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Abstract

1.

Around the world, freshwater ecosystems are subjected to numerous stressors
that can alter community composition in favour of stress-tolerant species.
Because combinations of stressors often result in non-additive interactions, eluci-
dating responses to isolated and combined stressors is important to understand
the ecological responses to anthropogenic disturbance.

In this study, we explored the responses of common macrophyte species to two
stressors of increasing concern: elevated salinity from road salt applications and
turbidity from human recreational activities and shoreline development. The
independent and interactive effects of environmentally relevant salt concentra-
tions and turbidity on macrophyte productivity have received little attention. We
hypothesised that both stressors in isolation would reduce macrophyte produc-
tivity and that the two stressors combined will lead to a greater (i.e. synergistic)
reduction in productivity.

To test these hypotheses, we conducted dark- and light-bottle experiments on
seven species of native and invasive macrophytes under a factorial combination
of three salt concentrations (0, 500 and 3,000 added mg CI~ L™%) and two tur-
bidity conditions (clear and turbid via a disturbance to the sediment).

On average, macrophytes exhibited reduced productivity in response to
increased salt, but results were highly species-specific. Several species exhibited
a unimodal response to elevated salinity, whereas Elodea canadensis exhibited a
positive response to the high-salt treatment. Similarly, macrophytes exhibited an
average reduction in productivity under turbid conditions, but analysis of spe-
cies-specific responses revealed both neutral and negative responses. Combining
the two stresses yielded non-additive responses for some species. Specifically,
Myriophyllum spicatum appeared to suffer from the combination of salt and tur-
bidity, whereas Elodea canadensis and Ceratophyllum demersum benefited from
the combination.

Our results suggest that increased anthropogenic disturbance of freshwater
ecosystems can dramatically alter macrophyte species metabolism and might

stimulate the growth of some species while deterring the growth of others.
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1 | INTRODUCTION

For ecosystems subjected to anthropogenic or natural disturbances,
interspecific variation in stress tolerance is an important factor in
determining species composition (Lavorel & Garnier, 2002). In the
presence of such variation, the loss of one species can be compen-
sated by the growth of one or more tolerant species with similar
function (Yachi & Loreau, 1999). As an increasing array of stressors
threaten ecosystems, it is imperative to understand how such stres-
sors will affect individual species to improve management efforts
and mitigate anthropogenic damage. In addition, it is necessary to
explore the effects of isolated and combined stressors because com-
binations of stressors often interact in non-additive ways that are
not predictable from responses to isolated stressors (Coté, Darling, &
Brown, 2016; Darling & Coté, 2008). Moreover, the assessment of
only a few model species can often underestimate the amount of
variation in stress tolerance among species (Kerby, Richards-Hrdlicka,
Storfer, & Skelly, 2010). To account for these shortcomings and to
provide generality in our conclusions, we need studies that explore
the effects of isolated and combined stressors on many species.

Throughout the world, freshwater food webs are responsible for a
variety of services (e.g. irrigation, water purification, recreation), yet
are among the most disturbed environments (Dodds, Perkin, & Ger-
ken, 2013). At the base of freshwater food webs, primary producers
assume several roles that support aquatic communities and the sur-
rounding terrestrial systems. In particular, submerged and emergent
macrophytes provide an important energy and nutrient resource for
consumers and also provide a three-dimensional shelter for herbi-
vores and detritivores (Brix, 1994; Burks et al., 2006; Carpenter &
Lodge, 1986; Jeppesen, Sondergaard, Sondergaard, & Christofferson,
2012). Macrophytes can also alter sediment structure, create sub-
strate for epiphyton growth, adsorb chemical contaminants and
increase water clarity by filtering out sediment particles (Brogan &
Relyea, 2015, 2017; Jeppesen et al., 2012). Consequently, changes in
macrophyte growth or abundance can have substantial bottom-up
effects on food webs and buffer them against human-derived distur-
bances, such as terrestrial erosion, overfishing and chemical pollution
(Brix, 1994). The extent to which macrophytes offer these buffering
effects will depend on their interspecific tolerance to stressors.
Hence, determining their tolerance is an essential step towards
improved management and conservation efforts.

Aquatic food webs are increasingly exposed to a diverse array of
chemical contaminants (Fleeger, Carman, & Nisbet, 2003; Relyea &
Hoverman, 2006; Schwarzenbach et al., 2006). Among northern lati-
tudes, pollution of fresh waters by chloride (Cl7) salts is becoming
an increasing problem due to the use of sodium chloride (NaCl) and
other chloride salts as a road de-icing agent during colder months
(Findlay & Kelly, 2011). Industrial salt use, groundwater irrigation
and wastewater discharge have added to the total CI~ concentra-
tions in fresh waters, which can reach up to 5,000 mg CI~ L tin
small wetlands and lakes following extreme storm events (Canedo-
Arglelles et al.,, 2016; Environment Canada 2001; Findlay & Kelly,

2011; Kaushal, 2016). Biological effects of ClI~ contamination are
likely to occur beyond USEPA-mandated chronic and acute thresh-
olds of 230 and 860 mg CI~ L, respectively (USEPA, 1988).
Although outflow and dilution often reduce chronic levels of salinity
after winter, field surveys have revealed spring and summer Cl~ con-
centrations up to 500 mg ClI~ L™! in temperate and boreal ponds
(Sadowski, 2002; Sriyaraj & Shutes, 2001), and this number is likely
to increase with further salt application. Such levels are unlikely to
induce plant mortality; field observations indicate that many com-
mon macrophytes can survive in waters with up to 4,000 mg soluble
salts L™! (Hart et al,, 1991). In addition, controlled greenhouse stud-
ies have indicated many common macrophytes species can tolerate
salinities up to 12,000 mg soluble salts L~ for at least three months
(Borgnis & Boyer, 2016; lzzati, 2016; James & Hart, 1993; Wang &
Ji, 2007). However, sublethal effects (e.g. reduced growth) are evi-
dent at far lower salt concentrations (Hart et al., 1991), likely due to
osmotic stress and difficulty in absorbing nutrients (Parida & Das,
2005). Given that such greenhouse studies lack the presence of
other natural and anthropogenic stressors, it is likely that combina-
tions of stressors might have synergistic interactions in natural
systems.

Elevated turbidity in freshwater systems is an additional stressor
of increasing concern that is likely to have a substantial impact on
macrophytes (Madsen, Chambers, James, Koch, & Westlake, 2001).
This process occurs because of activities that increase the amount
of particulate matter in water. For example, the maintenance of
shorelines for swimming or fishing can disturb sediments when
humans remove plants to clear an area (Strayer & Findlay, 2010).
Hardening of shorelines (e.g. building seawalls) and removal of large
riparian vegetation can also lead to increased wave energy which
increases terrestrial erosion and elevates turbidity. Boat traffic can
also have a substantial impact when propellers and anchors disturb
sediment, tear apart macrophytes and increase turbidity (Asplund,
2000; Liddle & Scorgie, 1980; Whitfield & Becker, 2014). In at least
one macrophyte species (Vallisneria americana), light limitation
induced by such sediment disturbances is known to negatively inter-
act with elevated salinity to reduce plant productivity (French &
Moore, 2003). However, an increase in water turbulence might also
increase the concentration of dissolved nutrients. In turn, this could
increase macrophyte productivity if the plants are tolerant of short-
term shading and elevated salinity, particularly if they can absorb
nutrients through leaf tissue (Crossley, Dennison, Williams, & Wear-
ing, 2002; Madsen & Cedergreen, 2002; Volkmann, Halbedel, Voss,
& Schubert, 2016). Hence, it is likely that the response of individual
macrophyte species will depend on their specific physiology, the
severity and duration of the physical disturbance, and the presence
of other stressors in the environment.

In this study, we examined the effects of salt contamination and
sediment disturbance on the productivity of seven species of native
and invasive macrophytes common to the north-eastern USA and
spanning taxonomic orders found throughout the world. We hypoth-
by NaCl

esised that elevated turbidity and contamination
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(manipulated as the concentration of CI~ L~%) would reduce macro-
phyte productivity. We further hypothesised that the combination of
the two stressors would lead to a greater reduction in macrophyte
productivity than would be expected from either stressor by itself
(i.e. the impact on productivity would be synergistic). To test these
hypotheses, we conducted dark- and light-bottle experiments on
seven different macrophytes species under a factorial combination

of three CI~ concentrations and two turbidity conditions.

2 | METHODS

2.1 | Macrophyte species

We conducted experiments on seven macrophyte species that are
common to freshwater lakes in the north-eastern USA. Potamogeton
robbinsii (Robbin's pondweed) is commonly found in muddy areas of
wetlands and is considered highly intolerant of anthropogenic distur-
bances (Beck, Hatch, Vondracek, & Valley, 2010). A field survey of
Canadian lakes rarely found it in waters with concentrations greater
than 3 mg CI~ L™ (Pip, 1987). Stuckenia pectinata (sago pondweed)
is a cosmopolitan plant found in both lentic and lotic systems. Given
that this species has been documented in both fresh and brackish
waters, S. pectinata is considered tolerant to moderate amounts of
anthropogenic disturbance (Davis & Brinson, 1980; Tiner, 2009),
although it appears to exhibit reduced growth rates above a salinity
of 5 g salt L™ (Borgnis & Boyer, 2016). Myriophyllum spicatum (Eura-
sian watermilfoil) is also cosmopolitan and is classified as highly inva-
sive, particularly in North America. Myriophyllum spicatum is more
tolerant to salt than many other freshwater macrophyte species
(Beck et al., 2010), although it also exhibits reduced growth with ele-
vated salinity (Haller, Sutton, & Barlowe, 1974; Wang & Ji, 2007).
Elodea canadensis (Canadian waterweed) and Elodea nuttallii (Ameri-
can waterweed) are both widespread throughout much of North
America and can survive in fresh and brackish waters. Little is known
regarding the effects of physical or chemical disturbance on E. nut-
tallii. Elodea canadensis is considered moderately tolerant to distur-
bances, although it is known to reduce photosynthetic rates above
100 mg CI~ L™t (Beck et al., 2010). Najas flexilis (slender naiad) can
be found in both fresh and brackish water and is considered moder-
ately tolerant to anthropogenic disturbances (Beck et al., 2010;
Davis & Brinson, 1980). Ceratophyllum demersum (American coontail)
is found throughout North American ponds and lakes, is found in
disturbed conditions (Davis & Brinson, 1980) and is tolerant up to a
salinity of 5 ppt (lzzati, 2016). Unlike the other macrophytes species
in our study, C. demersum is not rooted, although it can anchor itself
to substrate via leaf tissue. All other species are rooted but can
absorb nutrients through both roots and shoots, with the possible
exception of N. flexilis (Carignan & Kalff, 1980).

2.2 | Experimental design

We collected stems of each macrophyte species in summer 2016

immediately prior to beginning the trial on that species (i.e. no more
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than 48 hr prior to the starting time; Table 1). The locations of col-
lection are listed in Table 1. All specimens came from eutrophic lakes
according to nitrogen and phosphorus measurements of surface
water conducted by the New York Citizen Statewide Lake Assess-
ment Program (Collin’s Lake: 0.020 mg P L™%, 0.460 mg N L™%; Bur-
den Lake: 0.014mg P LY 0358 mg N L% Snyder's Lake:
0.029 mg P L%, 0.520 mg N L™2). We collected all specimens within
10 m of the shoreline. All collection sites were in developed areas
that experience substantial boat traffic, and therefore likely to expe-
rience turbid conditions. We collected stems with their roots by
gently pulling the stem from the base or scooping the soil under the
shoot. We immediately placed stems in a bucket with water from
their collection lake and transported them back to the laboratory,
where we held them in outdoor plastic wading pools filled with off-
gassed tap water until they were used in the experiment.

We conducted our experiment at the Rensselaer Aquatic Facility
in Troy, NY. Our experimental design included a fully factorial com-
bination of three added NaCl treatments (0, 500, and 3,000 mg
Cl~ L%, which corresponds to salinities of 0, 0.8 and 5.0 ppt,
respectively), and two turbidity treatments (turbid and non-turbid)
for each plant species. Because our goal was to calculate gross pri-
mary productivity (GPP), we accounted for both net primary produc-
tivity (NPP) and respiration by crossing all treatments with both a
light and dark treatment, for a total of 12 treatments for each
macrophyte species. We replicated each treatment five times for a
total of 60 experimental units per species. Each experimental unit
consisted of a 1-L glass jar filled to overflowing with water contain-
ing the appropriate ClI~ concentration. We conducted separate
experiments on the seven macrophyte species over 51 days
between the beginning of July and the end of August, for a total of
420 experimental units. For each experiment, we also created an
additional set of no-macrophyte controls for each treatment to
account for background NPP and respiration. We replicated each
control twice, which established an additional 24 experimental units
per experiment (i.e. an additional 168 experimental units) for a grand
total of 588 experimental units.

To avoid the potential introduction of macroorganisms other
than macrophytes, we thoroughly rinsed all shoots and roots prior to
their introduction into glass jars. After rinsing, we placed a single
plant shoot into a single jar along with 120 ml of sandy-loam soil,
which was enough to cover the roots. Chemical analysis from a sep-
arate experiment indicates that the addition of soil elevated the
nutrient content of the water to 51 pg total phosphorus Lt and
350 pg total nitrogen L' (K. Coldsnow, personal communication).
We used the same soil for each experiment and homogenised all soil
prior to placing it in the jar, so that the chemical composition of the
soil should not have affected the relative responses of plants within
and among experiments. We then filled each jar to the top with
water containing either ambient levels of CI~ (25 mg CI~ L™%; herein
referred to as low-NaCl) or amended with NaCl (Solar Salt, Morton
Salt) to 500 mg CI~ L~ or 3000 mg CI~ L™ (herein referred to as
intermediate- and high-NaCl, respectively). To minimise sediment
disturbance, we gently filled all jars using a siphon from a bucket
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TABLE 1 Species name, common name, collection location, planting date and trial date for the seven macrophytes species tested in this
study. The planting date refers to the date that we planted macrophytes shoots in jars and began the acclimation period; the trial date refers

to the date that we conducted light- and dark-bottle trials

Species name Common name

Potamogeton robbinsii Robbin’s pondweed
Stuckenia pectinata Sago pondweed
Myriophyllum spicatum Eurasian watermilfoil
Elodea canadensis Canadian waterweed
Elodea nuttallii American waterweed
Najas flexilis Slender naiad

Ceratophyllum demersum American coontail

containing water with the appropriate CI~ concentration. We filled
all no-macrophyte control jars in the same manner. Because the pro-
cess of filling all jars required a substantial amount of time (~8 hr
per trial), we randomised the order in which we filled the jars. After
filling, we placed all jars into outdoor, plastic wading pools filled with
water to buffer temperature variability over time. We placed c. 20
jars in a single pool and added them in the order that they were
filled to ensure random placement of replicates across all pools. The
water level outside of the jars was maintained c. 2 cm below the top
of the jars so that no water from the pool entered the jars.

Following the addition of all macrophytes, we allowed them to
acclimate. After 24 hr, we gently shook the leaves (to remove any
sediment). After an additional 24 hr, we disturbed all turbid treat-
ments (including turbid no-macrophyte controls) using a stirring rod.
We standardised this disturbance by driving the rod into the soil on
two edges of the jar and pushing the rod back and forth five times.
Following these back-and-forth disturbances, we also gently swirled
the water in the turbid treatments to suspend the lighter sediment
particles. Although this represented a major sediment disturbance,
water was clear after approximately 24 hr. Moreover, our method of
disturbing the sediment did not noticeably damage the macrophytes
shoots. Preliminary sampling and analysis of water immediately fol-
lowing a disturbance indicated that this method generated a consis-
tent sediment concentration in the water column. After 24 hr
following the sediment disturbance, we gently tapped each macro-
phyte shoot to dislodge any sediment particles that settled on the
plant surface. This procedure simulated gentle wave action in natural
systems that would normally remove settled sediment. Three days
after this first sediment disturbance, we disturbed all turbid treat-
ments a second time (i.e. 6 days after initial macrophyte introduc-
tion). Immediately following each disturbance, we replaced any water
that overflowed the jar by adding water containing the appropriate
CI™ concentration. Other than the two brief sediment disturbances,
there was no other source of water movement within jars during the
acclimation period.

One day after the second soil disturbance (i.e. 7 days after initial
macrophyte introduction), we conducted light-bottle dark-bottle tri-
als over 4 hr. We measured the initial dissolved oxygen (DO) and
temperature in each jar using a benchtop DO meter with a con-
nected stir paddle (YSI 5000, Yellow Spring, FL). We read the initial

Collection location
Crooked Lake
Collin’s Lake
Snyder’s Lake
Collin’s Lake
Burden Lake
Snyder’s Lake
Snyder’s Lake

Collection coordinates Planting date Trial date
42.613182, —73.525656 20 July 27 July
42.825488, —73.955714 9 August 16 August
42.663387, —73.634193 19 August 26 August
42.825488, —73.955714 4 August 11 August
42.597563, —73.567569 29 June 6 July
42.663387, —73.634193 15 August 23 August
42.663387, —73.634193 6 July 13 July

DO at the same time of the day for each experiment. To minimise
the disturbance which the paddle might cause to macrophyte shoots,
we placed the probe and paddle inside a small cup with the bottom
cut off and replaced with 1-mm mesh screening. The screening
allowed the free flow of water but provided a buffer to absorb some
of the kinetic energy from the paddle. The mesh screen also pressed
down the macrophyte shoot and allowed the paddle to stir water
without interference. We also used this mesh screen in the no-
macrophyte controls. We recorded the exact time that we measured
the initial DO. Immediately following the initial DO reading of a sin-
gle replicate, we replaced any water that overflowed the jar and
immediately sealed all jars with parafilm secured by rubber bands.
We visually inspected each seal to ensure that no air bubbles were
below the parafilm. Preliminary laboratory testing demonstrated that
this seal prevented liquid from leaving the jar. We completely cov-
ered all dark-bottle jars with aluminium foil. After sealing the jars,
we put them back into the wading pools. After 4 hr, we unsealed
the jars, read the final DO, recorded the time and extracted the
macrophyte with its root. We dried all macrophytes at 60°C for a
minimum of 24 hr to obtain dry mass.

We calculated the DO uptake of each jar per minute of incuba-
tion and per dry g macrophyte tissue. We also corrected the uptake
of each jar for background uptake, using the average value of each
set of controls (see Supporting Information for background NPP and
GPP values). We used the value of O, production in the light jars as
a measure of NPP. We calculated GPP as NPP + respiration, where
respiration is equal to the amount of O, consumed under dark con-
ditions. We assumed that the amount of respiration under light con-
ditions is equivalent to the amount of respiration under dark
conditions. Because we did not a priori pair light- and dark-bottle
replicates in our experimental design, we determined values of GPP
as all possible combinations of NPP and respiration within a treat-
ment. We then analysed these data using bootstrapping techniques

(see below).

2.3 | Statistical analyses

To demonstrate the variability in NPP across macrophyte species in
the absence of the NaCl and turbidity stressors, we conducted a
one-way analysis of variance (ANOVA) with a data set that excluded
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all turbid and added NaCl treatments (i.e. intermediate- and high-
NaCl treatments). To demonstrate the independent and interactive
effects of species, NaCl and turbidity on NPP, we conducted a
three-way analysis of variance (ANOVA) with a model that all possi-
ble main effects and interaction terms. Upon finding a significant (i.e.
p < .05) three-way interaction, we then conducted two-way ANO-
VAs for each macrophyte species with models that included NaCl
treatment, turbidity treatment and their interaction. We conducted
Tukey's post hoc tests to assess treatment differences among salt
concentrations. Prior to all analyses, we verified that our data met
the assumptions of ANOVA by examining the linearity of residual
values and homoscedasticity of error variances with Q-Q and scale-
location plots, respectively.

Like our analysis on NPP, we first demonstrated the variability in
GPP across macrophyte species used in our study by conducting a
one-way analysis of variance (ANOVA) with a data set that excluded
all turbid and added NaCl treatments (i.e. intermediate- and high-
NaCl treatments). We then analysed the effect of species, NaCl and
turbidity on GPP. We first calculated the GPP of all possible
light- and dark-bottle replicate combinations within each treatment.
Subsequently, we employed a bootstrapping approach with 10,000
iterations to generate means and 90% confidence intervals. We
calculated bootstrapped means and confidence intervals for GPP
values of each plant species regarding both turbidity and NaCl treat-
ment (i.e. 48 total treatments). We conducted all bootstrapping in R
(version 3.1.2, The R Foundation for Statistical Computing) using the
package boot (Canty & Ripley, 2017).

To test for differences in bootstrapped GPP treatment means,
we conducted a three-way analysis of variance (ANOVA) with a simi-
lar model as that used to assess NPP. We included all possible GPP
values in this analysis, but adjusted the denominator degrees of free-
dom for the actual number of treatments. Similar to our analysis of
NPP, we conducted two-way ANOVAs for each macrophytes species
with models that included NaCl treatment, turbidity treatment and
their interaction. Again, we included all possible GPP values in this
analysis, but adjusted the denominator degrees of freedom for the
actual number of treatments. We considered GPP to be different
between treatments when there was no overlap between confidence
intervals (Payton, Greenstone, & Schenker, 2003). We conducted all
ANOVAs in R using the package car (Fox, Weisberg, & Bates, 2018)

with type Il sums of squares.

3 | RESULTS

3.1 | NPP

When considering the effect of macrophyte species in the absence
of both turbidity and elevated NaCl, we found more than a 10-fold
difference in NPP among species (Fs27 = 91.6, p < .001; Figure 1a).
Potamogeton robbinsii exhibited between 275% and 1,904% greater
NPP than all other species (p < .001). Elodea nuttallii and S. pectinata
exhibited 332% and 434% greater NPP, respectively, than N. flexilis
(p < .045).

Freshwater Biology =AWVA| ]_EYJ‘5

When considering all treatments, we found significant effects of
species, NaCl, turbidity and all interactions on NPP (Table 2). More-
over, when examining effects on individual species, we consistently
found significant or nearly significant (i.e. .05 < p <.1) interactive
effects of NaCl and turbidity (Table 3a, Figure 2). A detailed descrip-
tion of NPP responses for each species can be found in the
Appendix S1.

Three species (P. robbinsii, E. nuttallii and N. flexilis) exhibited a
negative response to increasing NaCl treatments under both clear
and turbid conditions. In clear conditions, P. robbinsii and N. flexilis
exhibited a reduction in NPP only in the high-NaCl treatment,
whereas E. nuttallii exhibited a reduction in NPP in both the interme-
diate- and high-NaCl treatments. Among turbid treatments, P. robbin-
sii and N. flexilis both exhibited a continuous reduction in NPP with
increasing NaCl treatments, whereas E. nuttallii exhibited a sharp
reduction in NPP at the intermediate- and high-NaCl treatments.
Three other species (C. demersum, M. spicatum and S. pectinata)

exhibited a unimodal response to elevated NaCl under clear
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FIGURE 1 Average NPP (a) and GPP (b) of individual
macrophytes species in the absence of NaCl or turbidity. For NPP,
values represent actual means and bars represent +1 SE. For GPP,
values represent bootstrapped means and error bars represent
+95% bootstrapped Cls. All values are standardised by mg dry
macrophyte tissue and by minute
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TABLE 2 Results from the three-way ANOVA on macrophyte
NPP and GPP. Data included all possible combinations of light- and
dark-bottle replicates within treatments. We adjusted the
denominator degrees of freedom to appropriately represent the true
number of replicates within each treatment. Subscripts represent
numerator and denominator degrees of freedom, respectively. Bold
p-values are significant at p < .05

NPP GPP

Factor F p F p

Species 26436164 <001 229,450 <.001
Salt 7115164 <001  7.85150 <.001
Turbidity 20.81164 <.001 10.24459 .002
Salt x Turbidity 1355164 <001  6.75159 .002
Species x Turbidity 1144164 <.001 276159 .017
Species x Salt 41912164 <.001 25.615159 <.001
Species x Salt x Turbidity 6.812164 <.001 5.612159 <.001

GPP, gross primary productivity; NPP, net primary productivity.

conditions. Under turbid conditions, we observed a similar response
for S. pectinata whereas C. demersum and M. spicatum exhibited con-
sistently positive and negative responses to elevated NaCl, respec-
tively. In contrast to all other species, E. canadensis exhibited a
positive response to high NaCl under both clear and turbid condi-
tions.

Regarding effects of turbidity within NaCl treatments, we found
variable effects among species. Turbidity consistently reduced NPP
of P. robbinsii at all levels of NaCl, whereas it only reduced NPP of
E. nuttallii in the intermediate-NaCl treatment and of S. pectinata in
the high-NaCl treatment. In contrast, turbidity increased NPP of

C. demersum and N. flexilis, but only in the high- and low-NaCl treat-
ments, respectively. Elodea canadensis and M. spicatum exhibited
mixed effects of turbidity within NaCl treatments; E. canadensis
exhibited an increase in NPP in the high-NaCl treatment and a
decrease in the intermediate-NaCl treatment, whereas M. spicatum
exhibited an increase in NPP in the low-NaCl treatment and a

decrease in the high-NaCl treatment.

32 | GPP

When considering the effect of macrophytes species in the absence
of both turbidity and elevated NaCl, we found a substantial differ-
ence in GPP among macrophyte species (Fg28 = 6.2, p < .001). The
order of responses differed from the order of responses for NPP
(Figure 1b). Elodea nuttallii exhibited 32%-149% greater GPP than all
species except S. pectinata. Ceratophyllum demersum and S. pectinata
exhibited 44%-52% greater GPP than M. spicatum, N. flexilis, P. rob-
binsii, and E. canadensis. Najas flexilis and M. spicatum exhibited 28%
and 24% greater GPP, respectively, than E. canadensis.

When considering all treatments, we found significant effects of
species, NaCl, turbidity and all interactions on macrophyte GPP
(Table 2). Moreover, when examining effects on individual species,
we found significant or nearly significant interactive effects of NaCl
and turbidity on all species except P. robbinsii and S. pectinata
(Table 3b, Figure 3). A full description of GPP responses can be
found in the Appendix S1.

Among treatments, patterns of GPP for five of the macrophyte
species (E. canadensis, M. spicatum, N. flexilis and S. pectinata) paral-
leled their NPP responses. For P. robbinsii, the pattern of GPP was
reverse that of NPP; specifically, GPP increased with increasing

salinity under both clear and turbid conditions. For C. demersum,

TABLE 3 Results from the two-way ANOVAs

Salt Turbidity Salt x Turbidity . .
for each macrophytes species. Data included all
F p F p F p possible combinations of light- and dark-bottle
(a) NPP replicates within treatments. We adjusted the
Potamogeton robbinsii 152555, <001 586454 <001  42,,, 027 denominator degrees of freedom to appropriately
) ) represent the true number of replicates within each
Stuckenia pectinata 284224 <001 14715, <001 36224 043 treatment. Subscripts represent numerator and
Myriophyllum spicatum 24.8524 <.001 0.1124 795 30.0224 <.001 denominator degrees of freedom, respectively. Bold
Elodea canadensis 28555, <.001 0.1124 781 5.504 011 p-values are significant at p < .05; italicised values
Elodea nuttalli 232,51 <001 081, 385 295, 079  resignificantatp<.1
NGjGS flexilis 20.9224 <.001 2.21124 152 4.7224 .019
Ceratophyllum demersum 19.5,,3 <.001 0.9123 .344 27223 .090
(b) GPP

Potamogeton robbinsii 587224 <001 <0.1;4 .902 21504 139
Stuckenia pectinata 18.3523 <.001 257;,4 <.001 11524 .337
Myriophyllum spicatum 15.9,,4 <.001 0.3124 564 21.9,,, <.001
Elodea canadensis 55.2,,4 <.001 0.41 54 .550 54504 .012
Elodea nuttallii 5~22,18 .017 1.81'18 196 3~02,18 .074
Najas flexilis 11.7523 .001 14453 .248 2.9523 .077
Ceratophyllum demersum 171553 <.001 2.0123 .652 5453 .012
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there was an increase in GPP with elevated Cl~ concentrations
under clear conditions that plateaued at the intermediate-NaCl treat-
ment. In contrast, there was a continuous increase in GPP at each
elevated NaCl treatment under turbid conditions. For E. nuttallii, we
saw a similar trend in NPP and GPP under clear conditions, whereas
we saw a sharp increase in GPP in the high NaCl under turbid condi-
tions.

4 | DISCUSSION

Our study examined the independent and interactive effects of NaCl
contamination and turbidity on the productivity of seven macrophyte
species under semi-controlled conditions. When considering both
NPP and GPP, we found substantial interspecific variation to ele-
vated NaCl

responses. Although average effects of turbidity were often subtle,

levels including positive, negative and unimodal

Clear

Turbid

we generally found neutral or negative responses on NPP. However,
we found myriad interactions between NaCl treatments and turbid-
ity. Moreover, we found that the combination of stressors can inter-
act to produce non-additive effects on productivity. This finding is
important, since these two disturbances often co-occur in nature,
particularly in regions where stormwater run-off is the predominant

vehicle that transports salt contaminants to freshwater systems.

4.1 | Effect of NaCl under clear conditions

We hypothesised that elevated NaCl should generally reduce the
productivity of freshwater macrophytes. Fully submerged plants
must maintain turgor pressure within cells, which becomes increas-
ingly difficult at high salt levels that draw water out of cell vacuoles
(Parida & Das, 2005). Excess Na* can also disrupt physiological pro-
cesses (e.g. enzyme activity; Hart et al.,, 1991). In partial support of
this hypothesis, we found that both P. robbinsii and E. nuttallii
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exhibited a sharp decline in NPP with increasing ClI~ concentration.
For P. robbinsii, this decline was associated with a concurrent
increase in GPP, indicating that the bulk of energy produced was
used for cell maintenance under stressful conditions. Surveys indi-
cate that this species is highly sensitive to anthropogenic presence
and is rarely found in waters with ClI~ content greater than 3 mg
ClI= L™t (Pip, 1987). In contrast, surveys indicate that E. nuttallii is
highly resistant to eutrophication and turbidity (Thiébaut & Muller,
1999), although no study has directly assessed the effects of ele-
vated salinity on this species. One possible explanation for the
decline of E. nuttallii NPP at elevated NaCl might be that the plant
slows growth when it is stressed. Indeed, our observation of a con-
current decline in GPP indicates that both energy acquisition and
usage declined with elevated NaCl. Further experimentation could
investigate this possibility by removing E. nuttallii from salinity stress
and observing subsequent productivity.

interpretation

Under clear conditions, the remaining macrophyte species exhib-
ited either a positive or unimodal response in which NPP and GPP
both peaked at the intermediate-NaCl treatment. This contrasts with
our hypothesis, yet it is important to note that nearly all past assess-
ments of macrophyte tolerance to elevated salinity have only exam-
ined the effects of ClI~ concentrations >1,000 mg/L. Although these
studies collectively indicate that salt contamination reduces macro-
phyte growth, it is possible that low amounts of Na* and CI~ can
benefit some plants. Haller et al. (1974) demonstrated that some
macrophyte species exhibit an increase in growth up to 3 g NaCl
L1 (1.8 g CI" L™Y). Indeed, CI~ is an essential ion needed for pho-
toreduction of oxygen in plants (Bollard & Butler, 1966). Alterna-
tively, plants exposed to non-lethal amounts of CI~ might increase
energy production to compensate for energetic losses due to salt-
induced damage. Parida and Das (2005) detail the numerous bio-
chemical pathways involved in allowing macrophytes to cope with
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elevated salinity, including mechanisms that facilitate water reten-
tion, protect chloroplast function and maintain ion homeostasis. The
salinity level at which a plant can no longer produce sufficient
energy for cellular maintenance and subsequently begins to die will

likely depend on the species as well as the duration of exposure.

4.2 | Effect of turbidity and interaction with NaCl

We found that turbidity induced negative, positive and neutral
effects on both GPP and NPP of individual macrophyte species. Tur-
bidity significantly reduced NPP of P. robbinsii at all NaCl levels and
of S. pectinata at the low-NaCl level. One likely explanation for this
result is a reduction in photosynthesis following light limitation from
sediment in the water column and particles that temporarily settled
on leaf surfaces. Turbidity also induced a reduction in the GPP of
S. pectinata, indicating declining productivity and growth. Given that
this species has a relatively shallow maximum depth (c. 3 m; Sheldon
& Boylen, 1977), S. pectinata is likely to be strongly affected by light
limitation induced by turbid conditions. In contrast, P. robbinsii has a
relatively deep maximum depth and is more likely to tolerate tempo-
rary or extended reductions in light availability through lower growth
rates. In support of this, we found no effect of turbidity on GPP for
this species.

In contrast to the responses of P. robbinsii and S. pectinata, we
found that both NPP and GPP increased for M. spicatum and N. flex-
ilis under turbid and low-NaCl conditions. Both of these species have
relatively deep maximum depths and are likely able to absorb suffi-
cient light for growth at these depths. Myriophyllum spicatum is par-
ticularly well known for tolerating turbid conditions and can form
tall, underwater monocultures. Indeed, the tolerance of M. spicatum
to turbidity might provide one explanation for how it has established
itself as a prolific invader in many human-impacted freshwater sys-
tems. In addition, storm events, wave action, run-off and wind that
generate small amounts of turbidity can benefit CO, and nutrient
uptake of some species by generating movement around the leaf
surface and reducing the boundary layer through which gases must
diffuse to the leaf surface (Madsen et al., 2001). Future work that
separates the effects of light limitation, nutrient limitation, and water
movement is needed to fully determine the mechanism underlying
the effects of physical disturbance on macrophyte productivity.

When we combined turbid conditions with elevated NaCl, P. rob-
binsii, E. nuttallii, M. spicatum, N. flexilis and S. pectinata exhibited
either no effect or at least one instance of reduced NPP relative to
clear conditions. We observed concurrent increases in GPP for
P. robbinsii, C. demersum and E. nuttallii, suggesting that the plants
shifted allocation of energy to cellular maintenance (Parida & Das,
2005). It is likely that a sufficient shift of energy towards cellular
maintenance will eventually lead to plant death. For both M. spica-
tum and N. flexilis, the high-NaCl treatment induced a further decline
in NPP and GPP relative to intermediate-NaCl treatments, which
suggests that energy production and use has stagnated or the plant
stems had died. Rapid plant death is likely to promote microbial
decomposition, which would lead to a sharp increase in apparent

Freshwater Biology =AWVA| LEYJJ

respiration and apparent GPP, as was observed with E. nuttallii.
Although the salt tolerance of many species is mainly anecdotal and
reliant on survey data, there is evidence that most of the species in
our study can survive in brackish water, with the possible exception
of P. robbinsii (Beck et al., 2010; Borgnis & Boyer, 2016; Davis &
Brinson, 1980; Pip, 1987). Hence, our study demonstrates that the
combination of turbidity and salt stress can act synergistically to
reduce the productivity of some macrophyte species.

Not all species in our study exhibited a synergistic response to
the combination of stressors. Specifically, C. demersum and
E. canadensis exhibited increased NPP and GPP when placed in tur-
bid conditions with elevated NaCl. Both species are highly tolerant
to elevated salinity and are capable of absorbing nutrients through
both shoots and roots (Borgnis & Boyer, 2016; Davis & Brinson,
1980; Izzati, 2016). Incubation trials revealed that C. demersum is tol-
erant of salinity up to 5 ppt (i.e. 5 g soluble salt L% Izzati, 2016)
and is relatively tolerant to low-light conditions (Davis & Brinson,
1980). Elodea canadensis is among the most rapidly spreading macro-
phyte species in Europe, is often considered a nuisance species in its
native ranges due to immense biomass accumulation and can grow
faster in brown, carbon-rich water relative to clear water (Mormul,
Ahlgren, Ekvall, Hansson, & Bronmark, 2012; Nichols & Shaw, 1986).
It is important to note that M. spicatum exhibits the same character-
istics as E. canadensis, yet M. spicatum exhibited an entirely opposite
response to the combination of stressors. Indeed, previous studies
have found that M. spicatum exhibits vigorous growth at 20 g NaCl
L™ (12.1 g CI~ LY and can withstand tidal fluctuations (Mataraza,
Terrell, Munson, & Canfield, 1999; Nichols & Shaw, 1986). One pos-
sible reason for the difference in response between E. canadensis
and M. spicatum might be the fragility of the latter’s leaves and their
susceptibility to breakage. Dispersal of M. spicatum is predominantly
through the spread of vegetative fragments, such as those that
adhere to boats. Bruckerhoff, Havel, and Knight (2015) demon-
strated that small fragments have a low tolerance to desiccation
stress relative to full stems; small fragments might be similarly
unable to tolerate salt stress. We did observe a greater number of
M. spicatum fragments in turbid jars relative to other macrophytes
species. Further work must be done to determine whether stem fra-
gility is a trait that determines the response of macrophytes to multi-

ple stressors.

5 | CONCLUSIONS

Our study demonstrates that combinations of anthropogenic distur-
bances, including both physical and chemical stressors, can have
positive and negative effects on the productivity of common
macrophytes species. These results reiterate the necessity of con-
ducting studies that examine the range of species responses to
both isolated and combined stressors. In contrast to most theory
purporting that invasive species are likely to be those that thrive
in disturbed systems, we found that two native species exhibited
the greatest productivity in treatments with turbid conditions and
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high NaCl. Hence, human activity might aid management efforts to
eradicate invasive species, yet it is also likely to generate a large
biomass of native species that are of equal nuisance to landown-
ers, given that it lowers the recreational value of a lake. Moreover,
local efforts to lower native or invasive macrophyte biomass often
include activities that further increase turbidity (e.g. raking, hand-
cutting, dredging and spraying of herbicides that leads to increase
phytoplankton biomass). Our results suggest that such efforts
might generate a positive feedback loop which exacerbates macro-
phyte growth.

As with any study, applicability of the results is limited by a
choice of treatments and experimental venue. It is important to note
that our experimental design limited intraspecific variation within
macrophyte species using shoots from the same lake. Intraspecific
variation in stress tolerance can be ecologically relevant, and future
studies should question the magnitude of this effect (Hester, Men-
delssohn, & McKee, 1998). The CI~ concentrations that we used in
our study represent the high end of the contamination spectrum
among natural wetlands and lakes. However, the unimodal results
observed in our study suggest that the effects of CI- might not be
linear and that low concentrations can have sublethal effects on pro-
ductivity. Further research in artificial mesocosms or natural ecosys-
tems at a wider range of salt concentrations is needed to fully
understand the interaction between CI™ contamination and turbidity.
It is also imperative that future studies explore the effects of alter-
native de-icing salt formulations (e.g. MgCl,), which are becoming
more prevalent due to their greater effectiveness at lower air tem-
peratures. Although most alternative salts share a common anion (i.e.
CI7), recent work suggests that they can have very different effects
on aquatic organisms due to difference in cations (Schuler et al.,
2017). Moreover, there is increasing evidence that aquatic plants
and animals might evolve tolerance to chronic salt contamination
that is characteristic of many freshwater systems near roadways and
other human development (Coldsnow, Mattes, Hintz, & Relyea,
2017; Daley, Potter, & McDowell, 2009; James, Cant, & Ryan 2003).
Further research that examines the response of macrophytes under
extended exposure to salt contamination is likely to provide a
greater understanding for how aquatic communities have changed

and will continue to change in the future.
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