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ABSTRACT 

Plant plasticity, or the ability of a single genotype to produce many phenotypes, is an 
advantageous mechanism used by many plants to adapt and grow in various 
environments. Poison oak (Toxicodendron diversilobum) is a plant that is found in a variety 
of habitats, such as woodlands, forests, chaparral, and riparian areas. It is known to 
demonstrate phenotypic plasticity throughout its range by changing the morphology of 
leaves and stems in response to the local environment. However, its macroscopic and 
microscopic morphological variation in response to various environmental stressors, such 
as water and light, has not been well studied. In this study we show that petiole length, 
leaf surface area, and xylem area differ across forest and chaparral habitats, which have 
different water and light availability. We found that leaves were larger and petioles were 
longer in the more shaded forest habitat compared to those in the more water stressed 
chaparral habitat. Xylem vessel area was also larger in the forest habitat compared to the 
chaparral habitat. Furthermore, no difference was found between the stomatal size or 
stomatal density across habitat types. Our results demonstrate that poison oak displays 
morphological variation at both microscopic and macroscopic levels. Our findings expand 
on knowledge of plasticity in plant morphology and how plants may be able to grow under 
different environmental conditions. 
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INTRODUCTION  

Pacific poison oak (Toxicodendron 
diversilobum) is well known as a toxic plant 
that can cause painful dermatitis; however, 
its ecological importance is often 
overlooked. Pacific poison oak is native to 
much of western North America (Stuart and 
Sawyer 2001). Throughout its range, it 

persists in many diverse habitats, such as 
woodlands, forests, riparian areas, and 
chaparral. Poison oak acts as a food source 
and habitat for many mammals and birds, 
including the endangered least Bell’s vireo 
(Vireo bellii pusillus) (Gillis 1971, Storer et al. 
2004, Daw 2020). Additionally, it may 
colonize burned areas post-fire, helping to 
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stabilize soils after disturbance (Barbour et 
al. 2016, Daw 2020). 

One of poison oak’s most characteristic 
features is the diversity of its forms. For 
instance, its leaves may have margins that 
are lobed, scalloped, or smooth (Guin et al. 
1981, Stuart and Sawyer 2001). Poison oak 
may grow as a vine if there are available 
trees, rocks, or other large structures in its 
habitat, but may also develop into a 
freestanding bush or small tree in the 
absence of these features (Gartner 1991). 
These differences are examples of 
phenotypic plasticity, which is the ability of a 
single genotype to produce various 
phenotypes under differing conditions 
(Pigliucci et al. 2006). Plasticity allows poison 
oak to flourish under the many different 
environmental conditions that occur 
throughout its range (Gillis 1971, Grime 1986). 

Plasticity can play an important role in 
maintaining plant productivity and health 
under harsh environmental conditions 
(Grime et al. 1986). Two crucial 
environmental stressors that can influence a 
plant's viability are water and light 
availability. Under conditions of water 
stress, photosynthetic capacity of plants is 
reduced, limiting growth and reproduction 
(Gómez-del-Campo et al. 2002, Grime 1996, 
Osakabe et al. 2014). Similarly, while light is 
necessary for photosynthesis, too much light 
can lead to reduced plant productivity due to 
the production of reactive compounds that 
inhibit photosynthesis (Li et al. 2009). Many 
plants have plastic responses to varying 
levels of light and water at both macroscopic 
and microscopic scales, which serve to 
increase their resilience (Gómez-Del-Campo, 
Grime et al. 1986, Locosselli and Ceccantini 
2012, Takenaka 1994).   

Under stressful water and light conditions, 
macroscopic morphological features have 

previously been found to be plastic in 
various plants. With water scarcity, features 
such as leaflet area and petiole length may 
vary (Gómez-del-Campo et al. 2002, McCree 
and Davis 1974). When less water is 
available, the photosynthetic capabilities of 
plants are reduced, which can limit cell 
division or expansion and induce smaller 
leaflet sizes (McCree and Davis 1974). Leaflet 
and petiole size is also an important aspect 
of light capture, so plants may adjust them in 
accordance with light availability (Takenaka 
1994, Weijschedé et al. 2006). While leaves 
may be larger in shade for more efficient 
light capture, this is not consistent across 
species (Gómez-Del-Campo et al. 2002, 
McCree and Davis 1974, Weijschedé 2006). 
Similarly, while modeling has shown that 
longer petioles aid light capture in shoots, 
petioles have been found to be shorter in 
shading experiments on white clover 
(Trifolium repens) due to overall biomass 
reduction (Takenaka 1994, Weijschedé 
2006). Generally, macroscopic plasticity 
differs between species and with the extent 
of environmental stressors. In poison oak, 
plasticity in leaflet shape and stem structure 
has been previously documented, however 
it is unclear whether this morphological 
variation is correlated with water or light-
related stress (Gartner 1991, Gillis 1971, 
Guin et al. 1981).   

Plant morphology has also been found to 
be plastic on a microscopic scale. Stomata 
and xylem are two types of microscopic 
plant structures that regulate resource 
transport and photosynthesis in plants 
(Bollard 1960, Zeiger et al. 1987). Previous 
studies have shown that some plants have 
increased stomatal density and reduced 
stomatal size in response to water stress 
(Fraser et al. 2009, Sanches et al. 2010). With 
increased stomatal density, the speed at 
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which a plant can regulate water flow 
increases, allowing for quicker control of 
water loss and transport under low water 
availability (Hetherington and Woodward 
2003). However, changes in stomatal density 
and size vary across species and may differ 
within species depending on the severity of 
water stress (Hamanishi et al. 2012). 
Similarly, smaller xylem is also associated 
with greater water stress (Locosselli and 
Ceccantini 2012, Tyree and Sperry 1989). 
Larger xylem allows for more efficient water 
transport, but also runs the risk of creating a 
blockage, or embolism, in conductive 
tissues. Upon extensive literature review, we 
found that little is known about 
morphological variations in stomata and 
xylem in poison oak.  

Previous research demonstrates that 
plants have a plastic response to 
environmental stressors, which is variable 
across species and stress severity. Therefore, 
we were interested in looking at the natural 
variations in poison oak morphology across 
two habitats that differ significantly in their 
environmental conditions. To examine this, 
we studied poison oak in forested and 
chaparral areas at Landels-Hill Big Creek 
Reserve in Monterey County, CA, USA. 
Chaparral habitats, which are characterized 
by shrubby vegetation and dry summers, 
subject plants to light-intense and water-
scarce conditions (Mooney and Zavaleta 
2016). Conversely, plants growing in 
forested areas often experience low-light 
conditions with less water stress as a result 
of canopy cover creating understory 
humidity (Majasalmi and Rautiainen 2020). 
These differences in light and water stress 
across chaparral and forest habitats made 
them an ideal system for studying the 
morphological variation of poison oak. 

 We examined how morphological traits 
associated with light and water availability 
differed in poison oak between forest and 
chaparral habitats. At a macroscopic scale, 
we predicted that leaflet area and petiole 
length would be larger in the forest habitat 
than in the chaparral due to greater water 
availability and reduced light. When water 
stress is low, photosynthetic rates and plant 
growth tend to increase, leading to larger 
leaflet area and longer petiole length 
(McCree and Davis 1974, Weijschedé et al. 
2006). Furthermore, in the forested areas, 
larger leaves and longer petioles may 
increase light capture efficiency (Takenaka 
1994). At a microscopic scale, we predicted 
that stomatal density (number of stomata 
per unit area) would be greater and stomatal 
size would be lower in the chaparral area, as 
this has been seen in other plants as a 
response to water stress (Fraser et al. 2009, 
Sanches et al. 2010). Xylem area was 
expected to be lower in the chaparral habitat 
to help reduce chances of embolism 
(Locosselli and Ceccantini 2012, Tyree and 
Sperry 1989).  

Additionally, we examined the relationship 
between different morphological features. 
We predicted that with increased leaflet 
area, stomatal density would decrease 
because stomata would become more 
spread apart with leaf expansion. We also 
predicted that an increase in stomatal 
density would be correlated with a decrease 
in stomatal size, as previous studies have 
found a negative relationship between the 
two (Fraser et al. 2009, Sanches et al. 2010). 
As such, we expected stomatal size to 
increase with increased leaflet area. We also 
expected xylem area to increase with 
increased leaflet area because more 
efficient water transport is necessary to 
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support a larger leaf (Gómez-Del-Campo et 
al. 2002, McCree and Davis 1974). 

METHODS 

2.1 Background 

Research was conducted at the Landels-
Hill Big Creek Reserve in Monterey County, 
CA, USA (Lat. 36.07001º N, Long. -
121.59906º W) between July 31 and August 
3, 2022. The reserve is located within the 
Santa Lucia Range, which is biologically and 
environmentally diverse (Henson and Usner 
1996). The landscape includes coastal 
mountains that feature chaparral, grassland, 
redwood, and pine-oak forest habitats 
(UCNRS 2022). Additionally, forest and 
riparian habitats occur alongside Big Creek, a 
perennial stream that flows through the 
reserve. Due to the proximity of differing 
habitats, environmental factors such as 
canopy cover, temperature, and humidity 
vary on a small spatial scale. The reserve 
sees an average annual precipitation of 102 
cm along ridges, with temperatures 
averaging 15.9°C in the summer and 10.65° 
C in the winter (UCNRS 2022). 

2.2 Study Area 

Poison oak was collected from forest and 
chaparral habitats that were located 
relatively close to one another (within a 1 km 
radius) (Fig. 1). At each habitat, collection 
took place along 100-meter sites that were 
50 meters apart. Forest sites were located 
along a dirt road that runs beside Big Creek 
and were dominated by coast redwood 
(Sequoia sempervirens), bigleaf maple (Acer 
macrophyllum), redwood sorrel (Oxalis 
oregana), sword fern (Polystichum 
munitum), Himalayan blackberry (Rubus 
discolor), thimbleberry (Rubus parviflorus) 

and California hedge nettle (Stachys bullata). 
Chaparral sites were located along a trail 
that ascends from the base of a west-facing 
coastal bluff. The area was dominated by 
California blackberry (Rubus ursinus), blue 
brush (Ceanothus thyrsiflorus), white 
mustard (Brassica rapa), California fuchsia 
(Epilobium canum), California buckwheat 
(Eriogonum fasciculatum), and bush 
morning glory (Calystegia macrostegia). 

We also characterized the ground and 
canopy cover of each habitat. To measure 
ground cover, we took the visual percent 
cover of poison oak and shrubs using a 1 m2-
quadrat. Ground cover was taken on both 
sides of the road or trail every 10 meters 
along two 100-meter transects (one at each 
site) and was averaged between sites of the 
same habitat, as there was little variation at 
the site-level (Table 1). Canopy cover was 
also determined every 10 meters with a 
densiometer in forest sites only, as no 
canopy cover was present in the chaparral 
habitat. Canopy cover ranged from 7-94% 
and was an average of 58% across the forest 
habitat. 

Table 1: Ground cover measurements across forest 
and chaparral habitats. The ground and canopy cover 
of each habitat was characterized. To measure 
ground cover, we took the visual percent cover of 
poison oak (Toxicodendron diversilobum) and shrubs 
from chaparral and forested areas around Landels-
Hill Big Creek Reserve in Monterey County, CA, USA 
between July 31 and August 3, 2022 using a 1 m2-
quadrat. Ground cover was taken on both sides of the 
road or trail every 10 meters along two 100-meter 
transects (one at each site) and was averaged 
between sites of the same habitat to find the 
percentage of poison oak cover range, average poison 
oak cover, shrub cover range, and average shrub 
cover. 
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Figure 1. Site map, Landels-Hill Big Creek Reserve, CA. Map of four study sites at Landels-Hill Big Creek Reserve in 
Monterey County, CA, USA. Each site was categorized as either forested (yellow) or chaparral (purple). Forested sites 
were located along a dirt road that runs beside Big Creek, while chaparral sites were located along a trail that ascends 
from the base of a west-facing coastal bluff. 

 

2.3 Poison Oak Sampling and Processing 

Poison oak samples were collected 
approximately 10 meters apart at each site, 
resulting in a total of 20 replicates per 
habitat (40 replicates total). The second leaf 
down from the top of the poison oak branch 
nearest to each 10-meter mark on either 
side of the path was collected. Samples were 
picked off the plants so that the petiole (the 
stalk attaching the leaf to the stem of the 
plant) and three leaflets remained intact, 
and were bagged according to site to 
minimize the contamination of materials. To 
avoid desiccation, the samples from each 
site were processed within one hour of 
collection.  

Samples were processed by measuring 
macroscopic and microscopic morphological 
characteristics. Macroscopic characteristics 
included area of the middle leaflet (mm2) 
and the length of the petiole (cm). 
Microscopic characteristics were observed 
with a Diple field microscope (35x 
magnification) and included stomatal 
density, stomatal size, and xylem area 
(SmartMicroOptics S.r.l. 2022). To measure 
each sample’s stomata, clear nail polish was 
applied to the underside of the middle 
leaflet near the central leaflet vein. After the 
polish dried, a piece of tape was attached 
and peeled off to create an imprint of the 
underside of the leaflet. Three portions of 
the peels with stomata were photographed 
under the microscope at 140x magnification 
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(Fig. 2). Images were later analyzed with 
ImageJ 1.53a to determine the average 
number and size of stomata within a 
standardized area of each leaflet (Rasband 
2021). To measure xylem area, thin cross-
sections of the petiole were placed under 
the microscope and photographed at 140x 
magnification (Fig. 3). These images were 
used to measure the relative area of three 
xylem for each sample. Area of xylem was 
calculated using the formula for an ellipse 
(Area=length/2*width/2*π). 

 

Figure 2. Image of a stomatal peel. A stomatal peel 
was created by painting clear nail polish onto the 
underside of a poison oak (Toxicodendron 
diversilobum) leaf collected at Landels-Hill Big Creek 
Reserve in Monterey County, CA, USA between July 
31 and August 3, 2022. Once the polish was dry, a 
strip of transparent tape was attached to the polish 
on the underside of the leaf, and then peeled off. The 
peel was placed on a microscope slide, examined, and 
photographed at 140x magnification. Images were 
processed to determine stomata density and size. 
Stomata are circled in red. 

 

Figure 3. Xylem cross-section. A close-up image of a 
xylem vessel taken from a cross-section of a poison 
oak (Toxicodendron diversilobum) petiole collected at 
Landels-Hill Big Creek Reserve in Monterey County, 
CA, USA between July 31 and August 3, 2022. A cross-
section of a poison oak leaflet petiole was placed on 
a microscope slide, examined, and photographed at 
140x magnification. The length was measured as the 
widest diameter of the xylem vessel and the width 
was calculated from the diameter perpendicular to 
the length. Area of xylem was calculated using the 
formula for an ellipse (Area=length/2*width/2*π). 

2.4 Statistical Analysis 

Statistical analyses were conducted using 
JMP statistical software v. 16.2.0 (SAS 
Institute Inc. 2021). Leaflet area and 
stomatal density were log-transformed to 
correct for homoscedasticity. We used a 
mixed effects model to compare leaflet area, 
petiole length, stomatal density, stomatal 
size, and xylem area between chaparral and 
forest habitats. Site was treated as a random 
effect in these analyses to account for 
variation between sites of the same habitat. 
Linear regressions were used to assess the 
relationship between leaflet area and 
stomatal density, stomatal size, and xylem 
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area. The effect of petiole length on leaflet 
area and of stomatal size on stomatal 
density was also assessed using linear 
regressions. 

RESULTS 

Leaflet area (Fig. 4), petiole length (Fig. 5) 
and xylem area (Fig. 6) were larger in the 
forest habitat compared to the chaparral 
habitat (Table 2). Habitat did not have an 
effect on stomatal density or size. With 
increasing leaflet area, stomatal density 
decreased (N=37, R2=0.15, p=0.017) and 
xylem area increased (N=37, R2=0.18, 
p=0.009). However, leaflet area had no 
effect on stomatal size (N=37, R2 =0.004, 
p=0.71). There was not an effect of stomatal 
size on stomatal density (N=37, R2=0.02, 
p=0.42). 

Table 2: Results of a mixed effect model for leaflet 
area, petiole length, stomatal density, stomatal 
length, and xylem vessel area responses to forest or 
chaparral habitats. We used a mixed effects model to 
compare leaflet area, petiole length, stomatal 
density, stomatal size, and xylem area in poison oak 
(Toxicodendron diversilobum) between chaparral and 
forest habitats around Landels-Hill Big Creek Reserve 
in Monterey County, CA, USA between July 31 and 
August 3, 2022. Site was treated as a random effect in 
these analyses to account for variation between sites 
of the same habitat. 

 

 

Figure 4. Leaflet area is greater in forest habitat than 
chaparral. Poison oak (Toxicodendron diversilobum) 
was collected from chaparral and forested areas 
around Landels-Hill Big Creek Reserve in Monterey 
County, CA, USA between July 31 and August 3, 2022. 
Leaflet area was measured in mm2 and was log-
transformed to correct for homoscedasticity. The 
forest area was adjacent to Big Creek, where canopy 
cover ranged from 7–94% and was an average of 58%. 
The chaparral was near to the coast and had dry 
vegetation as well as no canopy. Error bars represent 
the standard error, horizontal lines through the box 
plots represents the mean, and “x” markers represent 
the median (N = 40, F = 116.97, p = 0.0084) 

DISCUSSION 

We found that our predictions for 
variation in macroscopic morphology of 
poison oak across different habitats were 
consistent with our results. Leaflet area and 
petiole length were significantly larger in the 
forest habitat compared to the chaparral. 
This may be linked to water stress, as limited 
water availability in the chaparral habitat 
may decrease the rate of cell division or 
expansion, leading to smaller overall leaf size 
and petiole length (McCree and Davis 1974). 
We found a negative correlation between 
leaflet area and stomatal density, but no 
correlation between leaflet area and 
stomatal size. As we predicted, the stomata 
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Figure 5. Petiole length is greater in forest habitat 
than chaparral. The petiole, or stalk, connecting the 
leaflet to the stem was measured on poison oak 
(Toxicodendron diversilobum) samples using a ruler. 
Poison oak was collected from chaparral and forested 
areas around Landels-Hill Big Creek Reserve in 
Monterey County, CA, USA between July 31 and 
August 3, 2022. The forest area was adjacent to Big 
Creek, where canopy cover ranged from 7–94% and 
was an average of 58%. The chaparral was near the 
coast and had dry vegetation as well as no canopy. 
Error bars represent the standard error, horizontal 
lines through the box plots represent the mean, and 
“x” markers represent the median. (N = 40, F = 23.11, 
p = 0.0407) 

 

Figure 6. Xylem area is greater in forest habitat than 
chaparral. Xylem area was calculated from length and 
width of a poison oak (Toxicodendron diversilobum) 
petiole cross section viewed at 140x magnification. 
Poison oak was collected from chaparral and forested 
areas around Landels-Hill Big Creek Reserve in 
Monterey County, CA, USA between July 31 and 
August 3, 2022. The forest area was adjacent to Big 
Creek, where canopy cover ranged from 7–94% and 
was an average of 58%. The chaparral was near the 
coast and had dry vegetation as well as no canopy. 
Error bars represent the standard error, horizontal 
lines through the box plots represent the mean, and 
“x” markers represent the median. (N = 37, F = 
1722.67, p = <0.0001)

were more spread out in larger leaves, but in 
contrast with our prediction, these stomata 
were not larger. This may indicate a 
reduction in the rate of cell division, but 
similar rates in cell expansion leading to 
different leaflet area and petiole length 
between the forest and chaparral habitats. 
Previous experimental studies have shown 
that cell division may be reduced under 
conditions of water stress, but rate of cell 
expansion may remain similar (McCree and 
Davis 1974). The differences we observed 
could also be a response to light stress. Our 
results were consistent with a previous 
model-study that found light capture 
efficiency to be greater with increased 

petiole length in shoots (Takenaka 1994). 
Overall, our study furthers the idea that 
poison oak’s outward morphology is plastic 
(Gartner 1991, Gillis 1971, Guin et al. 1981). 
In the future, it would be useful to determine 
the extent of this plasticity in response to 
varying levels of light and water. This could 
be done experimentally by observing the 
morphology of genetically identical poison 
oak plants grown under a range of light 
intensities and water availability. This would 
also be useful in gaining a better 
understanding of which stressor, between 
light and water, is more of a driver of 
plasticity in poison oak.  
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In contrast to macroscopic morphology, 
our results for variation at the microscopic 
scale in response to water and light stress 
only partially matched our predictions. 
While xylem vessel area was smaller in the 
chaparral habitat than the forest, as we 
expected, there was no difference in 
stomatal density or size between the two 
habitats. Previous literature has found that 
in water stressed environments, xylem 
vessel size of wheat (Tritichum turgidum) is 
lower, which reduces the risk of a gas bubble 
forming a blockage in conductive tissues 
(Bresta et al. 2011, Tyree and Sperry 1989). 
These findings are consistent with our 
results and indicate that reduced xylem 
vessel area in chaparral habitat may be a 
plastic response to water stress. However, as 
leaflet size and petiole length were also 
reduced in chaparral, the smaller xylem 
vessel area could be a result of overall 
reduced plant growth under water stressed 
conditions, rather than a plastic response. 
Furthermore, xylem vessel size increased 
with increased leaflet area, indicating that 
xylem vessel size may have increased to 
support larger leaves (Gómez-Del-Campo et 
al. 2002, McCree and Davis 1974). A future 
study could examine the area of xylem vessels 
across poison oak with similar biomass to 
disentangle the effects of overall plant growth. 

Unlike xylem, stomata are associated with 
CO2 levels, which one may assume are 
similar between the forest and chaparral 
habitats. This could explain why we did not 
see a difference in stomatal density between 
habitats. While previous studies have shown 
that plum pine (Podocarpus lambertii) and 
durum wheat (Tritichum turgidum) have 
plasticity in stomatal density, this was 
inconsistent with our results (Bresta et al. 
2011, Locosselli and Ceccantini 2012). 
However, stomatal density does not 

necessarily vary with water availability, 
being instead highly variable with multiple 
factors associated with microclimatic 
variation (Sanches et al. 2010). Stomata may 
also open and close in response to water 
stress, which could potentially reduce 
overall variation in density that might be 
affected by water availability. Future studies 
could make stomatal peels in the field rather 
than processing samples after collection to 
examine how the ratio of open to closed 
stomata differs across habitats. Additionally, 
due to the wide range in stomatal density 
that we observed, a future study could 
better illuminate how this variation might be 
associated with microhabitat conditions. 
Previous literature has found this trait can be 
very plastic in response to microhabitat 
variation (Sanches et al. 2010).  

In contrast with our predictions, stomatal 
density was not correlated with stomatal 
size. This is in contrast with previous 
literature, which found that increased 
stomatal density was associated with 
decreased stomatal size in bluebunch 
wheatgrass (Pseudoroegneria spicata) and 
Cariniana legalis (Fraser et al. 2009, Sanches 
et al. 2010). Further studies could 
investigate how physiological mechanisms in 
stomatal development and cell expansion 
differ between these species and poison oak. 

Our investigation of the morphological 
variation in poison oak across different 
habitats better illuminates the way this 
species may adjust to different 
environmental conditions. As a plant with a 
broad range, poison oak’s plastic 
morphological variation is essential to 
dealing with differing environmental 
stressors. Studying poison oak may lead to a 
better understanding of how this plant has 
become an essential and abundant 
ecological component across a broad range.  
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