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Abstract Soil salinity diminishes the dominance of
species and affects their distribution. Phragmites
australis is a dominant ecosystem engineer with broad
distribution, high intraspecific variation and great
socio-economic importance. Coastal ecosystems
inhabited by P. australis are threatened by saliniza-
tion. Here, we investigated salinity tolerance of
freshwater and salt marsh population of the species,
grown under two soil salinities and in two common
gardens. Salinity significantly affected the growth,
biomass, leaf physiological parameters and ion con-
centration. Climate altered morphology and ion con-
centration of P. australis. In contrast to our hypothesis,
the salt marsh population was not more salt tolerant
than the freshwater population, and both showed a low
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degree of salt stress, maintaining their photosynthesis
and chlorophyll concentration, and only showing
small decreases in biomass and height when salt-
treated. We therefore ruled out local adaptation to soil
salinity. Instead, both populations acclimated by
phenotypic plasticity of biomass, root: shoot ratio,
stomatal conductance and ion content. The salinity
tolerance strategy of both populations was ion con-
centration by tissue desiccation, which was most
efficient in the drier climate common garden. Hence,
plants utilizing tissue desiccation as salinity tolerance
strategy will have an advantage in areas where climate
change leads to drier air humidity.
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Introduction

Salt marshes are valued for their ecosystem services
such as carbon sequestration, erosion control, regu-
lated water flows, nutrient retention and generally
improved water quality (Himes-Cornell et al., 2018).
Humans use salt marshes for grazing of creatures and
agriculture but also leisure and recreation. However,
salt marshes are threatened by overutilization and
climate change, in particular salinization. Salinization
occurs mainly due to water extraction by humans,
which reduces freshwater flow to the ocean, while the
predicted changes in temperature and air humidity will
affect evapotranspiration. When soil water evaporates,
dissolved ions such as sodium (Nat) and chloride
(C17) are retained in the ground, thereby increasing the
salt concentration in the soil. Climate change is
expected to exacerbate soil salinities because air
humidity will likely decrease in the future (Byrne &
O’Gorman, 2018), which could lead to higher salt
concentrations in the soil, caused by increased evap-
otranspiration. High soil salinity lowers the soil water
potential and can be toxic to the vegetation of the
marsh, thereby primarily restricting plant water uptake
and growth (Munns & Tester, 2008). Increasing soil
salinity in salt marshes is a problem, as it can reduce
the primary productivity (Curco et al., 2002) and
negatively affect plant species composition (Pennings
et al., 2005), consequences which both are known to
decrease the value of the ecosystem services provided
to humans (Costanza et al., 1998, 2007).

Salt marshes often consist of few dominant plant
species distributed in distinct patches. Historically,
several studies have focused on how soil salinity in
interaction with other abiotic factors, such as flooding,
determined plant species composition (Stephenson &
Stephenson, 1949; Adams, 1963; Snow & Vince,
1984). Biotic interactions like competition were also
recognized as factors governing plant biodiversity
(Bertness, 1991; Emery et al., 2001; Pennings et al.,
2005). However, studies concerning plant species
composition in salt marshes have so far primarily
focused on interspecific and intergeneric diversity,
although intraspecific variation has been shown to
have a large effect on ecological and spatial differ-
ences (see citations in Eller et al., 2017). For example,
differences in salinity tolerance can result in different
distribution of different genotypes of the same species
(Gao et al., 2012; Achenbach & Brix, 2014). Also, the
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prevailing climate can have an immediate effect on
salinity tolerance. For example, high temperature has
been reported to increase the salinity tolerance (Liss-
ner et al., 1999), while low air humidity can reduce
plant growth in saline soils (Pasternak, 1987).

Phragmites australis (Cav.) Trin. ex Steud. (Poa-
ceae) is an example of a dominating plant species with
high intraspecific genotypic and phenotypic variation.
It is a tall, fast-growing and highly productive
perennial grass (Haslam, 1973; Graneli, 1984). This
species reproduces sexually by seeds and also asex-
ually by clonal production from the belowground
rhizomes, which also function as storage and over-
wintering organs. Due to its vigorous growth, tall
stature and clonal growth form, it is capable of
forming large and dense patches of often monotypic
stands in wetlands. These large stands are very
important in structuring the ecosystem and its func-
tion, such as habitat for wildlife, sediment stabiliza-
tion, nutrient retention and storm buffering. In China,
large native P. australis stands are economically
important, as P. australis is managed and harvested for
paper production (Brix et al., 2014; Kobbing et al.,
2016). The high intraspecific variation also results in a
large variation in flooding and salinity tolerance
within the species (White & Ganf, 2002; Achenbach
& Brix, 2014). The great intraspecific variation of P.
australis has in certain parts of the globe resulted in
severe consequences for the ecosystems the species
inhabits (Windham & Ehrenfeld, 2003; Mueller et al.,
2016; Eller et al., 2017). One such example is a cryptic
invasion of P. australis in North America (Vasquez
etal., 2005; Mozdzer et al., 2013) where a distinct type
of P. australis with origin in Europe has been
introduced and is outcompeting the native vegetation,
including native north American P. australis (Salton-
stall, 2002). The invasive type’s greater salinity
tolerance compared to native North American P.
australis has been proposed as one mechanism, which
can explain the vigorous growth of P. australis from
Europe compared to its native North American
congener (Chambers et al., 1999). The invasive
European type is now considered a nuisance, as it
has had major impacts on ecosystem services and
functions (Caplan et al., 2015; Mozdzer et al., 2016).
These studies highlight the importance of intraspecific
differences in salinity tolerance, which can have major
effects on the ecosystem.
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Intraspecific differences can arise due to local
adaptation or phenotypic plasticity. Local adaptation
is found in ecotypes within a species that are
genetically adapted to their particular habitat and
environmental conditions, where those ecotypes have
the highest fitness. Phenotypic plasticity is the capac-
ity of a genotype to produce different phenotypes as
acclimation to different environmental conditions
(Bradshaw, 1965). Phenotypic plasticity is highly
likely to be genetically determined (Latzel & Klime-
sova, 2010; Miinzbergova et al., 2017). A highly
plastic genotype will have similar fitness in different
habitats due to environmental induced variation in
functional traits (e.g., leaf nitrogen content, photosyn-
thesis and leaf thickness). Elucidating to what degree
either phenotypic plasticity or local adaptation con-
tributes to intraspecific differences is important when
predicting species responses to climate change, since
that will affect the ecosystem and its functioning and
services (Ellison et al., 2005; Valladares et al., 2014).
This fact is true particularly for foundation species,
which have a strong role in structuring a community
(Ellison, 2019).

In China, P. australis can be considered a founda-
tion species, as it is native and very abundant,
constitutes a large part of the standing biomass and
is placed near the bottom of wetland food webs
(Kiviat, 2013). Several salt marshes with high abun-
dance of P. australis are associated with the Yellow
River Delta. The Yellow River Delta is part of the
Ramsar convention (Xing et al., 2016; Liang et al.,
2018), but the delta is highly threatened by salinization
(Fan et al., 2012). Due to its ecological value and
threats to the Yellow River Delta, the main focus of a
large wetland restoration project has focused on
establishing conditions that allow P. australis to re-
vegetate these areas (Cui et al., 2009). To elucidate the
optimal growing conditions for P. australis, several
studies have manipulated soil salinity and water level
(Cuietal., 2011; Yuan et al., 2013; Guan et al., 2017),
which are known to affect the growth of P. australis,
but none of these considered how intraspecific vari-
ation affected the outcome. Additionally, P. australis
in Asia has received little attention compared to
Europe and North America despite it being a hotspot
of P. australis diversity (Eller et al., 2017; PySek et al.,
2019).

Therefore, we aim to assess the salinity tolerance of
P. australis from Chinese wetlands, which differed in

soil salinity, and investigate whether P. australis is
locally adapted to high salinity or whether it relies on
phenotypic plasticity. More specifically, we compared
salinity tolerance of P. australis collected from
different Chinese freshwater wetlands (freshwater
population) to P. australis from the Yellow River
Delta salt marshes (salt marsh population) (Fig. 1).
We compared salinity tolerance by growing the plants
at 0 ppt (control) and 20 ppt sea salt. We used two
common gardens (Kawecki & Ebert, 2004) located in
different climatic regions to understand how climate
affects the plants’ salinity tolerance. To quantify the
salinity tolerance, we assessed the relative salinity
tolerance, defined as the biomass difference between
salt-affected plants and the control (Munns et al.,
2019), and the absolute salinity tolerance, defined as
the total biomass produced in salt-affected plants
irrespective of a control (Lissner et al., 1999).
Additionally, we assessed the tissue tolerance, defined
as the ability to maintain physiological integrity in the
presence of Na™. We did so by assessing nutrient
concentrations in the plant tissue and the ability to
maintain the K*/Na™ ratio, which is important under
long-term salt stress (Asch et al., 2000). For example,
the K*/Na™ ratio was correlated to salt-tolerance and
grain yield in different grass species (Azooz et al.,
2004), and is likely to be correlated to biomass
production as fitness proxy also in P. australis.
Finally, morphological traits, such as shoot height
and density, as well as different physiological leaf
parameters were evaluated as performance indicators.
We hypothesized that (1) the freshwater population
would perform better (greater biomass, shoot height
and density) than the salt marsh population at the
control salinity (O ppt), but this pattern would be
opposite at 20 ppt, due to local adaptation; and (2) at
20 ppt, the salt marsh population would have a greater
capacity to maintain its K™/Na' ratio and tissue
nutrient concentration compared to the freshwater
population.

Materials and methods

Plant material and experimental setup in common
gardens

Twenty-two clones of native Chinese P. australis from
two original populations were used in this study
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Fig. 1 Map of China (a) highlighting the location of the freshwater (FWP) and salt marsh populations (SMP) of P. australis

(b) collected and used in our experiment

(Fig. 1). Eleven rhizomes of P. australis were col-
lected from saltmarsh wetlands of the Yellow River
Delta, another eleven rhizomes were collected from
inland freshwater areas (Xixi Wetland, Mata Lake,
riverine wetlands in Qingdao and Panjin). Each clone
was collected at least 10 m apart, and thus the progeny
of a single plant represented a different genotype.
We conducted the experiment in two common
gardens. One garden was located in Fanggan ecolog-
ical research station, Shandong University (36° 26’ N;
117° 27" E). The annual average temperature here is
about 13°C and the annual average precipitation is
600-830 mm. The second garden was located in
Panjin Wetland Research Institute (41° 12/ N; 122° 1/
E). The annual average temperature here is 9.3°C and
the average annual precipitation is 623.2 mm. The
experimental sites were chosen to represent two
distinct climates. The temperature in Fanggan during
the experiment ranged from 5.5 to 42.8°C, 9 days
exceeded 40°C, with an average temperature of
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244 £+ 6.1°C. The average relative air humidity
(£ S.D.) during the experimental period was
81.3 + 24.7%, ranging from 11.4 to 100%. The air
temperature of Panjin during the experiment ranged
from 9.5 to 34.9°C, with an average temperature of
24.3 + 4.5°C. The relative air humidity ranged from
4.8% to 100%, on average it was 41.6 + 22.1%.
Each rhizome of the 22 clones was divided into two
parts, resulting in two replicate plants per clone in both
gardens. Each clone was planted in its own 20 1 PVC
pot (diameter 30 cm, height 38 cm) containing com-
mercial sand with a slow-release fertilizer (50 g per
pot, Peters Professional NPK 20-20-20 + Fe, The
Scotts Company, USA) and a chelated iron Fe-
EDDHA (0.5 g per pot) mixed into the sand. The
plants were sufficiently watered twice a week with tap
water. To assure sufficient nutrient availability, every
plant was also fertilized twice a month with 1 1 of a
nutrient solution prepared from tap water containing
5 g of a commercial macronutrient solution and
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micronutrients (in mM: 8 S, 2.5 B, 2.7 Fe, 2.9 Mn, 0.7
Cu, 0.01 Mo and 14 Zn) from a commercial
micronutrient stock solution (Peters Professional,
The Scotts Company, USA). The plants were placed
such as to largely avoid shading by adjacent taller
plants. The plants were rotated regularly and randomly
throughout the experimental period, to avoid place-
ment effects.

In both gardens, one of each of the 22 divided
clones was grown in a pot receiving 20 ppt of
formulated sea salt (salt treatment), while the other
clone was grown without added salt (O ppt, control).
The salinity in the salt treatment was increased
stepwise, to allow the plants to acclimate to the
salinity. Thus, the initial salinity was 10 ppt, which
after 1 week was increased to 15 ppt, and after another
week to 20 ppt. To confirm that the salinity had the
desired concentration in the salt treatment, we mea-
sured the electrical conductivity of the upper and
bottom sand at the end of the experiment, where the
average salinity was about 21.1 ppt in Fanggan and
19.7 ppt in Panjin. The experimental setup was a
2 x 2 x 2fully factorial design with the factors being
‘Population’ (salt marsh population versus freshwater
population), ‘Salinity’ (control versus salt treatment)
and ‘Garden’ (Fanggan garden versus Panjin garden).
The experiment was run at the full final salinity for
100 days from May 21 to August 30 in 2017.

Plant growth and biomass

Plant height (from the soil surface to the tip including
apical leaves) of the five tallest shoots in each pot was
measured every second week. The shoot elongation
rate (SER) was calculated from the height difference
between two successive samplings after the shoot
elongation had ceased. The number of live shoots was
counted twice, in the first week of May and by the end
of the growing season in September. The difference
between the two shoot counts was expressed as the
shoot density per area. At the final harvest, plants were
separated into stems (including the leaf sheaths), leaf
blades and the belowground (roots and rhizomes)
biomass fraction. The fractions were dried to constant
weight at 80°C to determine their final biomass. Since
we needed to keep the live belowground biomass for
further experimental studies, the fresh and dry mass of
only a subsample of the belowground biomass was
determined, the rest of it was weighed as fresh mass.

The fresh: dry mass ratio from the belowground
subsample was used to determine the dry mass of the
total belowground biomass. Allocation to the different
biomass fractions was calculated as the ratio of the
respective fraction to the total biomass.

Leaf parameters

After approximately 2 months of growth, the quantum
efficiency of PSII (F,/F,,) and the maximum electron
transport rate (J,.x) were measured on the third or
fourth youngest fully developed leaf of each replicate
using a portable fluorometer (MINI-PAM-II, Walz,
Germany). The leaves were dark-covered with leaf-
clamps covered by tin foil at least 30 min before
measurements were conducted. The stomatal conduc-
tance (g) of three young but fully developed leaves
per replicate was measured with a Leaf Porometer SC-
1 (Decagon, USA) and their average value was
calculated. The average chlorophyll concentration
(Chl) of three leaves was measured with a chlorophyll
meter (CCM-300, Opti-Sciences, USA). Three fully
developed leaves were harvested and scanned and
their leaf area was determined using ImageJ ver. 1.52
(Abramoff et al., 2004). The same three leaves were
dried and their specific leaf area (SLA) was calculated
as leaf area per dry mass.

Ton concentrations

Leaves and roots of a random subset of the dried
biomass were ground to fine powder. We selected
2-5 mg dry mass to analyze total carbon (C) and
nitrogen (N) of leaves and roots, using a CHNS
analyzer (Vario EL Cube, Elementar, Langenselbold,
Germany). Another 0.5 g dry mass of leaves and roots
was acid-digested with 4 ml 65% HNO3 and 2 ml 30%
H,O, in a microwave digestion system (Multiwave
3000, Anton Paar GmbH, Graz, Austria). The con-
centrations of Na, K, P, Ca, Mg, S, Fe and Mn in the
digest were determined by ICP-OES (Optima 2000
DV, Perkin Elmer Instruments Inc., Shelton, CT,
USA).

Statistical analyses
We investigated the existence of significant differ-

ences (P < 0.05) among plant biomass, shoot height
and density, leaf parameters and ion concentration
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(response variables) in the different populations,
salinity levels and common gardens (categorical
predictors) by three-way analysis of variance
(ANOVA). Beforehand, we assured that the condi-
tions of normal distribution and homoscedasticity
were met. A linear correlation analysis between total
biomass and leaf K*/Na" ratio of both populations
and treatments was conducted for each common
garden. In Fanggan garden, two of the salt marsh
population clones in the control and one in the salt
treatment grew very poorly or died and were therefore
removed from all statistical analyses. Statistical anal-
yses were done using the software JMP ver. 14.0.0
(SAS Institute Inc.). Graphics were drafted with
Origin 9.0.

Results
Plant growth and biomass allocation

All biomass and growth parameters, except shoot
density, were affected by a Salinity x Garden inter-
action (Table 1). Opposite to our expectations, the two
populations responded similarly to salinity, except for
total biomass and belowground biomass allocation, for
which we observed a Garden x Population and
Salinity x Population  interaction,  respectively
(Table 1). Specifically, total biomass differed with
respect to salinity and population in Fanggan garden,
but not in Panjin garden. In Fanggan garden, biomass
was lower in the salt marsh population compared to the
freshwater population and in salinity treatment com-
pared to the control. There was a tendency of similar
responses in Panjin garden, but not to a significant
degree (Fig. 2). Belowground biomass allocation was
higher in the salt treatment than in the control, which
was most pronounced in the salt marsh population in
Fanggan garden (Salinity x Population and Salin-
ity x Garden interaction, Table 1). Biomass alloca-
tion to leaves and stems was higher in the salt marsh
population than in the freshwater population, and
reduced by the salt treatment, compared to the control,
especially in Fanggan garden (Table 1, Fig. 2b).
Shoot density was similar in both populations and at
both treatments, but shoots in Panjin garden had higher
density than in Fanggan garden (Table 2). The shoot
elongation rate (SER) was higher in the salt marsh than
in the freshwater population. SER was reduced by the
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salt treatment in both populations, which was most
pronounced in Fanggan garden (Salinity x Garden
interaction, Table 2). The final shoot height was
decreased in both populations due to the salt treatment.
Also, this observation was strongest in Fanggan
garden, where shoots were 20% lower compared to
only 8% in Panjin garden (Fig. 3a).

Leaf parameters

There was a significant interaction between Salinity
and Garden for SLA. The SLA in the control treatment
was higher than in the salt treatment in Panjin garden,
while the opposite was observed in Fanggan garden
(Table 1, Fig. 2b). Stomatal conductance (g;) was
significantly affected by all three main factors, but no
interactions were detected (Table 1). In the salt
treatment, g, was significantly lower compared to the
control. The salt marsh population had significantly
higher g, than the freshwater population, and g, was
significantly lower in the humid climate in Fanggan
garden, compared to Panjin garden (Fig. 4a). The
chlorophyll concentration (Chl) of both populations
was higher in the salt treatment compared to the
control in Panjin garden, while there was no significant
difference between salt treatments in Fanggan garden
(Salinity x Garden interaction, Table 1, Fig. 4b). The
quantum efficiency of PSII (F,/F,) significantly
differed between gardens and was higher in Panjin
than in Fanggan garden (Table 1, Fig. 4c). However,
the rather small difference was of no biological
relevance for plant performance, which indicated no
stress or PSII damage. The maximum electron trans-
port rate (J,ax) Was significantly higher in the salt
marsh population than in the freshwater population.
This difference was slightly more pronounced in
Fanggan than in Panjin garden, although this interac-
tion was not significant (Table 1, Fig. 4d).

Ton concentrations

Root N and leaf N concentrations were higher in salt-
treated plants and in Panjin garden, compared to the
control treatment and to plants in Fanggan garden.
Leaf N also differed between populations and was
higher in the salt marsh population (Fig. 4c, d). Leaf C
concentration showed rather small differences
between salinities in Fanggan but not in Panjin garden,
where salt treatment resulted in lower leaf C in both
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£ % = populations (Table 2). Root C concentrations of both
= ol populations were significantly higher in the control
é* 2V treatment compared to the salt treatment, and in Panjin
? § % garden, compared to Fanggan garden (Table 2).
z 5 ; Leaf Na* concentration was significantly higher in
}% ] E salt-treated plants compared to the control, in the salt
X g E marsh population compared to the freshwater popula-
_§ g;:: tion, and in Panjin garden compared to Fanggf:ln
glgoszeee é > garden (Fig. 5a). Leaf KT concentration barely dif-
% § fered between salt treatments in Fanggan garden but
é <2 was higher in control plants of both populations in
% g '%: Panjin garden (Salinity x Garden interaction,
& ;’g Table 1, Fig. 5b). The leaf K*/Na™ ratio was, hence,
é % 2 g higher in control plants than in salt-treated plants,
S ¥ 5 % % g which was more pronounced in Fanggan, compared to
S|S232d83 3 E g Panjin garden. The freshwater population had overall
g £ E higher K*/Na% ratio in leaves than the salt marsh
B g é population (Fig. 5c). The leaf total catiop pool was
§ u\f% somewhat higher in the control than in the salt
;* W~ 2 treatment in Panjin garden, while the opposite was
= § Qé observed in Fanggan garden (Fig. 5d). Root K™, root
:T% o e o o ‘§ § Na* and the root cation pool were all higher in the salt
n|ls s s s s <3 'g § treatment than in the control and affected by a
5 ; 'c% Population x Garden interaction (Table 1). The
g, g z freshwater population had higher root concentrations
X 2 g of these in Panjin garden, while the salt marsh
z % population had higher concentrations in Fanggan
Zlecto=onm % garden (Fig. 6). The root K*/Na* ratio was higher in
S §§ the control than salt-treated plants and higher in
8 § E Fanggan compared to Panjin garden (Fig. 6¢).
% a _8 E Other ions such as Fe, Mg, Mn, P and S in leaves
Ssls8=2832= 23 and roots were also affected by Salinity and Garden,
- 5 % % % g‘:' but their responses followed no consistent pattern.
% é im iN 2 % ;‘Q ?\ 5 ﬁ Only leaf and root Mn, leaf Ca and leaf S were overall
§ AR E-E] S § higher ip the salt marsh population than the. freshwater
= N £ . . % § g populafon j(LTab.le 1, 2). We found that .b}omass and
8 2 N 32: im in . g § leaf K. /Na™ ratio were s1gmﬁcantly' posm\'/.ely corre-
5:’) =g § v 3 § S92 E’ § E:t-ed 71;1 Fanggan garden, but not in Panjin garden
b=l ig. 7).
25
=)
E
%» £ Discussion
g 2w
) § E.j% We here tested the hypothesis that a freshwater
% 2% ) g & population of P. australis would perform better than
E g = G :E = the salt marsh population at the control salinity (O ppt),
- o Z 2 |23 which was confirmed. However, opposite to our
Tz SZ352 582357 : ,
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Fig. 2 Dry mass (DM; a) and biomass allocation (b) of two P.
australis populations (SMP salt marsh population, FWP
freshwater population) grown without salt (“control”) and with
20 ppt soil salinity (“salt”) in a common garden in Panjin and
Fanggan, respectively. Mean & SE, n = 11. Bars sharing the
same letters are not different at P > 0.05. Different letters in
(a) indicate significant differences between treatments for the
total biomass, different letters inside bars in (b) indicate
significant differences between treatments for each plant part

more salt tolerant than the freshwater population at 20
ppt. Hence, our observations could be explained not by
local adaptation, but rather phenotypic plasticity,
rejecting our first hypothesis. The salt treatment
induced a biomass reduction that was of similar
magnitude for the two populations combined with an
overall higher biomass production in the freshwater
population. This indicated that both populations
performed similarly under different soil salinity and
that the freshwater population generally produced
more biomass, but not that its relative salt tolerant was
higher. Judging by the absolute salinity tolerance, the
freshwater population was the somewhat more salt
tolerant of the two populations as it produced more
biomass than the salt marsh population at 20 ppt
salinity. Additionally, we detected large variation in
biomass production in both the freshwater and the salt
marsh population, indicating large variation in salinity
tolerance between the genotypes within each popula-
tion. High intra-population variability is crucial for a
population’s range shift under changing environmen-
tal conditions (Valladares et al., 2014). Reduced intra-
population diversity may be the consequence of
increased soil salinity, if less salt tolerant genotypes
are eliminated (Eller et al., 2017). Low genetic
diversity in general can be problematic (Frankham,

2005), and reed die back in Europe (Brix, 1999) has
been associated with low genetic diversity by some
scientists (Neuhaus et al., 1993), while others disagree
(Coppi et al., 2018).

We observed higher allocation to belowground
tissues of both populations in the salt treatment, which
may have contributed to a positive water balance.
Higher biomass allocation to the roots can assist in
maintaining adequate water uptake under saline con-
ditions (Poorter et al., 2012). In our study, the
belowground fraction represented both roots and
rhizomes, but only roots are responsible for water
uptake. The rhizomes are primarily storage organs,
and it seems unlikely that the here observed increased
allocation in belowground biomass can mainly be
explained by allocation to storage organs. Below-
ground biomass allocation was the only parameter
(besides some ion tissue concentrations), where the
response strength, and hence, phenotypic plasticity,
differed between populations (interaction Salin-
ity x Population, Table 1). Salt marsh P. australis
has been shown to have higher rhizome: root ratios
under oligohaline conditions compared to more saline
conditions (Moore et al., 2012).

An effect of climate, here evaluated as the two
different common gardens, on salinity tolerance was
also detected in our study. The largest difference
between both common gardens was the considerably
higher relative air humidity in Fanggan garden,
compared to Panjin garden. The humidity gradient
between the internal airspaces inside the leaf and the
external air is the driving force of transpirational water
loss through stomata (Jarvis & Davies, 1998). This
gradient, and hence, g, will be higher with drier air.
This was confirmed by lower g, in Fanggan than
Panjin garden, which strongly suggests concomitantly
lower transpiration rates (Jarvis & Davies, 1998). The
transpiration stream facilitates uptake of mobile ions
in the soil solution (Matimati et al., 2014), and the
presumably lower transpiration rates in Fanggan
garden therefore led to a lower cation pool in the
control treatment compared to Panjin garden.
Although the total biomass of control plants was
highest in Fanggan garden, salt-treated plants pro-
duced higher biomass in Panjin garden, with a salinity-
induced biomass reduction of about 50% in Fanggan
but only 20% in Panjin. It may seem counterintuitive
that the much drier climate in Panjin would increase
the relative salinity tolerance and growth in both
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australis populations (SMP salt marsh population, FWP
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Fig. 4 Leaf stomatal conductance (g; a), chlorophyll concen-
tration (Chl; b), quantum efficiency of PSII (F,/F.; ¢),
maximum electron transport rate (d) of two P. australis
populations (SMP salt marsh population, FWP freshwater

20 ppt soil salinity (“salt”) in a common garden at Panjin and
Fanggan, respectively. Mean + SE, n = 11. Different letters
indicate significant differences (p < 0.05) with Tukey’s test
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population) grown without salt (“control”) and with 20 ppt soil
salinity (“salt”) in a common garden at Panjin and Fanggan,
respectively. Mean + SE, n = 11. Different letters indicate
significant differences (p < 0.05) with Tukey’s test
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Fig. 6 Root concentrations of Na™ (a) and K* (b), the leaf K*/
Na™ ratio (¢) and the pooled content of all leaf cations (d) of two
P. australis populations (SMP salt marsh population, FWP
freshwater population) grown without salt (“control”) and with
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indicated by regression line. n = 44

populations, since low air humidity increases transpi-
ration rates and high soil salinity poses a limitation to
water uptake by roots. Nonetheless, P. australis
displayed higher relative salinity tolerance in the drier
climate, very likely due to leaf dehydration as a means
of osmoregulation (Lissner et al., 1999). The differ-
ence in osmoregulation therefore decoupled the rela-
tionship between growth and K™/Na* ratio in Panjin
but not in Fanggan garden (Fig. 7). As water is lost
from living plant tissue, the concentration of ions
acting as osmolytes increases, thereby maintaining
leaf turgor without major effects on photosynthetic
rates (Matoh et al., 1988; Lissner et al., 1999). Hence,
due to the higher relative air humidity in Fanggan
garden, leaf dehydration was lower compared to
Panjin garden, and an osmolyte concentration was
not achieved to the same extend. If dehydration was
prevented, osmotic adjustment could either be
achieved by increased ion uptake from the soil or
elevated production of compatible solutes. Compared
to dehydration, these processes are energetically
costly and occur at the expense of growth.

An important trait in salt acclimation is the ability
to maintain turgor by adjusting osmotic compatibility.
In P. australis, the K*/Na™ ratio is generally increased
by active exclusion of Na® from the leaf tissue and
maintaining high K* concentrations in the living
tissue (Takahashi et al., 2007). We therefore hypoth-
esized that the salt marsh population would have a
greater capacity to maintain its K¥/Na® ratio and
tissue nutrient concentration compared to the fresh-
water population. However, the freshwater population
had 1.7 to 3.0 times higher leaf K*/Na™ ratio in the

salinity treatment compared to the salt marsh popula-
tion. This was caused by higher leaf Na* concentra-
tions in the salt marsh population, as no differences in
leaf Kt were observed for the two populations. Even
though biomass and leaf K*/Na™ ratio decreased due
to the salt treatment, neither population showed any
sign of stress in the measured leaves, as their F\/F,
was very close to 0.8, indicating a healthy green leaf
(Demmig Adams & Adams, 1992). This suggests that
the salt marsh population was highly efficient at
sequestering Na™ in the vacuole, due to a higher Na™
tissue tolerance, since we observed no negative
impacts on most measured parameters, despite the
higher Na™ concentration (Flowers & Colmer, 2008).
High tissue tolerance is due to effective storage of Na™
in the vacuole and higher production of compatible
osmolytes located in the cytoplasm, thereby minimiz-
ing the negative effects on enzymatic processes such
as photosynthesis (Flowers & Colmer, 2008; Roy
et al., 2014). Species with high Na't tissue tolerance
can use Na™ as osmolyte in a similar manner as seen in
true halophytes, when K* is not readily available
(Zhao et al., 1999; Munns & Tester, 2008; Wakeel
et al., 2011; Mateus et al., 2019). The two populations
might also differ in Na™ and K™ allocation to young
and old tissue, as intraspecific variation in Na* and K*
allocation has been found previously for North
American P. australis (Achenbach & Brix, 2014).
The leaves used for leaf trait measurements were
green and healthy, supported by the fact that J,,,,x and
Chl were similar in the control and salinity treatment.
Despite lower stomatal conductance in salt-treated
plants, g, was still above 0.34 mol m~2 s~ in all
treatments and therefore high enough to facilitate
substantial gas diffusion for photosynthetic rates.
Other studies found that photosynthesis was largely
unaffected in P. australis grown at salinities of 20-28
ppt, despite a substantial biomass reduction (Pagter
et al., 2009). It is therefore likely that the reduced
biomass production under the salt treatment in both
populations was caused by increased energetic
demands required to maintaining ion homeostasis,
rather than decreased assimilation rates (Munns et al.,
2019). Moreover, we detected high N concentrations
in tissues with high Na™ concentration, such as roots,
to a similar magnitude in both populations. Metabolic
costs are associated with an adjustment of N concen-
tration in leaves and roots (Crain, 2007) to increase the
production of N-containing compatible osmolytes,
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such as proline, to balance the osmotic potential
between the cytoplasm and the vacuole where most
Na™ is stored (Pagter et al., 2009; Flowers et al., 2015).

A common effect of salt stress is a lower specific
leaf area (SLA), which is thought to assist in water
conservation (Munns & Tester, 2008; Wellstein et al.,
2017) and which we observed in Panjin garden. In
Fanggan garden, however, SLA in salt-treated plants
was higher than in the control. The relative humidity
was close to 100% for 2-3 h after sunrise on several
days and we observed dew on the leaves in several
instances. A probable explanation for this observation
is high relative air humidity that has previously been
described to facilitate water uptake directly from the
atmosphere into the leaves (Reef & Lovelock, 2015).
An advantage of higher SLA is increased light
capturing for higher assimilation rates, thus increasing
the energy available for ion uptake and Na™ exclusion.

Opposite to our hypothesis, the freshwater popula-
tion seemed to perform slightly better than the salt
marsh population under higher soil salinity, although
only the salt marsh population was sampled from a
saline habitat. Hence, we could not confirm local
adaptation, as both populations adjusted through
phenotypic plasticity. The lack of local adaptation
could be explained by the very dynamic nature of the
Yellow River preventing evolutionary adaptation. Due
to the high silt content in the river water, large amounts
of sediment are deposited in the riverbed and this has
changed the course of the Yellow river and the habitats
associated with it on several instances (Cong et al.,
2019). This has been exacerbated by human activities
that heavily impact the environment of the Yellow
River (Li et al., 2017). Moreover, high gene flow and
migration between Chinese populations of P. australis
(Gao et al., 2012) could interfere with local adaptation,
while the changing habitats and frequent disturbances
would put rapidly changing multidirectional selective
pressures on the salt marsh populations.

In conclusion, we found that both populations were
able to grow and survive in saline conditions, and we
did not detect strong signs of salt stress. Under
conditions of high air humidity, water loss is restricted
and therefore generally ameliorating salt stress.
Nonetheless, we found that relative salinity tolerance
was lower in the humid climate in Fangang garden, as
osmotic adjustment in P. australis involved leaf
dehydration, which was only possible in the drier
climate in Panjin garden. In contrast to active ion

@ Springer

uptake and Na™ exclusion, leaf dehydration requires
no energy input, which was evident in the higher
biomass production in Panjin, compared to Fanggan
garden. Climate change is expected to lower the
relative air humidity (Byrne & O’Gorman, 2018) and
will thereby increase the salinity tolerance of P.
australis and other species utilizing the same salt-
stress coping strategy, which could influence species
composition and zonation patterns in salt marshes
(Engels & Jensen, 2010).
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