetted area downstream
(Figure 9a). In contrast, the populations of Sparganium spp. and sub-
merged HCOj users increased significantly downstream in wider
and deeper reaches. The scatter of data points in the relationship
of relative abundance of plant types to the wetted area was sub-
stantial (data not shown) due to extensive variations in location,
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FIGURE 9 Relative abundance of species and plant types in
the plant assemblages as a function of wetted area (a) and CO,
concentrations (b) along the stream network. Relative abundance
and wetted area at the sites are on logarithmic axes and data are
modelled using beta-regression. Based on field data on inorganic
carbon and wetted area and modified and re-calculated data on
plant abundance from Riis et al. (2001)

morphometry, and management, all of which are likely to co-vary
with the wetted area.

The distribution of CO, concentrations was strongly skewed to
high levels and only 14% of measurements were below 2.5-fold air
saturation (c. 45 uM) in the combined dataset for plant abundance
and CO, at field sites. Beta-regression modelling showed that the
influence of CO, concentration on plant abundance was similar for
the different plant groups (i.e., the interaction between the two was
not important; Figure 9b; Table S1). The relationship of plant group
abundance to site dimension supported the fourth hypothesis, while
the lack of significant spatial relations to underwater CO, did not.

4 | DISCUSSION

4.1 | Photosynthesis and growth of stream plants
All terrestrial and amphibious species were restricted to CO, use.
The CO, compensation point offers an immediate measure of the
ability to photosynthesise when the CO, concentration is close to
air saturation. When completely submerged in air-saturated water,
low photosynthesis prevents species from growing and surviving in
most cases (Madsen et al., 1996). Thus, the mean CO, compensa-
tion point of submerged terrestrial species (16.8 uM) was close to
the CO, concentration at air saturation leaving no photosynthetic
surplus. Moreover, the mean CO, compensation points of the two
amphibious plant types (11.8 and 8.4 uM) left little room for photo-
synthesis in air-saturated water to support the nocturnal respiratory
costs and enable growth. In contrast, the median CO, compensa-
tion points of leaves in the air were much lower for many of the
same terrestrial and amphibious species (2.6-3.6 uM) and the CO,
conductance (i.e. photosynthesis relative to CO, concentration) was
several-fold higher than under water, which ensured high photosyn-
thesis and growth with air contact (Nielsen, 1993).

In CO,-supersaturated water at stream sites with no lake influ-
ence, terrestrial wetland species obtained sufficient underwater
photosynthesis to survive, but not enough to grow well. However,
some terrestrial species and all amphibious species acclimate to sub-
mergence by increasing their CO, conductance (3-70-fold) through
the formation of thinner filamentous or narrower leaves and the
reduction of cuticle resistance (Frost-Christensen & Floto, 2007;
Mommer et al., 2005, 2006; Nakayama et al., 2017; Nielsen, 1993).
A few terrestrial species even attained higher underwater photo-
synthesis than amphibious species. The underwater photosynthetic
performance of terrestrial plants was generally lower than that of
amphibious plants, which was generally lower than permanently
submerged plants in accordance with our first hypothesis. However,
when observed from one species to the next, the change was grad-
ual and with some overlap between plant groups.

The heterophyllous amphibious, non-European species,
Hygrophila difformis have submerged filamentous leaves that appar-
ently are able to use HCOj; to some extent (Horiguchi et al., 2019).
Several species of heterophyllous European Ranunculus (e.g.,
R. aquatilis, Ranunculus peltatus, Ranunculus trichophyllus) have sub-
merged filamentous leaves as their main leaf form and are capable
of very efficient HCOjJ use. Although we classify the Ranunculus spe-
cies as submerged, when flowering, they form floating leaves with
stomata that take up atmospheric CO, and have a well-developed
cuticle to reduce transpiration (Nielsen & Sand-Jensen, 1993). Thus,
boundaries between plant groups are fuzzy, due to the gradual in-
traspecific and interspecific changes in leaf anatomy, morphology,
and physiology induced by phytohormones (e.g., abscisic acid and
ethylene) in response to either air or water exposure (van Veen &
Sasidharan, 2021).

In lake outlets with very low CO, concentrations, the submerged
terrestrial and amphibious species photosynthesised at only 0%-8%
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of the rates calculated at stream sites with no lake influence. In con-
trast, permanently submerged species capable of using HCOj at-
tained high photosynthetic rates at all stream sites, and rates for lake
outlets were only modestly lower (c. 70%) relative to those at stream
sites with higher CO, concentrations. These patterns correspond to
our second hypothesis. Thus, regarding underwater photosynthesis,
the HCOj users are superior to amphibious species at all streams
sites and particularly at low CO, concentrations in lake outlets.

The differences in aquatic photosynthesis and daily metabolic
balances of green shoots between CO, users and HCO3 users con-
cur with the daily RGR of rooted individuals in accordance with our
third hypothesis. Thus, the amphibious CO, users died or barely
survived in water close to air saturation irrespective of the HCO;
concentration, whereas the HCOj users grew well when the HCOj,
concentration surpassed the 1 mM level that is typical of alkaline
waters (Madsen, 1993; Madsen et al., 1996). In water highly super-
saturated with CO, (approximately 500-600 uM) both plant types
may attain high RGR (c. 0.1 day™) corresponding to a doubling of the
biomass within only one week. Amphibious species with the entire
shoot exposed to air or with air contact of a floating leaf rosette
(e.g., Callitriche cophocarpa) attained RGR of the same magnitude as
at very high CO, concentrations under water, implying that the high
diffusivity of CO, in air compensates for the low atmospheric CO,
concentrations and stimulates growth (Madsen & Breinholt, 1995).

The improved growth in air was confirmed for the amphibi-
ous species, Berula erecta, Mentha aquatica, and Myosotis palus-
tris in a comparison of 62 populations growing exposed to air and
in neighbouring stream populations under water (Sand-Jensen &
Jacobsen, 2002). Biomass and leaf production were about 4-fold
higher with air exposure compared with submergence. The reduced
performance under water can be explained mainly by lower CO, dif-
fusivity, but the lower light availability and higher pressure drag of
flowing water on plants and sediment, which causes shoot flapping,
shoot dislodgement, and sediment erosion, may reduce the biomass
aswell (Madsen et al., 1993; Sand-Jensen & Frost-Christensen, 1998).
Flowering, pollination, and seed production are also negligible for
most submerged amphibious species (Schou et al., 2017). The advan-
tages of submerged growth to amphibious species include expansion
of their niche into the water, escaping intense competition on land,
and surviving winter frost (Haslam, 2014). Flowing water also offers
easy downstream dispersal of vegetative propagules followed by col-
onisation (Andersson et al., 2000; Boedeltje et al., 2003; Riis, 2008;
Sand-Jensen & Frost-Christensen, 1999). The disadvantages of un-
derwater growth are balanced by advantages to the extent that
amphibious plants attain the same overall abundance as the perma-
nently submerged plants in the small, shallow streams in Denmark
and other European lowlands (Haslam, 2014; Riis et al., 2000).

4.2 | Influence of other environmental factors

Dissolved inorganic and total nutrient concentrations (inorganic + or-
ganic) were high in Danish streams in the 1990s and have remained
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high ever since, although slightly decreasing in the farmland streams
(Sand-Jensen & Lindegaard, 2004). Contemporary median concen-
trations of total nutrients in farmland streams (110 pg TP/L; 4.1 mg
TN/L) and in natural streams at sites with no lake influence (60 ug
TP/L; 1.0 mg TN/L; Thodsen et al., 2016) have remained above con-
centrations that are likely to induce limiting tissue concentrations for
maximum growth rate of submerged plants and the vast majority of
amphibious and terrestrial stream plants (Cavalli et al., 2015; Madsen
& Cedergren, 2002; Madsen et al., 1998). The same conditions apply
to nutrient-rich farmland streams throughout Europe (European
Environmental Agency, 2009). Among amphibious and terrestrial
species, Cavalli et al. (2015) reported a low proportion of tissue N
and P slightly below the critical threshold for maximum growth rate
suggesting the possibility of co-limitation by CO, and nutrients
under submerged conditions. However, photosynthesis under water
for these plant types virtually stopped by CO, limitation, which we
therefore regard as much more important than nutrient limitation.

A special situation exists in outlets from lakes where phyto-
plankton growth influences CO,, nutrients and water clarity. In 92
alkaline Danish lakes, divided into deep and shallow, and located
in calcareous catchments, the annual medians of nutrient (56 and
86 ug TP/L; 0.77 and 1.09 mg TN/L) and chlorophyll a concentra-
tions (18 and 42 ug/L) were high and Secchi-depths were moderately
low (0.9 and 2.0 m; Johansson et al., 2016). Although light limitation
may influence plant growth in lake outlets with deep water, most
lake outlets had shallow waters along the examined reaches (median
0.42 m). Moreover, concentrations of total nutrients were high, but
phytoplankton growth in the lakes during summer will reduce dis-
solved nutrients in outlets to low levels (Johansson et al., 2016). At
the same time CO, concentrations are particularly low in the lake
outlets and co-limitation of growth by light and nutrients is possible.
Nonetheless, the low CO, concentration remains particularly critical
for CO, users under water because it strongly decreases photosyn-
thesis and may prevent growth.

In nutrient-poor streams in uncultivated upland and moun-
tain regions, co-limitation of plant growth by inorganic carbon and
nutrients is more likely to occur. At many stations in the Scottish
River Spey catchment, median concentrations of dissolved inorganic
nutrients were extremely low (i.e., 1 ug ortho-P L% 13 ug NO,™ +
NH4+-N/L). However, only 7% and 19% of the foliar samples from
submerged vascular plants had concentrations below the standard
critical threshold for growth rate limitation by N and P, respec-
tively (Demars & Edwards, 2007). Thus, there is a possibility of
co-limitation by inorganic carbon and nitrogen under such nutrient-
poor conditions. It is not possible to evaluate the issue further due
to lack of field measurements of inorganic carbon and direct growth
experiments.

4.3 | Distribution of stream plant groups

The occurrence of terrestrial and amphibious plants (excluding
Sparganium spp.) decreased downstream with increasing stream
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dimension as the streams became broader and deeper. The op-
posite pattern, with occurrences significantly increasing down-
stream, was exhibited by permanently submerged species (with
or without Sparganium species) and selected groups of HCO3 users
(e.g., Potamogeton spp., data not shown). The representation of
species varied considerably among individual streams, probably
because plant distribution is strongly related to longitudinal con-
nectivity and associated means of dispersing and regenerating
the populations (Demars & Harper, 2005; Riis, 2008). The man-
agement regime (e.g., channelisation and weed cutting) that also
varies among streams markedly influences species distribution
(Baattrup-Pedersen et al., 2002; Baattrup-Pedersen & Riis, 1999,
2004) and contribute to high scatter when data are combined from
many sites and streams.

The observed positive relation of the abundance of terrestrial
wetland and amphibious species to narrow, shallow streams was
anticipated because these plants can easily expand into the water
from land. Moreover, their shoots can elongate and obtain air con-
tact in shallow water and thereby induce faster growth, compared
to the conditions in deep water further downstream. Also, deep
downstream sites usually have faster stream velocities than the
bushy amphibious species can tolerate and they cannot reach into
well-illuminated surface water as easily as permanently submerged
species can (Baattrup-Pedersen & Riis, 1999; Sand-Jensen, 2008).

Carbon dioxide concentrations decreased significantly at sites
located further downstream in stream networks in both our and
other studies (Maberly et al., 2015; Neal et al., 1998). This may con-
tribute to distribution patterns that indicate terrestrial and amphib-
ious preferences for the most CO,-rich headwaters, in contrast to
permanently submerged HCOj users that benefit from the deeper,
warmer downstream waters without being severely restricted by
the lower CO, concentrations (Demars & Trémoliéres, 2009). CO,
concentrations were predominantly high, but some sites had low
concentrations. Thus, the differences between species groups in
their abundance relative to CO, were not significant as we hypoth-
esised, and perhaps veiled further by the co-variation of CO, with
site dimensions. Although the influence of CO, on plant assemblage
composition was not significant in the studies under review here, its
influence is supported by two other studies. In a study of a complex
of many factors in upper catchments of the Danube and Rhine, the
CO, concentration was the best predictor of a plant community index
(Demars & Trémolieres, 2009). In a groundwater-fed stream, Maberly
et al. (2015) found that underwater populations of amphibious CO,

user, Berula erecta disappeared when CO, decreased downstream.

5 | CONCLUSIONS

This synthesis shows the pronounced influence of CO, and HCO;
concentrations on underwater photosynthesis and growth of stream
plants in experimental studies, and the potential importance of air
contact for amphibious plant growth. In contrast, the evaluations of
field distributions and abundances of plants are much less distinct,

probably due to the influence of multiple interrelated geomorpho-
logical and environmental conditions and interacting biotic processes
(Baattrup-Pedersen et al., 2013, 2016). Thus, the high occurrence of
amphibious species in small lowland streams is promoted by their
ability to expand from the transition zone between land and water
and disperse with the streamflow. Moreover, amphibious plants may
survive submerged during frosty winters, grow well at CO, super-
saturation in spring, and attain air contact, faster growth, and seed
production during summer. Once in the air, the importance of CO,
supply from the water diminishes. Site-characteristic stream dimen-
sions, steepness, and width of the land-water transition zone, as
well as dissolved inorganic carbon concentrations, may all influence
the occurrence of the different plant types and species in the stream
assemblages. Thus, while photosynthesis and growth of species of
different plant types under controlled experimental conditions are
shown to be closely related to inorganic carbon supplies, this was
not the case for their representation in plant assemblages under
spatially and temporally highly diverse ecological conditions in the
mostly CO,-rich lowland streams. A focused analysis of the influence
of stream CO, on submerged plant assemblages awaits measure-
ments encompassing the full CO, gradient under relatively similar
conditions of other environmental variables, almost resembling a

controlled experiment.
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