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Temperature and salinity are important regulators of mangrove range limits and productivity, but the physiological
responses of mangroves to the interactive effects of temperature and salinity remain uncertain. We tested the hypothesis
that salinity alters photosynthetic responses to seasonal changes in temperature and vapor pressure deficit (D), as
well as thermal acclimation _of leaf respiration in black mangrove (Avicennia germinans). To test this hypothesis,
we grew seedlings of A. germinans in an outdoor experiment for ~ 12 months under four treatments spanning O to
55 ppt porewater salinity. We repeatedly measured seedling growth and in situ rates of leaf net photosynthesis (Asat)
and stomatal conductance to water vapor (gs) at prevailing leaf temperatures, along with estimated rates of Rubisco
carboxylation (V¢max) and electron transport for RuBP regeneration (Jmax), and measured rates of leaf respiration at 25 °C
(Rarea®®). We developed empirical models describing the seasonal response of leaf gas exchange and photosynthetic
capacity to leaf temperature and D, and the response of Rarea> to changes in mean daily air temperature. We tested the
effect of salinity on model parameters. Over time, salinity had weak or inconsistent effects on Ag,t, gs and Rarea?>. Salinity
also had little effect on the biochemical parameters of photosynthesis (V¢max, Jmax) and individual measurements of Ag,t,
sy Vemax and Jax showed a similar response to seasonal changes in temperature and D across all salinity treatments.
Individual measurements of R.rea2® showed a similar inverse relationship with mean daily air temperature across all
salinity treatments. We conclude that photosynthetic responses to seasonal changes in temperature and D, as well as
seasonal temperature acclimation of leaf R, are largely consistent across a range of salinities in A. germinans. These
results might simplify predictions of photosynthetic and respiratory responses to temperature in young mangroves.

Keywords: blue carbon, carbon assimilation, halophytes, stomatal sensitivity, thermal acclimation, vapor pressure deficit.

Introduction

Coastal ecosystems are increasingly recognized as important
contributors in the global C cycle (Atwood et al. 2017, Donato
et al. 2011; Duarte et al. 2013, Mcleod et al. 2011). Ecosys-
tems dominated by mangroves (tropical and subtropical woody
halophytes) often have high rates of primary production (400
to 1200 g C m~ years™', 0.05 to 0.2 Pg C years™' globally,

Bouillon et al. 2008, Duarte et al. 2013, Alongi 2014, Duarte
2017). These ecosystems sometimes have higher rates of
productivity than upland tropical forests when compared at a
common height (Komiyama et al. 2008). Nonetheless, there
remains considerable uncertainty about the physiological pro-
cesses that regulate mangrove productivity (Alongi 2014, Bauer
et al. 2013, Bouillon et al. 2008, Krauss et al. 2008) and how
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those processes vary over space and time and in response to
changing environmental conditions.

Temperature is a key determinant of the extent and pro-
ductivity of mangroves (Duke et al. 1998). Mangroves are
generally intolerant of freezing, and species range limits are
strongly determined by the frequency of cold extremes. In
fact, recent (30 to 50 years) declines in cold extremes have
contributed to the poleward movement of mangroves in many
regions (Cavanaugh et al. 2014, 2018, Osland et al. 2013,
Saintilan et al. 2014). Like other plants, temperature also
mediates aspects of mangrove physiology, namely rates of
leaf C fixation (i.e., photosynthesis, A) and respiration (R)
(i.e., measured as CO, efflux). Photosynthesis and R regulate
plant growth and ecosystem C storage and at the global scale
represent the two largest fluxes of C between vegetation and
the atmosphere (Canadell et al. 2007, IPCC 2013, Prentice
et al. 2001). Net photosynthesis (gross photosynthesis—R)
is co-limited by diffusion of CO, through stomata and by the
concentration and activity of photosynthetic enzymes. Stomatal
sensitivity to temperature and vapor pressure deficit (D), as well
as demand for CO;,, largely determine stomatal limitations to
A. The maximum carboxylation rate of Rubisco (Vcmax) and the
maximum rate of electron transport required to regenerate RuBP
(Jmax) are the primary biochemical determinants of A (Farquhar
et al. 1980). Leaf R is primarily limited by the capacity of
respiratory enzymes and the supply of carbohydrates produced
by photosynthesis. Temperature directly influences rates of A
and R by affecting the activity of photosynthetic and respiratory
enzymes. Photosynthesis (as well as Vcemax and Jmax) and
R increase with increasing measurement temperature before
reaching an optimum, after which they decline as temperature
increases.

Short-term temperature response curves and diurnal gas-
exchange measurements have indicated that the temperature
optimum (Topt) of A in mangroves is between 25 and 32 °C
(Andrews and Muller 1985, Ball 1988, Ball et al. 1988,
Cheeseman et al. 1997, Reef et al. 2016). However, there is
little or no information on the response of leaf gas exchange
(Asat, gs), photosynthetic capacity (Vemax and Jmax) or R to
seasonal changes in temperature or D in mangroves (Krauss
et al. 2008). The Topt (short- or long-term) of Vemax and
Jmax has not been reported for any mangrove species. In other
species, the Topt of Vemax is between 35 °C and 50 °C,
and the Topt of Jmax is slightly lower (25 °C and 45 °C,
Kattge and Knorr 2007 , Kumarathunge et al. 2019). Likewise,
thermal acclimation of leaf physiology can alter the temperature
sensitivity of leaf CO, exchange (Atkin and Tjoelker 2003, Way
and Yamori 2014). Most land plants acclimate to increasing
temperature by increasing the Topt of A, Vemax and Jmax (Kattge
and Knorr 2007, Kumarathunge et al. 2019) while decreasing
rates of R at a common temperature (e.g., Aspinwall et al.
2016, Slot and Kitajima 2015). Thermal acclimation of leaf

physiology has not been widely studied in mangroves (but
see Akaji et al. 2019). These knowledge gaps are important
given that land surface models, which are the basis of earth
system models that predict future climate, project changes in A
(particularly Vemax and Jmax) and R, as well as C and N cycling,
based directly on temperature changes (e.g., Community Land
Model (CLM 5.0, Lawrence et al. 2019). Furthermore, models
that account for thermal acclimation of leaf CO, exchange
predict greater terrestrial C storage in the future than models
that do not (Lombardozzi et al. 2015, Smith et al. 2016).
New examinations of mangrove photosynthetic and respiratory
responses to temperature will improve our understanding of
coastal C cycling and its contribution to the global C cycle.
Mangrove habitats also exhibit considerable spatial and tem-
poral variability in nutrient inputs, tidal inundation and salinity
(Ball 1988, Duke et al. 1998, Krauss et al. 2008), all of
which may interact with temperature and D to impact leaf CO,
exchange and productivity. Salinity effects can be particularly
strong. Most mangroves grow best with some salt, but salinity
levels beyond species-specific thresholds can increase xylem
tension, reduce growth, alter C allocation to leaves and roots
and reduce gs and A (Ball 1988, Ball 2002, Ball and Pidsley
1995, Clough and Sim 1982, Reef et al. 2015a, Smith et al.
1989). However, salinity effects on mangrove photosynthetic
biochemistry and R remain understudied. Leaf R sometimes
increases at very high salinity presumably due to metabolic
costs associated with maintaining intercellular ion gradients
(Burchett et al. 1989, Lépez-Hoffman et al. 2007). Potential
interactions among salinity and temperature and D are unclear
but may be similar to interactions between light and salinity,
where high salinity reduces mangrove A at high light but has
minimal effects at low light (Lopez-Hoffman et al. 2007). High
salinity might reduce A more at high temperatures and high D,
where stomatal limitations are high, photosynthetic inhibition
is more likely and metabolic demands are already high. New
studies are required to test whether mangrove photosynthetic
and respiratory responses to temperature vary with salinity.
The goal of this study was to determine seasonal responses
of leaf physiology (photosynthesis, respiration) to seasonal
changes in temperature and D in black mangrove (Avicennia
germinans), and the potential modifying effects of salinity. We
accomplished this by growing A. germinans seedlings in an
outdoor experiment at the species northern range limit for
~ 12 months under four salinity treatments spanning fresh water
to hypersaline water (O to 55 ppt porewater salinity). We repeat-
edly measured seedling growth and rates of A, gs, Vcmax and
Jmax at prevailing leaf temperatures throughout the experiment,
as well as rates of R at a common temperature (25 °C). Salinity
effects on biomass production and allocation were quantified
at the end of the experiment. We then developed empirical
models describing physiological responses to temperature and
D across seasons, and changes in R (at 25 °C) in response to
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mean daily air temperature and tested the effect of salinity on
model parameters. We addressed four questions: (i) how do in
situ rates of A and gs respond to temperature and D across
seasons?, (ii) how does photosynthetic capacity (Vcmax and
Jmax) respond to seasonal temperature changes?, (iii) is there
evidence of seasonal temperature acclimation of leaf R?, and
(iv) does salinity alter in situ gas-exchange (Asat, gs) responses
to temperature and D, photosynthetic capacity responses to sea-
sonal temperature change or seasonal temperature acclimation
of leaf R? We hypothesized that increasing salinity would com-
pound reductions in A and gs at high temperatures and would
limit declines in leaf R (at 25 °C) with increasing temperature
(i.e., thermal acclimation) due to increased metabolic demands.

Materials and methods

Plant material and experimental design

Avicennia germinans is a broadly distributed mangrove species
native to warm-temperate, subtropical and tropical regions of
the Americas and Africa. On the Pacific coast, its distribution
stretches from Mexico to Peru. On the Atlantic coast, its distribu-
tion stretches from North Florida to southern Brazil. The species
grows under a wide range of salinity conditions, although
productivity tends to decline above porewater salinities of 20—
35 ppt (Sudrez and Medina 2006, Dangremond et al. 2016).
In October 2017, roughly 150 propagules of A. germinans
were collected off the beach at Fort Clinch on Amelia Island,
FL, USA (30.6701° N, 81.4346° W). This location represents
the species northern range limit and is close to the site of the
experiment. The source tree(s) and geographic origin of the
propagules are unknown, yet these propagules are representa-
tive of the germplasm that would become established at the
species northern range limit.

Propagules were collected and rooted in small containers
(Ray Leach Cone-tainers, Stuewe and Sons Inc., Tangent,
OR, USA) filled with a 2:1 mixture of potting soil and
sand. Propagules were grown in walk-in growth chambers
(night/day air temperature = 16 °C/27 °C, 16-h light period
at 300 pmol m~—? s~ photosynthetically active radiation) at the
Smithsonian Environmental Research Center in Edgewater, MD,
USA, for 2—3 months before being transferred to a naturally
lit glasshouse facility at the University of North Florida (UNF)
in Jacksonville, FL, USA (30.2661° N, 81.5072° W) on 25
January 2018. By this time, the propagules had grown into
seedlings (~15 cm tall, four to six leaves). On 13 April 2018,
seedlings had roughly doubled in size. Thirty-six seedlings were
identified that were of average size, based on stem diameter
(at 5 cm above the root collar, 4.2 + 0.6 (standard deviation)
mm), stem length (33.0 £ 6.2 cm) and number of leaves
(12 £ 1.7 leaves). Each seedling was planted in a separate 56 -
| fabric root pouch (Root Pouch, Hillsboro, OR, USA) filled with
commercial garden soil composed of ~80% organic matter

and ~20% sand (Sta-Green Garden Soil, Rowlett, TX, USA).
The soil contained a slow release fertilizer such that total soil
N, P and K concentrations were 500, 500 and 30 mg kg™,
respectively.

Root pouches containing individual seedlings were moved to
a small (~56 m?) outdoor sun-lit location on the UNF campus
on 3 May 2018. The study was carried out using a randomized
complete block design, with four salinity treatments replicated
nine times (n = 36 seedlings). Each seedling was placed in
an individual 121-| plastic container. Containers were arranged
in nine blocks of four, with each salinity treatment randomly
assigned to one container in each block. Blocks were spaced
roughly 1.5 m apartina 3 x 3 grid (see Figure S1 available as
Supplementary Data at Tree Physiology Online). Root pouches
were placed inside each container such that the edge of the root
pouch was just below the edge of the container. Initially, fresh
(tap) water was added to each container. Then, over 1 week
we gradually increased porewater salinity from O to 18 ppt in
containers designated to receive one of the salinity treatments.
This was done to avoid salt shock. Salinity treatments officially
began 12 June 2018. We implemented four treatments repre-
senting the range of porewater salinities in mangrove habitats:
freshwater (FW, O ppt), brackish (BW, 18 ppt), seawater (SW,
35 ppt) and hypersaline (HS, 55 ppt). Salinity levels were
achieved by mixing salt (Instant Ocean Sea Salt, Blacksburg,
VA, USA) with freshwater inside large (208-I) drums and adding
water with the target salinity levels to the designated treatment
containers. We monitored salinity concentrations on a weekly
basis using a handheld salinity sensor (YSI Model 85, YSI
Incorporated, Yellow Springs, OH, USA) and added new water
containing the target salinity as needed. Salinity concentrations
were never more than 2—3 ppt higher or lower than target levels.
When precipitation caused water levels to inundate seedlings,
we removed water with a siphon pump and added water of
the target salinity as needed, ensuring that water levels were
flush with the soil surface. Although tidal changes cause water
levels to fluctuate in mangrove habitats, we were unable to
simulate this in our design and chose to maintain constant
water levels over time and across treatments. Air temperature
and relative humidity (RH) at the site were measured every
15 min with an air temperature/RH sensor (Model US23 Pro
v2, HOBO Instruments Inc., Bourne, MA, USA). The average daily
air temperature over the course of the experiment was 22 °C
(Figure S2 available as Supplementary Data at Tree Physiology
Online), which is higher than the long-term (1981-2010)
mean annual temperature at this location (20 °C, National
Oceanic and Atmospheric Administration (NOAA)). Daily mean
air temperature during summer (June—August) was between
25 °C and 30 °C (Figure S2 available as Supplementary Data
at Tree Physiology Online), with maximum air temperatures near
35 °C. Daily mean air temperatures during winter (December—
February) varied between 10 °C and 20 °C, with minimum
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temperatures dropping below O °C on two dates. The average
daily relative humidity was 82%, and the mean maximum and
minimum relative humidity was 98% and 55%, respectively
(Figure S2 available as Supplementary Data at Tree Physiology
Online).

Leaf photosynthesis

We measured the CO; response of leaf-level net photosynthesis
on one leaf of three to six seedlings in each salinity treatment
at seven time points (one pretreatment time point, six time
points during treatments) using two portable photosynthesis
systems (LI-6800 or LI-6400XT, LiCor., Inc, Lincoln NE, USA).
We also measured CO;, responses of net photosynthesis on
one to two seedlings of each salinity treatment at two addi-
tional time points, both of which were the coolest time points
during the experiment. Fewer photosynthetic CO, response
measurements were possible at the coolest time points (i.e.,
winter) because most seedlings showed very low rates of
stomatal conductance, hindering our ability to measure the CO;
response of photosynthesis. Data collected at these time points
were excluded from statistical tests of the main and interactive
effects of measurement date and salinity on biochemical param-
eters of photosynthesis but were included in empirical models
describing the seasonal temperature response of photosynthetic
biochemistry.

For all photosynthetic measurements, the LI-6400XT was
fitted with a 2 x 3-cm cuvette head while the LI-6800 was
fitted with a 3 x 3-cm cuvette head; both cuvettes were
fitted with a red and blue LED light source. Measurements
were made on recently mature, fully expanded, upper canopy
leaves. When leaves did not fill the cuvette, we used a ruler to
estimate leaf area inside the cuvette (based on leaf width and
length) and back-corrected the gas-exchange data accordingly.
Measurements occurred between 10:00 and 14:00 local time.
Leaves were acclimated to ambient temperature conditions
and a constant photosynthetic photon flux density (PPFD) of
1500 pmol m~? s™' before beginning measurements of the CO,
response of photosynthesis. Net photosynthesis in A. germinans
seedlings has been shown to saturate at 1500 pmol m=—? s~
PPFD (Krauss et al. 2006). Flow rate was held constant at
500 pmol s~'. Leaf temperature (Tiear) was measured with
the built-in leaf temperature thermocouple. Relative humidity
conditions in the chamber were controlled near ambient external
conditions but also varied depending upon water vapor fluxes
from the leaf. Thus, vapor pressure deficit conditions at the
leaf surface varied over time. Each CO, response measurement
began with steady-state measurements of light-saturated net
photosynthesis (Asat, pmol m~2 s™'), stomatal conductance to
water vapor (gs, mol m=* s7"), intercellular CO, concentration
(Ci), and atmospheric CO, (C,) at a chamber reference [CO;]
of 420 pmol mol~". Leaves typically reached steady-state within
5-10 min of being enclosed in the cuvette. The ratio of Ci/Ca

represents the balance between CO, diffusion into the leaf
(regulated by gs) and CO; fixation by photosynthesis. High
Ci/C, indicates low Agat relative to gs (low intrinsic water use
efficiency) and low C;/C, indicates high As,: relative to gs (high
intrinsic water use efficiency).

Measurements of the CO, response of photosynthesis were
produced by measuring Asat at a series of reference [COz]: 300,
250, 100, 50, 0, 420, 650, 800, 1200 and 1500 pymol mol~".
Ci was recorded at each reference [CO,] and photosynthetic
CO; response measurements were constructed by examining
relationships between Asa: and C;. We also recorded steady state
measurements of Agat, gs and Ci/C, on of three to six seedlings
of each salinity treatment at three additional time points. In total,
in situ measurements of Asat, gs and C;/C, were made at 10 time
points (after salinity treatments began).

Each photosynthetic CO, response measurement was param-
eterized using the Farquhar model of C3 photosynthesis (Far-
quhar et al. 1980). The model estimates the maximum rate of
Rubisco carboxylation (Vemax; pmol m=2 s=') and the rate of
electron transport for RuBP regeneration (Jmax; pmol m=2 s™').
The model was fit using non-linear regression in SAS v9.3
(PROC NLIN, SAS Institute Inc., 2010). In total, we calculated
148 estimates of both Vi nax and Jmax across a seasonal
temperature range of 10 °C to 35 °C. We used these data
to calculate the ratio of Jmax 10 Vemax (Umax/Vemax) Which
provides information about resource allocation to the light- vs
carbon-limiting processes of photosynthesis.

The seasonal temperature response of Asat, gs, Vemax and
Jmax all showed evidence of a peaked temperature response.
We compared the fit of several models that might describe the
peaked temperature response of each variable. Models were
parameterized using nonlinear regression with the Levenberg—
Marquardt algorithm for minimizing the error sum of squares
(PROC NLIN, SAS Institute Inc. 2010). For Agat and gs, we
compared the fits of a parabola (see Battaglia et al. 1996) and
two empirical functions; a cubic function, and a four-parameter
log-normal function in the form:

Y = Yo +a/Tieat X €[—0.5(In (Tieat/X0) /b)?] (1)

where yq is the intercept, xo estimates the Tear at which Agat and
gs are maximal (i.e., temperature optimum), and a and b param-
eters that describe the shape of the temperature response. For
Vemax and Jmax, we compared the fits of the peaked Arrhenius
equation (Medlyn et al. 2002), the four-parameter log-normal
function (Eq. (1)), and a cubic function. The four-parameter log
normal function (Eqg. (1)) provided the best fit for all variables;
we found strong linear relationships between observed and
predicted values (obs Asat Vs pred Asat, r* = 0.60, P < 0.0001;
obs gs vs pred gs, r* = 0.47, P < 0.0001; obs V¢max Vs pred
Vemax, 17 = 0.63, P < 0.0001; obs Jmax Vs pred Jymax, r* = 0.55,
P < 0.0001), and residuals were normally distributed around
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zero with little pattern associated with increasing Tieas. Thus,
we used this empirical function for describing the temperature
response of Asat, s, Vemax and Jmax.

A linear function was used to describe the relationship
between Ci/C; and Tieaf, and Cij/C, and D. The relationships
between Agat and D, and gs and D were described by a linear
function in the form gs = -m-In(D) + byret, where m quantifies the
sensitivity of Asat or gs to increasing D (umol m=* s~' In(kPa) "
ormol m~? s In(kPa) ") and byt is the reference Asyt or gs at
D =1 kPa (Oren et al. 1999). All models described above were
fit using pooled data for each salinity treatment so that salinity
effects on model parameters could be examined as described
in the Data analysis section below.

Leaf respiration

Measurements of nighttime leaf R per unit area (Rarea, MMOI
m~? s7') were taken at nine time points after the start of
salinity treatments. Measurements carried out the same day or
a few days after measurements of Agyt were carried out on
the same leaves (which were tagged), as well as two other
leaves of similar age and canopy position. Measurements carried
out at time points that did not coincide with photosynthetic
CO; responses or Asyt measurements were made on three
randomly chosen leaves of similar age and canopy position.
Measurements of R were made on excised leaves collected
2 h after sunset. Sampling of leaves from different salinity
treatments occurred randomly within and across dates. After
excision, leaves were taken to a temperature-controlled room set
to ~25 °C. Rates of R were measured by placing leaves from
each seedling in a large gas-exchange chamber (LI-6400-22L
or LI-6800-24, LI-COR, Inc.), which increased CO; differentials
(sample CO, —reference CO,) without leak artifacts (Drake et al.
2015, Jahnke and Krewitt 2002). Reference [CO;] was fixed at
410 pmol mol~'. Leaf area (cm?) of the measured leaves was
determined with a leaf area meter (CI-202 Portable Leaf Area
Meter, CID Instruments) just prior to measurements of leaf R and
was used to correct measurements of R per unit area. Repeated
measurements of leaf R at a set temperature of 25 °C (Rarea”)
provide a direct measure of the degree of seasonal temperature
acclimation of leaf R. If seasonal temperature acclimation of
leaf R is occurring, we expect an inverse relationship between
prevailing mean daily temperatures and Rarea®®. The slope of
the relationship indicates the strength of acclimation. Following
measurements of leaf Rarea®, leaves were placed in envelopes
and dried at 70 °C for 72 h. Leaf dry mass per unit area (LMA,
g m~?) of the gas-exchange leaves was calculated as the ratio
of leaf dry mass (g) to leaf area multiplied by 0.0001.

Plant growth and biomass allocation

Stem diameter (d) and stem length (/) were measured on each
seedling at 22 time points between 13 April 2018 and 20
May 2019. At each time point, stem diameter was measured

at 5 cm above the root collar with digital calipers. Stem length
was measured with a ruler. Stem d and / were used to estimate
the volume of the main stem (V, cm?®) based on the volume of
cone (V =m x (d/2)* x (I/3)).

Seedlings were harvested on 20 May 2019, almost a year
after the salinity treatments began. The stem of each seedling
was cut at the soil surface and the aboveground portion was
separated into stem, branches, and leaves. Stem and branch
material was dried at 70 °C for 7 days and weighed to determine
stem and branch dry mass (Stem DM and Branch DM, respec-
tively). All leaves of each seedling were immediately weighed
to determine total leaf fresh mass. A random subsample of
25 leaves were collected from each seedling and subsample
fresh mass was determined. We determined the area (cm?®) of
the subsampled leaves using a portable leaf area meter (CI-
202 Portable Leaf Area Meter, CID Instruments) and dried the
subsampled leaves at 70 °C for 6 days to determine moisture
content. Specific leaf area (SLA, cm® g~') was estimated by
dividing subsample leaf area by dry mass. Total leaf dry mass
(Leaf DM) was estimated by multiplying the subsample dry
matter content (dry mass/fresh mass) by total leaf fresh mass.
Total leaf area (m?) was estimated by multiplying subsample
SLA (m* g7') by the estimate of leaf DM. The entire below-
ground portion was washed free of soil and dried at 70 °C for
7 days to determine total root dry mass (Root DM). Total tree dry
mass (Total DM) was calculated by summing Stem DM, Branch
DM, Leaf DM and Root DM. Allocation to different biomass
pools, relative to Total DM, was determined for each plant by
calculating leaf mass fraction (LMF, g g7'), stem mass fraction
(SMF, main stem + branches, g g~'), and root mass fraction
(RMF g g'). Leaf area ratio (LAR, cm? g') was calculated as
the ratio of total leaf area to Total DM.

Data analysis

All statistical analyses were performed in SAS v9.3 (SAS Insti-
tute Inc. 2010). All tests of statistical significance were con-
ducted at o = 0.05. Mixed-effect models were used to test the
fixed effects of time (measurement date), salinity treatment (FW,
BW, SW, HS) and their interaction on seedling stem volume, Asat,
Gs, CGi/Ca, Vemaxs Jmaxs Jmax/Vemax and Rarea”. Because seedlings
were repeatedly sampled over time, we fit a random intercept
term for the effect of seedling within salinity treatment. Mixed-
effect models were also used to test the fixed effects of salinity
on seedling biomass production (e.g., Total DM, Leaf DM) and
biomass allocation (e.g., SMF, RMF, LAR), with block considered
a random effect.

Analysis of covariance was used to test for salinity effects
on parameters of the linear function describing the seasonal
temperature response of Ci/C,, the ratio of Jmax/Vemax, and
Rarea”®, as well as the response of Asat, gs and Ci/C, to D. When
salinity effects were not significant, a single function was fit to
the data.
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Figure 1. Mean values (£ standard error, n = 9) of stem volume in black
mangrove (Avicennia germinans) seedlings over time and in response
to salinity treatments (FW = freshwater (O ppt), BW = brackish water
(18 ppt), SW = seawater (35 ppt), HS = hypersaline (55 ppt). F-values
denoted with “**', **" and ', are significant at P < 0.001, P < 0.01
and P < 0.05, respectively.

We tested salinity effects on the long-term temperature
response of Asat, Gs, Vemax and Jmax by examining whether 95%
confidence intervals for the estimated temperature response
parameters overlapped among salinity treatments. For each
salinity treatment, we calculated upper and lower 95% confi-
dence intervals for each parameter by multiplying the standard
error of the parameter estimate by 1.96 (critical value when
a = 0.05). When confidence intervals of parameters overlapped
among treatments, we concluded that salinity effects on the
long-temperature response were not significant.

Results

Growth and biomass allocation

Salinity effects on stem volume varied over time (date X
salinity interaction, Figure 1). Stem volume was not significantly
different among treatments until 5 months after the start of
salinity treatments (November 2018), after which BW and SW
seedlings showed increasingly higher stem volume than FW and
HS seedlings (Figure 1).

Leaf DM, Stem DM, Branch DM and Total DM were signifi-
cantly higher in BW and SW seedlings than FW and HS seedlings
(Table 1). Root DM was significantly lower in FW seedlings
compared to BW and SW seedlings (Table 1). Salinity had no
significant effect on biomass allocation (Table 1). Total tree LA
was significantly higher in the BW and SW seedlings compared
to the FW and HS seedlings. LAR and SLA were generally higher
in BW, SW and HS seedlings than FW seedlings (Table 1).

Seasonal temperature response of photosynthesis
and stomatal conductance

A weak date x salinity interaction was observed for Asyt and
gs (Table 2) driven by a single measurement date (23 August
2018) where FW seedlings showed 204% higher Asyt and
259% higher gs than HS seedlings (P < 0.01 and P = 0.02,
respectively, Figure 2a and b). Asat and gs did not differ among
salinity treatments on any other measurement date. C;/C, varied
over time but was not affected by salinity (Table 2, Figure 2c).

Salinity had little or no effect on the parameters describing
the seasonal temperature response of Asat and gs (Table 2).
In nearly all cases, 95% confidence intervals for parameter
estimates overlapped across treatments (Figure S3 available
as Supplementary Data at Tree Physiology Online). The only
exception was for the model describing the relationship between
gs and Tear. Parameter b, which describes the shape of tem-
perature response but is not readily interpretable, was sig-
nificantly higher in the HS seedlings compared to FW, BW
and SW seedlings (Figure S3 available as Supplementary Data
at Tree Physiology Online). The remaining parameters (a, xo
and yo) describing the relationship between gs and Tear Were
similar among salinity treatments (Figure S3 available as Sup-
plementary Data at Tree Physiology Online). Given that model
parameters were largely similar among salinity treatments, data
were pooled and a single function was used to describe
seasonal temperature responses of these variables (Table 3,
Figure 2d and e). Peak rates of Agst and gs occurred at leaf
temperatures between 29 °C and 30 °C. At Tiear = 29 °C,
average rates of Asat and gs were roughly 19 pmol CO, m=2 s~
and 0.28 mol H,O m™ s™', respectively (Figure 2d and e).
However, at any given leaf temperature, measurements of
Asat and gs varied considerably among individual leaves. This
variation was primarily explained by the close coupling of these
two processes; Asat increased with increasing gs and vice versa
(Figure S4 available as Supplementary Data at Tree Physiology
Online).

The relationship between D and individual measurements
of Asat and gs was variable (Figure 2g and h). Asat and gs
measurements taken at low D (<1 kPa) and low Tiesr (<20 °C)
were low and did not fit the trajectory of Asy and gs data
collected at higher D and Tieas (Figure 2g and h). For simplicity,
we fit the model of Oren et al. (1999) to Asst and gs data
collected at Tiear > 20 °C only. Salinity had no effect on the
relationship between Ass: and D (intercept, P = 0.93; slope,
P =0.62) and gs and D (intercept, P = 0.88; slope, P = 0.75).
Across salinity treatments, the reference Asat and gs at D = 1 kPa
was 19.8 & 1.1 ymol m=2 s™' and 0.30 + 0.02 mol m™2 s,
respectively (Figure 2g and h). The sensitivity of Asat and gs
to increasing D was —9.34 £ 1.6 pmol m™ s~ In(kPa)~'
and — 0.178 £ 0.03 mol m=* s' In(kPa)~', respectively
(Figure 2g and h). Salinity had no effect on the relationship
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Table 1. One-way analysis of variance of salinity effects (degrees of freedom = 3) on component (e.g., root, stem) and total seedling dry mass
(DM) production, biomass allocation and leaf area traits in black mangrove (Avicennia germinans). Treatment means (£ standard error, n = 9) for
each variable are provided for each salinity treatment (freshwater (FW), brackish (BW), seawater (SW), hypersaline (HS)).

Variable Salinity effect Treatment means

F-value FW (O ppt) BW (18 ppt) SW (35 ppt) HS (55 ppt)
Root DM (g) 4.75* 36.9 + 4.32 81.3 £ 13.5° 75.6 + 5.8° 49.2 £ 12.8*
Stem DM (g) 10.65** 220+ 1.7* 41.2 £ 4.9° 32.4 4 3.8 17.8 + 2.6°
Branch DM (g) 7.80** 21.6 £ 2.4% 42.4 + 7.0° 38.9 + 4.6° 180+ 3.72
Leaf DM (g) 8.98** 29.7 £ 2.5* 62.2 +9.1° 57.0 £ 6.0° 31.2 £ 5.6%
Total DM (g) 7.92%* 110.2 £ 9.1° 227.1 £ 33.0° 2039 + 16.9° 116.2 £ 23.4°
RMF (g g™") 1.55 0.33 £ 0.02* 0.35 £ 0.02* 0.38 £ 0.02* 0.39 £ 0.03*
SMF (gg™") 2.40 0.40 £ 0.02° 0.38 £ 0.02° 0.34 £ 0.02° 0.33 £ 0.02°
LMF (gg™") 0.21 0.27 £ 0.01? 0.28 + 0.01? 0.28 £ 0.01° 0.28 £ 0.01°
LA (m?) 12.75%** 0.16 £ 0.01* 0.40 £+ 0.05° 0.39 £+ 0.04° 0.21 £0.03*
LAR (cm? g7") 6.52** 14.8 £ 0.4° 17.9 £ 0.9* 19.3 £ 0.8° 19.8 £ 1.3°
SLA (cm? g7 ") 11.39%%* 549 £ 1.4° 64.8 + 2.5° 70.0 &£ 2.3 71.1 £2.9°

Note: F-values denoted with “**’, “**" and **’, are significant at P < 0.001, P < 0.01 and P < 0.05, respectively.

Variable descriptions: RMF, root mass fraction (Root DM/Total DM); SMF, stem mass fraction (Stem DM + Branch DM)/Total DM); LMF, leaf mass
fraction (Leaf DM/Total DM); LA, whole-tree leaf area; LAR, leaf area ratio (LA/Total DM); SLA, specific leaf area (whole-tree LA/Leaf DM).
Treatment means with different letters are significantly different at P < 0.05.

between Ci/C, and Tiea (intercept, P = 0.37; slope, P = 0.58)
and Ci/C, and D (intercept, P = 0.39; slope, P = 0.51;
Figure 2f and i). We conclude that leaf gas-exchange responses
to seasonal changes in Tiear and D did not differ among salinity
treatments.

A weak date x salinity interaction was observed for Vmax
and Jmax (Table 2), but after adjusting for multiple comparisons,
Vemax and Jmax did not differ among treatments on any indi-
vidual date (Figure 3a and b). Excluding measurements taken
before salinity treatments began, the seasonal temperature
response of Vemax, Jmax, and Jmax/Vemax was similar among
salinity treatments; 95% confidence intervals for model param-
eters overlapped of each salinity treatment (Table 3, Figure S3
available as Supplementary Data at Tree Physiology Online).
Averaged across treatments, peak rates of Vcmax occurred at
higher Tiear (36 °C) than peak rates of Jnax (30 °C, Table 3,
Figure 3d and e). The intercept parameter of the temperature
response function provided an estimate of Vcmax and Jmax at
the lowest measurement Tieas (~11 °C). At this Tieaf, Vemax and
Jmax averaged 28 pmol m~? s™' and 76 ymol m—? s~ respec-
tively, across salinity treatments (Table 3, Figure 3d and e).
The ratio of Jmax/Vemax declined linearly as Tiess increased
(Figure 3f) indicating that COj-limited processes increased
more as seasonal temperatures increased relative to light-limited
photosynthetic processes.

Respiratory responses to seasonal temperature changes

A date x salinity interaction was observed for Rarea®® (Table 1).
After adjusting for multiple comparisons, Rares™ only differed
among salinity treatments on the last measurement date (2
May 2019). On this date, Rarea”® Was 82—-96% higher in BW,
SW and HS seedlings than FW seedlings (Figure 4a). Despite

this interaction, the slope and intercept parameters describing
the relationship between individual measurements of Rarea”’
and prevailing 5-day mean temperature did not differ between
salinity treatments (intercept, P = 0.72, slope, P = 0.85).
Thus, seedlings of all treatments showed a general acclimation
response to increasing seasonal temperatures demonstrated by
a reduction in Rarea®® (r* = 0.20, Figure 4b).

Discussion

We tested whether salinity alters physiological (photosynthetic,
respiratory) responses of black mangrove (Avicennia germinans)
to seasonal changes in temperature and D. Over time, salinity
had weak or inconsistent effects on Asat and gs. Moreover, salin-
ity had no effect on the biochemical parameters of photosynthe-
sis (Vemaxs Jmax) and individual measurements of Asat, gs, Vemax
and Jmax showed a similar response to seasonal changes in Tjeaf
and D across all salinity treatments. Despite a significant date x
salinity interaction driven by one measurement date, individual
measurements of Rarea”™ showed a similar inverse relationship
with mean daily air temperature across all salinity treatments. We
conclude that photosynthetic responses to seasonal changes in
temperature and D, as well as seasonal temperature acclimation
of leaf R, are largely consistent across a range of salinities in
A. germinans seedlings. These results might simplify predictions
of photosynthetic and respiratory responses to temperature in
young mangroves.

Photosynthetic responses to temperature and D

We hypothesized that increasing salinity would cause larger
reductions in Asat at high temperatures and high D rather than
cool temperatures and low D due to stomatal limitation of CO,
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Figure 2. (a—c) Mean values (% standard error, n = 3-6) of leaf-level light-saturated net photosynthesis (Asat), stomatal conductance to water vapor
(gs) and the ratio intercellular CO, (Cj) to atmospheric CO, (C,) of black mangrove (Avicennia germinans) over time and under different salinity
treatments (FW = freshwater (O ppt), BW = brackish water (18 ppt), SW = seawater (35 ppt), HS = hypersaline (55 ppt). (d—f) The response of
Asat, gs and Ci/C, to seasonal changes in prevailing leaf temperature (Tieaf). (g—i) The response of Asat, gs and Ci/C, to changes in prevailing vapor
pressure deficit (D) at the leaf surface. Note, in panels g and h, Asa: and gs data collected at low Tie5¢ and D did not fit the trajectory of data collected
at higher Tieat and D. For simplicity, data obtained at Tiear < 20 °C (circled) were not included in model fits. Parameter estimates describing the fitted

lines in panels d and e are show in Table 3.

diffusion (lower gs), potential temperature inhibition of pho-
tosynthetic enzymes, and the potentially compounding effects
of high salinity and high temperature on leaf metabolism. In
contrast to our hypothesis, we found that parameters describing
the seasonal response of Agyt to temperature and D did not
differ among salinity treatments. In particular, the long-term Topt

of Asat was 29-30 °C in all treatments, which is within the Topt
range for mangroves reported by other studies (e.g., Ball 1988,
Ball et al. 1988, Reef et al. 2016). Weak or inconsistent effects
of salinity on Ast over time may help explain the convergence
in the seasonal response of Asyt to temperature and D across
salinity treatments. Previous studies have found inconsistent
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Figure 3. (a—c) Mean values (% standard error, n = 3-6) of the maximum rate of Rubisco carboxylation (Vemax), the maximum rate of electron
transport for RuBP regeneration (Jmax) and the ratio of Jmax to Vemax of black mangrove (Avicennia germinans) over time and under different salinity
treatments (FW = freshwater (O ppt), BW = brackish water (18 ppt), SW = seawater (35 ppt), HS = hypersaline (55 ppt). (d—f) The response of
Vemaxy Jmax, @nd Jmax/Vemax to seasonal changes in prevailing leaf temperature (Teaf). Parameter estimates describing the fitted lines in panels d and
e are show in Table 3.
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Figure 4. (a) Mean values (+ standard error, n = 6) of leaf dark respiration per unit area measured at 25 °C (Rarea®) of black mangrove (Avicennia
germinans) over time and under different salinity treatments (FW = freshwater (O ppt), BW = brackish water (18 ppt), SW = seawater (35 ppt),
HS = hypersaline (55 ppt). (b) The relationship between Rarea®® and the mean daily air temperature of the previous 5 days.

effects of high salinity on Asat in A. germinans. Some studies
have shown substantial reductions in Asat with increasing salinity
(Sobrado 1999, Suarez and Medina 2006) while others have
reported little change in Asat across a broad range of salinities
(Lovelock and Feller 2003, Pezeshki et al. 1990).

Weak or inconsistent effects of salinity on Asyt and the
convergent response of Asyt to temperature and D across salinity
treatments may be partly explained by weak or inconsistent
effects of salinity on gs. Previous studies that have demonstrated
reductions in Asat with increasing salinity in A. germinans and
other mangroves have observed similar (or larger) reductions
in gs, indicating strong stomatal limitation of photosynthesis
(Clough and Sim 1982, Reef et al. 2015a, Smith et al. 1989,
Sudrez and Medina 2006). We also found that Asy: and gs
are closely coupled across salinity treatments and over time
(Figure S4 available as Supplementary Data at Tree Physiology
Online). As such, small effects of salinity on gs paralleled small
effects of salinity on Asat, resulting in a common response of
both parameters to temperature and D. The close coupling of
Asat and gs also resulted in a nearly constant ratio of Cj/C,
among salinity treatments, and a convergent response of C;/C,
to temperature and D. We note that estimated rates of gs
at 1 kPa D (i.e., brf) and stomatal sensitivity to D (m) in
our study are relatively similar to estimates of b and m
in other terrestrial broadleaved evergreen species (Cunning-
ham 2004, Kérner and Cochrane 1985, Oren et al. 1999).
Understanding mangrove stomatal sensitivity to D and result-
ing impacts on mangrove carbon and water fluxes will likely
become more important as the planet warms and D increases
(Novick et al. 2016).

It is somewhat surprising that increasing salinity had little
effect on gs, given that xylem tension typically increases at
high salinity (Smith et al. 1989, Suarez and Medina 2006,
Krauss et a. 2008) which should result in reduced gs. We
did not measure leaf water potential, so it is unclear how
the small reductions in gs relate to changes in leaf water
potential. However, A. germinans is known to adjust to high
salinity by accumulating inorganic ions (Na*, K*) in the vacuole
and organic compounds (glycinebetaine, mannitols, proline)
in non-vacuolar regions (Krauss et al. 2008, Parida and Jha
2010, Popp 1995), which can help reduce xylem tension and
allow for water uptake and turgor maintenance at high salinity
(Sobrado and Ewe 2006, Suérez et al. 1998). It is likely that
long-term and constant exposure to high salinity resulted in
osmotic adjustment that may have mitigated the impacts of
high salinity on gs and Asa. Indeed, rates of Asat and gs in
the HS treatment declined strongly following the start of salinity
treatments (~2 months), but subsequently increased and were
comparable to rates in the remaining treatments throughout the
rest of the study, which may reflect salt acclimation. Moreover,
acclimation to constant salinity levels may demand less energy
than acclimation to fluctuating salinity, which could result in
relatively similar gas exchange over time (Bompy et al. 2014,
Lin and Sternberg 1993). It is also possible that seedlings
adjusted to high salinity by increasing leaf cell rigidity which
may enable higher cellular water content, a lower turgor loss
point, and perhaps rates of leaf gas exchange equivalent to
those of seedlings grown under moderate salinity (Nguyen
et al. 2017). A different study would be required to test the
effects of fluctuating salinity treatments vs near-constant salinity
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Table 2. Analysis of variance of measurement date, salinity treatment and date x salinity effects on leaf-level physiological traits in black mangrove (Avicennia germinans). Numerator and

denominator degree of freedom (df) and F-values are presented for each trait and fixed effect. Mean (& standard error) values for each leaf trait are provided for each salinity treatment

(freshwater (FW), brackish (BW), seawater (SW), hypersaline (HS)).

Treatment means

Date x Salinity

Salinity

Date

Variable

HS (55 ppt)
9.78 +£ 1.0

SW (35 ppt)
119+ 1.1

BW (18 ppt)
121 +£1.0

FW (O ppt)

df

df

df

113 £ 141

1.6*
1.6*

1.3

30.184
30.187
30.187
15.75
15.75
15.75
24.158

3.6%
4.0*
1.0

0.2

3.28
3.28
3.28
3.28
3.28
3.28
3.20

10.184
10.187
10.187
5.75
5.75
5.75

Asat (Wmol m™2 s71)

0.133 £ 0.02
0.692 + 0.02
123.3 £ 8.8
167.7 £ 89
1.52 £ 0.11

0.171 +£0.02
0.691 £0.02
121.8+11.0

158.5+9.3

0.170+0.02
0.679+£0.02

122.8 £8.3

0.162 +0.02
0.714 +£0.02

120.0£9.0

gs (mol m™2s7")
Gi/Cq

10.9%**
26.0***

1.9%
2.0*

Vemax (mol m™2 s™1)

161.5+7.2
1.51 £0.11

169.8 £9.0
1.56 +£0.09
1.24 £0.05

0.3

Jmax (umol m~? s7)

1.59+0.12
1.49 £ 0.06

0.3

100.6***

Jmax / chax

1.50 £ 0.06

1.42 + 0.06

8.158

25

Rarea

(umol m=2 s77)

Note: F-values denoted with “**', **" and “**’ are significant at P < 0.001, P < 0.01 and P < 0.05, respectively.

Variable descriptions: Asat, light-saturated net photosynthetic rate; gs, stomatal conductance to water vapor; C
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i/Cj, ratio or intercellular CO, to atmospheric CO2; Vcmax, maximum rate of

Rubisco carboxylation; Jmax, maximum rate of electron transport for RuBP regeneration; Jmax/Vcmax, ratio of Vemax t0 Jmax; Rarea®”, rate of leaf dark respiration per unit area measured at 25 °C.

Asat data were square-root transformed and gs, Vemax and Rarea®® data were log-transformed to fulfill assumptions of normality.

treatments on mangrove physiological responses to temperature
and D.

Large variation in Asat and gs among individual leaves might
have also partly obscured salinity effects on leaf physiology.
Availability of freshwater from rainfall, patchiness in salinity in
the soil water surrounding roots, and patchiness in leaf salt
concentrations might have contributed to variation in Asat and gs
among the BW, SW and HS seedlings (Reef and Lovelock 2015).
Salinity is often variable within soil, and there is some evidence
that mangroves can access and use less-saline pools of water,
when available, which could result in maintenance of hydraulic
function and leaf gas exchange (Ewe et al. 2007, Lambs et al.
2008, Reef et al. 2015b). However, there was also considerable
leaf-to-leaf variation in Asat and gs among FW seedlings that did
not receive salt. Further studies are required to determine the
source of this variation among mangrove leaves.

Salinity had little effect on CO;-limited processes (Vcmax)
and light-limited processes (Jmax) of photosynthesis, and both
parameters (and the ratio of Jmax/Vemax) showed consistent
responses to seasonal temperature changes across all salinity
treatments. Few studies have examined salinity effects on Vmax
or Jmax in mangroves, but some have found similar results.
For instance, Lopez-Hoffman et al. (2007) also found that
increasing salinity from 20% seawater (~7 ppt) to 167%
seawater (~58 ppt) had no effect on Vcmax in A. germinans.
Ball and Farquhar (1984) found that transient increases in
salinity reduced the initial slope of the A-C; relationship in
A. marina, indicating a reduction in Vcmax, but this reduction
was reversible when salinity subsequently declined. In contrast,
Suérez and Medina (2006) found a ~ 50% reduction in V¢max
in A. germinans when salinity increased from O to 55 ppt.
Although more studies are required, it appears that mangrove
photosynthetic biochemistry may be relatively insensitive to
long-term differences in salinity.

The shape of the long-term temperature response of V¢max
and Jmax was similar to short- and long-term temperature
responses of Vemax and Jmax observed in many terrestrial non-
halophyte species (Dreyer et al. 2002, Medlyn et al. 2002,
Xu and Baldocchi 2003, Kosugi and Matsuo 2006, Crous
et al. 2013, Aspinwall et al. 2017). Vmax and Jmax increased
quasi-exponentially with increasing Tieaf before reaching an
optimum: 36 °C for Vmax and 30 °C for Jmax. This result aligns
with previous studies that have found that the Topt of Jmax
is generally lower than the Topt of Vemax (Kattge and Knorr
2007, Kumarathunge et al. 2019). Interestingly, the long-term
Topt Of Jmax was ~ 1 °C higher than the Topt of Asat and gs,
which could indicate that the temperature threshold for Agat in
A. germinans is jointly determined by stomatal limitations and
biochemical limitations associated with electron transport for
RuBP regeneration. The Topt of Jmax was also similar to the mean
daily summer temperature at our site (~30 °C), and below
the maximum summertime temperatures (Figure S2 available
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Table 3. Parameter estimates (£ standard error) for an empirical model (Eq. (1)) describing the long-term temperature response of leaf-level
light saturated net photosynthesis (Asat), stomatal conductance to water vapor (gs), the maximum rate of Rubisco carboxylation (Vcmax) and the
maximum rate of electron transport for RuBP regeneration (Jmax) in black mangrove (Avicennia germinans) seedlings grown under contrasting salinity
treatment (freshwater (FW), brackish (BW), seawater (SW), hypersaline (HS)). Parameters a and b describe the shape of the temperature response.
Parameter yo is the intercept and parameter xo is an estimate of the Tiear at which each variable is maximal (i.e., the temperature optimum). Models
were fit to data from each salinity treatment individually and to data from all treatments combined. If 95% confidence intervals (standard error x
1.96) for parameter estimates overlapped between salinity treatments, then salinity effects were not significant. Parameter estimates that differed
significantly between salinity treatments (95% confidence intervals did not overlap) are denoted with different letters. For each model and salinity
treatment, the number of observations (n) is provided. The coefficient of determination (r?) provides a measure of model fit and the model F-value

and P-value indicate model significance.

Model: Asat VS Tieaf n Parameters Model fit

a b X0 Yo r2 F P-value
FW (O ppt) 64 499.0+£44.0 0.108 £+ 0.01 292+ 04 256 +1.17 0.69 43.8 <0.0001
BW (18 ppt) 65 439.6+459 0.121 £0.02 29.3+ 0.5 3.83 +1.23 0.60 31.1 <0.0001
SW (35 ppt) 65 498.0+£48.7 0.118 £0.02 293+ 04 3.14 +1.26 0.63 35.0 <0.0001
HS (55 ppt) 65 400.4+£59.8 0.139 £+ 0.03 30.0 + 0.9 2.54 +£1.52 0.43 15.3 <0.0001
All treatments 259 459.2+24.7 0.120 £ 0.01 294 +£0.3 3.00 £ 0.65 0.58 116.7 <0.0001
Model: gs vs Teaf
FW (O ppt) 64 7.02 £ 0.47 —0.098 £0.02" 29.2 +£0.43 0.044 +£0.019 0.60 30.6 <0.0001
BW (18 ppt) 65 5.67 £0.93 —0.119+0.03" 28.7 £0.70 0.063+0.025 0.38 12.7 <0.0001
SW (35 ppt) 65 6.84 +0.88 —0.099+£0.02" 28.9 + 0.45 0.059+0.023 0.50 20.0 <0.0001
HS (55 ppt) 65 5.37 £0.95 0.1164+0.032 29.8 £0.84 0.042 +£0.024 0.35 10.8 <0.0001
All treatments 259 6.19 £ 0.43 —0.108 £0.01 29.1 £0.29 0.051 +£0.011  0.45 68.2 <0.0001
Model: Vemax VS Tieaf
FW (O ppt) 35 4488+ 1945 0.273 £ 0.15 37.2 +£9.03 289+ 215 0.53 11.6 <0.0001
BW (18 ppt) 40 4002+ 317 0.156 4+ 0.02 31.8 £ 0.66 311+ 79 0.83 56.8 <0.0001
SW (35 ppt) 41 6905+ 6979 0.393 £ 0.29 45.3 £ 29.98 21.7 £ 20.7 0.61 19.0 <0.0001
HS (55 ppt) 32 4732+ 2668 0.363 £+ 0.24 399+ 16.22 25.1 £ 26.9 0.49 9.1 <0.001
All treatments 148 4444 + 597 0.269 + 0.06 358+ 3.0 275+ 8.0 0.60 73.5 <0.0001
Model: Jmax VS Tieaf
FW (O ppt) 35 3433+ 613 0.140 4+ 0.03 29.9 £ 0.67 82.1 £18.7 0.54 12.1 <0.0001
BW (18 ppt) 40 3428 + 362 0.153 +£ 0.02 30.0 £ 0.58 731 +9.8 0.72 30.3 <0.0001
SW (35 ppt) 41 3564 + 662 0.277 £ 0.11 314 +£3.12 685+ 18.3 0.52 13.6 <0.0001
HS (55 ppt) 32 32194880 0.214 + 0.08 31.2+2.13 82.4 + 25.7 0.35 5.0 <0.01
All treatments 148 3397+ 274 0.183 + 0.02 30.3 £ 0.5 761+ 7.9 0.53 53.1 <0.0001

as Supplementary Data at Tree Physiology Online). This could
indicate that RuBP regeneration was regularly inhibited during
summer and may be increasingly inhibited as climate warms.
However, many plants acclimate to changing temperatures by
adjusting the Topt of photosynthetic parameters (Kumarathunge
et al. 2019, Way and Yamori 2014). Measurements of the
short-term temperature response of Asat, Vemax and Jmax during
different seasons are needed to more fully reveal the proximity
of the Topt of photosynthesis to prevailing temperatures. Finally,
A. germinans showed a strong linear decline in Jmax/Vemax as
leaf temperatures increased indicating that increasing seasonal
temperatures stimulated Vcmax more so than Jmax, Ssimilar to
observations in other C3 plant species (Kattge and Knorr 2007,
Robakowski et al. 2002, Smith and Dukes 2017).

Respiration, salinity and temperature

Leaf R is expected to increase with increasing salinity due to
metabolic demands associated with salt removal and mainte-
nance of ion gradients (Krauss et al. 2008), but experimental

evidence for salinity effects on mangrove leaf R is mixed
(Burchett et al. 1989, Lopez-Hoffman et al. 2007). We found
that salinity had weak or inconsistent effects on leaf R (repeat-
edly measured at 25 °C, Ryes™) over time, although average
Rarea™ increased slightly with increasing salinity, similar to the
findings of Lopez-Hoffman et al. (2007).

Despite a significant date x salinity interaction for Rarea®
we found no evidence that seasonal temperature acclimation of
leaf R differed between salinity treatments. Thus, A. germinans
growing under habitats that differ in salinity may show a com-
mon acclimation response to seasonal temperature changes,
which could simplify predictions of the temperature sensitivity
of respiratory carbon fluxes in mangroves. Even so, ~80%
of the variation in individual measurements of Rares?® Was not
explained by prevailing air temperature. Seedlings were grown
under uniform light and nutrient conditions so the source of the
unexplained variation remains unclear but could be explained
by heterogeneity in salt excretion, leaf nitrogen or carbohydrate
accumulation among leaves within and among seedlings.
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In our study, the slope describing the change in Ryrea™ with
increasing air temperatures was —0.047. This is lower than the
slope describing seasonal acclimation of leaf R in temperate-
subtropical origin Eucalyptus tereticornis (—0.084, Aspinwall
et al. 2016) and temperate Fagus sylvatica (~ —0.070,
Rodriguez-Calcerrada et al. 2010). If Rarea® is expressed on
a mass basis (Rmass”>, data not shown), the slope describing
seasonal acclimation of leaf R in our study was —0.28, which is
higher than the slope describing seasonal acclimation of leaf R
in a boreal needled evergreen species (—0.13, Pinus banksiana,
Tjoelker et al. 2008, 2009), but is much lower than the slope
for seasonal acclimation of leaf R in temperate deciduous tree
species (—1.1 to —1.5, Lee et al. 2005). Thus, A. germinans,
a tropical-subtropical halophyte, may show weaker seasonal
acclimation of leaf R than some terrestrial broadleaved tree
species from cooler climates. However, this contrasts with Slot
and Kitajima (2015) who found little difference in thermal
acclimation of leaf R between species from different biomes.
Further studies are required to determine whether mangroves
acclimate differently to temperature changes compared to
terrestrial species from different biomes.

Salinity effects on growth and biomass allocation

Biomass and leaf area production were optimal under BW and
SW conditions, and lower under FW and HS conditions. These
results align with previous studies in A. germinans and other
mangroves (Ball 2002, Parida et al. 2004, Suarez and Medina
2006, Lépez-Hoffman et al. 2006; 2007, Nguyen et al. 2015,
Dangremond et al. 2016). Slightly higher average rates of Asat
averaged across more leaf area could partially explain why
BW and SW seedlings were more productive, although salinity
effects on cell division and expansion might also explain salinity
effects on total biomass production (Munns and Tester 2008,
West et al. 2004).

Previous studies in A. germinans and other mangroves have
generally found that allocation to roots increases with salinity,
while allocation to leaves decreases with salinity (Ball 2002,
Lopez-Hoffman et al. 2006; 2007, Nguyen et al. 2015).
Given that increasing salinity tends to increase xylem tension
(i.e., water stress), this response is interpreted as strategy for
increasing access and conservation of water. We also found
slight increases in RMF with salinity, at the expense of SMF, but
LMF did not change with salinity, and the overall effect of salinity
on biomass fractions was not significant. Interestingly, LAR and
SLA were generally higher in the BW, SW and HS treatments
compared to the FW treatments. Previous studies have found
inconsistent effects of salinity on mangrove LAR and SLA. Some
studies have found that LAR and SLA are lowest in FW and
increase at intermediate salinities, before declining at higher
salinities (e.g., Ball 2002, Nguyen et al. 2015). Other studies

have found that SLA steadily declines with increasing salinity
(Bompy et al. 2014, Nguyen et al. 2017). Yet others have
found that LAR and SLA can remain steady or even increase with
increasing salinity (e.g., Ball and Pidsley 1995). We conclude
that salinity effects on biomass allocation and leaf area traits
are likely complex and vary among species and heterogeneity
in salinity.

In seedlings of A. germinans, we found that salinity had little
effect on photosynthetic and respiratory capacity and did not
impact photosynthetic and respiratory responses to temperature
and D across seasons. These results provide new insight into
the physiological response of mangroves to seasonal changes
in atmospheric conditions, which could advance predictions of
CO; fluxes from mangrove ecosystems in response to changing
climate. Future studies that explore factors contributing to
temporal and spatial variability in mangrove leaf physiology
and thermal acclimation of mangrove photosynthesis, espe-
cially in response to climate warming, will further advance our
understanding of photosynthetic and respiratory C fluxes in
mangroves.
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All methods and data will be made available upon publication of
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