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Correspondence By increasing water use efficiency and carbon assimilation, increasing atmo-
*Corrﬁspon?gg au;hor' spheric CO, concentrations could potentially improve plant productivity and
e-mall rreefiug.edu.au growth at high salinities. To assess the effect of elevated CO, on the salinity

Received 12 May 2014: response of a woody halophyte, we grew seedlings of the mangrove Avicennia
revised 13 August 2014 germinans under a combination of five salinity treatments [from 5 to 65 parts

per thousand (ppt)] and three CO, concentrations (280, 400 and 800 ppm).
doi:10.1111/ppl. 12289 We measured survivorship, growth rate, photosynthetic gas exchange, root

architecture and foliar nutrient and ion concentrations. The salinity optima
for growth shifted higher with increasing concentrations of CO,, from 0 ppt at
280 ppm to 35 ppt at 800 ppm. At optimal salinity conditions, carbon assimila-
tion rates were significantly higher under elevated CO, concentrations. How-
ever, at salinities above the salinity optima, salinity had an expected negative
effect on mangrove growth and carbon assimilation, which was not alleviated
by elevated CO,, despite a significant improvement in photosynthetic water
use efficiency. This is likely due to non-stomatal limitations to growth at high
salinities, as indicated by our measurements of foliar ion concentrations that
show a displacement of K* by Na* at elevated salinities that is not affected by
CO,. The observed shift in the optimal salinity for growth with increasing CO,
concentrations changes the fundamental niche of this species and could have
significant effects on future mangrove distribution patterns and interspecific
interactions.

Introduction (Drake et al. 1997). For salt tolerant plants the effects of
elevated CO, on growth and photosynthesis are unclear.

Salinity represents a physiological challenge for plants
because water acquisition is more difficult and because
ions (mainly Na* and CI7), although required for osmotic
adjustment and turgor maintenance, can accumulate
in the tissues to toxic concentrations (Scholander et al.
1962). Both of these stressors can lead to oxidative
stress and lower rates of photosynthesis and growth (Ball

The persistent rise in atmospheric CO, concentrations
over the last two centuries from a preindustrial level of
approximately 280 ppm to currently about 400 ppm is
having a pronounced effect on the physiology of most
plant species. An increase in CO, concentrations gen-
erally stimulates photosynthesis and growth (Ainsworth
and Long 2005) and increases plant water-use efficiency

Abbreviations — Cl, confidence interval; HSD, honest significant difference; ppt, parts per thousand; RUBISCO,
ribulose-1,5-bisphosphate carboxylase/oxygenase; SL, stem length; SLA, specific leaf area; SRL, specific root length.
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1988). If growth rate under saline conditions is inhibited
by the rate of supply of photosynthates, elevated atmo-
spheric CO, concentrations could have a positive effect
on growth rates by increasing intracellular CO, concen-
trations under saline conditions while maintaining high
water use efficiency (Geissler et al. 2009).

Mangroves are trees that grow in saline, tidal wet-
lands on tropical and subtropical coastlines and can tol-
erate a wide range of soil salinity (Lugo and Snedaker
1974, Odum et al. 1982, Hutchings and Saenger 1987).
Nonetheless, salinity has long been recognized as an
important factor that limits mangrove growth (Lin and
Sternberg 1992, Ball 2002, Lovelock etal. 2006) and
is an important environmental variable in determining
mangrove species distribution and interspecific interac-
tions (Bunt etal. 1982, Ball 1988, Smith 1988, Ball
1998). Thus, changes to the response of plants to salin-
ity with increasing CO, could have significant ecological
consequences.

Even in plants that are not salt tolerant the responses
to elevated CO, can be complex. The CO, response of
some plants has been shown to depend on other envi-
ronmental variables that can potentially limit growth
(such as nutrient availability). Many long-term experi-
ments have shown an ‘acclimation” of photosynthesis
to higher CO, levels (Drake etal. 1997), which is
caused by the downregulation of photosynthesis genes
and ribulose-1,5-bisphosphate carboxylase/oxygenase
(RUBISCO) activity. Decreased RUBISCO activity is
brought about, in part, by an accumulation of starch
in the leaves and a range of other molecular and bio-
chemical feedbacks (Pritchard etal. 1997, Stitt and
Krapp 1999). This acclimation is observed mainly in
plants where growth is limited by non-stomatal factors,
such as nutrient limitation (Ainsworth etal. 2004).
In those plants, elevated CO, does not sustain the
expected higher levels of photosynthesis or growth.
Salinity inhibits plant growth through both stomatal
and non-stomatal processes; thus, despite the benefit
from potentially increased intracellular CO, concentra-
tions and water use efficiency, mangrove growth and
photosynthesis might not be stimulated by elevated CO,

The aims of this study were to measure the effects of
atmospheric CO, concentrations under a range of salin-
ity conditions in the common and widespread mangrove
Avicennia germinans to determine how rising CO, levels
might affect A. germinans growth, root traits, photosyn-
thesis, ion relations, water use and salt accumulation
and whether productivity and growth reduction due to
salt stress is ameliorated as CO, concentrations increase.
This was achieved by growing A. germinans seedlings at
three CO, concentrations (280, 400 and 800 ppm) over
five levels of root zone salinity.

Physiol. Plant. 154, 2015

Materials and methods
Mangrove collection and propagation

Mature propagules of A. germinans (n=200) were
collected on August 7, 2012 and August 8, 2012 at
Galeta Point, Panama (9°24’01”N, 79°51'51”W). The
mangrove forest at this site is comprised of A. germi-
nans, Laguncularia racemosa, Rhizophora mangle and
Conocarpus erectus (Reef personal observation). The
pore water salinity within A. germinans dominated areas
of the forest at the time of propagules collection ranged
from 11 to 43 parts per thousand (ppt) with a mean =+ sp
of 25.5 +12.5 ppt. Rainfall in the region is approximately
2750 mmyear~' (Galeta Point Physical Monitoring Pro-
gramme) which falls mainly in the rainy season (April to
December). Propagules were collected during the rainy
season. The propagules were placed in seedling trays
filled with local mangrove soil. The seedlings trays were
placed 0.5 m above the ground and covered with netting
to prevent herbivory by crabs and insects. The man-
groves were grown in open air, shaded conditions and
were watered daily with a 1:10 (v:v) sea water:tap water
solution. On September 10, 2012, 150 similar sized
seedlings were transplanted to Santa Cruz Experimental
Field Facility, Smithsonian Tropical Research Institute,
Gamboa, Panama (9°07’N, 79°42'W) and planted in
individual 1.61 tree pots (7x10x23 cm) filled with a
mixture (50%/50%) of local topsoil and sand. Seedling
height averaged 13 cm at the time and most seedlings
had two leaf pairs and had lost their cotyledons (i.e.
exhausted their maternal carbon reserves).

Experimental conditions

Plants were divided among three glasshouses (n=50
pots per glasshouse), first had CO, concentrations
similar to ambient (400 ppm), second had CO, concen-
trations similar to preindustrial CO, levels (280 ppm)
and the third had an elevated CO, concentration of
800ppm (the IPCC A2 scenario for the end of the
century). Elevated CO, was maintained by releasing
CO, gas from a high-pressure cylinder in brief pulses
when the CO, concentration in the glasshouse fell to
790 ppm. Injection of CO, stopped when the CO, con-
centrations reached 810 ppm. Preindustrial [CO,] was
maintained between 270 and 290 ppm by scrubbing
CO, from the air using a column of soda lime, and air
pump and dust bag of an industrial vacuum cleaner. The
glasshouses were equipped with split air conditioning
units programmed to turn on when the air temperature
exceeded 30°C. Air temperature and relative humidity
were recorded in the three glasshouses every 15 min
with a data logger (CR10X; Campbell Scientific, Logan,
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Table 1. Measurements of the atmospheric conditions in the three glasshouses between September 11, 2012 and February 2, 2013.

Parameter measured 280 ppm, glasshouse

400 ppm, glasshouse 800 ppm, glasshouse

Mean air temperature (°C) + sp 28.2+0.9
Mean relative humidity (%) «+ sp 67.4+13.2
Mean [CO,] (ppm) +sp 284.8+32.8

285+1.3 27.8+1.1
66.7+16.4 65.4+18.1
405.7+14.0 808.6+46.7

UT). The atmospheric conditions in each of the three
glasshouses are summarized in Table 1.

Seedlings were watered twice weekly with 300 ml salt
solution that saturated the pots. The soil remained moist,
but not saturated, between watering treatments. Five
salinity treatments were implemented in each glasshouse
using 5, 20, 35, 50 or 65gl~" of instant ocean aquar-
ium salt (n=10 plants for each salinity level in each
glasshouse). Salinity treatments were chosen to cover the
range of salinities in which this species naturally occurs
(Goncalves-Alvim et al. 2001). Instant ocean aquarium
salt does not contain nitrogen and phosphorus and nutri-
ents were added weekly to all watering solutions at a
concentration of 0.06 MM KNO;, 0.04 mM Ca(NOs;),,
0.01 mM NH,H,PO,, 0.01mM (NH,),HPO,, 2.5uM
H,BO,, 0.2 uM MnSO,, 0.2 pM ZnSO,, 0.05 pM CuSO,,
0.05pM H,Mo00,, 2puM C;oH;,FeN,NaOg [ethylene-
diaminetetraacetic acid iron (ll)-sodium salt]. Once a
week the plants received a shower of fresh water (10 ml)
from a spray bottle to simulate a rain event washing the
salt from their leaves.

Acclimation procedures

On September 11, seedlings were randomly distributed
among 15 salinity x CO, treatments (n=10 for each
treatment). Soil salinity was increased gradually in steps
of 5ppt to avoid shock. The highest salt concentration
of 65ppt was achieved on December 6, 2012. From
this point, plants were irrigated twice weekly with the
final salinity treatment (5, 20, 35, 50 and 65 ppt), until
the harvest from January 30, 2013 to February 2, 2013.
The experimental period was short in order to avoid
restrictions to root growth in the pots, which has been
demonstrated to influence responses to elevated CO, in
other studies (Thomas and Strain 1991).

Stem elongation, biomass, leaf area, root
morphology and elemental composition

Seedling height, number of nodes and number of leaves
were measured for all seedlings when they were allo-
cated to the different CO, or salinity treatments in
September. The same measurements were made when
final treatment salinity concentrations were reached
(December) and again immediately before the harvest
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(February). Following the harvest, plants were split into
above and below ground components. Leaf area was
measured using a LI-3100C leaf area meter (Li-Cor Corp.,
Lincoln, NE). Roots were photographed and analyzed
using WINRHIZO root analysis software (Regent Instru-
ments Inc., Quebec, QC, Canada). Plant material was
then washed in distilled water to remove external salt
and dried at 70°C for 5 days and weighed.

Root images of each seedling were analyzed using
WINRHIZO 2007b (Regent Instruments Inc.) for total root
length, average root diameter, root volume and surface
area. Specific root length (SRL) was then calculated as
the product of root length divided by root biomass. Root
tissue density was calculated as the product of root
biomass divided by root volume.

Samples for nutrient leaf concentrations and isotopic
composition were taken from the same leaves used
for photosynthesis measurements from five randomly
selected plants from each treatment. The isotopic com-
position of the added CO, in the 800 ppm treatment dif-
fered slightly from that in ambient air. The correction for
this was previously determined for this system by grow-
ing two C4 plants (Saccharum spontaneum and Portu-
laca oleracea) in the chambers. A correction factor of 2%o
was subtracted from the foliar §'3C values of seedlings
from the 800 ppm treatment (Cernusak et al. 2011).

Leaves were washed with distilled water and dried at
70°C for a week and ground prior to analysis. Leaf car-
bon (C) and N concentrations and their stable isotope
abundances were analyzed at the Smithsonian Tropical
Research Institute Biogeochemistry Lab using a Flash HT
Elemental Analyzer coupled through a Conflo IlI inter-
face to a Delta V Advantage continuous flow isotope
ratio mass spectrometer (Thermo Scientific, Bremen,
Germany). Phosphorus, calcium, magnesium, potassium
and sodium in leaves were determined by digestion
under pressure in concentrated HNO; with detection by
inductively coupled plasma optical-emission spectrom-
etry (Optima 7300 DV; Perkin Elmer Inc., Shelton, CT).

Statistical analyses were performed using R ver-
sion 3.0.2 with packages MASS and sm. Where the
response of seedling growth to salinity and CO, was
unimodal, data were fit to a Gaussian model and dis-
tribution parameters (such as center of distribution and
amplitude) were used to define the growth response
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to salinity. Significant differences in these parameters
between CO, treatments were tested using a two sample
Kolmogorov—Smirnov test.

Gas exchange measurements

Net photosynthetic CO, assimilation rate (A) and stom-
atal conductance to water vapor (Gs) were measured
with a Li-Cor 6400 portable photosynthesis system
(Li-Cor Corp.) equipped with a 6400-60 leaf chamber.
The measurements were made on the youngest fully
expanded leaves between 09:00 and 11:30h the day
following the irrigation with nutrient solution (n ranged
from 6 to 10 per treatment depending on the number
of live seedlings). This was repeated for 4 weeks and all
statistical analyses were performed on the average value
of each seedling over the 4 weeks of measurement.

The CO, concentration in the cuvette was set at
280 ppm (for preindustrial plants), 400 ppm (for ambi-
ent CO, plants) and 800 ppm (for future CO, plants)
using a CO, injector (6400-01) and compressed CO, car-
tridges (Li-Cor Corp.). Leaf temperature, measured using
an infrared thermometer (Raytek Corp. Santa Cruz, CA)
averaged 32°C during the measurement period (n=50),
so leaf temperature within the cuvette was set to 32°C.
When leaves did not completely cover the cuvette win-
dow, one-sided (projected) leaf areas within the cuvette
were measured and gas exchange data recomputed using
the LI-6400 simulator software (ver. 5, Li-Cor Corp.).

Initial light-response curves (Fig. S1, Supporting
Information), indicated light saturated photosynthesis
at irradiance values <1000 pmol quantam=2s~"; thus
1000 pmol quantam=2s~! was chosen as the saturation
light level for light saturated net CO, uptake measure-
ments. Light in the cuvette was provided by a red LED
source (6400-02, Li-Cor Corp.).

Statistical tests of the effects of the treatments on leaf
gas exchange parameters were based on an ANCOVA using
the Im function in R with salinity as a covariate and CO,
as a factor.

Results
Stem elongation and survivorship

Increments in stem length (SL, cm) over the final salin-
ity treatment period (52 days) were used as the proxy
for growth. Final SL was significantly and positively
correlated with both the final above ground biomass:
AGB (g)=0.12xSL-0.46, R?=0.69, P<0.001; and
final total biomass: TB (g)=0.19x SL —0.49, R?> =0.66,
P <0.001. Final SL was also significantly and positively
correlated with final leaf number (Fig. S2), indicating
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Fig. 1. Mean (xse, n=6-10) stem extension rates (cm day~') as a func-
tion of salinity for seedlings grown under three different atmospheric
CO, concentrations: (A) 280 ppm (B) 400 ppm and (C) 800 ppm. Gaus-
sian models were fitted to the data for the 400 and 800 ppm CO, treat-
ments (R2=0.17 and 0.44 for 400 and 800 ppm, respectively), dotted
lines represent the mean center of the distribution and shaded areas are
the 95% confidence intervals around the mean.

no significant change in biomass allocation patterns to
leaves and stems among the CO, treatments (F, 1,4 =2,
P=0.14).

Stem extension rate (cmday~') revealed a signifi-
cant shift in salinity optima for growth in response to
changes in glasshouse CO, concentrations (Fig. 1). At
280 ppm, growth rates were not significantly affected
by salinity level (P=0.22, Fig. 1A) but were highest at
the lowest salinity level. At higher CO, concentrations
the response of seedling growth to salinity and CO,
became unimodal (Fig. 1B, C) thus data were fit to
Gaussian models and distribution parameters (e.g. the
center of the distribution and its amplitude) were used
to define the growth response to salinity. Growth rates
of seedlings at 400 ppm were described by the model
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Fig. 2. Root architecture as a function of soil salinity for seedlings grown under three different atmospheric CO, concentrations: 280 ppm (open
circles), 400 ppm (gray shaded circles) and 800 ppm (filled circles). (A) Mean SRL mg~". (B) Mean root length (cm). (C) Mean root diameter (mm) and
(D) Root tissue density (gcm=3). Values are the average (+se) of 7—10 seedlings per treatment.

SL=0.1/(1 + ((salinity — 15)/24)?), R?>=0.17. Optimal
growth rates at 400 ppm CO, were achieved at salinities
of 15+6.5ppt 95% confidence interval (Cl; Fig. 1B).
At 800 ppm optima for growth shifted to even higher
salinities (29.9 +2.03 ppt 95% ClI; Fig. 1C). At 800 ppm,
the model fitted was SL=0.16/(1 + ((salinity — 29.9)/8)?)
with an R? of 0.44. The growth optima (the salinity
where maximal growth rates were achieved) shifted to
significantly higher salinities as CO, partial pressure
increased (comparison of fit of the Gaussian models
to a global fitted model F ;5 =4.6, P=0.01). While
the center of the distribution significantly shifted to
higher salinities as CO, concentrations increased, the
maximum growth rates achieved at the salinity optima
(the amplitude of the distribution) were not significantly
different between the CO, treatments (F(, j19=0.59,
P=0.56).

Mortality rates of seedlings were relatively low (11%).
In the majority of the treatments (8/15) all 10 seedlings
survived. Mortality rates were significantly higher in
the 800 ppm CO,/5 ppt salinity treatment, where only
4 of 10 seedlings survived (Chi-square=28.4, d.f.=8,
P<0.001). Mortality rates in the other treatments
where mortality occurred ranged from 10% (three treat-
ments) and 20% (800 ppm CO,/50ppt) to 30% (two
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treatments, 400 ppm CO,/50ppt and 800 ppm CO,/
35 ppt).

Both salinity and CO, had a significant effect on
root architecture. SRL was lower in the high CO, treat-
ment [ANCOVA, F, 153 =4, P=0.02, Tukey honest signif-
icant difference (HSD) 800—400 ppm P=0.01; Fig. 2A].
Salinity also had a significant negative effect on SRL
(F(1,123)=8.5, P=0.004). Root length decreased signifi-
cantly with salinity (F 1,5, =30.8, P<0.001, Fig. 2B) but
was not affected by CO, (P=0.96). Mean root diameter
was smaller as salinity increased (ANCOVA, F(; 1,1)=16.3,
P <0.001, Fig. 2C) and also as CO, increased (ANCOVA,
Fo121y=4.7, P=0.01). Plants grown under CO, concen-
trations of 280 ppm had significantly thicker roots than
those grown at 400 or 800 ppm (Tukey HSD, P=0.02
and P=0.03, respectively). Root tissue density was also
affected by both CO, and salinity. Plants grown under
CO, concentrations of 280 ppm had significantly lower
root tissue density than plants grown under higher con-
centrations (F(, ,,=4.6, P=0.01; Fig. 2D). Tissue den-
sity increased with increasing salinities (F; 1,4y =34.7,
P <0.001) especially in the higher CO, treatments (inter-
action P=0.05). Root/shoot ratios were not significantly
affected by CO, concentrations or by salinity and were
on average 0.73 (+0.2 sp).
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Fig. 3. Foliar properties as a function of soil salinity for seedlings grown
under three different atmospheric CO, concentrations: 280 ppm (open
circles), 400 ppm (gray shaded circles) and 800 ppm (filled circles). (A)
SLA cm? g~'. (B) Foliar C:N mass ratio. Values are the average (+se) of
four to five seedlings per treatment.

Leaf properties

Specific leaf area (leaf biomass per unit area, SLA;
Fig. 3A) was significantly higher in plants grown under
preindustrial CO, concentrations compared with plants
grown under ambient and predicted future CO, con-
centrations (ANCOVA, F(, 119=9.6, P<0.001 and Tukey
HSD; Fig. 3A). A lower leaf C:N ratio was also measured
in plants grown under preindustrial CO, concentrations
(ANCOVA, F(p 67)=7.4, P=0.001; Fig. 3B). Salinity had no
effect on SLA (F(; 119)=0.24, P=0.63) or on foliar C:N
ratios (F; g7y =1, P=0.32).

Foliar Nat concentrations were not affected by
CO, (Fg66=0.55, P=0.8). Foliar Na* concentrations
increased with salinity, but reached saturation at salinity
levels above 35 ppt (Fig. 4A). Exponential models were
fitted to the response of foliar Na* concentrations as
a function of salinity with R? values 0.53, 0.75 and
0.59 for the 280, 400 and 800 ppm CO, treatments,
respectively. Maximal tissue Nat concentrations were
calculated by the models to be 46.9 (+9.1 sg), 40.5
(+4.3 sp) and 40.5mgg~' (+3.8 sk) for the 280, 400
and 800ppm CO, treatments, respectively. Potassium
concentrations showed an opposite trend to Nat,
decreasing exponentially as salinity levels increased
(Fig. 4B). Exponential models were fitted to the response
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Fig. 4. Foliar ion and phosphorus concentrations as a function of soil
salinity for seedlings grown under three different atmospheric CO, con-
centrations: 280 ppm (open circles), 400 ppm (gray shaded circles) and
800 ppm (filled circles). (A) Na* (mgg~" dry weight) (B) K* (mgg~" dry
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of four to five seedlings per treatment. (A) and (B) fitted with exponen-
tial curves (one curve shown combining the three CO, concentrations,
RZ=0.59 and 0.6 for (A) and (B), respectively).

of foliar K* concentrations as a function of salinity with
R? values 0.52, 0.70 and 0.71 for the 280, 400 and
800ppm CO, treatments, respectively. The minimum
K* concentrations calculated by the models were 8.9
(£20 sp), 16.3 (+£2.7) and 18 (+2.3)mgg™" for the 280,
400 and 800 ppm CO, treatments. CO, concentrations
did not affect foliar K* concentrations (F ¢q =0.94,
P=0.47). Phosphorus concentrations were signifi-
cantly higher in high salinity plants (F;;,=18.7,
P <0.001; Fig. 4C) and also significantly higher in leaves
of seedlings grown under 280 ppm CO, (F,7,=9.2,
P <0.001) compared with seedlings grown at higher CO,
concentrations.
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Fig. 5. Photosynthetic gas exchange values and foliar stable isotopic composition as a function of soil salinity for seedlings grown under three
different atmospheric CO, concentrations: 280 ppm (open circles), 400 ppm (gray shaded circles) and 800 ppm (filled circles). Linear regression lines
were fitted where linear relationships were significant (dotted line, 280 ppm; dashed line, 400 ppm, solid line, 800 ppm) (A) carbon assimilation rate:
A=-0.045al +6.4, R =0.53, and A=-0.04Sal + 8, R =0.85 for 280 and 400 ppm, respectively, for 800 ppm a Gaussian relationship is presented.
(B) stomatal conductance to water vapor: Gs=-0.0013Sal+0.14, R2=0.75, Gs=-0.0012Sal+0.13, R?=0.97 and Gs=-0.000425al+0.06,
R? =0.42 for 280, 400 and 800 ppm, respectively. (C) Intrinsic water use efficiency: WUEi =0.27Sal + 46.2, R? =0.88, WUEi=0.675al + 66, R =0.74,
WUEi = 1.68Sal + 131.2, R? = 0.94 for 280, 400 and 800 ppm, respectively. Values of (A—C) are the average of 7—10 seedlings per treatment. (D) 6'3C
isotope ratios (E) Light saturated carbon assimilation rate per unit N,,., (PNUE) and (F) §"°N isotope ratios. Values of (D-F) are the average (+s¢) of four
to five seedlings per treatment.

Gas exchange R?=0.19; Fig. 5A]. The mean distribution center
(peak assimilation rate) occurred at a salinity level of
31.2 ppt (3.8 sk). Glasshouse CO, concentrations also
had a significant effect on assimilation rate (ANCOvVA,

Salinity had a significant effect on mangrove seedling
light saturated carbon assimilation rate (Fig. 5A). Assim-

ilation rates were significantly. reduce(?l I;:y salinity F120)=5.17, P=0.007), with assimilation rates under
(ANCOVA, Fig 120 = 11.9, P <0.001; Fig. 5A)inthe 280and  ,eindustrial CO, conditions significantly lower than

400 ppm CO, treatments. The response of seedlings o those under present and future concentrations (Tukey
salinity in the 800 ppm CO, treatment was unimodal due HSD, P-A, P=0.02; P-F P=0.02; Fig. 5A). Assim-

to the depression of photosynthetic gas exchange at both ilation rates under present and predicted future CO,
low and high salinities and was thus fitted with a Gaus-  concentrations did not significantly differ from each
sian  model [A,., =8.8/(1+(salinity —31.2)/33.3)?),  other (Tukey HSD, P=0.98).
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Stomatal conductance was significantly reduced
both with increasing salinity levels and increasing
CO, concentrations (ANCOVA, F(j150=49, P<0.001
and F, 150=23.3, P<0.001, respectively; Fig. 5B). At
800ppm CO, treatment, stomatal conductance was
significantly lower than under both 400 and 280 ppm
concentrations (Tukey HSD, P <0.0001 for both). Stom-
atal conductance was not significantly different between
the 280 and 400 ppm treatment (P=0.1). CO, concen-
tration did not significantly alter the effect of salinity on
stomatal conductance (ANCOVA, F(; 115 =2.9, P=0.06;
Fig. 5B).

Corresponding to the decrease in transpiration
rates, water use efficiency (WUEi) was significantly
improved as glasshouse CO, concentrations increased
(ANCOVA, Fy 115 =166.8 P<0.0001; Fig. 5C), more so
at higher salinities (F, 115=7.77, P<0.001; Fig. 5C).
WUEi also significantly improved as salinity increased
(Fa,118=48.7, P<0.001; Fig. 5C). Foliar carbon iso-
tope ratios were significantly affected by both salinity
and CO,. §"3C significantly increased as salinity levels
increased (F; ¢5,=44.2, P<0.001; Fig. 5D) and was
also significantly higher in the high CO, treatment
(F,65=37.2, P<0.001; Fig. 5D), especially at higher
salinities (P <0.001).

Light saturated carbon assimilation rate per unit N,
(PNUE) significantly decreased with salinity (ANCOvVA,
Fi163y=4.8 P=0.03; Fig. 5E), and increased with CO,
concentrations (F(, ¢3) =3.46 P=0.04). PNUE was signif-
icantly lower in plants growing at 280 ppm relative to
plants growing at 800 ppm (Tukey HSD, P=0.03), but
at 400 ppm PNUE was not significantly different from
that in the 280 and 800 ppm treatments. PNUE levels
were highest in plants growing in the 35 ppt treatment
in the high CO, treatment (Fig. 5E). Stable isotope N
ratios were also significantly affected by both salinity
and CO, concentrations (Fig. 5F). §'>N decreased with
salinity (Fi; 4)=25, P<0.001) but increased with CO,
concentrations (F, 4y =3.6, P=0.03).

Discussion

Elevated CO, had a significant effect on the response to
salinity in the common and widespread mangrove A. ger-
minans. The highest stem elongation and photosynthetic
rates of seedlings grown at 800 ppm CO, concentra-
tions were achieved at higher salinities than for seedlings
grown under lower CO, concentrations. Furthermore,
at low salinities, growth rates were significantly lower
under future CO, concentrations than current and prein-
dustrial CO, concentrations and mortality rates were sig-
nificantly higher. Such a differential response to salin-
ity under changing atmospheric CO, could influence
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the intensity and outcome of competitive interactions
between A. germinans and other co-occurring species,
including other mangrove species and tidal marsh veg-
etation. Our data suggest there may be a shift along
the salinity axis of the ‘fundamental niche’ (Hutchinson
1957) of A. germinans seedlings as CO, concentrations
in the atmosphere have increased. This could be another
contributing factor to the encroachment of Avicennia sp.
into endangered coastal saltmarsh habitats around the
world over the past century (Osland et al. 2013, Sain-
tilan et al. 2014). The change in the fundamental salin-
ity niche due to increases in CO, should be taken into
consideration in species distribution models that predict
future distributions of salt tolerant plants under different
climate change scenarios based on data collected under
current or previous atmospheric CO, concentrations.

In addition to the shift in salinity optima for growth, a
stimulation of photosynthesis and growth under elevated
CO, occurred in plants growing in mid-range/optimal
salinity (20-35ppm). At this salinity range, carbon
assimilation and stem extension rates in plants grown
at 800 ppm were double those of plants growing at
280 ppm. CO, concentrations had a significant impact
on water use efficiency as evidenced by both the increase
in the foliar carbon isotopic ratio and the WUEi gas
exchange calculations. Stomatal conductance declined
with increases in CO,, and at 800 ppm stomatal con-
ductance reached values less than a third of those at
280 ppm, which is consistent with responses of most
plants to elevated CO, (Wullschleger et al. 2002, Nowak
et al. 2004, Ainsworth and Long 2005), including man-
groves (Snedaker and Aradjo 1998). The improved water
use efficiency could explain the improved growth and
productivity at mid-range salinities under high CO, con-
centrations and the shift in the salinity optima for growth.

Our data support earlier observations that elevated
CO, stimulates growth of plants under moderately
high salinity but does not lead to the alleviation of
salinity stress at supraoptimal salinity conditions (Ball
and Munns 1992, Ball et al. 1997, Munns et al. 1999).
At 65ppt, growth and photosynthesis were reduced
under all CO, concentrations compared with plants
grown at lower salinity levels. In mangroves of the genus
Rhizophora, elevated CO, improved growth only at
lower salinities (Ball et al. 1997). A study of salt marsh
productivity under elevated CO, found growth (mea-
sured as surface elevation gain) was stimulated only at
salinities lower than 10 ppt (the optimal salinity for the
species) (Langley et al. 2009). This is probably due to
the fact that inhibition of growth due to salinity stress
is the result of a range of non-stomatal limitations, such
as ion toxicity and nutrient deficiency and that CO,
concentrations do not directly affect these processes. In
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our study, Na* concentrations increased with increasing
salinity, but reached a plateau at salinities above 35 ppt.
It is possible that this is the highest Na* level this species
can sequester in the vacuole without the leakage of
Nat into the cytoplasm and could be the reason for
declines in growth and photosynthesis above this thresh-
old. Potassium concentrations decreased in a manner
that indicated a displacement of K* by Na* at higher
salinities, probably in the cell vacuole (Ball et al. 1987).
CO, concentrations did not affect ion concentrations,
which could explain why under supraoptimal salinity
conditions, CO, did not affect mangrove productivity,
growth and survivorship.

Under optimal salinity conditions, leaf SLA was
lower in the high CO, treatment and had greater C:N
ratios. This is a common phenomenon in plants growing
in CO, enriched environments, including mangroves
(Farnsworth et al. 1996), which arises in part from an
increase in the rate of photosynthesis which exceeds the
rate of the sink capacity to utilize the photosynthates
for growth. A herbarium study on the congeneric Avi-
cennia marina revealed leaf SLA of mature trees has
been decreasing with increasing levels of CO, over the
past two centuries (Reef and Lovelock 2014), suggesting
that our short-term measurements of increasing rates
of photosynthesis due to elevated CO, are likely to be
maintained over longer periods. Under supraoptimal
salinity conditions leaf SLA did not decrease in the high
CO, treatment, thus it is unlikely that the inhibition of
photosynthesis under high salinity conditions is due to
limited sink capacity or CO, limitation to growth.

We detected a significant difference in root archi-
tecture in response to elevated CO,, for example, the
development of more fine roots and a decrease in SRL
compared with plants grown at 400 and 280 ppm. While
this is the first report for a decrease in SRL with elevated
CO, in mangroves, a meta-analysis of nine studies
of conifers and deciduous tree species also showed
reductions in SRL with elevated CO, (Ostonen et al.
2007). Similar reductions were observed in grassland
species (Anderson et al. 2010). Reduction of SLR within
a species in response to elevated CO, could reflect
enhanced nutrient absorption by the roots to increase
the sink capacity for photosynthates. Our observation of
higher PNUE and lower SLA (which could indicate sink
limitations for photosynthates) under elevated CO, con-
ditions is consistent with the hypothesis that a nutrient
deficiency was developing in those seedlings. While SLR
decreased with increasing CO,, root tissue density signif-
icantly increased. Increased salinity also had a significant
negative effect on SLR. Similar to the effect of elevated
CO,, the reduction in SLR corresponded to an increase in
root tissue density with salinity. This could be indicative
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of lignification and suberization of the roots that occurs
under high salinity conditions to limit the apoplastic
uptake of salt into the xylem (Krishnamurthy et al. 2014).

In conclusion, atmospheric CO, concentrations may
have significant effects on the salinity niche occupied
by A. germinans and thus could have implications for
interspecific interactions among mangrove species and
between mangroves and tidal marsh vegetation in Avi-
cennia dominated forests with salinities below 50 ppt,
such as those of southern Australia, New Zealand (Mor-
risey et al. 2010), Africa and the United States. We also
anticipate significant changes to water relations and
nutrient cycling within the mangrove forest. It is possible
that eutrophication will have a significant impact on
how mangroves respond to elevated CO, with greater
responses expected where nutrient availability is higher.
However, these responses could be dependent on other
factors such as interspecific competition (McKee and
Rooth 2008). Increases in levels of atmospheric CO,
may not lead to large increases in primary production,
but to more subtle effects such as changes in salinity
optima for growth, changes in the strength of nutrient
limitations to growth and leaf and root traits that could
lead to changes in species distributions and ecosystem
services.
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Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Fig. S1. Representative light curves of three seedlings
grown at different salinity and CO, conditions. For each
leaf, assimilation rate was measured for nine light lev-
els (2000, 1500, 1000, 500, 200, 100, 50, 20 and
0 pmol). Data were fitted with the Mitscherlich model
equation (R? >0.98 for all three curves). The light satu-
rated rate of photosynthesis was achieved at irradiances
of <600 pmol.

Fig. S2. The relationship between SL and leaf number
in Avicennia germinans seedlings grown under three
CO, concentrations: 280 ppm (open circles), 400 ppm
(gray filled circles) and 800 ppm (black filled circles).
Data were fitted with linear models: 280 ppm (broken
line), leaf #=0.38SL+2.7, R?=0.41; 400ppm (solid
gray line) leaf # =0.46SL + 0.7, R? =0.48; 800 ppm (solid
black line) leaf #=0.58SL—0.9, R>=0.7. Slopes were
not significantly different among the three treatments
(P=0.14)

Physiol. Plant. 154, 2015



