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Abstract

Exploration of the differences between physiological adjustment in evergreen and deciduous

trees can help us gain a better understanding of how temperate ecosystems will fare under

anthropogenic climate change. I compared foliar osmotic adjustment and stomatal conductance

of a deciduous and an evergreen species of Ilex over the growing and dormant season in order to

explore differential adjustment strategies with respect to leaf habit. I found that the hollies

showed distinct drought tolerance across the year and utilized different methods of managing

winter water stress consistent with their respective leaf habits. Evergreen I. opaca demonstrated

osmotic adjustment throughout the growing season and into the dormant season while

maintaining stable rates of gas exchange. In contrast, deciduous I. verticillata showed osmotic

adjustment only during the growing season, then ceased adjustment once the dormant season

arrived. Instead, I. verticillata protects itself from cold, dry winter conditions through

down-regulation of gas exchange in conjunction with leaf color change and senescence. These

results confirm our hypotheses that evergreen and deciduous species regulate themselves

differently, and highlight the differences in the impacts that climate change will have on

temperate trees based on their leaf habit.
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Introduction

In temperate environments, periods of low soil water availability and near- or sub-freezing

temperatures limit the range and growth rate of large, woody perennial species, hereafter “trees”

(Francescantonio et al. 2020). In order to cope with these main environmental stresses, most tree
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species display one of two functionally distinct leaf habits: deciduous or evergreen foliage.

Deciduous trees characteristically lose their entire canopy at the onset of a dry or cold season and

regrow it in response to wetter and/or warmer environmental conditions, while evergreen trees

maintain a full canopy year-round. The deciduous leaf habit reflects a ‘fast’ or ‘opportunistic’

strategy, in which deciduous trees take advantage of favorable environmental conditions by

growing (usually) broad leaves high in nutrient content and photosynthetic capacity (Kloeke et

al. 2012; Wright et al. 2004). By shedding their leaves when environmental conditions become

unfavorable (temperature or soil moisture decreases and day length shortens), deciduous trees

escape the effects of freezing and desiccation and the subsequent costs of leaf maintenance to

deal with these effects (Kloeke et al. 2012). Evergreen trees, on the other hand, utilize a ‘slow’

strategy to tolerate the stresses of an unfavorable climate. At the cost of leaf investment to

prevent tissue freezing and desiccation during winter, evergreen trees are able to photosynthesize

for a longer period and over a wider range of conditions than deciduous trees.

Understanding the physiological differences between evergreen and deciduous trees can

help us gain a better understanding of how temperate ecosystems will fare as anthropogenic

climate change accelerates. In temperate regions of the United States, climate change will cause

precipitation frequency and intensity to increase; the average temperature is likely to rise ~4 oC

and the probability of extreme high temperatures is likely to increase in conjunction with a drop

in the probability of extreme cold temperatures (IPCC 2022). Temperate trees will inevitably be

faced with the challenge of adapting to these novel environmental conditions and their traits,

including leaf habit, will determine how they do so. All temperate perennials rely on a leaf habit

at some point within the evergreen-deciduous continuum, so understanding how plants with

different leaf habits regulate their physiology throughout the course of the year to maintain
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healthy growth facilitates inference about how climate change will impact fitness in species’

current ranges. In this study, I measured the drought tolerance and stomatal conductance of two

Ilex (holly) species with different leaf habits over the growing and dormant season to examine

the differences in physiology between deciduous and evergreen trees.

Regardless of leaf habit, woody plants in temperate, mesic environments have to

withstand two related challenges during the dormant winter season: attaining water and surviving

near- or sub-freezing temperatures. Regulating osmotic potential is one adaptation that can help

plants do both. Turgor loss point (TLP), defined as the water potential at which a plant

experiences permanent wilting, is a widely accepted method of assessing the drought tolerance of

a plant (Bartlett et al. 2012b; Zhu et al. 2018; Meinzer et al. 2016). The TLP of a plant’s leaves

reflects their ability to maintain cell turgor pressure (and thus, metabolic function) in its

environment. Plants with a more negative TLP are able to maintain leaf gas exchange and other

metabolic processes at a lower soil water potential and broader range of leaf water potentials,

making them more drought tolerant (Sjöman et al. 2018).

Plants primarily regulate their TLP by changing the amount of dissolved solutes in the

symplast—their osmotic potential—a process referred to as osmotic adjustment (Bartlett et al.

2012b). In addition to reflecting a plant’s seasonal adaptation to drying conditions, osmotic

adjustment can serve as one mechanism for reducing the freezing point and permitting the

supercooling of the symplastic water that makes up the bulk of plant cells (Sakai and Larcher

1987; Harayama et al. 2006), and so can also serve as an indicator of cold hardiness (Yelenosky

and Guy 1989, Grossnickle 1992, Arias et al. 2015). Freezing-tolerant temperate species

osmotically adjust to protect themselves from freezing, lowering the TLP of retained (evergreen)

foliar tissue in a response to cold temperatures in a manner distinct from the response to low soil
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moisture (drought; Scholz et al. 2012). In addition to this role in promoting both drought and

cold hardiness, there is some evidence that TLP is also correlated with several other leaf traits,

including specific leaf area (SLA), leaf density, and leaf life span (Zhu et al. 2018), although

other studies have found that SLA is not strongly correlated with TLP (Francescantonio et al.

2020). Because of these relationships, TLP can potentially predict placement along the

‘fast/slow’ continuum of the leaf economics spectrum (Zhu et al. 2018; Wright et al. 2004).

Moreover, osmotic adjustment can be used to infer plasticity in a given tree or species’ drought

and/or cold tolerance; the more a species osmotically adjusts, the greater range of soil moisture

and cold environmental conditions it can cope with (Sjöman et al. 2015).

Regulation of stomatal conductance is a related mechanism to osmotic adjustment that

trees use to manage their water status across variable moisture and temperature conditions.

Stomatal conductance is a measure of the rate at which CO2 enters and H2O exits the stomata.

Plants’ ability to maintain photosynthesis is directly tied to stomatal conductance, and measuring

stomatal conductance of plants demonstrates their ability to maintain photosynthesis under

current environmental conditions. One way of conceptualizing the variety of strategies of

stomatal regulation is via the iso-/anisohydric spectrum. Isohydric plants are categorized by

restriction of stomatal conductance and maintenance of stable water potential under water stress

(Li et al. 2017). Anisohydric plants, on the other hand, keep stomatal conductance relatively

high, allowing their water potential to decline as stress increases. Moreover, studies have

illustrated that TLP and plant regulation of stomatal conductance are closely related (Meinzer et

al. 2016; Harayama et al. 2006), such that these two strategies represent alternative approaches to

managing stressful conditions: escape from stress (isohydry, stable water potential, regulation of

conductance) vs. tolerance of stress (anisohydry, regulation of water potential, stable
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conductance). In turn, drought escapists can afford to have higher (more vulnerable) TLPs, since

they do not generally confront very low water potentials (Meinzer et al. 2016). Drought

tolerators, on the other hand, benefit from lower (more resistant) TLPs.  Understanding how leaf

habit integrates regulation of both stomatal conductance and water potential is key to

understanding more broadly how temperate trees function under the stresses of both the growing

and dormant season.

The tree species chosen for this study are I. opaca Aiton and I. verticillata (L.) A.Gray

(Aquifoliaceae), which are both native to North America and have native ranges including the

study site (Figure 1). Plants from the Ilex genus are found in varied environments on every

continent except Antarctica (Yao et al. 2021). Ilex diversity is greatest in southwestern China,

where the genus diversified, and South America (~200 sp), and the genus likely reached North

America 23 MYA. I. opaca is an evergreen tree with thick, spiny leaves that emerge in the late

spring (late April to early May in southeastern PA); the study site lies at the northeastern extent

of its range. I. verticillata is a deciduous tree or shrub with thin, entire leaves that senesce in late

fall and leaf back out in mid- to late April in southeastern PA; the study site lies at the eastern

edge of and within the north-south spread of its range.

Figure 1. Natural Ranges of I. opaca (left) and I. verticillata (right) in North America. Adapted from
the Virginia Tech Dendrology Fact Sheet.

5



Based on current knowledge surrounding evergreen versus deciduous leaf habit, I formed

several hypotheses regarding the relationship between the two study species, TLP, and time of

year. I hypothesized that, over the course of the study period, the TLP of I. opaca would be lower

overall than that of I. verticillata, given that some studies indicate that evergreen leaf habit is

associated with higher drought tolerance (Bartlett et al. 2012b; Zhu et al. 2018). I also

hypothesized that both species would show patterns of osmotic adjustment over the entire study

(Hirons et al. 2021; Grossman, personal communication 2021). Given evidence that evergreen

vs. deciduous habits are characterized by different physiological strategies (Francescantonio et

al. 2020; Granda et al. 2014), I made subsequent hypotheses by considering relationships during

the growing and dormant season. I predicted that both hollies would osmotically adjust by

decreasing their TLP over the growing season (Hirons et al. 2020), while only I. opaca would

show any osmotic adjustment during the dormant season. Based on this hypothesis, I also

thought that the osmotic adjustment would exhibit coupling with adjustment of stomatal

conductance, meaning that I. verticillata would continue adjusting its stomatal conductance in

the dormant season before senescence while I. opaca would not (Meinzer et al. 2016).

In order to test these hypotheses and elucidate the differences in water-related

physiology between the evergreen and deciduous Ilex, various physiological measurements were

taken over the course of a year to assess drought tolerance and photosynthetic activity.

Methods
Plant Material
For this study, two species of Ilex (evergreen I. opaca and deciduous I. verticillata) were selected

based on their overlapping native ranges in eastern North America and availability in the Scott

Arboretum at Swarthmore college, where this study took place (Figure 2). From June 2021 to

March 2022, plant tissue was taken from the same eight mature, accessioned trees (four per
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species) during each collection event, and stomatal conductance was measured on these trees

from September to December 2021.

ID Accession Species

1 87-377UN B Ilex opaca

2 2020-014 UN B Ilex opaca

3 87-377UN C Ilex opaca

4 87-016UN A Ilex verticillata

5 87-432 E Ilex verticillata

6 87-432 D Ilex verticillata

7 87-432 A Ilex verticillata

8 87-429 A Ilex opaca

Figure 2. Map of each accessioned tree used in the study from the Scott Arboretum. Eight
trees total were sampled from in my study—four I. opaca and four I. verticillata. The key gives
the accession number and location for each tree.

Turgor Loss Point

In order to assess the drought tolerance of each species throughout the year, the leaf water

potential at turgor loss point (TLP or ѰP0) was measured. Specifically, vapor pressure osmometry

(VAPRO 5520 and 5600 vapor pressure osmometers, Elitechgroup, Logan, UT) was used to

estimate TLP (Bartlett et al. 2012b, Hirons et al. 2020). In short, four sun-exposed terminal twigs

with at least two fully expanded leaves were collected from each tree 24-48 hours in advance of

osmometry measurements. Within one hour of collection, each twig was re-cut with scissors

underwater to prevent embolism and then rehydrated in dark, cool conditions, usually for 24 and

never for more than 48 hours. After rehydration, two leaf discs were cut out of one leaf from

each sample, wrapped in aluminum foil, and dropped into liquid nitrogen to freeze for at least

two minutes. Once properly frozen, leaf discs were stabbed 15-20 times using a push-pin and
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inserted into the chamber of the osmometer and left to equilibrate for 12 minutes. Osmolality at

full hydration was then measured. Osmometer operating temperature was recorded throughout

the measurement process of the samples (n=32).

After recording the osmolality (mmol kg-1) for each fully hydrated sample, the TLP was

calculated in two steps. First, the osmotic potential at full turgor (Ѱ𝝅100) was determined using the

ideal gas law:

 Ψ
π100

=  𝑅 * 𝑇 * 𝑀𝑂 

Where R is the molar gas constant (8.314 J/K mol), T is the osmometer operating temperature

during processing (oC), and MO is the measured osmolality (mmol kg-1) of the fully hydrated

sample. These measurements of  Ѱ𝝅100 were then used to calculate ѰP0 based on the allometric

equation for temperate angiosperms developed by  Hirons et al. (2020) following Bartlett et al.

2012:

Ψ
𝑃0

=  − 0. 2554 +  1. 1243 * Ψ
π100

 

Stomatal Conductance

Stomatal conductance was measured throughout the fall on each of the I. opaca and I. verticillata

trees using a Li-600 Porometer (LI-COR, Lincoln, NE). Readings of stomatal conductance were

taken on 10 different sun-exposed leaves around each tree, making sure to hold the porometer at

the same angle at which the leaf grew.

Data Analysis

The entirety of data analysis for this study was carried out using R version 4.1.2. Day of

year (DOY) was converted to day of study (DOS) in order to analyze the changes in TLP over

the course of the study. I defined the growing season as starting on June 13th, 2021 (DOS = 164)
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and ending on September 6th, 2021 (DOS = 249). The dormant season begins on September 7th

(DOS = 250) and ends on the last date of measurement, March 1st, 2022 (DOS = 425).

TLP data from across the study period and from both study species were modeled with

mixed-effects linear regression, treating DOS as a continuous covariate, species identity as a

categorical fixed effect interacting with DOS, and accession as a random effect nested within

species:

𝑇𝐿𝑃 ~ β1 * 𝐷𝑂𝑆 * β2 * 𝑆𝑝𝑒𝑐𝑖𝑒𝑠 +  (1|𝐴𝑐𝑐𝑒𝑠𝑠𝑖𝑜𝑛) * µ  +  ε

Normality and homoscedasticity of variance were confirmed using diagnostic plots and

linear models were fitted using lmer (“lme4” package; Douglas Bates, Martin Maechler, Ben

Bolker, Steve Walker (2015)). Following fitting of the full model described above, likelihood

ratio testing of hierarchical models was used to determine whether the interaction between DOS

and species, species as a main effect, and DOS as a main effect should be retained in the final

model. When a purely additive model and an interactive model were shown to be equivalent

through likelihood ratio testing, I opted to include the two-way interaction between DOS and

species based on a priori expectations. Marginal R2 (reflecting the contribution of random effects

only) and conditional R2 (reflecting the contribution of both fixed and random effects) were

calculated to assess model fit and the relative influence of accession on the relationship between

TLP, DOS, and species using r.squaredGLMM (“MuMIn”; Kamil Bartoń 2022). Linear

prediction frames (ggpredict; “ggeffects”; Lüdecke D (2018)) were used to predict TLP over the

study period for each accession and for both species.

Following model comparison for the entire dataset, I then repeated this approach on

subsets of our entire TLP dataset. I first modeled observations for each the growing and dormant

seasons separately, then modeled TLP data for each species separately, and, finally, further
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subdivided each single-species dataset into a growing season and dormant season dataset. In each

case, I repeated the above steps, dropping species as a main effect (and its interaction with DOS)

from single-species models. I also modeled TLP and DOS for I. verticillata subdivided by leaf

color (green, yellow, and red) to test for any effects of phenology on TLP.

Results

Study-Wide Analysis of TLP and Osmotic Adjustment

Over the scale of the entire study period (June 13th 2021 to March 3rd 2022; DOS 164–425), I.

verticillata demonstrated higher drought tolerance than I. opaca. Linear regression modeling

indicated that I. verticillata had, on average, a TLP -1.87 MPa lower than I. opaca over this time

(Table 1; Figure 3). Importantly, the TLP for I. verticillata was only measured during the portion

of the study before the trees dropped their leaves.

Table 1. Summary of mixed effects model for TLP for both I. opaca and I. verticillata.

Fixed Terms Estimate SE P Random Terms St.Dev Levels

Intercept -1.05 0.15 0.00 Number of Obs. NA 234

Species -1.87 0.24 0.00 Accession 0.20 8

DOS -0.0052 0.00038 0.00

Species * DOS 0.0062 0.00073 0.00

Marginal R2 = 0.39

Conditional R2 = 0.53

Moreover, during this period both I. opaca and I. verticillata exhibited osmotic

adjustment at a combined average rate of -0.16 MPa/month (Figure 3). This rate varies

substantially between the two hollies, as illustrated by the significant interaction between species
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and DOS (Table 1; Figure 3). I. opaca lowered its TLP across the study at an average rate of

-0.16 MPa/month, while I. verticillata did not show any significant osmotic adjustment.

Figure 3. TLP for Both Hollies Over the Whole Year. Darker points represent the mean TLP
for each DOS across replicate measurements and lighter points represent each measurement. A)
Across accessions, I. opaca exhibits an overall decline in TLP over the course of the study, while
I. verticillata shows no consistent change in TLP over the same period. B) All genotypes of I.
opaca demonstrate a significant decline in TLP over the study period, illustrating osmotic
adjustment over the summer and into the winter. This is not the case for any accessions of I.
verticillata.

Growing and Dormant Season Analysis of TLP and Osmotic Adjustment

Breaking up the analysis of TLP into the growing season  (June 13th 2021 to September 7th

2021; DOS 164–250) and dormant season (September 8th 2021 to March 3rd 2022; DOS 251–
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425) revealed more nuanced relationships between species identity and TLP (Figure 4; Table 2).

During the growing season, I. verticillata had on average a TLP -1.93 MPa lower than I. opaca,

and both species experienced a combined decline in TLP at a rate of -0.36 MPa/month. The rates

of TLP decline for both species were fairly similar: I. opaca osmotically adjusted during the

growing season at a rate of -0.36 MPa/month, while I. verticillata adjusted at a rate of -0.13

MPa/month.

Table 2. Mean TLP with standard error for each I. opaca and I. verticillata accession for the
entire experimental season, the dormant season, and the growing season.

Species Accession Whole-Season
TLP

Growing TLP Dormant TLP

I. opaca

2020-014UNB -2.68 ± 0.20 -2.40 ± 0.060 -2.77 ± 0.22

87-337UNB -2.50 ± 0.13 -2.02 ± 0.15 -2.66 ± 0.22

87-337UNC -2.35 ± 0.22 -1.93 ± 0.13 -2.49 ± 0.23

87-429A -2.82 ± 0.23 -2.49 ± 0.064 -2.93 ± 0.18

I. verticillata

87-016UNA -2.58 ± 0.71 -2.58 ± 0.068 -2.57 ± 0.16

87-432A -2.46 ± 0.12 -2.65 ± 0.71 -2.32 ± 0.13

87-432D -2.97 ± 0.15 -3.14 ± 0.10 -2.78 ± 0.17

87-432E -2.70 ± 0.074 -2.75 ± 0.093 -2.65 ± 0.046

During the dormant season, however, the rate of TLP decline slowed, indicating that I.

verticillata stops osmotically adjusting before losing its leaves. Notably, this model is less

helpful for elucidating relationships between TLP, DOS, and species because I. verticillata loses

its leaves early on in the dormant season (Figure 4). On the other hand, I. opaca continuously

lowered its TLP at a rate of -0.22 MPa/month while I. verticillata ceased adjustment and showed

considerable and idiosyncratic fluctuations in osmotic potential, prior to senescence (Figure 4).

Notably, leaf color was not related to osmotic adjustment in I. verticillata (Figure 5).
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Figure 4. Osmotic Adjustment for both Hollies in the Growing and Dormant Seasons.
Darker colored points represent the mean TLP for each DOS and lighter points represent each
measurement.
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Figure 5. I. verticillata TLP over DOY color coded by leaf phenology. The overall change in
TLP for I. verticillata seen in Figure 3A is not consistently affected by the natural change in leaf
phenology during fall. Regression slopes indicate change in TLP with DOS for a given leaf
color.

Coupling of Stomatal Conductance with TLP

Stomatal conductance (gsw) exhibited coupling with osmotic adjustment (Figure 6). I.

verticillata showed a strong decline in gsw over the course of the dormant season (the only

period during which gsw was measured), whereas I. opaca did not. This finding indicates that

during the dormant season, when I. verticillata ceases osmotic adjustment and I. opaca continues

to osmotically adjust, the hollies show differential regulation of gsw —I. verticillata lowers its

gsw and I. opaca does not.

14



Figure 6. Mean GSW for each accession of I. opaca and I. verticillata. While I. opaca does
not regulate its stomatal conductance, I. verticillata lowers its stomatal conductance as
conditions become less ideal in the fall, prior to leaf senescence.

Discussion

I compared physiological traits in co-occurring evergreen and deciduous species of holly (Ilex) in

order to document the differences in their water-use strategies across the growing and dormant

seasons (Bartlett et al. 2012b; Francescantonio et al. 2020; McGlone et al. 2010). I found that

evergreen I. opaca and deciduous I. verticillata not only show different drought tolerance across

the year, but also that they utilize different methods of managing winter water stress consistent

with their distinct leaf habits. I. opaca osmotically adjusts throughout the growing season and
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into the dormant season while maintaining stable rates of gas exchange. In contrast, I. verticillata

osmotically adjusts only during the growing season, then ceases to do so once the dormant

season arrives, instead protecting itself from cold, dry winter conditions through down-regulation

of gas exchange in conjunction with leaf color change and senescence.

It was expected that evergreen I. opaca would continue to osmotically adjust throughout

the growing season and into dormant season (Bartlett et al. 2014; Zhu et al. 2018). Because I.

opaca has leaves throughout the year, this species must have strategies to cope with the

environmental demands of hot temperatures during the summer and freezing temperatures during

the winter. Indeed, I found that, in the summer, I. opaca osmotically adjusts (thereby lowering its

TLP) in order to maintain turgor and metabolic function despite periods of soil drying and high

evaporative demand, consistent with a drought tolerance strategy. In the winter, I. opaca

osmotically adjusts further in order to maintain metabolic function to preserve its leaves and,

potentially, to avoid freezing of symplastic water (Scholz et al. 2012). These findings are

consistent with the notion that evergreen trees utilize a strategy of tolerance to cope with soil

dryness (Tomlinson et al. 2013; Francescantonio et al. 2020; Granda et al. 2014).

Moreover, during the growing season, I. verticillata too osmotically adjusts to cope with

the stress of hotter temperatures and the risk of cavitation. During the dormant season, on the

other hand, I. verticillata does not need to adjust osmotically to cope with winter because it drops

its leaves instead (Tomlinson et al. 2013; Kloeke et al. 2012). However, at the beginning of the

dormant season before leaf drop, I. verticillata must down-regulate photosynthesis (and therefore

lowers its stomatal conductance) to avoid embolism and desiccation when winter freezing

occurs. Our observations are consistent with Granda and colleagues’ (2014) finding that

deciduous angiosperms growing in temperate ecosystems exhibit a decline in stomatal
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conductance that coincides with the increase of the loss of hydraulic conductivity and reduced

photochemical efficiency of photosystem II during winter. In this manner, deciduous trees,

including I. verticillata avoid the stress of drought and winter freezing.

Another factor in addition to habit that might aid us in interpreting this difference

between the species is to consider the natural ranges of I. opaca and I. verticillata in the United

States and how this might influence their particular strategies to survive the dual winter stressors

of freezing and desiccation (Kollas et al. 2014; Francescantonio et al. 2020). The natural range of

I. opaca reaches its northern limits in southeastern Pennsylvania, where the Scott Arboretum is

located, and extends south to northern Florida. I. verticillata, on the other hand, has a natural

range that extends much further north into southeastern Canada and only south to the northern

part of Alabama and Georgia (Figure 1). Winter weather becomes more extreme as latitude

increases, especially for inland sites, and I. verticillata’s ability to have a more expansive range

than I. opaca in the North may illustrate that having a higher overall drought tolerance and

regulating leaf lifespan (and therefore photosynthetic activity) rather than osmotic potential is a

better strategy for dealing with harsh winters (Francescantonio et al. 2020; Mcglone et al. 2010).

Furthermore, the results of my study indicate that climate change is likely to cause shifts

in the ranges of I. opaca and I. verticillata (and other species occupying similar niches),

favoring  evergreen species over deciduous ones in areas of current range overlap (Kollas et al.

2014; Copenhaver-Parry et al. 2017). As the climate in temperate regions becomes hotter during

both the growing and dormant seasons and precipitation becomes less consistent (IPCC 2022),

evergreen and deciduous trees will face new environmental challenges related to their water

regulation (Banks et al. 2019; Bartlett et al. 2012b; Way et al. 2010). While it may at first glance

seem like I. verticillata may fare better than I. opaca as temperature rises due to our finding that
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it overall has a lower TLP than I. opaca, it may actually struggle to adapt to a hotter

climate,particularly in winter (Allen et al. 2010; Sjöman et al. 2015). The magnitude of osmotic

adjustment over a season indicates the relative ability a species has to continue metabolizing

under a range of soil water conditions, referred to as ‘plasticity’ (Bartlett et al. 2014). A species

that demonstrates more plasticity in its TLP, such as I. opaca relative to I. verticillata, has a

larger range of drought conditions under which it can maintain metabolic function (Sjöman et al.

2015). Given the general finding of our study that I. opaca adjusts its TLP more than I.

verticillata, I. opaca will likely be more adaptable to the increasing temperatures and variable

precipitation that climate change will bring to the temperate region of North America (Granda et

al. 2014; Meinzer et al. 2016). How I. opaca’s natural range is characterized climatically also

supports this claim; according to the Koppen-Geiger climate classification system, I. opaca’s

range is currently centered in the humid subtropical temperate region, whereas I. verticillata’s

distribution is in the hot-summer humid continental region. These distribution patterns indicate

that I. opaca’s evergreen leaf habit may be more effective in hotter, humid environments than I.

verticillata’s deciduous habit; as climate change causes climate regimes to shift northward, I.

opaca’s range may also expand northward, and I. verticillata may shrink in its southern range.

These patterns may be true of other deciduous and evergreen species in temperate North America

(McKenney et al. 2007; Boisvert-Marsh et al. 2014).

There are a few areas in which our study was limited; these reflect opportunities for

future research. First, the trees studied in this experiment are part of the living collection of the

Scott Arboretum, and thus the environment in which they grow (eg, water, light, and nutrient

levels) was not controlled. I found that there were accession-level differences in TLP across both

species in our study (Figure 1b, Table 1), and it is unknown whether these differences are caused
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by genetic or environmental variability. It has been well documented previously that variation in

water availability in a tree’s microenvironment can impact its drought tolerance (Sakai and

Weiser 1973; Bartlett et al. 2014; Granda et al. 2014; Banks et al. 2019). Future research

controlling for the environment in a drought experiment would potentially reveal the role that

genetics play in osmotic adjustment, since it is impossible to understand the role that genetic

variation plays in drought tolerance at an individual-scale based on my study. Moreover, due to

time constraints, I was unable to model the whole-year TLP data in a manner that best fit the

data. Based on visual analysis of year-long patterns of TLP, it is clear that TLP has a nonlinear

relationship with DOS, yet I was limited to linear modeling for this project, and thus split my

analysis of TLP over the study period into the growing and dormant season. Nonlinear modeling

of TLP could allow us to better understand the relationship between TLP and DOS on a

year-wide scale and compare differences between the two species. Likewise, measuring TLP for

an entire year, which we didn’t do due to time constraints, would demonstrate when I. opaca

begins to increase its TLP again to account for the warmer temperatures and higher water

availability brought about by spring, and what TLP I. verticillata starts with once it regrows its

canopy in the spring. This would give a year-round picture of the two species’ osmotic

adjustment patterns, leading to more insights into the differences between the evergreen and

deciduous leaf habits.
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