
ABSTRACT 

ANDERSON, STEVEN MARK. Physiological Responses of Coastal Freshwater Wetland Trees 

to Saltwater Intrusion: A Greenhouse Mesocosm Experiment. (Under the direction of Dr. 

Marcelo Ardón). 

 
Coastal wetlands are highly vulnerable to rapid changes associated with climate change, including more 

frequent storm events, fire, drought, and saltwater intrusion. Trees are a crucial component to maintaining 

ecosystem structure by controlling light availability to the soil and influencing biogeochemical cycling of 

nutrients and water. My thesis aims to assess the species-specific sensitivity of dominant tree species from 

freshwater forested wetlands in the Southeastern U.S. to varying levels of saltwater exposure. 

Understanding species-specific stress responses to pulse events of saltwater can help identify taxa that 

may provide early signals of salinity stress of forests at broader spatial scales. I performed a 6-month 

greenhouse experiment from May-October 2018 to investigate whole plant productivity and leaf-level 

physiology of six tree species (Acer rubrum, Juniperus virginiana, Nyssa sylvatica, Quercus nigra, Pinus 

taeda, and Taxodium distichum) when exposed to a gradient of oligohaline to mesohaline treatments (0.2-

6 ppt). I found that tree species exposed to 3-6 ppt salinity had idiosyncratic responses of plant 

performance that were species-specific. Responses included effects on leaf-level functional (e.g. specific 

leaf area, and leaf nitrogen and carbon contents) and physiological traits (e.g.  leaf photosynthesis, 

chlorophyll fluorescence) after 6-months of salt exposure from two pulses of seawater. Although effects 

were less apparent in gymnosperm tree species, changes in leaf functional trait indicate a change in 

allocation of resources to plant tissue which can alter soil biogeochemistry. I did not find any loss of plant 

water uptake in midday water potentials; however, based on osmotic potential of the 6 ppt salinity 

treatment and predawn leaf water potential, P. taeda was the only species that lost water uptake from soil 

into its roots. Leaf stomatal conductance increased with 3-6 ppt salinity in A. rubrum and T. distichum, 

suggesting leaf physiology was impacted by wilting as conductance increases with elevated salt exposure. 

Root biomass decreased in A. rubrum and Q. nigra in shallow/dry horizon, however the root distribution 

varied across species with and without increased salt exposure. A. rubrum, J. virginiana, N. sylvatica and 



Q. nigra allocated > 75% of their roots to the upper soil horizon, while P. taeda and T. distichum roots 

occupied deeper soils. Normalized Difference Vegetation Index (NDVI) and Photochemical Reflectance 

Index (PRI) were both correlated with operating efficiency of PSII photochemistry (PSII) in A. rubrum 

leaves. PRI of A. rubrum leaves was significantly decreased in 3 ppt salinity treatment compared to 

controls in June before any leaf physiological processes were negatively impacted by the salinity 

treatment. The integrative, morphological stress responses across coastal tree species when exposed to 

brackish conditions (0.2-6 ppt) in combination with relatively abrupt physiological responses and 

alteration of leaf pigments appear to be reliable approaches for detecting mild salt stress in coastal tree 

species. Of the six species studies included in this study, A. rubrum was the most sensitive, and J. 

virginiana was the most tolerant of increase salt exposure < 6 ppt.  
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CHAPTER 1: INTRODUCTION, OBJECTIVES, AND THE EXPERIMENTAL 

APPROACH TO ASSESSING THE SENSITIVITY OF SIX COASTAL TREE SPECIES 

TO SEAWATER EXPOSURE USING MESOCOSMS. 

 

1.1. INTRODUCTION & OBJECTIVES 

The North American Coastal Plain of the Southeastern United States is defined as one of the 

world’s biodiversity hotspots (Noss et al., 2015). Wetlands are a major component of the coastal 

plain, and they support diverse plant communities and provide a suite of ecosystem services 

(Zedler & Kercher, 2005). Biodiversity and the functional traits individual species have acquired 

over the course of evolutionary history maintain the resilience of ecosystem function (Heilpern et 

al. 2018; Mittermeier et al. 2011). Since wetlands provide essential ecosystem services, such as 

wildlife habitat, carbon sequestration, flood protection, and water quality improvement, threats to 

the resilience of wetland ecosystems are a direct threat to human well-being (Díaz et al. 2006)  

Coastal wetlands are increasingly vulnerable to sea-level rise and a rapidly changing 

climate (FitzGerald et al. 2008; Thorne et al., 2018). In low elevation coastal regions, 

salinization of freshwater waterways has intensified in recent years for numerous reasons 

(Kaushal et al., 2018; Scavia et al., 2002). Climate change has increased average global mean 

temperature, resulting in sea-level rise, and has altered historic weather patterns, causing more 

frequent storm events in recent decades (Mullholland et al., 1997; Nerem et al., 2017). Increasing 

precipitation and frequency of hurricanes leads to more surface flooding and inundation, 

especially in low-lying coastal environments. Additionally, changing climate causes more 

frequent droughts, resulting in saltwater intrusion via surface and groundwater pathways 

(Anderson & Lockaby, 2012; Taillie et al. 2019).  

Increased salinization also occurs by direct anthropogenic controls of hydrologic flow 

(Tully et al. 2019). Hydrologic flows are altered to meet the high water demands of expanding 
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large-scale agriculture. Crops are then irrigated with fresh groundwater which can cause 

subsidence due to shrinking aquifers (Syvitski et al. 2009). Even though man-made canal 

networks are beneficial for moving brackish waters away from agricultural fields, they also allow 

for increased connectivity of salty marine and estuarine waters to low-lying croplands and inland 

freshwater wetlands (Bhattachan et al., 2018).  

Increased salinization in soil, groundwater, and surface water in freshwater wetlands is a 

primary source of plant physiological stress (Munns & Tester, 2008) which in turn has major 

implication for the fates of plant communities (Parihar et al. 2015; Tolliver et al. 1997). As a 

result of increasing soil salinity and flooding, there have been dramatic increases in dying 

forests, or ghost forests, which results in altered ecosystem stability and function in coastal and 

inland forest communities (Kirwan & Gedan, 2019; Williams et al. 1999; Williams et al. 2003). 

Studies have shown species richness and diversity of species’ responses to environmental 

stressors promote long-term ecosystem stability and functioning, often described as the 

“insurance effect” (Elmqvist et al. 2003; Ives and Carpenter 2007; Peterson et al. 1998; Yachi 

and Loreau 1999). The diversity of organismal response (“response diversity”) is a crucial 

component for maintaining ecosystem resilience, especially during periods of ecosystem 

reorganization following stressful events (Elmqvist et al. 2003; van Dijk et al. 2015). However, 

the ability of coastal forests to recover from stochastic events becomes less likely as the 

frequency and severity of environmental stressors increases.  

Tree physiological responses to environmental stressors can be early warning signals to 

help us detect tipping points, or the crossing of ecological thresholds, in forest communities (Liu 

et al. 2019; Anderson et al. in review). Tree species that dominate vulnerable ecosystem, like 

forested freshwater wetlands, are often resilient to short-term stressors, but less resilient to more 
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frequent or longer durations of flooding, drought, and/or salinity stress (Williams et al., 2003). 

Severity of stress response and the likelihood of mortality increase even further when these 

environmental stressors occur simultaneously (Kozlowski, 1997). Dominate trees of coastal 

forests that display physiological stress may be indicators of changing environmental conditions 

in the soil, and indicate patterns of biodiversity loss within the plant community which can result 

in long-lasting change to ecosystem health (Heilpern et al., 2018). Quantifying species-specific 

stress responses to low (oligohaline) to mid-range (mesohaline) seawater concentrations (Waters 

& Dahl, 1956) that forest communities are likely to experience can give us an integrated metric 

of seawater exposure over time (Anderson et al. in review).  

We can also use our understanding of tree species’ sensitivities to identify regions that 

are increasingly vulnerable to salinization. Once identified, these regions can be prioritized for 

targeted management actions to enhance ecosystem resiliency and mitigate biodiversity loss. 

Identifying salt stress in higher order plants for these purposes requires a multi-layer approach. 

Here, we sought to assess the sensitivity of whole plant performance, productivity, physiology, 

and leaf spectral reflectance (Naumann et al. 2009; Negrão et al. 2017; Peñuelas & Filella, 1998) 

when exposed to pulses of low concentrations (< 6 ppt) of seawater (Poulter et al. 2008; Powell 

et al. 2016). By combining these approaches, we can better characterize the effects of saltwater 

intrusion on coastal wetland plant communities, using trees as indicators of ecological transition 

of freshwater wetlands (Naumann et al. 2007).  Using a multi-scale approach allows us to better 

identify salt stressed plants, and the expansion of ghost forests in vulnerable coastal forests 

experiencing frequent saltwater intrusion events. 

I conducted an assessment of both integrative and instantaneous plant performance 

metrics to gain a better understanding of the sensitivity of tree species to low levels of salinity. 
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The four primary questions that I sought to answer were: (1) Which common taxa found in 

southeastern U.S. forested wetlands are the most sensitive to elevated saltwater exposure? 

(2) What integrative responses (e.g. above and below ground primary production) are most 

indicative of the potential impacts of salinity on plant performance? (3) Are instantaneous, 

physiological responses (i.e. photosynthesis, fluorescence) reliable indicators of loss of plant 

performance? And, (4) How does leaf spectral reflectance resemble plant physiological 

responses to salinity exposure at the leaf-level? To address these questions, I conducted a six-

month mesocosm experiment to assess the responses of Acer rubrum L., Juniperus virginiana L., 

Nyssa sylvatica Marshall, Pinus taeda L., Quercus nigra L., and Taxodium distichum (L.) 

Richard when exposed to a gradient of seawater concentrations.  

Here, in chapter one, I explain the design of the mesocosm experiment and show results 

of how salinity treatments affected groundwater and soil chemistry. In the following chapters, I 

discuss the plant-level, integrative responses regarding the growth and biomass, and the 

instantaneous, leaf-level physiological (i.e. water-use, gas exchange and leaf reflectance) 

responses of coastal trees to a gradient of brackish salt concentrations.  

1.2. GREENHOUSE EXPERIMENT 

All of the species included in the study are common in freshwater wetlands of the coastal plain 

of North Carolina. Species responses to pulses of seawater were assessed based on the magnitude 

of change in performance including: growth rates, leaf functional traits, plant water status, leaf 

gas exchange and fluorescence, and leaf spectral reflectance. Trees were exposed to a salinity 

gradient with eight treatment concentrations, ranging from controls (no salt added) to ~ 6 ppt 

simulating fresh (oligohaline) to brackish (mesohaline) conditions found in forested wetland in 

eastern NC (Waters & Dahl, 1956). Here, I sought to gain a deeper quantitative understanding of 
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tree tolerance or sensitivity to low, relevant concentrations of soil salinity often found in forested 

freshwater wetlands in eastern North Carolina experiencing episodic pulses of saltwater through 

surface and groundwater.  

1.2.1. Study species 

This study focused on six species that are common to fresh and brackish wetlands in the coastal 

plain of North Carolina and throughout the Southeastern U.S. Acer rubrum (ACRU), Juniperus 

virginicus (JUVI), Nyssa sylvatica (NYSY), Pinus taeda (PITA), Quercus nigra (QUNI), and 

Taxodium distichum (TADI) (hereafter referred to by first letter of genus and species name, or 

the four letter abbreviation in figures). I chose the species to represent a range of tree natural 

history strategies (i.e. growth strategy, successional status, leaf longevity, and structure), societal 

benefits (i.e. economic work/lumber value, wildlife preference, conservation concern), and 

species occurrence along a natural salinity gradient at field locations throughout the Albemarle-

Pamlico Peninsula in eastern N.C. (Anderson et al., in review). In addition, I selected taxa based 

on the large number of studies (e.g. T. distichum and P. taeda) (Krauss et al. 2009a; Pezeshki et 

al. 1990; Poulter et al. 2008b), or paucity of knowledge regarding their salinity tolerance (e.g. J. 

virginiana and Q. nigra) and the strategies they employ to cope with salinity stress. By including 

species that encompass a range of these criteria, I sought to broaden our understanding of inter- 

and intraspecific species responses to increasing salinity at naturally relevant concentrations to 

eastern U.S. forested wetlands.  

1.2.2. Experimental approach  

I conducted a six-month greenhouse experiment (May-October 2018) using 118 tree seedlings of 

the six species included in the study. All trees were planted as one-year old bare root seedlings 

except N. sylvatica and several Q. nigra individuals, which were germinated from seed in 
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October 2017 (Ernst Conservation Seed Inc., Meadville, PA, U.S.A.). All other seedlings were 

germinated from seed in spring of 2017 from various geographic sources (Mellow Marsh, Siler 

City, NC U.S.A and U.S Forest Service, Raleigh, NC U.S.A). J. virginiana and N. sylvatica 

seedlings experienced higher rates of mortality from overwintering in cold chambers prior to 

propagation, therefore, fewer replicates were included in comparison to the other species (18 and 

12 total individuals, respectively). Q. nigra also experience increased mortality, and so several 

replicates were of younger germinates.  

On February 2018, all seedlings were planted in standard sterile peat-based media 

(Fafard P4 Mix, Sun Gro Horticulture, Agawam, MA) and acclimated in the greenhouse for 

three months (700 umol m2 s photosynthetically photon flux density (PPFD) for 16 hours per 

day, 27.8C day and 24.4C night temperature and 35% relative humidity). Then, I moved all 

trees to a larger greenhouse once ambient conditions met those of the prior greenhouse before 

salinity dosing. Salinity treatments were dosed with the amount of dissolved Instant Ocean 

(Spectrum Brands, Inc. Blacksburg, VA) according to manufacturer’s guidelines in parts per 

thousand. Actual salinity of the stock solution diluted for each treatment level was analyzed to 

reach target concentrations after the first dose. The two primary treatments (control and 3 ppt) 

were set up in a randomized complete block design, each with 8 replicates, mimicking a split-

plot design. Individual, non-replicated trees were grown in intermediate (0.5, 1, and 2 ppt) and 

high (4, 5, and 6 ppt) salinity saltwater concentrations for regression analyses (Figure 1.1).  
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Figure 1.1 A schematic of the number of replicate trees within each experimental treatment (in 

parts per thousands (ppt)) for each taxa. The two primary treatments (control and 3 ppt) 

highlighted in grey ranging from 4-8 replicates per species, and individuals for intermediate and 

high salinity treatments for regression analysis only. In some analyses throughout my thesis,  

treatments are grouped as control (no salt added), low (0.5-2 ppt), mid (3 ppt), and high (4-6 ppt) 

salinity. All 118 trees were grown in the same greenhouse and the same basin setup with three 

soil flooding horizons.  

 

Salinity treatments 

Treatments were administered by using a simulated “ground water” approach – submerging all 

tree pots into basins containing stock water collected from Timberlake Observatory Wetland 

Restoration (TOWeR) site in Alligator, NC (35.898095, -76.167048) (Ardón et al. 2013). 

Applying the seawater treatments from belowground allowed me to simulate a realistic delay in 

salt exposure to living belowground tissue via groundwater pathways. All tree species were 

grown in each salinity treatment specific basin (i.e. block). If a basin was missing one of the six 

species an additional Q. nigra seedling replaced the missing tree. Before treatments were 

introduced, water chemistry (pH, DOC, ortho-P, NH4, anions and cations) was measured on the 



   

8 

 

stock water used as the solvent for each treatment, and reverse osmosis (RO) water tested for 

salts prior to use for water replacement in the basins throughout the experiment.  

The first saltwater pulse was applied on May 1, 2018, after trees had established roots 

and have begun to leaf out (~12 weeks). A second pulse was dosed on August 15, 2018 once 

saltwater concentrations in the groundwater of salt treated basins from the first dose were dilute 

and no longer different across treatments. Water depth in each basin was monitored biweekly to 

maintain three moisture horizons below the soil surface: dry/unflooded (0-8 cm), intermittent 

saturated (8-16cm), and permanently saturated (16-24 cm) (Figure 1.2). I chose moisture 

horizons to reflect the annual average water-table depth in research plots at the TOWeR site 

where we have monitored groundwater level continuously throughout 2017 and 2018. I wanted 

to ensure that soils in the upper horizon (0-8 cm) remained permanently dry, the lower horizon 

(16-24 cm) remained permanently saturated, and the intermittent zone was allowed to dry before 

rewetting. I replaced any water loss via transpiration and/or evaporation by adding reverse 

osmosis water directly to the treatment basin up to the top of the intermittent horizon (8 cm from 

the soil surface). This approach enabled me to answer questions about the belowground root 

biomass allocation to the gradient of salt concentrations and variable saturation in each horizon 

which are reflective of what all of these species are likely to experience in average field 

conditions.   

Environmental conditions and monitoring 

Ambient greenhouse conditions (27.1 +/- 7.23 °C, 79.98 +/- 9.82 % relative humidity, 151.95 +/- 

290.7 PAR) were monitored continuously using in-house sensors (Duke Phytotron) and two 

temperature/light sensors (Onset Computer Corp. Hobo Pendant, Bourne, MA) placed in the  
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Figure 1.2 Conceptual drawing of one basin with all 6 species and three soil horizons (dry/never 

saturated, intermittently saturated, and permanently saturated) in each of the 22 basins from the 

greenhouse study. All basins were in the same greenhouse and position was randomized each 

week by different personnel.  

 

greenhouse. Shortly after dosing salt treatments (May 15), 250 g of sterilized leaf mulch was 

added to the soil surface of each pot.  On June 12, I began adding 200mL of fertilizer (half-

strength Hoagland’s solution) to the soil surface of each pot every two weeks throughout the 

entire experiment. Soil temperature and soil moisture were monitored weekly at 12cm depth 

from the soil surface (Campbell Scientific HydroSense II with CS655 sensor, Logan UT). 

Specific conductance, temperature, and pH of the groundwater in each basin was 

monitored biweekly using a multi-parameter water sensor (YSI Professional Plus (Yellow 

Springs, OH) and Eureka Manta2 (Austin, TX)) including before and after water was added to a 

basin to ensure consistent water chemistry after additions. Monthly water samples were collected 

from each of the 22 basins, filtered (glass-fiber filters 0.7um), and frozen for additional water 

chemistry analysis. Analyses of anions (Cl-, SO4-, NO3-) and cations (Na+, Ca+, Mg+, K+) were 

run on a Dionex ICS 2000 (Dionex Corporatio, Sunnyvale, CA), nutrients (NH4+, PO4-) on a 
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Lachat QuickChem 8500 (Lachat Instruments, Loveland, CO), and total nitrogen (TN) and 

dissolved organic carbon (DOC) on a AS-18 analytical column and Shimadzu TOC-VCPH 

Analyzer with TNM-1 module and ASI-V autosampler. 

I also measured soil conductivity in each individual pot at 5 cm and 10 cm depths using a 

Hanna HI98331 Soil Test™ probe (pre-calibrated to salinity tested in the field). Soil conductivity 

was intensively measured every other day during the first 2 weeks, and once a week thereafter to 

identify when plant roots in the upper top 10 cm were fully exposed to the salinity treatments. 

Powell et al (2016) found a 10-week delay in plant growth response to salinity treatments in their 

greenhouse experiment, and so I thought it was crucial to identify when increases salt 

concentrations became available to the shallower plant roots in the upper soil horizon because 

each tree was contained in its own pot. During the final harvest, soil conductivity was measured 

three times at each of the three soil depths using the same probe. I also collected bulk soil 

subsamples composited from all three horizons to measure soil properties and chemistry 

including % soil moisture, organic matter content, pH (Mettler Toledo DL18 titrator pH probe, 

Columbus OH), and anions (Cl-, SO4-, PO4-, NO3-) and cations (NH4+, Na+, Ca+, Mg+, K+) on the 

Dionex ICS 2000, and the Lachat QuickChem 8500. 

1.2.3 Statistical analysis 

I analyzed all repeated measures (all soil and water chemistry variables) as response variables in 

a generalized linear mixed-effect models (glmer) in the R (R Core Team, 2019) with the lme4 

package to determine the differences in salinity treatments across all species over time, and their 

interactions. I included basin (each containing all tree species of like salinity treatment) number 

in the model as a random effect to reduce the influence of basin position in the greenhouse. I 

used generalized linear models (glm) and a two-way an analysis of variance (ANOVA) in the R 
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(R Core Team, 2019) with Tukey adjustment to test the significance of the effects of salinity 

treatment and species on soil nutrients (NO3-, NH4+, and PO4-). Since much of these data were 

continuous, non-negative and right-skewed, I used gamma or gaussian family distributions, and 

compared models with log and identity links using Akaike’s information criteria (AIC). I used 

lsmeans as a post-hoc test the significance of contrasts between each salinity treatment (p < 

0.05).  

1.3 RESULTS & DISCUSSION 

1.3.1 Groundwater chemistry 

Stock water from TOWeR used to initiate the experiment had expected levels of salts, nutrients, 

and dissolved organic carbon (Table 1.1). As the primary constituents driving salinity, mean 

concentrations of Cl-, Na+ and SO4+ were 24, 110 and 80 times higher in saltwater addition 

treatments than in control water from the field (Table 1.2). Over the course of the entire 6-month 

experiment, monthly water chemistry analysis of Cl-, SO4-, Na+, and Mg+ followed the same 

patterns (Figure 1.3). However, concentrations of NO3-, Ca+, and K+ changed over time 

depending on treatments level. All three constituents decreased in the controls over the course of 

the experiment, while Ca+ decreased in the first two months and leveled-off in 3 ppt treatment. 

K+ had a steady decline, and NO3- a slight increase over time (likely as a result of fertilizer and 

salinity additions). Ca+ in low and high salt treatments tended to follow the treatment level and 

remain at the level dosed, with slight increase in micronutrient over time. NO3- and K+ both 

decreased over time, while NO3- peaked after the first salinity pulse, but quickly decreased due to 

plant uptake as a limiting nutrient in the peat soil medium.  

I achieved significant separation of salinity across each replicated treatment (controls and 

3 ppt) shown by measures of specific conductance in groundwater (Figure 1.4). Aside from 
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Table 1.1 Chemistry of water drawn from TOWeR restoration wetland and seawater stock 

concentrations for dosing initial groundwater addition to all 22 treatment basins. Salt 

concentrations for mean and standard deviation of groundwater in controls and all salt treatments 

(0.5-6 ppt). All concentrations are presented in mg/L.  

 
 NH4-N PO4-P DOC TN Cl- SO4- NO3-N Na+ K+ Mg+ Ca+ 

TOWeR 

Mean 
0.05 <0.01 15.95 0.42 7.78 0.31 0.02 4.22 0.87 0.68 1.82 

Std dev. <0.001 - 0.24 0.009 0.005 0.005 < 0.001 0.001 0.01 0.002 0.01 

Seawater 

Stock 
- - - - 31,349 5,546 14.78 18,308 635.0 2,924 849.1 

Controls 

groundw

ater 

0.26  0.67  - - 22.96  3.7  2.31  2.7  85.2  19.6  49.7  

0.12 0.34   3.45 2.68 1.69 1.42 35.1 11.2 23.8 

0.5-6 ppt 

groundw

ater 

0.32 

0.14 

0.70 

0.35 
- - 

544.9 

537.6 

61.7 

93.9 

2.4    

1.7 

298.0 

322.8 

128.6 

45.6 

63.1 

29.2 

140.3 

59.5 

 

periodic overlap between low (0.5-2 ppt) and high (4-6 ppt) non-replicated treatments (e.g. early 

June and mid-September), the two peaks (~9,000-10,000 s/cm) in conductivity were days when 

salt stock was dosed, with gradual decline from May 1 – August 15 in groundwater salinity 

following each dosing event (Figure 1.4). Overall, groundwater temperature and pH (22.4-

29.9C and 6.0-7.5 respectively) were relatively constant across treatments throughout the course 

of the experiment with some increase and decreases spikes in all treatments likely due to 

instrument calibration. Groundwater in control basins at the end of the experiment (October 10, 

2018) had PO4+ concentrations of 0.75 +/- 0.09 mg/L in control basins, and 3 ppt basins 0.70 +/- 

0.18 mg/L. Ammonium (NH4+) concentrations were < 0.01 mg/L in both control and 3 ppt 

treatment basins 

1.3.2 Soil chemistry 

Soil conductivity increased at 10cm depth faster than at 5cm depth. Maximum salinity reached 

soils at 10cm after ~21 days, while it took approximate three times as many days (after the 

second salinity pulse) for soils at 5cm to reach comparable level (Figure 1.5). Soil salinity never 
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quite reached the same level at 5cm as salinity at 10cm. Regardless of sampling depth, salinity 

increased continuously throughout the entire experiment, not showing any signs of 2 pulse 

additions dosed to the groundwater (great bars in Figure 1.5). Prior experiments have dosed 

plants with the same salt concentrations throughout entire experiments, however this sort of 

approach is unrealistic since the majority of ions in seawater accumulate in the soil, and very few 

of taken up by plants.  

Table 1.2 Soil chemistry from composited soil subsamples from the final harvest (6 

months/October). All values are means and standard deviation within each treatment across all 

tree species within that treatment. Number of trees (n) is listed under each salinity treatment 

header. 

 
Soil temperature was largely consistent across all treatments, but varied week to week as the 

basin positions within the greenhouse were randomized weekly. Soil moisture was also largely 

consistent across treatments except that the 0.5 ppt (p = 0.019), and 6 ppt (p = 0.016) treatments 

had statistically high soil moisture than all other treatments on May 1, and July 30 respectively.  
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Figure 1.3 Anion (Cl-, SO4-, NO3-) and cations (Na+, Ca+, Mg+, K+) concentrations over monthly 

groundwater samples. The two main replicated treatments are squares and in color: Control 

(green) and orange (3 ppt). All other intermediate (0.5, 1, and 2 ppt) and high (4, 5, and 6 ppt) 

treatments are in light grey open circles, triangles and diamonds, and in dark grey solid circ 

les, triangles and diamonds respectively. Cl-, SO4-, Na+, and Mg+ follow the pulse additions of 

seawater, while Ca+, K+, and NO3- have differing trends depending on time and salinity 

treatment. 

 

Soils from all three horizons at final harvest analyzed for % soil moisture, organic matter 

content, pH, and anions (Cl-, SO4-, PO4-, NO3-) and cations (NH4+, Na+, Ca+, Mg+, K+) are shown 

in Table 1.1. All environmental variables unrelated to salinity treatment (% soil moisture, 

organic matter content, pH) are not statistically significant. The only unexpected difference 

across treatments is that the 5 ppt treatment had lower mean concentrations of salts than the 4 ppt 

treatment. The 0.5 ppt treatment also had lower mean concentrations of SO4-, Ca+, Mg+, and K+ 

than the control. These results are also reflected in soil conductivity measured throughout the 

experiment at various times (Figure 1.5). In this experiment, I chose many treatments that were  
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Figure 1.4 Groundwater chemistry parameters (a) specific conductance, (b) pH, and (c) 

temperature, averaged across all experimental basins within each treatment over the entire 6-

month experiment. The two main replicated treatments are in color: Control (green) and orange 

(3 ppt). All other intermediate (0.5, 1, and 2 ppt) and high (4, 5, and 6 ppt) treatments are in a 

gradient of grey circles and dotted lines (0.5 and 4 ppt), squares and dashed lines (1 and 5 ppt), 

or triangles and solid lines (2 and 6 ppt). Error bars are the standard deviation for both replicated 

treatments (control and 3 ppt).  

 

close in salt concentration below the maximum 6 ppt, mesohaline salinity and it was expected 

that some overlap could occur between low and high, non-replicated treatments.  

Soils composited from all three horizons following the final harvest were analyzed for % 

soil moisture, organic matter content, pH, and anions (Cl-, SO4-, PO4-, NO3-) and cations (NH4+, 

Na+, Ca+, Mg+, K+) concentrations. Interestingly, maximum soil salinity was greater in 

gymnosperms (max = 0.66-0.79 ug Na+ g-1) compared to angiosperms (max = 0.42-0.59 ug Na+ 

C 

B A 
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g-1) (Table 1.3). This result could be an indication of reduce plant water use in angiosperms 

which would dilute available salts in the soil. Alternatively, gymnosperms are more successful at 

excluding salts from being taking up through the roots. All environmental variables unrelated to 

salinity treatment (% soil moisture, organic matter content, pH) were not significantly different 

across treatments. The only unexpected difference across treatments was that the 5 ppt treatment 

had lower mean salt concentrations compared to the 4 ppt treatment. The 0.5 ppt treatment also 

had lower mean concentrations of SO4-, Ca+, Mg+, and K+ compared to control. These results are 

also reflected in soil conductivity measured at various times throughout the experiment (Figure 

1.5). I chose treatments that were close together in salt concentration, but below the upper range 

trees can tolerate (~8 ppt). In a study conducted by Poulter et al. 2008, salt addition of 4 and 8 

ppt of Pinus taeda and Pinus serotina sapling, resulting in complete mortality over 2.5 months. 

Similarly, Naumann et al. 2008 exposed Myrica cerifera (now classified as Morella cerifera) to 

“mid-range” salinity of 5, 10 and 1 5 ppt, resulting in rapid (~3-9 days) negative responses have 

been found on plant growth and performance (5 ppt) and complete die-off of leaves and 

eventually mortality (10-15 ppt). All of these saltwater additions were administered chronically. 

My goal was to assess prolonged impacts of salt pulses, not salinity concentrations which cause 

rather immediate mortality when chronically exposed to elevated salts. Since the treatments were 

all relatively similar, I expected some overlap to occur between low and high salinities, 

especially in non-replicated treatments. Alternatively, I hypothesized that the low concentration 

of SO4-, Ca+, Mg+, and  K+ in the 0.5 ppt treatment were likely to be beneficial to tree growth and 

function. These base anions and cations are important micronutrients (Parihar et al., 2015; 

Schlesinger & Bernhardt, 2013; Wang et al., 2018), but as salinity increases beyond that level 
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(0.5-1 ppt), it would become increasingly more detrimental to woody plant growth to a threshold 

where primarily only marsh graminoids can survive (Anderson et al. in review).  

Table 1.3 Soil salinity broken down by species. Chloride (Cl-) and sodium (Na+) concentrations 

are in bold to show the elevated concentrations in the gymnosperms compared to the angiosperm 

species. All values shown in this table are in mg/L.   

 

 
 Cl- SO4- Na+ K+ Ca+ Mg+ 

 Species min max min max min max min max min max min max 

A
n
g
io

sp
er

m
s Nyssa sylvatica 35.8 822.2 43.8 318.3 49.5 453.4 80.1 156.6 43.3 191.3 16.3 82.3 

Acer rubrum 18.6 1275.9 22.7 628.4 36.7 690.9 23.5 200.6 26.5 183.0 7.9 90.0 

Quercus nigra 21.6 1363.2 50.8 492.2 38.6 711.8 47.6 194.3 29.5 251.1 14.2 108.7 

G
y
m

n
o
sp

er
m

s 

Juniperus virginiana 21.3 2227.7 72.3 309.1 36.6 1195.6 57.6 168.5 35.5 232.0 12.8 121.3 

Taxodium distichum 22.1 2344.2 20.7 522.7 36.2 1294.4 28.7 182.9 20.2 255.3 6.9 156.0 

Pinus taeda 21.9 2675.9 62.5 559.4 35.3 1339.7 44.6 287.1 25.9 322.9 9.4 186.7 

 

 
 

Figure 1.5 Soil conductivity measured from May 1 to September 26, 2018 at 5cm and 10cm 

depth from the soil surface. The vertical shaded bars indicated by the asterisks above the figure 

indicate salt additions, or pulses, added to the groundwater of each treatment basin.   

 

I analyzed soluble soil nutrients concentrations (PO4-, NO3-, and NH4+ g per g soil) across 

all species by grouped (control, low, mid, and high) salinity treatments. Soil NH4+ increased in 

soils with 4-6 ppt salinity (p = < 0.001, Figure 1.6a), and soil NO3-  increased when exposed to 3 
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ppt salinity, but not at higher concentrations (p = 0.007, Figure 1.6b). These results are in line 

with Weissman and Tully (2020) and Ardón et al. (2013, 2017) who found increases of N-NH4+ 

in soil porewater with increased seawater exposure in agricultural and restored wetland soils. 

Interestingly, I found an interaction between species and treatment on water extractable NH4+ and 

NO3- (p = < 0.001). That is, NH4+ and NO3- concentrations were dependent on what species was 

growing in the soil (Figure 1.7). NH4+ increased with 3-6 ppt salinity in Q. nigra and T. distchum 

(p = < 0.006), and with 4-6 ppt salinity in A. rubrum and P. taeda pots (p = < 0.007). Soil NO3-  

increased in the presence of T. distchum in trees exposed to 3 ppt salinity (p = 0.0001). I found 

NH4+ and NO3- concentrations exposed to high salinity (4-6 ppt) exposure decreased in J. 

virginiana soils (p = 0.04 and 0.001, respectively) (Figure 1.7). N. sylvatica soil NH4+ and NO3-  

did not have a consistent pattern related to increased salinity, however, increased replication for 

high salinity concentrations would likely result in a similar outcome to all other increasing 

species since the effect was marginally significant (p = 0.08). 

 
 

Figure 1.6 Soil nutrients (NO3-, NH4+, and PO4-) across grouped salinity treatments. Non-

replicated treatments were put into two groups, low (0.5, 1, and 2 ppt) and high (4, 5, and 6 ppt) 

salinity levels. Controls are in green, and become more orange with increase in salinity. 

Ammonium concentrations in soils are significantly greater at salinity > 3 ppt.  

*
p < 0.001

*
p = 0.007
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Figure 1.7 Soluble ammonium (NH4+) and nitrate (NO3-) concentrations in soil by species and 

salinity treatments. Non-replicated treatments were put into two groups, low (0.5, 1, and 2 ppt) 

and high (4, 5, and 6 ppt) salinity levels. Ammonium concentration increased in soils exposed to 

4-6 ppt salinity treatment in Acer rubrum, Pinus taeda, Quercus nigra, and Taxodium distichum. 

NH4+ also increases in Quercus nigra and Taxodium distichum soil exposed to 3 ppt. Ammonium 

and nitrate in Juniperus virginiana (purple) soils decreased when exposed to 4-6 ppt. NO3- also 

increase in Taxodium distichum soils exposed to 3 ppt salinity.  

 

1.4 CONCLUSIONS 

 

In this chapter, I outlined the rationale and objectives for why a deeper understanding of tree 

species sensitivities to increased seawater exposure is crucial for predicting coastal forested 

wetland change as sea-levels rise and climate change alters the frequency and severity of storm 

and drought events. I also presented my experimental approach to investigating four questions 

related to tree sensitivity to elevated saltwater and what integrated growth, and instantaneous 

physiological responses are most indicative of ecosystem changes as a result of plant level 

responses.  

My efforts to initiate salinity treatments representative of my targeted saltwater exposure 

levels based on the groundwater and soil chemistry were largely successful. All of the 

** **** * **

A B

Salinity
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environmental parameters I measured were largely not significantly different across treatment 

basins, and were maintained for the entire 6 months of the experiment. Even though I only dosed 

trees with two pulses of saltwater stock (Figure 1.4), soil conductivity continued to increase 

throughout the entire experiment (Figure 1.5) even though water lost (via transpiration or 

evaporation) was replaced with fresh reverse osmosis water. Therefore, it warranted a reiteration 

of the importance of dosing strategy when conducting environmentally controlled salinity stress 

experiments in mesocosms. Salt stress in the context of coastal freshwater wetlands is largely an 

episodic event resulting from storms, droughts, or human disturbance. Although the experimental 

design is ecological relevant, I am assuming that the susceptibility of earlier growth stages of 

trees to salinity stress is higher, and does not necessary directly relate to mature trees in-situ. 

However, using seedlings to quantify tree salinity sensitivity is more critical than mature 

individuals, because if young fail to survive salt stressed conditions, we would not expect 

recruitment of juvenile trees in forests resulting in long term changes in coastal forested wetlands 

(Parihar et al., 2015). 

I found increased concentrations of water extractable NH4+ in soils when A. rubrum and 

P. taeda were exposed to 4-6 ppt salinity, and Q. nigra, and T. distichum when exposed to 3-6 

ppt salinity. Whether this increased NH4+ with increased soil salinity is a result of reduced plant 

uptake, and/or overall increase desorption of reactive nitrogen to the roots is beyond the scope of 

this study. However, we know that increased NH4+ is a result of displacement from cation 

exchange sites with base cations (Na+, Ca+, Mg+, and K+) found in saltwater (Ardón et al. 2013). 

Excess nitrogen could be a sign of increased plant stress because roots are reducing uptake, or 

more likely, some species will take advantage of the addition nitrogen available due to 

displacement. J. virginiana was the only species where NH4+ and NO3- decreased when exposed 
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to 3-6 ppt salinity. This could be a result of J. virginiana increasing nitrogen uptake when 

experiencing increased saltwater exposure, and therefore, potentially taking up salts into its 

tissues and likely exuding them through leaves tissue. Alternatively, J. virginiana may not solely 

rely on hydration from the soil profile, and the total available nitrogen soil may become available 

to surrounding plants, or lost in surface waters.  
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CHAPTER 2: IDIOSYNCRATIC RESPONSES OF WHOLE-PLANT PERFORMANCE 

IN COASTAL TREE SPECIES EXPOSED TO LOW LEVELS OF SOIL 

SALINIZATION 

 

2.1. INTRODUCTION 

 

Soil salinization has detrimental effects on terrestrial plants (Kozlowski, 1997). Woody species 

tend to be more tolerant to increased salinity than herbaceous plants in forested ecosystems, yet 

many growth forms are vulnerable to direct and indirect physiological disfunction from salinity 

exposure (Munns and Tester 2008). Plant sensitivity to salinity is primarily due to increased 

levels of Cl- and Na+ ions in soils, surface water and porewater (Parihar, Singh, Singh, Singh, & 

Prasad, 2015). Sulfide exposure due to drought and/or increase salinization is also toxic to plants 

especially during saltwater intrusion events (Conner et al. 2007; Lamers et al. 2013).  

The osmotic and ionic effects of increased salinity severely inhibit plant growth (Larcher 2007). 

Osmotic stress suppresses growth at relatively low levels of salinity (1-5 ppt), while ionic 

toxicity occurs at high levels of salinity (>8 ppt) leading to plants taking-up salt into their tissues, 

which few species can tolerate (Munns & Tester, 2008; Parihar et al., 2015).  

 In coastal regions, ocean water is the primary source of salt ions. Salts are transported to 

inland forests as a result of sea-level rise, drought, airborne spray, and/or tidal winds (Herbert et 

al., 2015). Anthropogenic environmental alterations such as agricultural irrigation, urban sprawl, 

water management practices and climate change are accelerating the rapid salinization of 

freshwater wetlands (Bhattachan et al., 2019; Ghassemi, Jakeman, Nix, & Australian National 

University. Centre for Resource and Environmental Studies., 1995; Shannon & Grieve, 1998). 

Regardless of origin, salinization in combination with drought and flooding will likely result in 

the loss of plant biodiversity and the disruption of community structure (Kirwan and Gedan 

2019; Anderson et al. in review). If current trends persist, the resiliency of coastal freshwater 
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wetlands and nearby arable lands will be compromised as a result of increasing salinization 

(Tully, Weissman, Wyner, Miller, & Jordan, 2019).   

 Gaining a deeper understanding of plant species tolerances to salt in coastal wetlands is 

paramount as salinization threatens plant function, and ultimately, survival (He, Silliman, & Cui, 

2017; Isayenkov & Maathuis, 2019; Pezeshki, Delaune, & Patrick, 1990). Species-specific 

growth rates and biomass production are reflective of plants ability to tolerate salt exposure 

through osmotic adjustment (Poulter et al. 2008). Evaluating species-specific trait responses to 

realistic soil salinity concentrations will allow us to forecast how forested wetlands will change 

with increasing salinization. Among species, sensitivities to salt varies widely (Negrão et al. 

2017). However, investigating how some dominant coastal wetlands tree species respond to rapid 

changes in salt exposure will enable us to better predict how ecosystems have, and will change 

and how those changes might be addressed with restoration and adaptive management.   

  Infrequent, low levels of salt exposure (1-8 ppt) can cause a myriad of morphological 

responses in trees, but tolerance levels are plastic within and across species (Dochinger & 

Townsend, 1979; Kozlowski, 1997; Krauss et al. 2000; Poulter et al. 2009; Tolliver et al. 1997), 

and are related to prior saltwater exposure (Williams et al 2003). Alterations to leaf and root 

morphology can disrupt physiological function necessary for photosynthesis, water transport and 

nutrient uptake in plants (Kozlowski, 1997; Megonigal & Day, 1992). Salinity and flooding 

stress in woody plants can initiate structure and chemical responses in leaf, stem and root 

production by changing leaf area and thickness, leaf biochemistry, carbon isotope imbalance, 

wood density, and root structure (Kozlowski 1997; Munns and Tester 2008). Frequent salt 

exposure to any part of trees (i.e. roots and/or leaves) will often result in mortality except in 

plants with specialized mechanisms for tolerating increased salinity (e.g. marsh grasses, dune 
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plants, and mangroves) (Doyle, O’Neil, Melder, From, & Palta, 2007; He et al., 2017; Ross, 

O’Brien, Ford, Zhang, & Morkill, 2009). Prior studies have reported that ~5-8 ppt is the upper 

limit of salt tolerance in coastal woody species (Poulter et al. 2008; Tolliver, Martin, and Young 

1997). This concentration leads to suppressed plant growth above and belowground caused by 

osmotic/water stress (Kozlowski, 1997). However, such tolerance limits are often determined by 

exposing trees to consistent concentrations of saltwater.  

 In this chapter, I will focus on the effects of a salinity gradient added in multiple pulses of 

seawater on whole plant performance in a controlled greenhouse environment (described in 

detail in Chapter 1). My primary objective in this chapter is to conduct a comprehensive 

assessment of above and below ground production, and structural leaf functional traits by 

addressing the following questions: 1) What compartments of total biomass (above and 

belowground, leaves, shallow and deep roots) are most sensitive to increased salinity of common 

tree species.?; and 2) which leaf functional traits are most affected by increased salinity? I 

hypothesize that trees exposed to moderate salinity (>3 ppt) will have reduced total leaf areas 

(due to leaf loss), stem mass, growth rates, and root mass. Due to the combination of salinity and 

soil water saturation in deep horizon, I expect all species to avoid these soils and preferentially 

allocate roots to dry and intermittently saturated soil, gradually decreasing with soil salinity >3 

ppt. Although I expect these responses to salinity will be delayed in healthy trees, the effects will 

last throughout the growing season. In addition, trees exposed to 2-6 ppt salinity will have 

reduced specific leaf area (leaf thickness) and lead dry matter content due to lack of access to 

nitrogen and carbon resources resulting from reduced water transport into the roots.  

Addressing the questions outlined in this chapter will improve our quantitative 

understanding of the sensitivity or tolerance of dominant coastal tree species experiencing 
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elevated soil salinization in recent years. Species I find to have consistent negative responses to 

low levels of soil salinization could be reliable indicators of forests experiencing saltwater 

intrusion. These tree species could assist in remote detection of wetlands experiencing periodic 

or repeated intrusion of saltwater, which results in forests transition into a different ecosystems 

state (shrub-scrub, freshwater marsh, or open water). 

2.2. METHODS 

I measured whole-plant productivity and leaf-level functional traits to assess integrative 

performance of six common coastal tree species, including three angiosperms (Acer rubrum 

(ACRU), Nyssa sylvatica (NYSY), and Quercus nigra (QUNI) and three gymnosperms 

(Juniperus virginiana (JUVI), Pinus taeda (PITA), Taxodium distichum (TADI)) when exposed 

to a gradient of saltwater concentrations from 0.5 to 6 ppt total salinity. I quantified performance 

by evaluating aboveground biomass by compartment, growth rate, total leaf area, leaf litter fall, 

multiple leaf functional traits, and belowground biomass by depth and flooding frequency. 

Functional traits included specific leaf area (SLA), leaf dry matter content (LDMC), and leaf 

carbon and nitrogen. I compared each endpoint to the experimental conditions and salinity 

treatments outlined in detail from Chapter 1. I elaborate on additional details regarding sampling 

methodology for each endpoint in the following sections.  

2.2.1 Above and belowground biomass  

I destructively sampled above and belowground biomass at the conclusion of the experiment 

(October 17-19, 2018) to assess total productivity for each tree. I processed all trees of one 

species within a single day. Biomass was compartmentalized into leaf (excluding petiole), stem, 

and root mass to calculate total biomass, root to shoot ratio and root mass fraction, and total root 

mass at each of the three soil horizons (dry, intermittent saturated, and permanently saturated) 
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described in Chapter 1 (Figure 1.2). All biomass was dried for a minimum of 72 hours at 65C 

before weighing.  

2.2.2 Aboveground seeding growth 

Seedling height and diameter was measured monthly to assess relative growth over the course of 

the experiment. Height was a measure of each individual tree from the soil surface to the highest 

photosynthetically active materials, and diameter at soil surface/root collar (Pérez-Harguindeguy 

et al., 2016). Relative growth rate (RGR) for each tree was calculated as (Hpost – Hpre)/Hpre , 

where the difference in tree height, or diameter, of post-treatment (Hpost) and pre-treatment 

represent biomass allocation over the 6 months of the experiment (Poulter et al. 2009). I 

analyzed RGR for plant height, diameter, and total stem volume (Vstem = diameter*height). 

2.2.3 Leaf loss 

Leaf litter was collected whenever fallen leaves were observed or weekly from July 19, when 

substantial leaf litter began to accumulate, until October 17. Leaf litter was dried at 65°C for a 

minimum of 72 hours and weighted. Mass of leaf litter loss was assessed over time, and summed 

to calculate proportion of leaves lost (relative to the whole-plant leaf mass) and rate of leaf loss 

(mg leaf dry matter per day). During final harvest, I measured the dead P. taeda leaves (void of 

chlorophyll) separate from healthy/green leaves since leaves on the terminal branch generally did 

not drop.  

2.2.4 Leaf functional traits 

I harvested five additional leaves from each individual tree prior to the final harvest to measure 

leaf area (LA), leaf dry matter content (LDMC), and specific leaf area (SLA). Leaf area samples 

were used to scale-up total plant leaf area based on total leaf dry mass within the same tree. Of 

these five leaves, three were ground and analyzed for percent carbon and nitrogen on a Carlo 
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Erba NA 1500 Elemental Analyzer (Thermo Scientific, Waltham, MA), fitted with a Costech 

zero-blank autosampler (Duke Environmental Stable Isotope Laboratory, Durham, NC USA). 

The methodology I used for sample collection and processing of all traits listed above follow 

Pérez-Harguindeguy et al. (2016). 

2.2.5 Statistical analysis 

I used generalized linear models with an analysis of variance (ANOVA) in R (R Core Team, 

2019) to test the variation in mean effects of biomass and leaf traits within and across all salinity 

treatments for each of the six tree species included in the experiment. I used a two-way ANOVA 

(using Bonferroni correction) to test for significant differences (P < 0.05) in biomass production 

(total above and belowground biomass, RGR, RMF, and RSR), and leaf traits (SLA, LDMC, and 

%C and %N) across species and salinity treatments as measured at final harvest. I also used 

Pearson's product-moment correlation to assess the linear relationship between root and stem 

mass (RSR) across all species using the dplyr and tribble packages in R. For leaf litter data, I 

used generalized linear mixed-effect models (glmer) in the lme4 package in R (R Core Team, 

2019) to test for differences across species and salinity treatments and their interactions over 

time. I included basin (each containing all tree species of like salinity treatment) number in the 

model as a random effect to reduce the influence of basin position in the greenhouse. In all 

analyses, I used AIC to compare models using gamma family, log and identity links, and lsmeans 

to conduct a post-hoc test with Tukey adjustment to test significance of contrasts between 

controls and each salinity treatment. Effect sizes between mean treatments (control and 3 ppt) 

were calculated using Hedge’s g using cohen.d in effsize package and effect sizes were 

categorized as small ( |g| < 0.5), medium ( |g| = 0.5-0.8), or large ( |g| > 0.8) effect sizes. All data 

visualizations were generated using the ggplot2 package in R Studio (R Core Team, 2019).  
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2.3 RESULTS 

2.3.1 Above and belowground biomass  

I found variable responses in aboveground (AG) and belowground (BG) biomass of coastal trees 

depending on species and salinity treatment. A. rubrum and Q. nigra individuals exposed to 

salinity levels 4-6 ppt had reduction in AG biomass production relative to controls (p = 0.033, 

and p = 0.014 respectively) (Figure 2.1a). However, on average, I found a 5% and 2% increase in 

AG biomass proportional to the total mass of A. rubum and Q. nigra trees exposed to 4-6 ppt 

salinity. Conversely, I did not find any significant differences in AG biomass in the 

gymnosperms (J. virginiana, P. taeda, and T. distichum) across all salinity treatments; however, 

J. virginiana and T. distichum seedlings tended to have greater mean AG biomass when salinity 

was 3-6 ppt (Figure 2.1a). AG biomass in A. rubrum and all three gymnosperms tended to 

increase with low levels of salinity (0.5-2 ppt) exposure in comparison to controls.  

Within the aboveground compartment, leaf and stem biomass also differed across species 

and salinity treatments (Figure 2.2). Similar to decreasing trends in total aboveground biomass, 

A. rubrum treated with 4-6 ppt salinity had reduced leaf mass at final harvest compared to 

controls (mean = 9.02 and 3.10,  p = 0.019) (Figure 2.2a). A. rubrum trees exposed to 3 ppt and 

4-6 ppt salinity had 5-95% and 0-42% of total mean leaf mass remaining by the final harvest. Q. 

nigra and N. sylvatica also tended to have reduced mean leaf mass when exposed to 4-6 ppt 

salinity. Increased soil salinity did not have a significant effect on leaf mass in any other species. 

However, leaf mass tended to increase with salinity exposure up to 3 ppt in N. sylvatica, and in 

4-6 ppt in J. virginiana and T. distichum (Figure 2.1a). 
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Figure 2.1 Total above (summed leaves and stems) and belowground (roots at all three horizons) 

biomass per grouped salinity treatment (control, low, mid, and high) across all six species. 

Significance across species is annotated with lettering scheme below each set of bars. Salinity 

treatments statistically significant (p < 0.05) are indicated with an asterisk above the bar.  

 

Differences in stem mass in response to salinity treatment were also species dependent. 

Stem biomass decreased in N. sylvatica and Q. nigra with soil salinity 4-6 ppt (mean =  7.97 + 

3.16 and 2.53 (not replicated), p = 0.012; and mean =  12.71 + 7.34 and 3.44 + 0.43, p = 0.002 

respectively), although N. sylvatica was not replicated. A. rubrum followed a similar trended as 

the other two angiosperms, however, along with the stem mass of gymnosperm species, did not 

significantly change with increased salt up to 6 ppt (Figure 2.2b). However, stems of T. 

distichum in the 4-6 ppt salinity treatment increased, but the magnitude of change was variable. 

Interestingly, angiosperms had greater stem mass in comparison to leaf mass, while the two 

evergreen species (J. virginiana and P. taeda) had comparable mass between leaf and stem. T. 

distichum had 33-37% more stem mass than leaf mass (Figure 2.2).  
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Figure 2.2 Leaf and stem biomass across all six species grouped salinity treatment (control, low, 

mid, and high). Significance across species is annotated with lettering scheme below each set of 

bars. Treatments statistically significant (p > 0.05) are indicated with an asterisk above the bar.  

 

Total BG biomass followed similar general trends as in the AG compartments. However, 

I found a 45% decrease in mean A. rubrum BG biomass compare to controls by when exposed to 

high salinity (4-6 ppt, p = 0.054), and N. sylvatica increased with 3 ppt salinity exposure (p = 

0.022) (Figure 2.1b). Although not statistically different, angiosperm root biomass tended to be 

reduced with salinity exposure >3 ppt. There was no difference in total AG and BG biomass in J. 

virginiana and P. taeda, but the majority of plant production in those species was aboveground 

(67.4% +/- 7.54, and 57.9% +/- 1.80 respectively). By comparison, the four other species (A. 

rubrum, N. sylvatica, Q. nigra, and T. distichum) had 27 - 51% biomass aboveground (Figure 

2.1).  

Acer rubrum and Q. nigra roots decreased in mass with increased soil depth/saturation (p 

= < 0.0001 and 0.0075); however, the effects of salinity exposure on root biomass at three depths 

from the soil surface/saturation was variable (Figure 2.3). A. rubrum root mass in dry surface 

soils decreased when exposed to high salinity (>4 ppt, p = 0.0294), and Q. nigra in low (0.5-2 
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ppt) and high (>4 ppt) salinity (p = 0.020 and 0.011). I found no effect of salt exposure on 

gymnosperm total root mass. However, all three species’ surface roots in the dry horizon tended 

to increase with an increased salt exposure (Figure 2.3a). I did not observe the same trends in 

intermittently and permanently saturated roots (Figure 2.3b and c).  

Compared to all of the other species, T. distichum was the only species with root mass at 

all three soil horizons/saturation frequencies (Figure 2.3). T. distichum mean root mass in the dry 

and intermittently saturated horizons were not statistically different, but increased with elevated 

salinity, while root mass in deep/permanently saturated horizon was greater than the shallower 

horizons (p = < 0.0001) and tended to decrease with increased salinity. In the dry/surface soils, 

A. rubrum and T. distichum were different from the other four species (Figure 2.3a, p = < 

0.0001-0.0036). I saw similar differences in the intermittently flooded middle horizon, except 

that A. rubrum and N. sylvatica did not have statistically different root mass with difference 

salinities (Figure 2.3b). T. distichum had greater root mass in the deep/permanently saturated 

horizon in comparison to the shallower less frequently flooded soils (p = < 0.0001), equivalent to 

90-98% more root mass than all other species (Figure 2.3c). Root mass in the deep/permanently 

saturated soils of all other species were 0.04-6.53% of their total belowground biomass (Figure 

2.3d).  
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Figure 2.3 Belowground, root biomass displayed by (A) dry (0-8 cm), (B)  intermittently 

saturated (8-16 cm), and (C) permanently saturated (16-24 cm) horizons. Salinity treatments 

(control, low, mid, and high) from green to orange (left to right) in each bar chart. Statistically 

significance is noted by the different letters. (D) Representative belowground root profiles for all 

6 species in potting mix. Depths of root and saturation horizons are marked by white dashed 

lines. All photos are not to the exact scale.  
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2.3.2 Aboveground growth rates  

I did not find any significant difference in relative growth rate (RGR) of seedling height across 

species or salinity treatments. However, the growth rates of seedling heights were consistently 

reduced in A. rubrum, J. virginiana, P. taeda and T. distichum (77%, 81%, 79%, and 96% 

respectively) when exposed to salinity > 4 ppt (Figure 2.4a). The RGR of stem diameter of A. 

rubrum decreased when exposed to 3 ppt salinity compared to controls (mean = 0.497 and 0.272 

mm/day, p = 0.048), and RGR of Q. nigra was greater than all other species (Figure 2.4b), but 

like N. sylvatica, some of these individuals were less than one-year old bare root seedlings and so 

their growth rates were inflated in comparison to the other species due to their vigor as young 

seedlings. Similar to the trends I saw in AG biomass, mean stem diameter increased with salinity 

in the evergreens (J. virginiana and P. taeda).  

I evaluated changes in aboveground stem volume (mm3 per day) for each species across 

all soil sodium concentrations (ug Na+ per g soil) (Figure 2.5). Aboveground volume in P. taeda 

increased with higher levels of soil salinity (R2 = 0.313, p = 0.0068). I did not find linear or 

polynomial responses of change in volume for the five other species, but Q. nigra had a 

marginally significant decline in volume with increased salinity (R2 = 0.177, p = 0.0731).  

Mean root mass fraction (RMF) was different in deciduous species in comparison to evergreens 

(J. virginiana and P. taeda) except for Q. nigra which was greater than T. distichum (p = 0.02, 

Figure 2.6). Additionally, all three gymnosperms (J. virginiana, P. taeda, and T. distichum) had 

different RMF (p = < 0.05). A. rubrum RMF decreased in trees exposed to 3 ppt salinity (p = 

0.044). I also found decreases in RMF in A. rubrum trees exposed to 4-6 ppt, however, the 

decline was not significant. Conversely, Q. nigra increased in RMF when exposed to 3 ppt 

salinity (p = 0.04).   
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Figure 2.4 Relative growth rate of height and diameter of tree seedlings in mm per day across all 

grouped salinity treatment (control, low, mid, and high) across all six species. Significance 

across species is annotated with lettering scheme below each set of bars. Treatments statistically 

significant (p > 0.05) are indicated with an asterisk above the bar. N. sylvatica is not shown here 

since height growth rate exceeded all other since it was a first-year and not a second-year 

seedling like all others. 

 
Figure 2.5 Polynomial relationships between aboveground biomass volume (mm3) and soil 

sodium concentrations (g/g) presented by species (abbreviated names in top left corners). Line-

type and color reflect the significance level of each linear model line. The dotted grey lines are 

not significant, the dashed grey line is marginally significant, and solid black line is statistically 

significant.  
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I examined root to shoot ratio (RSR) as the correlation between stem and belowground 

root mass by comparing the slope of each treatment across all six species, replicating the 

approach of Megonigal and Day (1992) (Figure 2.7 and 2.8). I found a strong correlation 

between stem and root biomass across all species and all treatments (R2 = 0.79, p = < 0.001, 

Figure 2.7a). Similarly, there were strong linear relationships between stem and root biomass 

across all species when analyze by treatments (Figure 2.7b-e). Furthermore, when I assessed 

RSR of each species  

 
 

Figure 2.6 Differences in root mass fraction (RMF) (synonyms to root mass ratio) within and 

across all six tree species. Binned salinity treatment (control, low, mid, and high) for each tree 

species are designated by color (green to orange). Treatments statistically significant (p > 0.05) 

are indicated with an asterisk above the bar. 

 

separately to compare the change in slope of controls and 3 ppt salinity trees differing patterns 

emerge (Figure 2.8). The slope of control and 3 ppt linear models of Q. nigra and J. virginiana 

were all significant positive relationships (slope = 0.72 and 0.93, p = < 0.001; and slope = 0.93 
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and 0.88, p = < 0.009). N. sylvatica controls were also significant (p = 0.008), but interestingly 

slopes were nearly identical (0.93), but trees exposed to 3 ppt salinity had reduced overall stem 

and root growth. Q. nigra trees exposed to 3 ppt salinity had a comparable slope, but an overall 

reduction in stem growth (Figure 2.8a). The slope of J. virginiana exposed to 3 ppt salinity was 

slightly reduced. I found no significant relationships between BG biomass and stem biomass in 

A. rubrum, P. taeda, or T. distichum trees in control or 3 ppt salinity treatments.  

 

Figure 2.7 Relationship of root mass by shoot mass (RSR) of all species (colors) and all salinity 

treatments (A). Scatterplots B-E show root by shoot mass by salinity treatment (Control, 0.5-2 

ppt, 3 ppt, and 4-6 ppt respectively).  Species are denoted by color.  

 

2.3.3 Leaf area and loss 

Total whole-plant leaf area (LA) decreased in A. rubrum (p = 0.02) and tended to increase in T. 

distichum (p = 0.06) trees exposed to salinity 4-6 ppt (Figure 2.10a). However, when assessing 

leaf area by absolute soil Na+ concentrations, I found a negative relationship between species and 

soil Na+ in A. rubrum and P. taeda ( R2 = 0.40 and 0.17, and p = 0.039 and 0.046 respectively)  
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Figure 2.8 Linear representation of log transformed total root to shoot mass of all six tree 

species individually comparing control and 3 ppt salinity exposure. Trees in control treatment 

(black triangles) are compared to trees from the 3 ppt salinity treatment (colored circles). Solid 

and dashed linear regression lines indicate control (dashed) and 3 ppt salinity (solid) 

relationships that were significant (p < 0.05), except dashed N. sylvatica line.  

 

(Figure 2.10b and c). A. rubrum also experienced significant amount of leaf loss when exposed 

to 3 ppt (p = 0.037) and 4-6 ppt (p = 0.041) salinity (Figure 2.11a). Leaf loss in A. rubrum was 

also depended on the interaction of time and salinity treatment (Figure 2.11c). Interestingly, A. 

rubrum trees in high salinity treatments (4-6 ppt) did not lose a large proportion of leaf mass 

until after the second saltwater pulse (Aug. 15, 2018) (Figure 2.11d).  

T. distichum trees exposed to 4-6 ppt did not experience significant increase in leaf loss, 

however, the individual exposed to 6 ppt salinity experience a significant amount of leaf loss 

toward the end of the experiment (Figure 2.11b and Figure 2.12e). In addition, P. taeda 

experienced mixed responses in leaf loss, increased (p = 0.009) and decreased (p = 0.007) in 3 

ppt and 4-6 ppt salinity exposure. However, it is important to note that P. taeda only lost ~2-8% 

of total leaf mass. I observed a significant amount of leaf discoloration and death salt exposed P. 
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taeda trees, but many of these leaves were not lost as litter and therefore not collected as litter 

loss. Dead leaves represented 6.6-49.5% of total leaves in salinity treatments from trees exposed 

to 3 ppt and 6 ppt salinity.  

 

Figure 2.9 (A) Total whole-plant leaf area (cm2) by species and treatment. Log transformed 

whole-plant leaf area of (b) Acer rubrum (p = 0.039) and (c) Pinus taeda (p = 0.046) along the a 

soil sodium gradient. 

 

2.3.4 Leaf functional traits 

The two evergreen tree species, J. virginiana and P. taeda, had different specific leaf area (SLA) 

compared to all other species. A. rubrum and Q. nigra had similar SLA, as did N. sylvatica and 

T. distichum (Figure 2.12a). A. rubrum and T. distichum SLA increased with salinity exposure > 

3 ppt (p = < 0.01) compared to controls; and SLA of N. sylvatica leaves increased with salinity > 

3 ppt compared to low (0.5-2 ppt) salinity exposure (p = 0.049; 0.054 compared to controls). J. 

virginiana was the only species that decreased in SLA (i.e. leaves became smaller and/or thicker) 

when trees were exposed to > 3 ppt salinity compared to 0.5-2 ppt exposed trees (p = 0.046).  
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A. rubrum, J. virginiana, Q. nigra and T. distichum all had unique leaf dry matter content 

(LDMC mg g-1 (mg dry leaf mass per g water-saturated fresh leaf mass), p = < 0.0001-0.046,), 

while N. sylvatica and P. taeda had comparable LDMC (Figure 2.12b). A. rubrum and T. 

distichum exposed to increased salinity (3-6 ppt and 4-6 ppt respectively) increased their LDMC 

(p = 0.0002-0.0054, and p = 0.0004). Conversely, LDMC in Q. nigra decreased with salinity 

exposed 4-6 ppt (p = 0.048).   

 

 

Figure 2.10 Cumulative leaf-loss by species (A and B), and proportion of Acer rubrum litter fall over the 

course of the experiment (C) compared to groundwater specific conductance (s/cm) in D.  
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Figure 2.11 Representative (A) control, (B) 1 ppt, (C) 3 ppt, (D) 4 ppt, and (E) 6 ppt salinity 

treatments of Taxodium distichum trees from the experiment to represent major leaf loss at 6 ppt 

exposure representative of leaf loss due to stress, or early fall leaf senescence. 

 

 

Figure 2.12 Comparison of specific leaf area (SLA, leaf area cm3/g dry mass ) and leaf dry 

matter content (LDMC, mg dry leaf mass/g water-saturated fresh leaf mass) within and across all 

six species and salinity treatments (control, low, mid, and high) designated by color (green to 

orange). Treatments statistically significant (p > 0.05) compared to controls are indicated with an 

asterisk above the boxplot. Asterisks below the boxplot indicator significance to other salinity 

treatment within the bracket. Letters below each set of boxplots per species indicate the 

statistical significance across species controls. Black points are outliers (values > 1.5 times the 

interquartile range) included in the statistical analysis.  
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Figure 2.13 Percent leaf carbon and nitrogen of four species (Acer rubrum, Juniperus 

virginiana, Pinus taeda, and Taxodium distichum) in control (green bars), 3 ppt (tan bars), and 5 

ppt (orange bars).  

 

Leaf percent carbon and nitrogen content varied by species (A. rubrum, J. virginiana, P. 

taeda, and T. distichum) and salinity treatment (control, 3 ppt and 5 ppt) (Figure 2.13). Percent 

leaf carbon decreased while nitrogen increased in A. rubrum (p = 0.0003 and 0.009), and 

nitrogen increased in T. distichum when exposed to 3 ppt salinity (p = 0.0033). J. virginiana 

leaves tended to have a small decreased in carbon with 3 and 5 ppt salinity (p = 0.72 - 0.87). P. 

taeda had the lowest nitrogen content across all four species, but neither leaf carbon or nitrogen 

content changed with increase salt exposure.   
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Figure 2.14 Summary table of responses in plant performance chapter: Above ground biomass 

(AGB), belowground biomass (BGB), leaf mass and area (LM and LA), height and diameter 

growth rates (HGR and DGR), root-to-shoot ratio/root mass fraction (RSR), specific leaf area 

(SLA), leaf dry matter content (LDMC), leaf percent carbon and nitrogen (%C and %N), and leaf 

carbon nitrogen ratio (C:N). All values are effectives (Hedge’s g) between control and 3 ppt 

salinity treatments. Cell color indicates mean increase (green) or decrease (red) compared to 

control. Bright red or green cells indicate large effect sizes, and pink and light green a small or 

medium effect size. If differences in means is significant (P < 0.05), values are bold. White cells 

indicate no difference.  

 

2.4 DISCUSSION 

This experiment documented important whole-plant responses (including leaves, stems, and 

roots) detrimental to productivity and survival in A. rubrum, N. sylvatic, Q. nigra, J. virginiana, 

P. taeda, and T. distichum at soil salinities between 0.5 and 6 ppt. Each of the six species in this 

study are broadly consider salt sensitive, tolerant or somewhere in-between; however, in this 

study, nearly all trees species (except J. virginiana) saw some sign of negatively impacts when 

exposed to salinity > 3 ppt (Figure 2.14). The responses I observed have the potential to explain 

why species abundances have, or will be change in coastal wetlands and alter ecosystem 

processes over longer time scales even from short pulses of 3-6 ppt saltwater.  

Effect Size 
Control vs. 3ppt

Performance Parameters

AGB BGB LM LA HGR DGR RSR SLA LDMC %C %N C:N

T
re

e
 S

p
e

c
ie

s

ACRU -0.08 -0.74 -0.53 -0.25 -0.35 -1.21 -0.95 1.40 0.65 -0.82 0.66 -0.92

A
n
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NYSY 1.31 1.62 1.08 0.93 <0.001 0.24 0.03 0.01 -0.001 NA NA NA

QUNI -0.55 -0.18 -0.35 -0.33 -0.33 -0.03 1.06 -0.17 -0.24 NA NA NA

JUVI -0.14 -0.22 0.32 0.43 0.07 0.73 -0.26 -0.14 -0.11 -0.58 -0.14 -0.24
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PITA 0.06 -0.10 -0.27 -0.66 -0.15 1.00 -0.30 -0.23 0.22 -0.99 -0.36 0.15

TADI -0.23 -0.21 -0.29 0.12 <0.001 0.04 -0.19 0.66 0.19 0.64 1.43 -1.67

*Bold numbers = p < 0.05 from ANOVA
*Red = large (|g|>0.8) mean effect significantly; *Pink = small (|g|<0.5) or medium (|g|<0.8) mean effect decreased   
*Green = large ((|g|>0.8) mean effect significantly increased (p < 0.05); *Pale Green = small ((|g|<0.5) or medium (|g|<0.8() mean effect increased   
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My primary objective for this chapter was to evaluate integrative responses in coastal tree 

species that might be indicative of the impacts of salinity on plant performance. Broadly, I found 

that elevated soil salinity at 3-6 ppt reduces above and belowground productivity in angiosperms 

(A. rubrum, N. sylvatica, and Q. nigra) by decreasing leaf mass and area, stem mass and show 

roots. However, A. rubrum had the most negative responses to salinity exposure > 3 ppt salinity 

in the experiment. Although responses of gymnosperms were not as severe, the data indicate 

significant adverse alterations of leaf functional traits (leaf SLA, LDMC, and carbon and 

nitrogen content) and changes in biomass allocation  (e.g. increased root biomass in shallower, 

dry soils) as soil salinity increased across multiple species with varying life history strategies 

(Figure 2.14). As I expected, individual species responses were quite idiosyncratic to low 

concentrations of saltwater exposure; however, short pulses of saltwater > 3 ppt causes changes 

to morphological characteristics of leaves, stems, and roots even in coastal tree species (T. 

distichum and P. taeda) known to be relatively tolerant of salty, inundated soils.  

2.4.1 Above and belowground biomass production  

 

Dry soil surface roots and AG biomass tended to increase at 4-6 ppt soil salinity. I also found 

that mean root mass in the dry and intermittently saturated horizons increased with elevated 

salinity, while more root mass in the saline permanently saturated soils. These results along with 

observations that more mature roots began to resurface in the dry/shallow horizon could indicate 

a strategy T. distchum employs to increase its growth during times of inundation and/or salinity 

stress. Trees are known to allocate more root, shoot, or leaf mass as a result of increased stress 

(Kozlowski 1997; Poulter et al. 2008). Megonigal and Day (1992) exposed T. distichum to 

continuous and periodic flooding regimes, and in the first year, continuous flooded trees had 

decreased aboveground biomass in all compartments (branch, bole, and leaf), but after only two 
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years, bole biomass was greater than periodic flooded trees, and accounted for 65% of total 

aboveground mass. T. distichum is known to be tolerant to high levels of flooding duration and 

frequency, yet more sensitive to drought and salinity > 2 ppt (Cormier, Krauss, & Conner, 2013; 

Krauss et al., 2009) especially during flood events (Allen, Pezeshki, and Chambers 1996). Soil 

salinity > 2 ppt is considered to be an important threshold for the transition of oligohaline swamp 

to brackish marsh in coastal wetlands (Hackney, Avery, Leonard, Posey, & Alphin, 2007; Krauss 

et al., 2009).  

Mean differences in aboveground biomass in T. distichum and J. virginiana are not 

significantly different than trees in the control treatment, yet the responses I document here 

appear to be biologically important, especially when considering this experiment was conducted 

over a single growing season. Consecutive salinity pulse exposure (yearly) in forested wetlands 

would likely have a different outcome (Li & Pennings, 2019). Time would either exacerbating 

these negative responses, allowing small trees to recover from pulses of saltwater, or adapt to 

increased salinity exposure even if additional saltwater intrusion events occur.  

 Mature trees are more tolerant to increased salinity and drought because they have 

survived prior exposure, and/or access deep groundwater that is fresher than surface porewater. 

Williams et al. (1999) observed this in J. virginiana var. silicicola (Small) and Sabal palmetto 

(Walt.) communities in Florida (USA). Yet, here, I found that juvenile J. virginiana allotted very 

little biomass below ground in all treatments, and 74-85% of root mass was in dry, shallow soils 

regardless of soils salinity. This may be a trend in juvenile trees, however, J. virginiana is 

extremely drought and salt tolerant species in coastal wetlands, and is the “last man standing” as 

I observed throughout the Albemarle-Pamlico Peninsula in eastern North Carolina, USA 

(Anderson et al. in review) at numerous Carolina Vegetation Survey plots. It is possible that J. 
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virginiana and J. virginiana var. silicicola in more northern regions of the Atlantic Coast may 

function differently in response to salinity and flooding than the southern populations.  

I hypothesized that BG biomass to decrease across all species when increased salinity 

was accompanied by saturation frequency in soils >15cm deep. My expectations were consistent 

with the data, however, T. distichum allocated more root mass to deeper soils, which in a natural 

setting would suggest that trees are “searching” deeper water sources for freshwater. However, 

some T. distichum trees increased root mass in dry, saltier soils (Figure 2.3a). Despite the 

complex nature of separating the controls of increase flooding frequency and salinity 

concentrations in coastal wetland soils, my experiment highlights how each of the six tree 

species allocated resources belowground when they experience varying degrees of saturation and 

salinity stress.  

2.4.2 Aboveground stems for assessing salt tolerance 

 

In my evaluation of tree aboveground relative growth rates (RGR), I found tree heights were 

reduced in four of the six trees species (A. rubrum, J. virginiana, P. taeda and T. distichum) 

when exposed to two pulse of seawater salinity > 4 ppt. I suspect this trend of tree bole diameters 

RGR would only increase as the tree aged. Although juveniles grow differently than mature 

trees, it is reasonable that when assessing forested wetland exposure to prior saltwater intrusion 

events stem growth rates (from tree cores) may reflect prior intrusion events since RGR here 

closely follow AG and BG biomass response to elevated salinity (Conner, Doyle, & Krauss, 

2007a; Kirwan, Kirwan, & Copenheaver, 2007). It is possible that with increases replication, 

these morphological responses to salinity stress would be more pronounced.  

 Root to shoot ratio did not follow the AG and BG biomass responses that were measured 

in these tree species (Figure 2.8). We would expect that if trees exposed to elevated soil salinity 
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increased or decreased in stem and BG biomass, the correlation of RSR’s would mirror the 

response in both individual variables. However, my results were inconsistent, leading me to 

conclude that RSR may not be a good indicator of salt tolerance in coastal tree species. Krauss et 

al. (1999) found intraspecific differences in root elongation and shoot growth characteristics 

among T. distichum trees between freshwater and brackish-water, indicating that seed sources are 

not an effective metrics for assessing salt tolerance. My finds are consistent, in that the 

differences of shoot and root mass correlation, and height and diameter are not sufficient for 

assessing tree salt tolerance because of the intraspecific variation within most species. However, 

evaluating salt tolerance in species like T. distichum (Krauss et al., 1999) may be best using 

morphological growth evaluation (e.g. AG morphology, gas exchange, ion uptake) instead of, or 

in addition to, relative growth rates in height.  

2.4.3 Leaf area, leaf loss, and leaf functional traits 

T. distichum had nearly twice the LA of all other species, however these trees were more mature 

than all other species at the outset. Although the relationships were relatively weak, A. rubrum 

and P. taeda whole-plant leaf area was negatively correlated with soil sodium concentrations 

(Figure 2.10b and c). I also found this to be true in A. rubrum, but not in P. taeda trees. In other 

words, the decrease in LA was not large enough to be significantly greater than the variability in 

tree leaf area. T. distichum and J. virginiana were the only two species that increased mean LA 

in this experiment, however the relationships were not consistent when using linear models of 

LA and soil sodium concentrations. My findings are consistent with Allen et al. (1996) that 

found T. distichum trees from brackish sources had four times greater mean LA than trees from 

freshwater sources, and shallow flooding reduced LA when combined with high salinity levels (8 

g l-1). Even though these were mature stands that likely experienced many saltwater intrusion 
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events over the course of their lifetime, the weak trends shown in this experiment shows that 

seedlings respond similarly after only two exposures. 

In addition to the effect of salinity exposure on whole-plant LA, I also found that SLA 

and LDMC of individual leaves changed in multiple species after two salinity pulses. For 

example, SLA and LDMC increase in A. rubrum and Taxodium distichum trees exposed to 4-6 

ppt salinity. These results tell us more about how coastal trees species adjust to salt exposure in 

allocate resources for improving photosynthetic rates versus allocation to plant tissues (Ames, 

Anderson, & Wright, 2016). Under salinity stress, there is a trade-off between nitrogen use and 

SLA, and efficient water use and salt toxicity for persisting in salinity conditions (Eallonardo, 

Leopold, Fridley, & Stella, 2013). SLA and LDMC also tell us something about leaf tissue 

detritus input to the soil, which prime microbial activity and broadly, enhance ecosystem 

productivity or contribute to freshwater eutrophication (Noe, Krauss, Lockaby, Conner, & Hupp, 

2013). 

Complimentary to the alterations of SLA and LDMC in salt exposed A. rubrum and T. 

distichum, leaf nitrogen concentrations also increased in saline soils > 3 ppt. This was also the 

case in J. virginiana to exposed 4-6 ppt salinity. My findings are consistent with Brinson et al 

(1985) who found higher foliar N concentrations in salt stress forests on the Albemarle-Pamlico 

Peninsula of North Carolina in mature forest stands dominated by Fraxinus pennsylvanica. 

Foliar N concentrations are also known to be higher in leaves senescing earlier in the growing 

season (Pennell & Lamb, 1997). Yet, I found increased levels in deciduous species, A. rubrum 

and T. distichum exposed to soil salinity > 3 ppt, and in evergreen J. virginiana growing in > 4 

ppt salinity in leaves which had yet to be senesced, or are evergreen. Conversely, leaf carbon was 

reduced in A. rubrum, J. virginiana and P. taeda when exposed to >3 ppt soil salinity, but leaf 
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carbon in T. distichum was unchanged at the end of the growing season. These responses in leaf 

C and N resulted in a decrease of mean leaf C:N ratio in A. rubrum at soil salinity exposure > 3 

ppt, J. virginiana at 5 ppt, and T. distichum > 3 ppt, therefore altering litter quality of organic 

matter being returned to the soil through leaf loss. With a decrease in C:N as a result of increased 

soil salinization, we can expect forests that experience more saltwater intrusion events to have 

increased decomposition rates for accelerated microbial breakdown of leaf carbon, which would 

change nutrient availability in the soils (Scott & Binkley, 1997) and alter N cycling in coastal 

wetlands (Zhou, Butterbach-Bahl, Vereecken, & Brüggemann, 2017). However, as plants are 

stressed due to the increase salinization, the excess nitrogen may result in eutrophication of 

wetland waters as PO-4 and NH+4 is displace by Cl- and SO-4 ions at anion adsorption sites.  

 Leaf nitrogen content is also correlated with SLA and photosynthesis rates across species, 

and therefore, a quality food source for consumers in food webs with high nutrition (Pérez-

Harguindeguy et al., 2016). I found that SLA and leaf N were positively correlated in trees 

exposed to increase soil salinity, and leaf photosynthesis and nitrogen were negatively correlated. 

(Results of leaf photosynthesis for all six tree species is presented in Chapter 3 of my thesis.) 

Interestingly, my C/N ratio results are in opposition to Cormier et al. 2013 who found increased 

C/N ratio in tidal freshwater forested wetlands in coastal reaches of the Waccamaw River in 

South Carolina, and the Savannah River in Georgia, USA dominated by T. distichum, Nyssa 

biflora. However, they point out that their data did not indicate that litterfall N was the source for 

increased soil N in their study sites at moderate soil salinities (0.1-4.1 practical salinity 

units/ppt).  

Acer rubrum and P. taeda both experience significant leaf loss throughout the 6-month 

experiment. Adding the mass of litter leaves to whole-plant LA in T. distichum would indeed 
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cause LA of tree in the 4-6 ppt treatment to significantly increase, however, even without 

summing these leaf masses, T. distchum still managed to have a marginally significant increase 

in LA at these high levels of soil salinity for tree species that are dominant in freshwater forested 

wetlands and tidal swamps throughout the South Atlantic Coastal of North America. It is 

difficult to make the case in evergreen trees since their leaves were present before the start of the 

growing season. However, P. taeda did have consistent leaf loss even in control trees, and even a 

decrease in leaf loss in plants exposed to 4-6 ppt soil salinity. Leaf loss in A. rubrum was a much 

clearer result as it increased in 3-6 ppt soil salinity treatments, and when evaluated over time, 

matches well with the tail end of the first saltwater pulse, and happens again immediately 

following the second dose. Oddly, 3 ppt treatment trees lost leaves earlier than trees in the 4-6 

ppt treated soils (Figure 2.11). Even though this result may seem counter to what I expected, it is 

consistent with what Cormier et al. (2013) found in freshwater tidal wetlands in South Carolina 

and Georgia where trees are frequently exposed to similar soil salinization (2.6 - 4.1 ppt). 

2.5 CONCLUSIONS 

Based on the results of this chapter, A. rubrum trees exposed to 3-6 ppt salinity had significant 

life altering responses to 11 of the 12 plant performances variables measured in this chapter 

(Figure 2.14). A. rubrum lost most, and in some cases, all of its leaves by September/early 

October, which likely would have lead to mortality before, or during the next growing season. 

Alternatively, 3-6 ppt salinity exposure caused early senescence in A. rubrum. All of the other 

commonly occurring coastal wetland trees did not experience mortality when exposed to 0.5-6 

ppt salinity during a 6-month growing season. However, most leaf-level traits begin to change in 

some species (J. virginiana, N. sylvatica, and T. distichum) after several months of experiencing 

elevated saltwater > 3 ppt. The morphological changes in the leaves that I measured are reliable 
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predictors of long-term alterations in plant productivity since leaf shape and thickness are related 

to carbon allocation via photosynthesis. The broader implications of the species responses 

presented here have consequences for ecosystem change (i.e. nutrient cycling, soil 

biogeochemistry and microbial communities) in freshwater wetlands over the long-term. 
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CHAPTER 3: LEAF PHYSIOLOGICAL RESPONSES ARE LINKED TO SPECTRAL 

REFLECTANCE AND EARLY LEAF SCENESCENCE IN SALT SENSITIVE 

COASTAL TREE SPECIES 

 

3.1. INTRODUCTION  

Abiotic stressors affect the metabolism of plants by disrupting normal physiological function 

(Isayenkov & Maathuis, 2019; Munns & Tester, 2008). For continued growth and reproduction 

when exposed to abiotic stressors, plants must adjust physiological processes such as plant-water 

status, photosynthetic activity, and carbon allocation (Hamlyn G. Jones, 2010). In higher plants, 

physiological responses are often temporary but can significantly affect overall plant 

performance, often hindering growth and the ability to compete for resources in stressful 

environments (Kozlowski, 1997). The ability to detect a plant’s stress responses depends on the 

type of environmental stressor, or the combination of stressors, and these responses are not 

always consistent across species, time and/or space. However, by identifying physiological 

responses in salt sensitive, widely-distributed plant taxa, we may be more confident that 

remotely sensing technologies can help locate forested wetlands where saltwater intrusion is an 

increasing threat to forest health (Ollinger, 2011; Zhang et al., 2011).  

Salinity and flooding are two primary environmental stressors in low-lying coastal 

ecosystems resulting from climate change (e.g. sea-level rise, saltwater intrusion, and frequent 

storm events) and anthropogenic impacts on hydrology and nutrient balance (Douglas & Peltier, 

2002; Tully et al., 2019). Salt stress disrupts plant water-use, alters leaf pigmentation and inhibits 

photosystem II, all of which inhibits photosynthesis (Munns et al. 2019; Munns & Tester, 2008). 

When combined with flooding, the negative effects of salinity exposure in terrestrial plants is 

exacerbated (Kozlowski, 1997; Pezeshki, 1992; Poulter et al. 2008).  
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Trees exposed to oligohaline and mesohaline conditions (~4-8 ppt) in the porewater or 

surface water experience osmotic stress and salt toxicity (i.e. chloride, sodium, sulfate) 

(Naumann et al. 2008; Poulter et al. 2008; Tolliver et al. 1997). If salt exposure persists, plants 

undergo photoinhibition and photooxidation (Flexas and Medrano, 2002). Dissolved salts 

reduced osmotic potential of water and can induce water stress in plants resulting in changes in 

stomatal conductance, which cause leaf wilting, and/or stem embolism (Stiller, 2009). To prevent 

irreversible damage to photosynthetic machinery, plants can avoid salt stress by closing stomata 

to reduce water use or through ionic uptake and/or excretion of salts through photosynthetic leaf 

tissue (Kozlowski, 1997). Plant responses to salt exposure are dependent on prior exposure and 

species-specific levels of plasticity (Zhai et al., 2018). However, there are limits (thresholds) to 

terrestrial plants’ abilities to adjust to stress which in turn has broader implications of transitions 

occurring in wetland plant communities (Brinson et al. 1995; Brodribb et al. 2020). 

Salt stressed plants use light differently, to avoid photoinhibition and photooxidation, 

chlorophyll molecules in the leaf normally compensate for excess light energy in three different 

ways: 1) by converting it to photochemical energy via photosynthesis, 2) by releasing it as heat 

in non-photochemical quenching (NPQ) by photosystem II, or 3) by emitting it as fluorescence 

(Baker, 2008; Maxwell & Johnson, 2000). We can detect shifts in all three light-use strategies to 

indicate stress responses in plants by using leaf-level measurements of chlorophyll fluorescence 

(Murchie & Lawson, 2013). In combination with analyses of leaf gas exchange and water 

potential, we can gain detailed insight into how plants metabolize and use water differently under 

stress. In general, it can be difficult to diagnose what stressors are affecting a plant or an 

ecosystem, but fortunately, there are non-invasive methods for detecting plant stress at the leaf-

level, local or regional scales (Ollinger, 2011). Some of these methods can even target specific 
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stress responses related to leaf photosynthesis, leaf pigmentation, biochemistry and water 

content. When combined with controlled mesocosm experiments in the laboratory or greenhouse, 

we can target specific stressors more easily while controlling the severity of a single stressor.  

Normalized Differences Vegetation Index (NDVI) and Photochemical Reflectance Index 

(PRI) are commonly used spectral reflectance indexes for remotely sensing of vegetation 

changes at a range of scales. They are reliable indicators of plant water and salt stress, and are 

highly correlated with leaf level fluorescence and photosynthesis (Gamon et al. 1997; Naumann 

et al. 2007; Zinnert et al. 2012). NDVI (Tucker, 1979) is a widely used index of leaf greenness, 

or at large special scale, a measure of tree canopy cover and leaf area index. However, NDVI can 

be somewhat limited in its ability to measure photosynthetic fluxes in real-time (Gamon, 

Peñuelas, & Field, 1992). PRI detects changes in the epoxidation state of xanthophyll pigments 

(Gamon et al., 1992) and CO2 uptake in the leaves (Peñuelas et al., 2011). These biochemical 

changes in leaf pigments are associated with change in light reactions during photosynthesis. 

Therefore, PRI serves as a proxy for photosynthetic efficiency and rate, and is negatively 

correlated with photosynthetic light-use efficiency (Grace et al., 2007; Hamlyn G. Jones, 2010). 

In combination, chlorophyll fluorescence and PRI are reliable indicators of salt stress in coastal 

tree and shrub species like Morella cerifera and Baccharis halimifolia (Naumannet al. 2008; 

Zinnert et al. 2012). 

 My goal for this study was to explore the relationships between leaf water-use, 

photosynthesis, and fluorescence in dominant coastal tree species that we would expect to have a 

range of tolerances to soil salinity (Anderson et al. in review). Additionally, I sought to 

investigate links between leaf chlorophyll fluorescence and spectral reflectance (NDVI and PRI)  

in coastal wetland trees species exposed to salinity from 0.5 to 6 ppt. The specific questions I 
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sought to address were: (1) What leaf physiological function(s) is most responsive to salinity 

stress in dominant coastal tree species, and (2) are leaf spectral reflectance indexes (carotenoid 

pigments and leaf greenness) early indicators of plant physiological responses to salinity 

exposure in coastal trees? I hypothesize that the relationships in leaf physiological function will 

mirror whole-plant morphological responses (in chapter 2), but show earlier and more severe 

responses to salt. In addition, PRI will be correlated with chlorophyll fluorescence, making PRI a 

good proxy for assessing plant performance and salinity tolerance at multiple spatial and 

temporal scales in coastal trees. I expect that both NDVI and PRI will be more sensitive to 

changes in overall leaf function making them early indications of plant stress to salinity, which 

may provide early detection of whole plant performance (chapter 2) in months or years to follow.  

3.2. METHODS 

 

I conducted a greenhouse mesocosm experiment evaluating the leaf physiology of six common 

tree species from coastal plain of the South Atlantic United States including Acer rubrum, 

Juniperus virginiana, Nyssa sylvatica, Pinus taeda, Quercus nigra, and Taxodium distichum 

when exposed to 0.5-6 ppt salinity. My evaluation of leaf physiology included measures of water 

potential, gas exchange (photosynthesis and stomatal conductance), chlorophyll fluorescence and 

pigmentation (spectral reflectance) to compare the responses of salt exposed to unexposed 

control plants. Experimental design, salinity treatments, and broader objectives are described in 

detail throughout chapter 1 of my thesis.  

3.2.1 Water relations  

 

Prior to harvesting all plant biomass at the end of the experiment, I measured leaf water potential 

(ΨL in units of mPa) in three fresh leaves of each treatment per species (18 total leaves) predawn 

(Ψpd) from 05:20-07:10 across two consecutive days using a pressure chamber (PMS 
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instruments, Albany OR). I also collected an additional leaf from each tree to measure midday 

leaf water potential (Ψmd) from 12:00-14:00 to test the difference in plant water status between 

Ψmd. and Ψpd of each species in response to the gradient of saltwater exposures. Leaves were 

selected from the upper portion of the tree between the 3rd and 6th leaf position down from the 

terminal end of the apical meristem (Naumann et al., 2007) to capture mature new growth. Single 

leaves of J. virginiana and P. taeda could not be measured in the pressure chamber, so I 

measured ΨL on terminal branch segments that had not become woody and were comparable in 

size to leaves samples from other species. Leaves were later dried, weighted and tallied with total 

leaf biomass of each tree.  

Additionally, I calculated solute osmotic potential (Ψ in mPa) of groundwater after 

dosing saltwater (dissolved Instant Ocean, Spectrum Brands, Inc. Blacksburg, VA) in the 

groundwater of each treatment basin (Figure 1.2). I used groundwater concentrations of NaCl 

(mg/L) two hours after the second dosing on August 15 to calculate Ψ . I used the Van’t Hoff 

equation and gas constant to calculate Ψ  = -iCRT, where i is 2 (for NaCl), C is concentration of 

NaCl in molarity, R is gas constant (8.32x10-3 MPa L mol-1), and T is temperature in Kelvin. 

Treatment specific Ψ was compared to predawn leaf water potential (Ψpd), which is a proxy for 

soil water potential, to assess species specific levels to the expected osmotic potential of the 

solute concentrations. From this, I estimated at what position along the salinity gradient each 

species reached equilibrium (Ψ - Ψpd = 0). Equilibrium is the point where no water moves from 

the soil into the roots, in this case, driven by increasing Ψ  i.e. soil salinity high on the gradient. 

It is beyond this point where we would expect salinity stress to have major implication on plant 

function, behaving much like drought during low water supply to the roots.  
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3.2.2 Gas exchange and chlorophyll fluorescence 

 

Leaf photosynthesis (Anet mol CO2 m-2 s-1), stomatal conductance to H2O vapor (gwv mol H2O m-

2 s-1), and chlorophyll fluorescence were measured monthly using a pulse-amplitude modulated 

fluorometer chamber for measuring leaf gas exchange and fluorescence simultaneously (LI-COR 

6400-40, LI-COR Biosciences, Lincoln, NE). One mature sun leaf (5-7 leaves down from the 

terminal end) was selected per tree (a different leaf each month) with parameters of light 

intensity set to 700 umol m-2 s-1, block temperature 25°C, and sample CO2 at 400 µmol m-2 s- 

following the setup procedure used by Heberling and Fridley (2016). Once the sample chamber 

reached equilibrium, I logged five evenly spaced samples for each leaf that were averaged for 

analysis. Sample relative humidity in the chamber was maintained at ambient concentrations 

(mean = 61%, s.d. = 10.4%). If desiccant scrubber was not able to regulate chamber humidity to 

expected levels, sampling was discontinued and desiccant was changed before next use.  

I measured 13C isotopes in leaves of four of the six tree species (A. rubrum, J. virginiana, 

P. taeda, and T. distichum) as a measure of intrinsic water-use efficiency (13C) to assess if 

leaves exposed to increased salinity of 3 ppt were discriminating against the lighter carbon 

isotope, 12C, due to stomatal closure with increase salt stress (Farquhar et al. 1982). Of the five 

leaves used to measure leaf functional traits in chapter 2, three were ground and analyzed for 

carbon isotope 13C on a Carlo Erba NA 1500 Elemental Analyzer (Thermo Scientific, Waltham, 

MA), fitted with a Costech zero-blank autosampler (Duke Environmental Stable Isotope 

Laboratory, Durham, NC USA). The methodology I used for sample collection and processing of 

all traits listed above follow Pérez-Harguindeguy et al. (2016). 

Fluorescence measurements were taken on light-adapted leaves across all species and 

treatments simultaneously with gas exchange. Three randomly selected leaves from three 
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individual trees were selected per species for fluorescence of dark-adapted leaves for a minimum 

of 30 minutes using dark-adapting leaf clips (LI-COR Biosciences, Lincoln, NE). I used light 

adapted leaf fluorescence measurements to calculate operating efficiency of PSII photochemistry 

(PSII) in light-adapted leaves, which measures a proportion of absorbed light used in PSII 

photochemistry (Baker, 2008; Maxwell & Johnson, 2000; Murchie & Lawson, 2013) and used as 

an indicator of salinity and flooding stress (Naumann, Young, et al., 2008; Naumann, Young, & 

Anderson, 2009). PSII is calculated as: PSII  = F’m-F’/Fm’, where F’m is the maximum 

fluorescence following a light pulse in a light adapted leaf, and F’ is the steady-state fluorescence 

of that leaf after a waiting period where fluorescence reach equilibrium again.  

3.2.3 Leaf spectral reflectance 

 

I measured leaf reflectance in the visible and near-infrared spectrum (400-1100 nm) monthly 

using a spectroradiometer (Apogee PS-100, Apogee Instruments Inc. Logan, UT) across species 

and all eight salinity treatments. After calibrating the spectroradiometer to a white and black 

standard (Apogee AS-004), a fixed light source was held at 45° from the leaf/leaves surface with 

a reflectance probe (Apogee AS-003, Apogee Instruments Inc.). The instrument logged 10 

measures per leaf every three seconds, and I measured five leaves per individual tree.  I 

generated a reflectance curve by averaging the five leaves per tree and then across salinity  

treatment. I extracted wavelengths from the reflectance data to calculate NDVI (Penuelas, Llusia, 

Pinol, & Filella, 1997) and PRI (Gamon et al., 1992) calculated as: 

NDVI = (800 - 680) / (800 + 680) 

PRI = (570 - 531) / (570 + 531) 

 

where each number is a wavelength in nanometers (nm). I also assessed the entire wavelength 

profile to visually inspect the sensitivity of each curve to changes in soil salinity (Figure 3.5) and 

did a formal test comparing NDVI and PRI values of control trees to all other trees exposed to 
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elevated salinity. Here, I primarily focus on A. rubrum since I found its growth performance to 

be most sensitive to elevated salinity (chapter 2), and compared both indexes over time (June, 

September and October). I selected these three months to represent the earliest time-point when 

all physiological characteristics were measured post dosing (June), a time-point when 

groundwater became fresh post saltwater dosing and prior to the second dose; and the last time 

point before harvest when soil salinity was at its highest (Figure 1.5). Subsequently, I compared 

the relationship between PRI, NDVI and PSII as other studies have done in coastal wetland 

trees and grasses (Naumann et al. 2008). I merged all reflectance data profiles generating in the 

Apogee software (.TRM) using the Specalyzer web application and in apogeereader package in 

R (Koc, Henriksson, & Chawade, 2018; R Core Team, 2019).  

3.2.4 Statistical analysis 

 

I used generalized linear mixed models (glmm) to test the effects of categorical salinity 

treatments across species and their interactions in repeated measures of leaf photosynthesis, 

stomatal conductance, PSII, NDVI and PRI. I included basin (each containing all tree species 

of like salinity treatment) number in the model as a random effect to reduce the influence of 

basin position in the greenhouse. I used AIC to compare models using gamma or gaussian 

family,  and log and identity links (based on AIC selection best model fit), and lsmeans to 

conduct a post-hoc test with Tukey adjustment to test significance of contrasts between controls 

and each salinity treatment. Since NDVI and PRI values can be negative, I use gaussian 

distribution for all glmm’s. I modeled the relationship of PSII with NDVI and PRI by month 

using non-linear least squares in R. I tested response variables predawn and midday water 

potential between species, salinity, and their interactions using generalized linear models (glm) 

with two-way analysis of covariance (ANCOVA) and Bonferroni correction. I used P < 0.05 to 
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determine whether effects were significant in all post-hoc tests. All analyses and visualization 

were conducted in (R Core Team, 2019). 

3.3 RESULTS 

 

3.3.1 Osmotic and leaf water potential  

I found significant effects of species (F = 11.6 and , p = < 0.001) and salinity treatment (F = 5.4, 

p = < 0.001) on pre-dawn water potential (pd) (Figure B1). Leaf pd in A. rubrum was less 

negative than Q. nigra, J. virginiana, and P. taeda (p = < 0.03). Both A. rubrum and T. distichum 

were closest to equilibrium ( - pd = 0) and gradually decline toward zero as salinity treatment 

and  increase (Figure 3.1a and b). Conversely, J. virginiana leaf pd was more negative than 

A. rubrum and T. distichum (p < 0.021) and did not change at any salinity/solute osmotic 

potential. For most species, -pd followed the salinity gradient as concentration increased i.e.   

becomes more negative, except for sporadically increases in -pd for Q. nigra in the 0.5 ppt and 

4 ppt salinity exposed trees (both un-replicated treatments) (Figure 3.1a and b). I found the same 

trend in N. sylvatica trees exposed to 2 ppt and 4 ppt salinity treatments without replication. 

Overall, with salinity exposure < 6 ppt, pd became less negative, and  became more negative 

with increased salinity; however, water transport was maintained in all species except for P. 

taeda) where equilibrium was reach at  -0.35 mPa. This is where water ceases to move from 

soils into the roots. Angiosperms (Figure 3.1a) did not reach equilibrium ( = pd).  

Midday leaf water potential (md) was different across species (F = 18.4, p = < 0.001), 

but not statistically affected by salinity (F = 0.674, p = 0.724). The difference between midday 

and predawn potential (md - pd) was also different across species (F = 13.54, p = < 0.001), but 
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Figure 3.1 (a-b) The relationship between osmotic potential () of the groundwater treatment 

solutions (NaCl) after the second salinity dose, and the difference between  and predawn leaf 

water potential (pd) across all species and salinity treatments. Each color and shape 

combination represent  and pd for each species. The horizontal arrow (color gradient from 

green to red) represent the direction of salinity increase as  becomes more negative. The 

vertical arrow in panel (a) shows as pd decreases in tandem with a decrease in , hydrological 

flow between the soil and roots reaches equilibrium and ceases to move resulting in leaf loss and 

mortality. The points closest to zero on the x-axis are controls, and salinity treatments increase as 

they move to the right (more negative ) noted by the green to red gradient arrow in (a). (c-d) 

The relationship between osmotic potential () of the groundwater treatment solutions (NaCl) 

and the difference between midday water potential (md) and pd across all species and salinity 

treatments. As  increases (salinity treatments become more saline) hydrological flow between 

the soil (pd ) and light adapted leaves (md) equilibrium would be expected (md - pd = 0; 

noted by “No H2O Transport”) at high soil salinity meaning water would ceases to move to more 

negative pressure potential in the leaves.  
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not affected by salinity. Interestingly, P. taeda treated with 4 ppt salinity (Figure 3.1d) did cross 

zero/equilibrium (md = pd i.e. md - pd = 0) around -0.2 mPa  where we expect water 

transport would stop midday due to salinity or drought, however, diurnal water transport 

continued in all other treatments. 

3.3.2 Gas exchange and chlorophyll fluorescence 

 

There was an interaction between species and grouped salinity treatment for photosynthesis 

(Anet) rate (p = 0.013); however, when I tested the main effects of species and salinity treatment 

(control and 3 ppt), species was a significant predictor of photosynthesis over time (p = < 0.001), 

but salinity was not (p = 0.75). I found that each species responses differed among salinity 

treatments. A. rubrum, T. distichum and N. sylvatica all had decreases in mean photosynthesis 

rate in salinity treatments compared to controls as the experiment progressed (Figure 3.2). A. 

rubrum photosynthesis decrease when exposed to 3 ppt (p = 0.005) and marginally to 4-6 ppt 

salinity in October (p = 0.083) and July (p = 0.08).  N. sylvatica photosynthesis decreased in 

August when exposed to 3 ppt salinity (p = 0.008), as did T. distichum in September, but in the 

low salinity (0.5-2 ppt) (p = 0.03).  

I did not find any decreases in stomatal conductance (gwv) across all species exposed to 

0.5-6 ppt salinity exposure. I only identified increases in stomatal conductance to H2O vapor 

(gwv) in T. distichum exposed to 4-6 ppt salinity in September (p = 0.04), and 3 ppt salinity in 

October (p = 0.016). Additionally, I observed a marginally increased in A. rubrum exposed to 3-

6 ppt salinity (p = 0.07-0.08). I compared the linear relationship between 13C (a negative value 

which is the difference between 12C and 13C isotope forms) and Ci/Ca (the ratio of internal leaf 

CO2 and ambient CO2 in the air) to detect increased enrichment in leaves of plants exposed to 3 
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ppt salinity (Figure 2.14). I found no significant linear relationships across treatment within all 

four species tested (A. rubrum, J. virginiana, P. taeda, and T. distichum).   

 
 

Figure 3.2 CO2 assimilation i.e. photosynthetic rate (Anet, mol CO2 m-2 s-1) for six tree species 

from June to October. Significant differences of salinity treatment means (p < 0.05) from the 

controls are marked with asterisks, and marginally significant means (p = 0.05-0.1) with hats just 

above the x-axis at zero , colored by the treatment. Green squares and orange diamonds are the 

primary replicated salinity treatments (control and 3 ppt respectively). Grey triangles and black 

circles are the low (0.5, 1, and 2 ppt) and high (4, 5, and 6 ppt) treatments grouped for ease of 

visualization. Measurements were taken every month + 5 days from the first day of each month. 

Points of each measurement are offset for ease of visualization, but all measurements for each 

species were taken in 1-2 days between 10:00-15:00 hours.  
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Figure 3.3 Stomatal conductance (gs, mol H2O m-2 s-1) for six tree species from June to 

October. Significant differences of salinity treatment means (p < 0.05) from the controls are 

marked with asterisks, and marginally significant means (p = 0.05-0.1) with hats just above the 

x-axis at zero , colored by the treatment. Green squares and orange diamonds are the primary 

replicated salinity treatments (control and 3 ppt respectively). Grey triangles and black circles are 

the low (0.5, 1, and 2 ppt) and high (4, 5, and 6 ppt) treatments grouped for ease of visualization. 

Measurements were taken every month + 5 days from the first day of each month. Points of each 

measurement are offset for ease of visualization, but all measurements for each species were 

taken in 1-2 days between 10:00-15:00 hours.  
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                               A 

 

                               B 

 

Figure 3.4 (A) Linear relationship (R2 = 0.52, p = < 0.001) between stomatal conductance (gwv) 

and photosynthesis rate (Anet) across all 6 species (Acer rubrum, Juniper virginiana, Nyssa 

sylvatica, Pinus taeda, Quercus nigra, and Taxodium distichum) and grouped salinity treatments 

(control, low (0.5-2 ppt), mid (3 ppt), and high (4-6 ppt)). Control trees are indicated by green 

circles, 0.5-2 ppt salinity by light green hollow circles, 3 ppt salinity by orange triangles, and 4-6 

ppt by red hollow triangles. (B) Linear relationship (R2 = 0.59, p = < 0.01) between stomatal 

conductance (gwv) and photosynthesis rate (Anet) of Acer rubrum in the two replicated salinity 

treatments: controls (green circles) and 3 ppt (orange triangles).  
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Anet and gwv are highly correlated leaf physiological processes in terrestrial plants. Here, I 

found a moderate yet highly significant correlation between Anet and gwv  across all species,  

salinity treatments, and sampled dates throughout the study (R2 = 0.52, p = < 0.001). However, 

when I tested the correlation of Anet and gwv in control and 3 ppt treatments of A. rubrum alone, 

the relationship in controls (R2 = 0.81, p = < 0.001) had remarkably consistent, yet stronger 

linear relationship compared to the trajectory across species and treatments. Although the linear 

trends in A. rubrum exposed to 3 ppt salinity was less strong (R2 = 0.46, p = < 0.001), the slope 

of the linear relationship between Anet and gwv only increased slightly (m =  67.5) compared to 

controls (m = 67.1). However, the y-intercept decreased as salt exposed plants began to decrease 

photosynthesis, but not in gwv.  

3.3.3  Operating efficiency of Photosystem II  

Similar to photosynthesis, I found a significant interaction between salinity and month on the 

operating efficiency (in light adapted leaves) of photosystem II (PSII) (p = < 0.001). However, 

response of PSII to salinity was not consistent across all species compared to photosynthesis 

(Figure 3.5). In July, PSII in A. rubrum decreased when trees were exposed to 3 ppt salinity, 

and again in August and October in salinity 3-6 ppt, however these decreases were marginally 

significant (p = 0.05 - 0.09).  

3.3.4 Spectral reflectance as early warning sign of salt stress 

 

Reflectance curves in A. rubrum match the expected curvature across the entire visible spectrum 

visibly changing slope with increased salinity (Figure 3.6). I found an interaction between 

species, salinity treatment and month (June, September and October 2018) on PRI and NDVI (p 

= < 0.001). PRI decreased across all three months in 3, 4, and 6 ppt salinity exposed  
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Figure 3.5 Quantum efficiency of photosystem II (PSII) of light adapted leaves all six tree 

species from June- October 2018 using a pulse-amplitude modulated (PAM) fluorometer 

chamber for measuring leaf chlorophyll fluorescence and gas exchange simultaneously. 

Significant differences of each salinity treatment means (p < 0.05) from the controls are marked 

with asterisks, and marginally significant means (p = 0.05-0.1) with hats just above the x-axis at 

zero, colored by the treatment significantly affected by salinity. Green squares and orange 

diamonds are the primary replicated salinity treatments (control and 3 ppt respectively). Grey 

triangles and black circles are the low (0.5, 1, and 2 ppt) and high (4, 5, and 6 ppt) treatments 

grouped for ease of visualization. Measurements were taken every month roughly + 5 days from 

the first day of each month. Points of each measurement are offset for ease of visualization, but 

all measurements for each species were taken in 1-2 days between 10:00-15:00 hours.  

 

trees (p = 0.001 - 0.04) (Figure 3.6a and b). I also found that NDVI decreased in A. rubrum 

leaves when exposed to 3, 4, and 6 ppt salinity in September and October (p = < 0.001), but not 

in June (Figure 3.6c and d). When I tested the relationship between PRI and PSII, a non-linear 

exponential relationship emerged after the second salinity dose in September (F20 = 7.1,  p = 
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0.015) and became more significant and reflected the salinity gradient treatments more closely in 

October (F19 = 8.54, p = 0.009) when compared to June. NDVI showed the same pattern to PRI.  

 
 

Figure 3.6 Spectral reflectance curves from Acer rubrum leaves in October 2018 for select 

salinity treatments (control=dark green, 1 ppt = light green, 3 ppt = yellow, 4 ppt = orange, 6 ppt 

= red) showing wavelength region expected the correlate with salinity and drought stress (531, 

570, 680, and 800 nanometers). Photochemical Reflectance Index (PRI) is derived from 

narrowband reflectance at 531 and 570 nanometers (nm), and Normalized Difference Vegetation 

Index (NDVI) derived from red and near-infrared calculated as NDVI = (NIR-Red)/(NIR+Red), 

which is reflected over the incoming radiation. Here, I used 680 (red) and 800 nm (infrared) to 

calculated NDVI.  
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Figure 3.7 Operating efficiency of photosystem II (PSII) in light adapted leaves as a function 

of Photochemical Reflectance Index (PRI) (top row) and Normalized Difference Vegetation 

Index (NDVI) (bottom row) in June, September, and October 2018. Each point is the mean of 

each of the eight salinity treatments, with horizontal and vertical error bars are standard errors 

(0.95 CI). Non-linear regression lines (dark grey) are significant relationship (October 2018).  

 

3.4 DISCUSSION  

 

Here, I have documented the physiological sensitivity of six coastal tree species to oligohaline 

and mesohaline (0.5-6 ppt) salinity stress. I quantified salinity stress and evaluated the 

relationships between various measures of leaf physiological responses including leaf water 

potential, gas exchange, chlorophyll fluorescence and spectral reflectance. The responses I have 

highlighted throughout this chapter make the case that leaf-level measurements are reliable tools 

to detect salinity stress in some coastal tree, and in some cases reflects overall plant performance 

at the whole-plant scale. Additionally, these data confirm that some species (e.g. J. virginiana) 

are well suited candidates for forest restoration and sea-level rise mitigate due to their tolerance 
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of moderate salinity, however salt tolerance does not always coincide with flooding tolerance. I 

also have highlight species, like A. rubrum that are likely indicator of saltwater intrusion in 

freshwater forested wetlands.  

3.4.1 Leaf water potential  

 

Salt tolerance of woody plants have been found be variable across species and life-history phases 

(Kozlowski, 1997; Stimson et al. 2005; Tolliver et al. 1997). Typically salinity stress reduces 

osmotic potential which causes reduced stomatal conductance and therefore a drop in 

photosynthesis (Poulter et al., 2008). In this experiment, P. taeda was the only species that pd 

increased (nearing equilibrium with   or md) when exposed to 5-6 ppt salinity. Therefore, 

water transport was maintained in A. rubrum, J. virginiana, N. sylvatica, Q. nigra, and T. 

distichum when exposed to salinity < 6 ppt. However, N. sylvatica was only exposed to salnity 

up to 4 ppt. P. taeda L tended to reached equilibrium ( = pd) when water transport of all 

other species was maintained (Figure 3.1a). Interestingly, P. taeda also had reduced whole-plant 

leaf area with increase salinity (Figure 2.6), so we may expect P. taeda growth to suffer in years 

following saltwater pulse events due to lack of water transport and loss of photosynthetic 

capacity. A. rubrum tree treated with 6 ppt salinity had already lost all of its leaves by the time I 

measure L. I cannot be certain when A. rubrum crossed equilibrium, but since multiple trees 

exposed to 3 ppt had significant leaf loss (Figure 2.11) it is likely A. rubrum cannot tolerate 

salinity >3-4 ppt.  

3.4.2 Photosynthetic activity and chlorophyll fluorescence  

Although juvenile trees tend to be more sensitive to salinity and less variable in their tolerance to 

salinity, their sensitivity is a characteristic ideal for studying plant responses to low 

concentrations (< 6 ppt) of soil salinity (Kozlowski, 1997; Poulter, Qian, & Christensen, 2009). I  
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hypothesized that more negative impacts of increased salinity treatments on photosynthesis rate 

(Anet) in A. rubrum, N. sylvatica, Q. nigra, and P. taeda. Yet, I found A. rubrum to have the most 

instances of decreases photosynthesis which coincided with the second salinity pulse. It is not 

surprising that A. rubrum was the most sensitivity to salinity (Conner & Askew, 1993) however, 

there is little work has been done to gain a deeper understanding of how A. rubrum, a species 

known for its wide distribution, responds to multiple pulse of low salinity.  

Significant correlation of Anet and gwv in continuously flooded plants indicates stomatal 

closure (Naumann, Anderson, et al., 2008). Here, Anet and gwv were moderately correlated when 

trees exposed to low to moderate salinity and continuous soil saturation. Counter to my 

expectations, I found no significant decreases in gwv across all species and salinity treatments 

(0.5 – 6 ppt) compared to controls. Concentrations of 13C (iWUE) confirmed that stomata 

remained open as leaves as I found no indication of discrimination of heavier carbon isotopes 

(13C) in relation to Ci/Ca (Figure B3). Only T. distichum and A. rubrum increased gwv when 

treated with 3 - 6 ppt salinity. The increase of gwv in T. distichum coincided with increase litter 

fall (Figure 2.11 and 2.12) and maximum soil conductivity (Figure 1.5) at the end of the 

experiment (September and October). Trees exposed low to moderate levels of salinity stress (< 

6 ppt) leave stomata open to avoid embolism when access to freshwater water is abundant. 

Leaving stomata open allows the plant to continue photosynthesizing under stress, however 

increase salinity caused leaf wilt and necrosis which leads to premature senescence of leaves 

(Ahmad, Prasad, & Azooz, 2014). Any reduction in photosynthetic rates were a result of 

nonstomatal effects, in this case, early leaf abscission which may explain high leaf N content in 

A. rubrum and T. distichum (Kozlowski, 1997).  
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3.4.3 Links between photosystem II and leaf reflectance 

I found periodic reductions of photosynthesis, PSII, and reflectance (NDVI and PRI) in A. 

rubrum treated with 3-6 ppt salinity over time. Spectral reflectance curves from October in A. 

rubrum show the gradual breakdown of pigmentation in the leaves of plants exposed to increased 

salinity, most significantly in 3-6 ppt treatments (Figure 3.6). A formal investigation of the 

relationship of NDVI and PRI to PSII  in June, September and October shows a breakdown in 

leaf pigmentation somewhat, but not completely consistent with loss of functioning in PSII and 

photosynthesis. In a study on Morella cerifera, Naumann et al. (2008) exposed trees to 

continuous salinity (0, 5, 10 and 15 g/L) with and without flooding and found a positive linear 

relationship between PRI and PSII. I found a similar relationship between NDVI and PRI, and 

PSII, but only in the last two months of the experiment. Interestingly, NDVI and PRI both 

showed significant decrease in A. rubrum leaf reflectance as PSII decreased in higher salt 

treatments, however, in June, PRI was significantly different in 3 ppt compared to controls a 

month prior to marginally significant declines in Anet, gwv and PSII were all statistically equal. 

This suggests that PRI may have detected a decline in carotenoid pigments prior to any decrease 

in photosynthesis indicating the beginning of early senescence.  

3.5 CONCLUSIONS 

 

Overall, I found two species that stood out as being particularly sensitive or tolerant to moderate 

levels of soil salinity. J. virginiana was the most tolerant to elevated salinity. It did not display 

any responses to < 6 ppt salinity in L , photosynthesis, or chlorophyll fluorescence making it a 

particularly tolerant species to salt exposure. J. virginiana is well none to be particularly drought 

and salt tolerant in a variety of landscape, but not particularly flood tolerant. There is also a 

subspecies Juniperus virginana var. silicicola (Coastal Red Cedar), commonly found in sand 
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dunes,  marshes and forests of the Southeastern U.S., and likely more salt tolerant than J. 

virginiana var. virginiana (Krings, 2003).  

Acer rubrum md was not significantly impacted by increased salinity, however I found 

no evidence of a reduction in pd therefore maintaining water uptake from soil into the roots. I 

also found that photosynthesis decreased after two 3-6 ppt salinity pulses within four months of 

exposure. A. rubrum photosynthesis declined in September and October which coincided with 

leaf wilt and early leaf senescence in 3-6 ppt salinity treatments. It is also important to consider 

that A. rubrum is tolerant to flooding, but not tolerant of salt and flooding in combination 

(Conner & Askew, 1993). All of this information leads me to conclude that it may be a good 

indicator species of saltwater stress in freshwater forested wetlands.  
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Appendix A 

Correlation matrices of all environmental variables 

 

 
Figure A1. Correlation matrix of soil chemistry variables measured in tree pots at the final 

harvest of the greenhouse experiment. Anions and cations were measured in water extractions 

from a homogenous composite from each tree pot across all salinity treatments (control to 6 ppt).  
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Figure A2. Correlation matrix of water chemistry variables measured in each salinity treatment 

basin (control to 6 ppt) throughout the greenhouse experiment (May, June, July, August, and 

October 2018).  
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Figure A3. Leaf gas exchange (photosynthesis, conductance), chlorophyll fluorescence (Fv’Fm’, 

PhiPS2, non-photochemical quenching, and transpiration), and spectral reflectance parameters 

(NDVI, PRI, EVI, and WI) for salt exposed trees (control to 6 ppt).   
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Appendix B 

Leaf physiology: water relations, gas exchange and spectral reflectance 

 

Figure A4. Results from ANOVA using Tukey multiple pairwise comparisons of predawn leaf 

water potential and means with 95% family-wise confidence interval.  
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Figure A5. Results from ANOVA using Tukey multiple pairwise comparisons of midday leaf 

water potential and means with 95% family-wise confidence interval.  
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Leaf Gas Exchange & Fluorescence  

 
Figure A6. 13C isotopes were measured as a metric for intrinsic water-use efficiency. A) Shows 

a conceptual model of the relationship between ci/ca (ratio of leaf internal CO2 and ambient air 

CO2 concentrations) and delta 13C concentrations (synonymous with water-use efficiency) in 

trees leaves. B) linear relationship between delta ci/ca and d13C. Each panel represents one of the 

4 tested tree species. Controls are the open circles and the solid linear lines, while the 3 ppt 

salinity treatment are black triangles and dashed black lines.  
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Figure A7. Comparisons of linear relationships of control and 3 ppt salinity between quantum 

efficiency of photosystem II, and photosynthesis and stomatal conductance in angiosperm tree 

species.  

 
Figure A8. Comparisons of linear relationships of control and 3 ppt salinity between quantum 

efficiency of photosystem II, and photosynthesis and stomatal conductance in gymnosperm tree 

species. 
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Figure A9. Spectral reflectance curves for all six tree species and all salinity concentration 

shown in various colors.   
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