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Vegetation patterns and species distributions are strongly linked to soil moisture 

regimes, and populations within a species from contrasting climatic regimes could exhibit 

differences in the degree to which certain functional traits related to establishment are 

expressed. Tree seedling survival is crucial for forest regeneration, and thus may be a 

more important factor in determining species distributions than performance of adult 

trees. This study investigated the extent to which species populations from different 

climate zones exhibit differential expression of functional traits that facilitate their 

establishment. Seeds from two populations of ponderosa pine (Pinus ponderosa) from 

sites with contrasting climate regimes east (PIPOEAST) and west (PIPOWEST) of the 

Oregon Cascade Mountains were sown in raised soil beds in a common garden and 

grown under two water availability treatments (control and drought). Aboveground 

biomass accumulation, bud phenology, xylem anatomy, hydraulic architecture, foliar 

stable carbon isotope ratios (δ13C), gas exchange and water relations characteristics were 

measured in both populations and treatments. At the end of the first growing season, 



PIPOWEST seedlings had grown more than PIPOEAST seedlings in both the control 

(p<0.001) and drought (p=0.042) treatments, while PIPOEAST seedlings formed dormant 

buds and ceased growing much earlier in the fall than PIPOWEST seedlings, suggesting 

that phenological differences between the two populations could partly explain 

differences in their performance. Vapor pressure deficit (VPD) and low water availability 

likely resulted in reduced seedling water potential, turgor and rates of expansion of 

developing tracheids in both populations, resulting in smaller tracheid diameters at 

maturity, which potentially affected maximum hydraulic conductivity. Xylem-area 

specific hydraulic conductivity was higher in PIPOWEST seedlings compared to PIPOEAST 

seedlings in both the control (p=0.028) and drought (p=0.031) treatments. Intrinsic WUE 

based on δ13C values was higher in PIPOEAST seedlings for both control and drought 

treatments (p<0.001 to p=0.027) across all sampling dates. There was a negative 

relationship (r2=0.95) between values of δ13C and leaf-specific hydraulic conductivity 

across populations and treatments, consistent with greater stomatal constraints on gas 

exchange with declining seedling hydraulic capacity. Integrated growing season 

assimilation and stomatal conductance estimated from foliar δ13C values and 

photosynthetic CO2 response curves were 7% and 38% greater in PIPOWEST seedlings. 

There were no significant differences found in predawn or midday water potentials 

between the two populations. PIPOEAST seedlings had significantly more negative 

osmotic potential at full turgor and water potential at the turgor loss point compared to 

PIPOWEST seedlings, suggesting that osmotic adjustment occurs in this population. 

Overall, PIPOEAST seedlings exhibited more conservative behavior, suggesting that a 

reduction in growth is traded off for an increased resistance to drought. Results from this 



investigation will advance our understanding of the mechanisms involved in seedling 

establishment. 
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On a global scale, climate change is estimated to decrease low elevation 

snowpack, cause earlier snowmelt and increase the duration and severity of droughts 

(Chmura et al. 2011). Forest growth and productivity are expected to decline (Allen et al. 

2010) leading to changes in the structure and composition of forest ecosystems at the 

landscape scale (Chmura et al. 2011). Distributions of plant species are partially 

determined by functional traits (Creese et al. 2011) and have been correlated with 

climatic factors, such as precipitation regimes (Stephenson 1990, Engelbrecht et al. 2007, 

Poorter and Markesteijn 2008, McLean et al. 2014). However, functional traits can vary 

within species and many plant species maintain wide geographic ranges across varying 

climate regimes. Thus, populations within a species from contrasting climate regimes 

could exhibit different functional traits that facilitate their establishment in a particular 

region (Giuliani et al. 2013). 

The establishment of seedlings is crucial to the survival of tree species and for 

future forest and stand regeneration (Johnson and Smith 2005). Distributions of tree 

species change when seedlings either establish beyond current population boundaries or 

fail to establish within current population boundaries (Johnson et al. 2011). 

Understanding the mechanisms and traits that drive seedling establishment may improve 

our ability to predict future species distributions, especially as climate change-driven 

shifts in precipitation regimes are predicted to alter the dynamics, composition and 

diversity of many plant ecosystems (Delucia et al. 2000, Comita and Engelbrecht 2009, 

Shevtsova et al. 2009). However, this requires a thorough knowledge of seedling 
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physiology and there have been relatively few studies regarding the ecophysiology of tree 

seedlings during their first year of growth. 

Recent studies that have documented large-scale forest die-offs have attributed 

these mortality events to water limitation, or more commonly to global change-type 

droughts (McDowell et al. 2008, Anderegg et al. 2012). Drought-induced shifts in plant 

distributions have been reported for many landscapes (Allen and Breshears 1998, Kelly 

and Goulden 2008).  However, future climate change projections predict increases in 

temperature for many ecosystems, in addition to increased severity and duration of 

drought events (Stocker et al. 2013). Temperature is expected to have an impact on water 

availability because atmospheric evaporative demand, or vapor pressure deficit (VPD), 

increases exponentially with temperature (Williams et al. 2013). Increased VPD generally 

leads to an increase in plant transpiration, thus creating a more rapid depletion of water 

supply that intensifies the effects of drought. Under a 3°C increase in surface 

temperature, Shevtsova et al. (2009) found that both seed germination and seedling 

establishment in fifteen species of subarctic plant species were negatively affected even 

with an additional increase in water availability. Results from this study also showed that 

increased temperature affected specific periods during the establishment phase due to 

species-specific time of germination during the growing season. Thus, both temperature 

and water availability may be important factors that influence successful seedling 

establishment under future climates.   
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Overview of Seedling Physiology and Stress Responses 

Seedlings represent a particularly vulnerable life stage of a tree and generally 

exhibit high rates of mortality due to a range of both abiotic and biotic factors, such as 

herbivory, trampling by animals, frost heave, pathogens and drought (Grossnickle 2012). 

Upon germination, seedlings are dependent on seed reserves until the leaf photosynthetic 

machinery is developed enough to become self-sufficient and begin exporting fixed 

carbon (Kitajima 1992). In many ecosystems, seedling survival and establishment are 

major bottlenecks in the recruitment of species (Shevtsova et al. 2009) and seedling 

abundance alone may not guarantee the regeneration of a species (Cui and Smith 1991). 

Climate change influences on temperature and water supply, and thus soil moisture, have 

also been shown to impact seed germination (Walck et al. 2011), further emphasizing the 

importance of survival during these early life-stages for the continued existence of a 

species.  

Water limitation is an important driver of vegetation mortality (McDowell et al. 

2008), and as such, water availability has a significant effect on photosynthetic carbon 

gain (Johnson et al. 2004) and is a primary factor governing seedling survival (Cui and 

Smith 1991, Kennedy and Sousa 2006, Engelbrecht et al. 2007). Water, taken up by the 

root system, travels along a gradient in negative pressure via a continuous water column 

to the leaves through the xylem. Seedlings have very shallow root systems, as they are 

still developing, that cannot access deep-water reserves underground. Drake et al. (2011) 

showed that, compared to adult trees, Eucalyptus gomphocephala seedlings primarily 

utilized surface water and water from recent rainfall events. Once taken up by the root 
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system, the efficiency of water movement through the seedling can be measured as 

hydraulic conductance, which is the ratio of water flow rate to the driving force for water 

movement (Tyree and Zimmermann 2002). During photosynthetic gas exchange large 

quantities of water evaporate through the stomata concurrent with the uptake of carbon 

dioxide (CO2). Thus, readily available water is important for sustaining photosynthesis, 

but many ecosystems experience seasonal or consistent drought, leading to water 

scarcities.   

There are many anatomical and physiological traits that seedlings might exhibit to 

sustain carbon dioxide uptake as water availability becomes increasingly scarce. The 

hydraulic architecture of a seedling, which is determined to a large extent by the structure 

and properties of the xylem tissue, can impact many physiological parameters that affect 

a seedling’s vulnerability or tolerance to water stress (Tyree and Ewers 1991, 

Christensen-Dalsgaard and Ennos 2012). In conifers, the individual water-conducting 

conduits that make up the xylem tissue are called tracheids that are connected by 

bordered pits with a torus-margo pit membrane (Boyd and Foster 1974, Hacke et al. 

2004). The hydraulic conductance of conifer xylem is affected by the structure and 

arrangement of tracheids. Xylem containing longer tracheids with larger diameters and a 

greater frequency of inter-tracheid pits will have lower resistance to water flow (Tyree 

and Zimmermann 2002, Pittermann et al. 2006). However, under periods of water stress, 

air bubbles may enter the xylem tissue through pit membranes due to increased tension in 

the water column (Tyree and Ewers 1991). These air bubbles can expand until an entire 

tracheid is filled with water vapor or air, which results in the loss of a functioning 
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conduit, and are known as embolisms (Tyree and Ewers 1991). Loss of hydraulic 

conductance associated with massive xylem embolism can result in plant mortality 

(Kursar et al. 2009).  Resistance to embolism formation is an important parameter for 

determining species’ drought tolerance (Tyree and Ewers 1991, Maherali et al. 2004). 

Air-water menisci become trapped through capillary action that aspirates the torus-margo 

pit membrane and the torus seals the pit aperture to prevent movement of embolisms to 

neighboring tracheids (Hacke et al. 2004). The structure of bordered pits strongly 

influences the movement of water in tracheids, whereby differences in bordered pit 

morphology determines the water tension at which the tracheids become vulnerable to 

embolism (Hacke et al. 2004, Domec et al. 2006). Thus, the structure and function of 

xylem can influence a plant’s vulnerability to embolism and its response to desiccation. 

Hacke et al. (2001) examined the role of wood density with respect to resistance of the 

water transport system to implosion by negative pressure. There was a strong positive 

relationship between conduit wall reinforcement and embolism resistance; however, 

increased resistance can also result in decreased hydraulic conductivity leading to a 

safety-efficiency tradeoff. Brodribb and Cochard (2009) investigated conifers with 

different resistances of stem xylem to water-stress-induced embolisms to see if xylem 

function plays a role in response to desiccation. They found that hydraulic function did 

play a large role in recovery from and survival of water stress in the conifers tested and 

that hydraulic limitations governed gas exchange recovery from drought.  

By regulating the opening and closing of the stomata, plants can control the 

amount of water loss at the cost of limiting carbon dioxide uptake. Seedling growth rate 
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is tightly linked to stomatal regulation of water loss (Creese et al. 2011), yet seedlings 

may not have well-developed stomatal regulation as compared to their adult counterparts. 

In C3 plants, relative stomatal limitation of photosynthetic gas exchange is reflected in the 

stable carbon isotope composition of their tissues. There are two stable isotopes of 

carbon, 12C and 13C, and atmospheric CO2 is made up of approximately 1% 13CO2 

(Farquhar et al. 1989). During photosynthetic CO2 fixation, discrimination against 13CO2 

occurs as a result of its slower diffusion into the leaf and preferential fixation of 12CO2 by 

ribulose bisphosphate carboxylase oxygenase (RuBisCO). When stomata partially close 

to reduce water loss, the intercellular CO2 concentration decreases and plants begin to 

discriminate less against 13CO2 as its abundance relative to 12CO2 in the intercellular 

spaces increases. The stable carbon isotope ratio (δ13C) of plant tissues is determined by 

the isotopic composition of the ambient CO2 as well as the diffusional and biochemical 

fractionation processes described above (Cernusak et al. 2013). Carbon isotope 

discrimination (Δ) factors out the influence of variation in the δ13C of ambient CO2 and 

thus reflects only biological fractionation processes (Cernusak et al. 2013). Carbon 

isotope ratios and discrimination values can be used to understand how a plant’s 

physiology, as well as its environment, influence gas exchange over a period of time 

(Farquhar and Richards 1984, Farquhar et al. 1989, Cernusak et al. 2013). Carbon isotope 

discrimination is directly related to the ratio of intercellular to ambient CO2 concentration 

(Ci/Ca) and to the ratio of CO2 assimilation to stomatal conductance (A/g) a measure of 

intrinsic water-use efficiency (iWUE) whereby decreased Δ reflects increased iWUE 

(Farquhar and Richards 1984, Zhang et al. 1993, Pastorino et al. 2012). Zhang and 
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Marshall (1994) compared the effect of drought on Δ and iWUE among 14 populations of 

Tsuga heterophylla seedlings and discovered that Δ decreased (iWUE increased) across 

all populations, with population differences in Δ associated with altitude of the seed 

source. Therefore, iWUE, Δ and δ13C can all be used to measure and compare the 

physiological performance among different species and between species populations 

from different environments. 

Predicting Seedling Stress Tolerance and Species Distributions 

Morphological attributes have been shown to play a key role in defining the 

hydraulic architecture of a plant (Grossnickle 2012) and hydraulic architecture has been 

shown to differ among species (Pineda-Garcia et al. 2011) and populations (Barnard et al. 

2011). Therefore, differences in morphological or physiological traits at the seedling life 

stage may explain why certain species survive drought, while others do not. Yet these 

traits (such as hydraulic architecture, root to shoot ratio, vulnerability to embolism, and 

gas exchange regulation) may be somewhat ephemeral as some have been shown to exist 

due to induction by the environment (e.g. water stress), not by genetic inheritance 

(Kavanagh et al. 1999, Grossnickle 2012). Vitasse et al. (2013) showed that 

environmental conditions had a greater influence on phenological traits, such as leaf 

unfolding and budset timing, than genetic effects when seedlings from seven deciduous 

tree species from different elevations in the Alps were grown in a common garden 

experiment. In addition, Zhang and Cregg (2005) compared growth, morphology, and 

physiological traits among 10 populations of Pinus ponderosa grown in three range-wide 

provenance trial sites along an environmental gradient, and reported that among sites 
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there were significant differences in morphological and physiological traits due to the 

varied environments at each site. However, within sites the authors did not see any 

significant population differences in physiological traits, and they attributed this lack of 

population variance in physiology to phenotypic plasticity. In contrast, Barnard et al. 

(2011) investigated hydraulic traits in Pseudostuga menziesii and Pinus ponderosa 

individuals including sapwood thickness, axial and radial conductivity, resistance to 

embolism, and sapwood water storage capacity. These authors reported differences in 

expression of these traits due to environment: vulnerability of sapwood to embolism, 

capacitance and axial hydraulic conductivity were highest for populations growing in the 

most arid sites, suggesting the phenotypic plasticity of these traits may play an important 

role in avoiding high levels of xylem tension under dynamic conditions of high water loss 

from transpiration. Differences in xylem traits and hydraulic structure expressed among 

species at the seedling stage may be apparent in adult trees (Creese et al. 2011, Vitasse et 

al. 2013), which could help explain what traits a seedling might employ for its successful 

establishment and growth beyond germination.   

The intensity of plant responses to water stress seems to be species-specific and is 

dependent upon hydraulic strategy (Ayup et al. 2012). There is current discussion on 

hydraulic strategies, but one aspect of these strategies relates to a continuum of stomatal 

regulation of xylem tension, with the extremes being labeled as isohydric and anisohydric 

behavior (Tardieu and Simonneau 1998, West et al. 2012). Extreme isohydric species 

close their stomata under water stress to maintain constant midday water potential, while 

anisohydric species allow midday water potential to decline as the soil dries or VPD 
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increases (Tardieu 1993, Tardieu and Simonneau 1998, McDowell et al. 2008). Hubbard 

et al. (2001) showed that as leaf specific hydraulic conductance (KL) declined, Pinus 

ponderosa seedlings maintained leaf water potential (ΨL) around -1.45 MPa, which 

suggested a response of stomatal conductance to KL to maintain ΨL. These authors 

posited that P. ponderosa seedlings exhibited isohydric behavior and that the reduction in 

stomatal conductance in response to KL maintains ΨL at its original level. Although 

isohydric and anisohydric species often co-occur on the landscape level, anisohydric 

species tend to occupy more drought-prone areas and have xylem that is more resistant to 

embolism (McDowell et al. 2008). Understanding the variation in hydraulic strategies can 

help identify the mechanisms that cause mortality, and help predict which species may be 

vulnerable to widespread mortality events under a changing climate. McDowell et al. 

(2008) discuss the carbon starvation-hydraulic failure paradigm as it relates to 

mechanisms of mortality in plants subjected to drought events. The carbon starvation 

hypothesis predicts that stomatal closure to prevent desiccation will result in diminished 

uptake of photosynthetic carbon and, because of the continued metabolic demand for 

photosynthates, the plant will starve to death. The hydraulic failure hypothesis predicts 

that xylem conduits will embolize in response to reduced soil water and high evaporative 

demands, which will result in reduced water flow and desiccation of plant tissues. While 

evidence exists for both hypotheses as drivers of vegetation mortality for a wide range of 

species (McDowell and Sevanto 2010, McDowell et al. 2011, Anderegg et al. 2012, 

Poyatos et al. 2013), the hydraulic strategies employed by plants may ultimately 

determine how a plant will die. For example, isohydric plants are expected to succumb to 
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prolonged drought as a result of carbon starvation due to the stomatal restriction of 

photosynthesis. In addition to hydraulic strategies, hydraulic safety margins, the 

difference between the minimum xylem pressure normally experienced by a plant organ 

such as a stem or root and a given point on its hydraulic vulnerability curve (Meinzer and 

McCulloh 2013), vary among species and may be related to species-specific differences 

in the ability to potentially survive drought. Conifer stems have been shown to often have 

larger safety margins than angiosperm stems (Meinzer et al. 2009, Johnson et al. 2012), 

but conifers and angiosperms co-exist in many ecosystems. Resistance to xylem 

embolism is determined by many morphological and physiological traits and there is a 

wide range of resistances that plants exhibit (Maherali et al. 2004). Expression of these 

traits at the seedling life stage may reflect the ability of a species to withstand periods of 

water stress.  

Global and regional patterns of species distributions and vegetation patterns have 

been linked to rainfall regimes (Engelbrecht et al. 2007, Poorter and Markesteijn 2008, 

Comita and Engelbrecht 2009). Although species with different resistances to xylem 

embolism co-occur (Maherali et al. 2004), vulnerability to embolism may also limit plant 

distributions because it plays a role in determining the drought tolerance of species across 

a range of habitats (Pockman and Sperry 2000). However, water stress can induce tree 

species to develop drought resistance (Grossnickle 2012) so the capacity for hydraulic 

acclimation to water limitation may partly determine species distributions (Creese et al. 

2011). Kavanagh et al. (1999) showed that vulnerability to embolism in Douglas-fir 

sapling roots and shoots varied among populations and was related to the climate of 
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origin of each seed source, yet their results suggest that saplings were less vulnerable to 

embolism than mature trees. Although there may be some plasticity in traits that confer 

drought resistance, the degree to which traits manifested in the first year of seedling 

growth influence species distributions remains unclear.  

Project Overview 

The ability of a species to maintain its geographic distributional range may 

depend on many factors, including its responses to future climate change. Shifts in 

vegetation distributions due to climate change have been reported for many ecosystems 

(Allen and Breshears 1998, Kelly and Goulden 2008), but the ability of a species to 

migrate to new locations will depend on the survival and successful establishment of 

seedlings (Johnson et al. 2011). Climate change, including both increases in drought and 

temperature, have been predicted to impact seedling germination and establishment 

(Shevtsova et al. 2009, Walck et al. 2011, del Cacho et al. 2013), thus understanding the 

influence of climate change on seedling establishment is crucial to understanding how a 

species range might shift in the future. Currently, there are gaps in our knowledge as to 

what extent certain physiological and biological plant traits are influenced by the 

environment (phenotypic plasticity). Recently, Richardson et al. (2014) used vegetative 

responses from a common-garden experiment to assess adaptive genetic variation in 

blackbrush (Coleogyne ramosissima) and concluded that genetic variation was associated 

with population-specific climate variables. Richter et al. (2012) studied phenotypic 

plasticity and genotypic variation in P. sylvestris provenances to future climate conditions 

in a common-garden experiment and reported that certain provenances were more plastic 
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than others in response to decreased precipitation, but there were marginal effects of 

maternal lineage on biomass. Common garden experiments offer scientists the ability to 

understand the influence of certain environmental parameters on seedling responses while 

subjecting seedlings to identical environmental factors. Further, common garden designs 

allow scientists to compare and evaluate multiple populations, or provenances, of the 

same species under similar environmental conditions and thus, are critically important to 

furthering our understanding of the range of plasticity of certain responses within a 

species (Zhang et al. 1993, Maherali et al. 2002, Richter et al. 2012, Giuliani et al. 2013, 

Vitasse et al. 2013, McLean et al. 2014, Richardson et al. 2014).  

Recently, the field of assisted migration, or assisted colonization, has gained 

much attention from researchers, policy makers and the public alike. Assisted migration 

pertains to the notion that under a changing climate species may be required to migrate to 

new habitats, and if certain species are unable to keep pace with a rapidly changing 

climate human assistance in the migration process might be necessary in order to ensure 

the survival of those species (McLachlan et al. 2007, Aitken et al. 2008, Stone 2010). 

Currently, there is a strong need for a scientifically based policy on assisted migration 

due to the controversial nature of the subject and its potential use as a management option 

for conservation purposes (McLachlan et al. 2007). Those in opposition of assisted 

migration claim the process could lead to unforeseen consequences including an 

introduced species becoming invasive in its new environment, an introduced species 

bringing along a new pest or disease to the new habitat, or the failure of an introduced 

species to establish and survive in the new environment (Marris 2008). Another related 
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strategy is facilitated migration, which involves human involvement in manipulating the 

environment so that a species, through natural spread and establishment, could potentially 

inhabit and survive therein (McLachlan et al. 2007). Regardless of the strategy, most 

authors agree that more research is needed before an effective assisted migration policy 

can be implemented. To date, researchers use species distribution models (SDMs) to 

predict changes in species distribution ranges, yet these SDMs do not account for 

population differences within a species distribution (Aitken et al. 2008). Assisted 

migration research can be further improved by including short-term seedling common 

garden experiments that focus on determining the physiological basis of adaptation and 

population tolerances to extreme climatic events (Aitken et al. 2008).  

This research project will investigate physiological traits expressed during 

seedling establishment in two ponderosa pine populations from contrasting environments. 

Results from this project will: 1) improve our knowledge of the physiological 

mechanisms involved in seedling establishment, 2) advance our understanding of species-

specific responses to limiting environmental factors, 3) provide data that can be used to 

model predictions of vegetation responses to future climate change, and 4) advance 

techniques used for measuring physiological parameters in seedlings.  
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Introduction 

Recently, documented tree mortality around the world has been linked to climate-

induced water stress and warmer temperatures (Allen et al. 2010) and has led to changes 

in the structure and composition of forest ecosystems at the landscape scale (Chmura et 

al. 2011). Distribution patterns of plant species have been correlated with climatic 

factors, such as precipitation regimes (Stephenson 1990, Engelbrecht et al. 2007, Poorter 

and Markesteijn 2008, McLean et al. 2014), but climate change is predicted to alter many 

of these factors including an increase in the duration and severity of droughts (Chmura et 

al. 2011, Stocker et al. 2013). The successful establishment of tree seedlings is crucial for 

future forest and stand regeneration, and distributions of tree species can be altered when 

seedlings either establish beyond current population boundaries or fail to establish within 

current population boundaries (Johnson et al. 2011). Understanding the physiological 

mechanisms and traits that drive successful seedling establishment may improve our 

ability to predict future species distributions, especially as climate change-driven shifts in 

rainfall regimes are predicted to alter the dynamics, composition and diversity of many 

plant ecosystems (Delucia et al. 2000, Comita and Engelbrecht 2009, Shevtsova et al. 

2009).  

Most studies involving tree seedlings typically classify this stage as encompassing 

the first 5 years of development (Heiner et al. 1972, Germino and Smith 1999, Lewis et 

al. 2001, Greenwood, O’Brien, et al. 2008, Schall et al. 2012, Moyes et al. 2013), yet few 

studies have investigated the ecophysiology of germinant seedlings within the first year 

of growth (see Cui and Smith 1991, Padilla and Pugnaire 2007, Padilla et al. 2007 for 
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examples). Seedlings represent a particularly vulnerable life stage of a tree and generally 

exhibit high rates of mortality due to both abiotic and biotic factors, such as herbivory, 

trampling by animals, frost heave, pathogens and drought (Grossnickle 2012). In many 

ecosystems, seedling survival and establishment are major bottlenecks in species 

recruitment and seedling abundance alone may not guarantee the regeneration of a 

species (Cui and Smith 1991). Climate change influences on soil temperature and 

moisture levels have been shown to impact seed germination (Walck et al. 2011), and 

compromised seed germination may result in more vulnerable seedlings.  Understanding 

the dynamics of germinant seedlings can improve our predictions of future species 

distribution patterns (Aitken et al. 2008), and the ability of a species to migrate to new 

locations will depend on the survival and successful establishment of seedlings (Johnson 

et al. 2011). 

Water availability has been shown to influence seedling establishment in a wide 

variety of tree species (Gordon et al. 1991, Cui and Smith 1991, Johnson and Smith 2005, 

Padilla and Pugnaire 2007, Matías et al. 2012, del Cacho et al. 2013) and seedlings have 

been shown to use different soil water sources compared to their adult counterparts 

(Drake et al. 2011). Temperature also influences water availability and seedling 

establishment because atmospheric evaporative demand, or vapor pressure deficit (VPD), 

increases exponentially with temperature (Williams et al. 2013). Increased temperature 

and VPD generally result in more rapid depletion of soil water, which intensifies the 

effects of drought. For instance, under a 3°C increase in surface temperature, Shevtsova 

et al. (2009) found that both seed germination and establishment in fifteen subarctic 
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species were negatively affected even with an increase in soil water availability. Moyes et 

al. (2013) evaluated the effects of warming on first-year limber pine (P. flexilis) seedling 

physiology and survival, and discovered that seedling exposure to warmer temperatures 

and dry soil was negatively correlated with survival. However, these authors concluded 

that soil moisture limitations ultimately determined seedling survival with temperature 

exacerbating any effects of a drought (Moyes et al. 2013).  

While water availability is a crucial factor for seedling survival and establishment, 

it also influences species distribution patterns. Engelbrecht et al. (2007) tested if variation 

in drought sensitivity explained distribution patterns of tropical woody plant seedlings in 

central Panama and found that both water availability and drought sensitivity directly 

influenced species’ distribution patterns of the tropical forests examined. In addition, 

Comita and Engelbrecht (2009) found that there was strong evidence that variation in 

water availability influenced seedling population dynamics of whole plant communities 

and that dry season mortality determined species’ habitat associations. Both spatial and 

temporal variation in water availability have been shown to influence seedling 

recruitment and species’ establishment (Comita and Engelbrecht 2009, Baltzer and 

Davies 2012, Matías et al. 2012), thus understanding the traits contributing to drought 

resistance of seedlings during their first few years of growth is important for predicting 

how future fluctuations in water availability will influence species’ distribution patterns.  

Plants can exhibit a range of responses to low water availability that increase their 

resistance and tolerance to drought events, including decreasing the ratio of leaf area (AL) 
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to stem xylem area (AX) (Mencuccini and Grace 1995, Delucia et al. 2000, Maherali et al. 

2004), increasing the ratio of root tissue to shoot tissue (Greenwood et al. 2008, Schall et 

al. 2012), increasing the resistance of the xylem to embolism (Kavanagh et al. 1999, 

Christensen-Dalsgaard and Ennos 2012), and increasing water-use-efficiency (WUE) 

(Smit and Van Den Driessche 1992, Zhang et al. 1993). These responses may be plastic 

or fixed in nature, yet the degree of plasticity for many of these traits remains unclear. 

Differentiation in the expression of physiological traits has been shown to guide habitat 

partitioning among tree species (Pineda-García et al. 2011) and thus may influence 

population-specific establishment within a species. Habitat heterogeneity across a 

species’ range can lead to variability in certain plant functional traits so that within a 

single species, genetically distinct populations of individuals represent different ecotypes 

(Turesson 1922, Linhart and Grant 1996, Hufford and Mazer 2003). Zhang and Marshall 

(1994) investigated variation in WUE between fourteen populations of 1-year-old 

western larch (Larix occidentalis) seedlings across its distribution range and found 

evidence of genetic (population) differences in WUE that were related to the altitude of 

the seed sources. Recently, McLean et al. (2014) assessed the extent of phenotypic 

plasticity in response to climate by comparing provenances of Eucalyptus tricarpa trees 

in their native environments to those grown in two common gardens established near 

each end of a climate gradient. These authors discovered that overall tree performance 

did not decline due to differences in climate and that functional traits varied among the 

populations examined, showing significant associations with mean annual precipitation 
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(MAP), which suggests that variation among provenances relates to functional trait 

plasticity (McLean et al. 2014).  

Ponderosa pine (Pinus ponderosa P. & C. Lawson, PIPO) is a conifer species that 

maintains an expansive distribution in North America, ranging from southern Canada 

down into northern Mexico and throughout the western United States (Little 1971, 

Graham et al. 2005). In Oregon, ponderosa pine exists predominately in the northeastern 

and southwestern parts of the state, as well as along the central Cascade Mountain range 

(Little 1971). The physiology of both seedling and adult life stages of this species have 

been studied (Rehfeldt 1990, Cregg 1994, Hubbard et al. 1999, Zhang and Cregg 2005), 

including germinant-year seedlings (Zhang et al. 1997, Maherali et al. 2002, Creese et al. 

2011). Studies that investigated whether or not the plasticity of certain functional traits 

varies due to within-species population differences have reached opposing conclusions. 

Rehfeldt (1990) assessed genetic variation among populations of 2-4 year-old ponderosa 

pine seedlings and reported differences in 19 out of 20 traits analyzed, which were related 

to geographical location and elevation of the seed source. In contrast, Maherali et al. 

(2002) studied climate-driven shifts in biomass allocation and hydraulics between desert 

and montane populations of germinant-year ponderosa pine seedlings and concluded that 

their results supported little evidence of ecotypic differentiation among the populations 

studied. In this study the authors saw no differences between climate groups and nearly 

all the genetic variation seen was partitioned within populations (Maherali et al. 2002). 

Cregg (1994) examined physiological and morphological traits of 1-year-old ponderosa 

pine seedlings and found that, in general, drought resistance traits did not correlate well 
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with the climate of origin of the seed source. However, this author reported that growth 

biomass and morphology did correlate with temperature of the seed source (Cregg 1994). 

Zhang and Cregg (2005) investigated physiological traits in ten populations of 26-year-

old ponderosa pine trees from provenance trials and reported that while the traits varied 

due to the environmental conditions, there were only significant population differences in 

growth and morphological traits, not in physiological traits. These authors further 

concluded that a lack of physiological variance could be due to plastic phenotypic 

convergence of traits when populations are grown in a similar environment (Zhang and 

Cregg 2005). Performing common garden studies, where all populations experience the 

same environment, on geographically distant populations within a species allows 

examination of which plant functional traits are plastic to environmental changes and 

which populations represent genetically distinct ecotypes (Aitken et al. 2008). Knowing 

the inherent plasticity of functional traits will vastly improve our understanding of 

ponderosa pine seedling establishment, and how this species will respond to future 

climate changes. 

In this study, we examined functional traits in two populations of P. ponderosa 

seedlings grown in a common garden under a drought and control treatment. The 

populations were selected from within the natural distribution of P. ponderosa to 

represent contrasting temperature regimes and amounts of precipitation received at their 

sites of origin. We compared functional traits of the two populations, including shoot 

biomass accumulation, vegetative phenology, tracheid anatomy, hydraulic architecture, 

carbon isotope discrimination, photosynthetic behavior and shoot water relations 
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components. We hypothesized that: 1) drought resistance traits would be more strongly 

expressed in seedlings under low water availability, and 2) that there would be 

population-specific differences in water-transport and photosynthetic physiology.  

Methods 

Study Design 

Ponderosa pine (Pinus ponderosa P. & C. Lawson, PIPO) seeds from two 

populations were obtained from the Oregon Department of Forestry (ODF). The first 

population came from an area close to Spray, in Umatilla County, OR (44.8331° N, 

119.7944° W), hereafter referred to as PIPOEAST. The mean annual precipitation (MAP) 

of Spray is 337 mm, and the 1937-2013 mean minimum and maximum temperatures for 

winter (Dec-Feb) are -2.7°C and 8.4°C, and those for summer (June-Aug) are 10.7°C and 

32.4°C (WRCC, Western Regional Climate Center, URL http:www.wrcc.dri.edu/). The 

second population came from a mix of seed sources from the Willamette Valley, 

spanning from the junction of the Columbia and Willamette Rivers to south of Eugene, 

OR, hereafter referred to as PIPOWEST. For this population, the climate was estimated to 

be similar to that of Corvallis, OR (44.5667° N, 123.2833° W), where MAP is 1,043 mm, 

and the 1889-2013 mean minimum and maximum temperatures for winter are 1.2°C and 

8.6°C, and those for summer are 10.2°C and 25.8°C (WRCC).  

This study was conducted in four raised soil beds (18.3 m x 1.5 m) on the Oregon 

State University campus located in Corvallis, OR from March to November of 2013. 

Weather data during the study recorded at a nearby site are summarized in Table 1 
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(Station Data, Corvallis Farm Unit, Oregon State University, URL 

http://agsci.oregonstate.edu/farmunit/weather). Many places west of the Cascade 

Mountains in the Pacific Northwest, including Corvallis, typically experience a 

“Mediterranean”-type climate where summers are generally hot and dry while winters are 

mild and wet.  

Prior to planting, all of the raised beds were treated with a soil fumigant (Basamid 

Granular CertisUSA, Columbia, MD), and roto-tilled to ensure even coverage. Following 

fumigation, the beds were leveled to create an even surface for planting and seeds were 

planted on March 26, 2013. Each bed was divided into three (bed-thirds) and each of 

these bed-thirds was further divided into sections (box). The two populations of 

ponderosa pine were randomly assigned to a box for planting. Seeds were planted in six 

rows across the width of the box at 18 seeds per row giving a total of 106 seeds per box 

with 10 cm spacing between all seedlings. The soil was depressed 13 mm and once a seed 

was placed in the depression, it was loosely covered by soil and sprinkled with turkey 

grit. Turkey grit was applied to prevent seeds from becoming dislodged during irrigation, 

being eaten by birds or blowing away during strong wind events. Each seed was lightly 

watered in and then a mycorrhizal inoculum (Great White Premium Mycorrhizae, Plant 

Success, http://www.plant-success.com) was applied to the beds according to the label.  

The seedlings were watered daily until July 18, 2013 when the treatments were 

imposed. Then, two beds were randomly selected to receive the drought treatment while 

the remaining two beds received the water treatment (control). The amount of water 

http://www.plant-success.com/
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applied was calculated as a percentage of the potential evaporation over the three days 

prior to watering. Evaporation data were collected at the Hyslop Field Lab Weather 

Station located in Corvallis, OR. Drought beds were watered once a week and received 

10% of the previous three-day’s total evaporation. Control beds were watered twice a 

week and received 50% of the previous three-day’s total evaporation. Gypsum block soil 

matric potential sensors (223L, Campbell Scientific, Logan, UT) were installed in the 

beds and values were recorded every 30 min with a data logger (CR10X, Campbell 

Scientific). Four soil sensors were installed in each bed, with two installed between the 

first and second bed-third and two installed between the second and third bed-third. At 

each location, one sensor was installed at a depth of 10 cm and the other at 20 cm.  

Initial data from the soil sensors revealed no strong drought occurring in the 

drought beds (Figure 1), so starting on August, 2013 watering was reduced to 5% of the 

past three-day’s total evaporation once a week. Other environmental data collected at the 

raised bed site between July and November 2013 included daily maximum and minimum 

temperatures, daily maximum vapor pressure deficit (VPD) and precipitation (Figure 1). 

Growth and Phenology 

Seedlings were sampled to measure shoot biomass throughout the growing 

season. At each sampling period, 4-10 seedlings from each population and treatment 

combination were sampled. Individual seedling shoots were collected, placed into plastic 

bags and immediately placed into a cooler for transport to the nearby laboratory. In the 

lab, each shoot sample was rinsed in water to remove excess soil, placed into a coin 
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envelope and kept in a 60°C oven until dry. Dry weights (g) were then recorded to the 

nearest 0.0001 g. Due to the planting density and size of the seedlings, complete intact 

root systems were nearly impossible to collect, thus root system measurements were not 

taken for biomass processing.  

Starting in September 2013, seedlings were visually assessed weekly for the 

presence of dormant buds until the end of November 2013. The number of dormant buds 

present per bed-third was recorded and reported as a percentage (%) of the total number 

of seedlings present in the bed-third. Percentage totals from each bed-third were summed 

up for each population and treatment combination. Starting in February 2014, the 

seedlings were again visually assessed weekly for the presence of dormant buds until the 

end of April 2014. 

Anatomy 

Seedlings were sampled to measure the diameter and lumen cross-sectional area 

of individual tracheids in the stem xylem. Stems were collected monthly starting in June 

until September 2013. In June and July, three seedlings per population per bed were 

collected. In August and September, three seedlings per population per treatment were 

collected. Each seedling was placed into a plastic bag with a moist paper towel and then 

placed into a cooler for transport to the laboratory. Seedlings were kept in a 4°C 

refrigerator until sample processing (within 2 days).  

For each seedling stem, 8-10 thin cross-sections were prepared by hand and 

stained with toluidine blue (T-blue) before being mounted in glycerin onto glass 
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microscope slides. T-blue darkens the cell walls making the inner lumen diameter of the 

tracheids easier to measure. Images of the cross-sections were taken using a built-in 3.0 

MP USB camera on a compound microscope (Digital Binocular Compound Microscope, 

OMAX 40X-2000X, Korea) using a 40x objective. Within a cross-section a single file of 

tracheids, starting from its origin at the pith, was imaged. Three whole rows of cell files 

were randomly selected from three separate cross sections per shoot sample. Images were 

analyzed using the freeware software ImageJ (NIH, USA, httpL//rsb.info.nih.gov/ij/) to 

measure the cross-sectional area of each tracheid lumen along the file. Cross-sectional 

areas were converted to diameters (d; µm) assuming the tracheids were circular, using d = 

[2(Area/π)1/2], where Area is the lumen area (µm2). 

The tracheid lumen mean hydraulic diameter (dH) for each seedling stem sample 

was calculated as dH = (Σd4/n)1/4, where n is the total number of tracheid lumens 

measured in the sample. The Hagen-Poiseuille equation (Tyree and Ewers 1991) was 

used to calculate the theoretical xylem area-specific hydraulic conductivity (kS-theo) for 

each stem sample  

𝑘𝑆−𝑡ℎ𝑒𝑜 = � 𝜋𝜌
128𝜇𝐴𝑤

� Σ𝑖−1𝑛 (𝑑𝑖4)     Eqn 1 

where d is the lumen diameter of each individual tracheid (i), Aw is the area of the 

tracheids measured, and ρ and µ are the density and the dynamic viscosity of water at 

20°C.  

Hydraulics  
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Root and stem hydraulic measurements were conducted on sunny mornings 

towards the end of the growing season well after the treatments were implemented. A 

locally constructed high-pressure flow meter (HPFM), similar to that described by Tyree 

et al. (1993), was used to measure stem hydraulic conductivity (kH; mmol m s-1 MPa-1) as 

the flow rate divided by the pressure gradient across the stem segment, and root hydraulic 

conductance (KR; mmol s-1 MPa-1) as the flow rate divided by the pressure difference 

across the root system.  For each randomly selected seedling, the aboveground portion 

was removed using a razor blade, sealed in a plastic bag and stored at 4°C in a 

refrigerator until a basal stem segment could be excised in the laboratory the following 

day. The shoots were re-cut under water using a razor blade in order to ensure a precise, 

flat even surface for measurement. Tygon tubing was placed about 2.5 cm over the 

segment (stem in lab or protruding root in field) and the end of the tubing was tightened 

with a nylon zip-tie to prevent leakage. Water flowed from the HPFM, through the 

tubing, into the stem segment or root system and the rate of flow was recorded every 

minute until the readings stabilized. This procedure was repeated on 5-6 seedlings per 

population per treatment. The temperature of the water was recorded for each time 

interval and hydraulic conductance and conductivity calculations were corrected to 20 °C. 

Flow rates were determined volumetrically 20-30 minutes after connection when they 

became steady. Stem segment length, xylem diameter and pith diameter were measured 

for the calculation of xylem area-specific conductivity (kS, mmol m-1 s-1 MPa-1), which is 

kH divided by the xylem cross-sectional area. Leaf areas distal to the stem segments and 

root systems were determined by scanning needles then using the total pixel count in a 



35 
 

 

calibration regression developed using ImageJ freeware software, and used to calculate 

stem leaf-specific conductivity (kL; mmol m-1 s-1 MPa-1) and root system leaf-specific 

conductance (KR-L; mmol m-2 s-1 MPa-1). The mean ratio of leaf area (AL) to xylem area 

(AX) was calculated for each seedling by dividing AL (m2) by AX (cm2).  

Carbon isotope discrimination 

Throughout the growing season, needles from randomly sampled seedlings were 

collected for stable carbon isotope analysis. Samples were collected once before 

treatments were imposed and were collected once a month afterwards. At each sampling 

period, 5-6 seedlings per population and treatment combination were collected. 

Aboveground portions of seedlings were placed into plastic bags and into a cooler for 

transport to the laboratory.  In the laboratory, shoot samples were rinsed with water to 

remove excess soil and placed into coin envelopes for drying in a 60°C oven. Once the 

dry weight stabilized, the foliage was separated for stable carbon isotope analysis. The 

dried needle samples were ground to a fine powder with a tissue homogenizer. 

Approximately 1 mg of powder was weighed and packed into tin capsules for carbon 

combustion and analysis.  

Carbon isotopic results are represented by delta (δ) notation and are reported as 

per mil (‰, parts per thousand) expressed in relation to the Vienna Peedee Belemnite 

(VPDB) standard: 

𝛿 𝐶   
13 = � 𝑅𝑠𝑎𝑚𝑝𝑙𝑒

𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
− 1�                                    Eqn 2 
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δ13C analyses were conducted at Oregon State University’s College of Earth, 

Oceanic, Atmospheric Sciences stable isotope laboratory (Corvallis, OR). Samples were 

combusted to CO2 in a Carlo Erba NA1500 elemental analyzer then introduced into a 

DeltaPlusXL isotope ratio mass spectrometer. IAEA-600 caffeine was used as a check 

standard and runs were calibrated using the international standards USGS40 glutamic 

acid and ANU sucrose. Typical errors of ± 0.1‰ or better were determined by repeated 

measures of internal quality control standards and from sample replicates.  

The δ13C of whole leaf tissue (δ13Cleaf) incorporates the δ13C of CO2 in the 

atmosphere (δ13Cair), and fractionation against the heavier isotope (13C) is influenced by 

the ratio of the concentration of CO2 inside the leaf (Ci) to that in the ambient air (Ca): 

𝛿 𝐶 13
𝑙𝑒𝑎𝑓 = 𝛿 𝐶 13

𝑎𝑖𝑟 −  𝑎 − (𝑏 − 𝑎) 𝐶𝑖
𝐶𝑎

                                           Eqn 3 

where a is the fractionation effect of diffusion of CO2 through stomata (4.4‰) and b is 

the fractionation effect of discrimination against 13C by the enzyme ribulose bisphosphate 

carboxylase-oxygenase (RuBisCO) during CO2 fixation (27‰) (Farquhar et al. 1989). 

Values of δ13Cleaf can be converted to discrimination (Δ13C) to remove the effect of 

variation of δ13Cair on δ13Cleaf values over time. However, in this study, both populations 

of seedlings were planted at the same time and the same location. Therefore, both 

populations experienced the same δ13Cair, so differences in δ13Cleaf between populations 

would reflect their rankings in terms of Δ13C.  
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Carbon isotope discrimination is directly related to the ratio of intercellular to 

ambient CO2 concentration (Ci/Ca) and to the ratio of CO2 assimilation to stomatal 

conductance (A/gs), a measure of intrinsic water-use efficiency (iWUE) whereby 

decreased Δ13C reflects increased iWUE (Farquhar and Richards 1984, Zhang et al. 1993, 

Pastorino et al. 2012). Therefore, iWUE, Δ13C and δ13C can all be used to measure and 

compare physiological performance among different species and between populations 

within a species from different environments. 

Gas Exchange 

Gas exchange measurements were made in July and November 2013 to construct 

photosynthetic CO2 response (A-Ci) curves using a portable open gas exchange system 

(Li-6400, LiCor, Lincoln, Nebraska, USA) with a 6 cm2 chamber aperture and a red-blue 

light source. Conditions in the chamber were set at: leaf temperature = 22°C, relative 

humidity (RH) = 70% and photosynthetic photon flux density (PPFD) at 1200 μmol m-2 s-

1. Photosynthesis was initially measured at ambient CO2 (400 ppm), and then the 

concentration of CO2 was gradually decreased stepwise to 50 ppm, brought back to 

ambient and then was gradually increased stepwise until the curve reached a point where 

further increases in A appeared to be negligible. At each step, A, stomatal conductance to 

water vapor (gs) and Ci were recorded once the readings stabilized. Needles in the gas 

exchange chamber were collected and their area was computed using the freeware 

software ImageJ. Measured projected leaf area was used to normalize A.  
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Estimates of integrated, assimilation-weighted A and gs were also calculated from 

foliar δ13C values and A-Ci curves. While estimates of the conductance to CO2 diffusion 

through the boundary layer and stomata have been confirmed to be valid (Sharkey et al. 

1982, Mott and O’Leary 1984), there is evidence that the concentration of CO2 at the 

sites of carboxylation in chloroplasts (Cc) is less than Ci and that the internal conductance 

to CO2 can pose a limitation to photosynthesis independent of stomatal conductance 

(Warren 2006). However, Cernusak et al. (2013) reported a strong, species-independent 

linear relationship between leaf δ13C and Ci/Ca over a broad range of Ci/Ca. 

Discrimination values (Δ13C) were first calculated from values of foliar δ13C as: 

∆13𝐶 = 𝛿13𝐶𝑎𝑖𝑟− 𝛿13𝐶𝑝𝑙𝑎𝑛𝑡
1+ 𝛿13𝐶𝑝𝑙𝑎𝑛𝑡

     Eqn 4 

where δ13Cplant is the δ13C of the needle tissue sample. Values of Δ13C were used to obtain 

values for Ci by solving Eqn 5 for Ci at Ca = 400 µmol mol-1: 

𝐶𝑖/𝐶𝑎 = (∆13𝐶 − 𝑎)/(𝑏 − 𝑎)    Eqn 5 

Values of Ci were then used to estimate A using an asymptotic regression equation fitted 

to the pooled A- Ci curve data for both populations after it was determined that there were 

no significant population- or sampling date-related differences in A-Ci curves. Finally, 

values of A were used to estimate values of gs with Eqn 6: 

𝑔𝑠 = 1.6𝐴/(𝐶𝑎 − 𝐶𝑖)     Eqn 6 

Shoot Water Relations 
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Toward the end of the growing season, complete shoots, which were ~14 cm tall 

at this stage, were excised and sealed in plastic bags for transport to the laboratory. In the 

laboratory, shoots were subjected to a 1.5 to 3h hydration treatment after re-cutting their 

bases under water. After a rapid determination of initial shoot water potential (Ψ) with a 

Scholander-type pressure chamber (PMS Instruments, Albany, Oregon, USA) and weight 

to 0.0001 g, Ψ and weight (g) were recorded periodically while shoots were allowed to 

dry on the laboratory bench. Sample saturated weights are necessary for determination of 

relative water content (RWC) or relative water deficit (RWD) for P-V analyses, so 

saturated weights of rehydrated samples were estimated by extrapolating linear 

regressions fitted to the pre-turgor loss portions of plots of sample fresh weight versus Ψ 

to Ψ= zero. The fresh weight corresponding to the initial balance pressure was not 

included in the regression analysis to eliminate the potential influence of the “plateau 

effect” on estimates of saturated weights (Dichio et al., 2003; Kubiske and Abrams, 1990; 

Parker and Pallardy, 1987). Regressions were fitted to the linear portions of plots of 1/Ψ 

versus RWD beginning with the three lowest values of 1/Ψ and adding points until the 

coefficient of determination reached a maximum. The P-V curves and the regressions 

were then used to estimate the osmotic potential at full turgor (Ψπ100) from the 

extrapolation of the linear regression to the 1/Ψ axis at RWD = 0 and the water (and 

osmotic) potential at the turgor loss point (ΨTLP) from the intersection of the linear 

portion of the curve with a negative exponential function fitted to the non-linear portion.  

Predawn (ΨPD) and mid-day (ΨMID) shoot water potentials were measured in June 

and August 2013. Two healthy seedlings per population per bed (June) and four healthy 
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seedlings per population per treatment (August) were randomly selected and collected 

before sunrise and between 1130 and 1300 h and measured at the field site using a 

Scholander-type pressure chamber.  

Statistics 

Generalized mixed models were used to fit the relationships between treatment 

(drought or control) and mean values of the response variables (shoot biomass, percent 

bud, tracheid diameter, kS-theo, kS, kL, KRoot, AL:AX, and δ13C) within and across P. 

ponderosa populations. Eqn 7 denotes the model used:  

          𝑌𝑖𝑗 = 𝛽0 + 𝛽1𝐼.𝑑𝑖𝑗 + 𝛽2𝐼.𝑝𝑖𝑗 + 𝛽3(𝐼.𝑑 × 𝐼.𝑝)𝑖𝑗 + 𝑎𝑗 + 𝜀𝑖𝑗               Eqn 7 

where Yij is the mean of the response variable from the ith bed and the jth bed-third (i = 

1,2,3,4; j = 1,2,3,4,5,6,7,8,9,10,11,12), β0 is the mean of the response variable of the 

PIPOWEST seedlings treated with drought, β1 is the incremental effect of the control 

treatment on the mean of the response variable, β2 is the incremental effect of PIPOEAST 

on the mean of the response variable, β3 is the further incremental effect of both the 

control treatment and PIPOEAST on the mean of the response variable, I.d is 1 when the 

treatment is the control and 0 otherwise, I.p is 1 when the population source is PIPOEAST 

and 0 otherwise, aj is the random effect of the jth bed-third on the mean of the response 

variable and εij is the random error term for the ith bed and the jth bed-third. This model 

assumes an additive relationship between the mean of the response variable and 

treatment, as well as an additive relationship between the mean of the response variable 

and population. This model also assumes an interactive relationship between the mean of 
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the response variable with both treatment and population. Further, this model assumes 

that both the random effects from bed and bed-third, as well as the random errors are 

independent and come from a normal population. Lastly, this model assumes that random 

variation in a treatment group is the same. The assumptions of the model were checked 

by investigating plots of the residuals. 

Model selection for each analysis was conducted by minimizing Akaike’s 

information criterion (AIC). For percent dormant buds, gas exchange and water relations 

characteristics, there were no statistically significant differences found between 

treatments within populations, thus these data were pooled and a modified generalized 

mixed model was used to fit the relationship between populations and mean percent bud, 

the osmotic potential at full turgor (Ψπ100), the turgor loss point (ΨTLP), predawn (ΨPD) 

and mid-day (ΨMID) water potentials. Simple linear regression was used to determine the 

coefficient of determination (r2) between the fitted values of δ13C and mean kL.  

Statistical analyses were conducted in SigmaPlot 12.3 (Systat Software, San Jose, 

CA) and in R version 3.0.2 (R Core Team 2014) using mixed models ("nlme" package; 

Pinheiro et al. 2014). We checked residuals of the models for normality and 

homoscedasticity, and computed false discovery rate (FDR) tests to determine which 

treatment combinations were significantly different from the others. FDR is less 

conservative than the Bonferroni-type correction procedure, and results in fewer Type II 

errors while the amount of Type I errors remains close to the expected values (Verhoeven 
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et al. 2005, Pike 2011). α < 0.05 was considered statistically significant. Error bars 

represent one standard error (SE). 

Results 

Prior to the drought treatment, there were no significant differences in mean shoot 

biomass between the two populations, but after the drought treatment was implemented, 

there were some statistically significant differences between treatments both within and 

between populations (Figure 2A). Within PIPOWEST, mean shoot biomass in control 

seedlings was estimated to be 112, 34, 38 and 64% greater than in drought seedlings for 

the August through November sampling dates (p=0.001 97% CI: 0.31, 1.49 g; p=0.057, 

unadjusted.p=0.038 97% CI: 0.05, 0.93 g; p=0.042 97% CI: 0.10, 1.08 g; p<0.0001 97% 

CI: 0.66, 1.52 g). Within PIPOEAST, there were no statistically significant differences in 

mean shoot biomass found between the treatments. In the control treatment, mean shoot 

biomass of PIPOWEST seedlings was estimated to be 60, 38 and 7% greater than in 

PIPOEAST seedlings on the September through November sampling dates (p=0.012 97% 

CI: 0.26, 1.15 g; p=0.034; 97% CI: 0.14, 1.07 g; p<0.0001 97% CI: 0.80, 1.61 g). In the 

drought treatment, mean shoot biomass of PIPOWEST seedlings was estimated to be 54, 43 

and 10% greater than in PIPOEAST seedlings on the September, November and January 

sampling dates (p=0.034 97% CI: 0.12, 0.87 g; p=0.042 97% CI: 0.09, 0.97 g; p=0.205, 

unadjusted.p =0.023 97% CI: 0.39, 2.03 g).  

During the fall of 2013 and the spring of 2014, statistically significant differences 

in mean percent of seedlings with dormant buds were found between populations (Figure 
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2B). For the fall 2013 dates, the mean percentage of seedlings with dormant buds was 

estimated to be 58, 62 and 53% greater in PIPOEAST than in PIPOWEST on the three 

sampling dates in October and November (p<0.000195% CI: 51, 63p<0.0001 95% CI: 

56, 68 %; p<0.0001 95% CI: 46, 58 %). For the spring 2014 dates the mean percentage of 

seedlings with dormant buds was estimated to be 50 and 29% greater in PIPOEAST than in 

PIPOWEST on the March sampling dates (p<0.0001 96% CI: 42, 57 %; p<0.0001 96% CI: 

22, 37 %).  

There were no statistically significant differences in mean tracheid lumen 

diameter found between populations during the month of June, but mean tracheid lumen 

diameter was estimated to be 20% greater in PIPOWEST than in PIPOEAST in July (p<0.001 

95% CI: 1.1, 2.8 µm) (Figure 3A). Within PIPOWEST, mean tracheid lumen diameter was 

estimated to be 6 and 13% greater in in control seedlings compared to droughted 

seedlings in August and September (p=0.066, unadjusted.p=0.049 97.5% CI: 0.0, 1.6 µm; 

p=0.027 96% CI: 0.3, 2.6 µm). Within PIPOEAST, there were no statistically significant 

treatment-related differences in mean tracheid lumen diameter. In the control treatment, 

mean tracheid lumen diameter was estimated to be 22 and 30% greater in PIPOWEST 

seedlings compared to PIPOEAST seedlings in August and September (p=0.002 97.5% CI: 

1.5, 3.1 µm; p=0.003 96% CI: 2.4, 3.6 µm). For droughted seedlings, mean tracheid 

lumen diameter was estimated to be 14 and 10% greater in PIPOWEST seedlings compared 

to PIPOEAST seedlings in August and September (p<0.0001 97.5% CI: 1.5, 3.1 µm; 

p<0.0001 96% CI: 2.4, 3.6 µm). There were no statistically significant differences in 

mean kS-theo between the two populations during June and July (Figure 3B). Within 
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PIPOWEST, mean kS-theo was estimated to 38 and 47% higher in control seedlings than in 

droughted seedlings in August and September (p=0.011 96.25% CI: 16,809, 79,663 

mmol m-1 MPa-1 s-1; p=0.008 96.25% CI: 20,384, 83,239 mmol m-1 MPa-1 s-1). There 

were no statistically significant treatment-related differences found in mean kS-theo in 

PIPOEAST seedlings. In the control treatment, mean kS-theo was estimated to be 89 and 

100% higher in PIPOWEST seedlings than in PIPOEAST seedlings in August and September 

(p<0.001 96.25% CI: 51,066, 112,521 mmol m-1 MPa-1 s-1; p<0.001 96.25% CI: 49,722, 

111,176 mmol m-1 MPa-1 s-1). In the drought treatment, mean kS-theo was estimated to be 

53 and 31% higher in PIPOWEST seedlings than in PIPOEAST seedlings in August and 

September (p<0.001 96.25% CI: 24,110, 63,841 mmol m-1 MPa-1 s-1; p=0.03; 96.25% CI: 

5,958, 46,663 mmol m-1 MPa-1 s-1).  

In July, mean hydraulic diameter (dH) was estimated to be 18 % greater in 

PIPOWEST seedlings than in PIPOEAST seedlings (p=0.027; 97% CI: 0.4, 3.7 µm) (Table 

2). Within PIPOWEST, mean dH was estimated to be 7% greater in August (p=0.065, 

unadjusted.p=0.049; 97% CI: 0.0, 1.6 µm) and 14% greater in September (p<0.001; 97% 

CI: 0.9, 2.4 µm) in control seedlings compared to droughted seedlings. There were no 

statistically significant treatment-related differences found within PIPOEAST. For 

droughted seedlings, mean dH was estimated to be 13% greater in August (p=0.002; 97% 

CI: 0.6, 2.1 µm) and 10% greater in September (p=0.013; 97% CI: 0.3, 1.9 µm) in 

PIPOWEST seedlings than in PIPOEAST seedlings. For control seedlings, mean dH was 

estimated to be 21% greater in August (p<0.001; 97% CI: 1.4, 3.0 µm) and 31% greater 

in September (p<0.001; 97% CI: 2.4, 4.0 µm) in PIPOWEST seedlings than in PIPOEAST 
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seedlings. There were no statistically significant differences found in mean xylem area 

between populations in June, July or August, nor were there any treatment-related 

differences within PIPOWEST in August or within PIPOEAST in August and September 

(Table 2). Within PIPOWEST, control seedlings were estimated to have 79% more xylem 

area in September than droughted seedlings (p<0.001, 98.75% CI: 0.005, 0.01 mm2). For 

control seedlings, mean xylem area was estimated to be twice as large in PIPOWEST 

seedlings than in PIPOEAST seedlings in September (p<0.001; 98.75% CI: 0.007, 0.01 

mm2).  

There were no statistically significant treatment-related differences found in mean 

xylem area-specific hydraulic conductivity (kS) within either population (Figure 4A). In 

the drought treatment, mean kS in PIPOWEST seedlings was estimated to be 72% greater 

than in PIPOEAST seedlings (p=0.052, unadjusted.p =0.031; 99% CI: -8, 197 mmol m-1 s-1 

MPa-1). In the control treatment, mean kS was estimated to be 76% greater in PIPOWEST 

seedlings than in PIPOEAST seedlings (p=0.052, unadjusted.p =0.028; 99% CI: -7, 221 

mmol m-1 s-1 MPa-1). There were no statistically significant treatment- or population-

related differences in mean leaf-specific conductivity (kL) (Figure 4B). For mean leaf-

specific root conductance (KR-L), there were no statistically significant treatment-related 

differences found within either population (Figure 4C). In the control treatment, mean KR-

L was estimated to be over two times greater in PIPOEAST seedlings than in PIPOWEST 

seedlings (p=0.264, unadjusted.p =0.027; 99% CI: 0, 15 mmol m-2 s-1 MPa-1). There were 

no statistically significant treatment-related differences found in mean ratio of leaf area 

(AL) to xylem area (AX) within either population (Figure 4D). For control seedlings, mean 
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AL:AX in PIPOWEST was estimated to be 33% greater than in PIPOEAST (p=0.005; 98% CI: 

0.02, 0.06 m2/cm2). 

Over the course of the growing season, PIPOEAST seedlings maintained less 

negative δ13C values compared to PIPOWEST seedlings (Figure 5). For June and July prior 

to treatment implementation, mean δ13C values were estimated to be =1.03 and -1.64 ‰ 

less negative in PIPOEAST seedlings than in PIPOWEST seedlings (p=0.019 95% CI: -1.66, 

-0.40 ‰; p<0.001 95% CI: -2.10, -1.17 ‰). For September and November, there were no 

statistically significant treatment-related differences in mean δ13C within either 

population. In September, mean δ13C values were estimated to be -1.31 ‰ less negative 

(p=0.015; 98% CI: -2.25, -0.37 ‰) in droughted PIPOEAST seedlings than in droughted 

PIPOWEST seedlings, and -0.72 ‰ less negative (p=0.053, unadjusted.p =0.027; 98% CI: -

1.38, -0.06 ‰) in control PIPOEAST seedlings than in control PIPOWEST seedlings. In 

November, mean δ13C was estimated to be -1.93 ‰ less negative (p=0.003; 98% CI: -

2.99, -0.87 ‰) in droughted PIPOEAST seedlings than in droughted PIPOWEST seedlings. 

When foliar δ13C values from July and September, 2013, were pooled and plotted against 

leaf-specific conductivity (kL) measured in September and October, 2013, a strong linear 

relationship emerged across the treatments and populations (Linear regression; p<0.001, 

r2=0.95) (Figure 6). The negative relationship between δ13C and kL indicated that iWUE 

increased with increasing treatment- and population-related hydraulic constraints on 

photosynthetic gas exchange. Within each population, δ13C values were less negative in 

droughted seedlings compared to control seedlings. P. ponderosa seedlings that received 

the drought treatment exhibited greater iWUE compared to their control counterparts. 
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Further, seedlings from PIPOEAST exhibited greater iWUE compared to seedlings from 

PIPOWEST based on the recorded δ13C values from each population.  

There were no statistically significant differences between photosynthetic CO2 

response (A-Ci) curves across sampling dates and treatments within populations. The 

resulting A-Ci curves showed no significant difference between PIPOEAST and PIPOWEST 

(Figure 7). When mean growing season assimilation (A) and stomatal conductance (gs) 

were estimated from the mean δ13C values and the A-Ci curve function, A was about 7% 

greater and gs about 38% greater in PIPOWEST (Figure 7). Statistical comparisons of 

estimates of A and gs were not made owing to the approach employed for obtaining them 

(see methods). 

During the growing season, there were no significant differences in either 

predawn (Ψpd) or midday (Ψmd) water potentials between the two populations (Table 3). 

The lack of a significant drought effect was due to the unforeseen rain events during the 

later portion of the growing season (Figure 1). At the end of the growing season, 

PIPOEAST seedlings had significantly more negative osmotic potential at full turgor 

(Ψπ100) and water potential at the turgor loss point (ΨTLP) values compared to PIPOWEST 

seedlings (p≤0.01) (Table 3).  

Discussion 

We found large differences in the expression of key functional traits of Pinus 

ponderosa seedlings from the two populations used in this common garden study. In 
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agreement with our hypotheses, we observed population-specific differences in water-

transport and photosynthetic physiology, and reduced water availability resulted in some 

population-specific differences in the expression of physiological traits. The seedling 

population from the site with the drier, more continental climate (PIPOEAST) had higher 

iWUE as a result of lower gs and greater relative stomatal limitation of A. Because the 

dependence of A on Ci did not differ among populations, higher iWUE in PIPOEAST 

implied a substantial savings in transpiration at the cost of a relatively small reduction in 

A (Fig.7). Although kL did not differ significantly between populations, there was a 

strong negative relationship between δ13C and kL across populations indicative of a close 

coordination between photosynthetic gas exchange and hydraulic architecture with 

PIPOEAST tending to be more constrained with respect to gas exchange and hydraulics 

(Fig. 6). More negative values of Ψπ100 and ΨTLP in PIPOEAST imply a greater ability to 

maintain turgor under a drought-induced decline in plant water status. Finally, PIPOEAST 

seedlings grew more slowly regardless of water availability, and showed earlier onset of 

dormant bud formation. The overall more conservative functional behavior of PIPOEAST 

seedlings seems consistent with this population’s climate of origin where plants must 

contend with a shorter growing season due to the earlier onset and longer duration of 

colder temperatures as well as about a third of the precipitation that PIPOWEST seedlings 

typically receive. The geographical distance and isolation between these two populations 

imply that the transfer of genetic material between them is highly unlikely, and therefore, 

the findings reported here could be indicative of these populations representing distinct 

ecotypes within P. ponderosa. Common garden trials of P. ponderosa provenances have 
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been conducted since 1910 and extensive research has shown there to be five genetically 

distinct subspecies across its distribution range, with the North Plateau and Pacific 

varieties present in Oregon (Larson 1967, Wang 1977, Conkle and Critchfield 1988, 

Sorenson et al. 2001, Callaham 2013). The distributions of these subspecies in Oregon 

suggest that PIPOEAST may reflect seedlings originating from the North Plateau 

subspecies, and PIPOWEST may reflect seedlings originating from the Pacific subspecies 

(Conkle and Critchfield 1988, Sorenson 2001 et al., Callaham 2013), thus supporting the 

idea that the populations used in this study were genetically distinct.   

Limiting the amount of available water reduced shoot biomass growth in all 

seedlings, which has been well documented in many studies (Heiner et al. 1972, Gordon 

et al. 1991, Padilla et al. 2007, Schall et al. 2012). There are three potential non-mutually 

exclusive causes for the lower shoot biomass production in PIPOEAST seedlings. First, 

greater allocation of photosynthates to the root system would have reduced shoot biomass 

accumulation. Increased allocation to root biomass, or an increase in the root to shoot 

ratio, has been purported to be a response to drought for many plant species (Turner 

2001, Greenwood et al. 2008, Schall et al. 2012). However, technical constraints in this 

study prevented us from quantifying root biomass production and root to shoot ratios in 

these seedlings. Second, greater stomatal constraints on photosynthesis would have 

limited the amount of photosynthates available for shoot biomass accumulation. 

However, greater stomatal constraints on photosynthesis in PIPOEAST do not seem 

sufficient to account for its lower growth rate as integrated estimates of A were only 7% 

higher in PIPOWEST (Figure 7). Third, an increased demand for energy and metabolites 



50 
 

 

for osmotic adjustment would have decreased the amount of photosynthates available for 

shoot biomass accumulation. Significantly more negative Ψπ100 and ΨTLP in PIPOEAST 

(Table 3) were consistent with its lower growth rate and suggest the presence of osmotic 

adjustment in this population. Osmotic adjustment, which consists of the accumulation of 

solutes in response to water stress, promotes turgor maintenance and plant growth during 

periods of low water availability (Hsiao et al. 1976, Morgan 1984). However, this process 

is dependent on the import and maintenance of solutes, including sugars, into expanding 

and developed leaves which is, in turn, dependent on photosynthesis (Morgan 1984). 

While osmotic adjustment can maintain plant function and growth during periods of 

water stress, the energy required in this process could result in a reduction in the amount 

of available resources, thus reducing biomass production (Vivin et al. 1996).   

While PIPOWEST seedlings continued growing through October and November of 

2013, PIPOEAST seedlings stopped growth in September (Figure 2A), as reflected in their 

rates of dormant bud setting (Figure 2B). The more conservative phenological behavior 

of PIPOEAST seedlings would increase their chances of surviving severe early season 

frosts of the climate of origin, albeit this requires a trade-off of earlier bud set against 

growth. The vegetative phenology of the PIPOWEST seedlings, as seen in this study, 

supports the idea that this population is better adapted to the milder thermal climate of the 

Willamette Valley where the risk of early autumn killing frosts is relatively low. 

Nevertheless, chilling temperatures during the winter appeared to induce progressive 

formation of dormant buds in PIPOWEST as spring approached (Figure 2B).   
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All seedlings exhibited ontogenetic changes in xylem anatomy that appeared to be 

associated with environmental seasonality and intrinsic cambial phenology. The initial 

decline in tracheid lumen diameter from June to July 2013 was likely associated with the 

onset of warmer temperatures and an increase in the vapor pressure deficit (VPD) (Figure 

1). A VPD-driven increase in transpiration may have reduced seedling water potential 

and turgor and therefore the rate of expansion of developing tracheids in both 

populations, resulting in smaller tracheid diameters at maturity (Figure 3A). An identical 

mechanism was likely responsible for smaller tracheid diameters in droughted seedlings. 

This reduction in tracheid diameter in droughted seedlings could have influenced the 

hydraulic conductivity of those conduits as well as the conduits’ resistance to embolism. 

Although resistance to embolism was not directly tested for, other studies have shown 

that a decline in tracheid lumen diameter and an increase in cell wall thickness in conifer 

xylem generally results in an increase in resistance to embolism (Hacke et al. 2001, 

Domec et al. 2006, Pittermann et al. 2006). These studies indicated that hydraulic safety 

versus efficiency trade-offs were likely involved where greater mechanical reinforcement 

in tracheid structure occurred at the expense of reduced hydraulic efficiency (Pittermann 

et al. 2006, Meinzer et al. 2010), a response which has been documented in several 

studies (Kavanagh et al. 1999, Santiago et al. 2004, Nardini et al. 2012). The decline in 

tracheid diameter observed in these seedlings in response to low water availability could 

have constrained hydraulic efficiency, which ultimately would have reduced gas 

exchange and growth. Interestingly, the leaf-specific root conductance (KR-L) values were 

higher in control PIPOEAST seedlings (Figure 4C), which could mean these seedlings 
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allocated more resources toward larger root systems in the first year of growth thereby 

improving the hydraulic conductance of the root system. However, root systems are 

generally intrinsically more vulnerable to drought-induced embolism than shoot systems 

(Kavanagh et al. 1999, Jackson et al. 2000), thus root hydraulic conductance in these P. 

ponderosa seedlings could be more sensitive to drought events. Domec et al. (2004) 

investigated seasonal root embolism in 15-year-old P. ponderosa trees and noted that as 

soil water became depleted, percent loss of conductivity (PLC) due to embolism in the 

roots increased. Further, root embolism correlated with stomatal closure, suggesting that 

the lower resistance of roots to embolism may be important for prevention of xylem 

failure and maintenance of plant water status during periods of low water availability.  

Calculations of theoretical xylem-area specific conductivity (kS-theo) showed a 

general decline in kS-theo over the growing season for both seedling populations even on 

dates when tracheid lumen diameters in some seedlings had widened again from their 

smallest values (Figure 3A, 3B). Given the fourth-power relationship between kS-theo and 

the hydraulic diameter (dH) (Eqn 1; Tyree and Ewers 1991), wider tracheid lumen 

diameters should result in higher values of kS-theo. One explanation for the trend in kS-theo 

that we observed could be the declining ratio of dH to xylem area during the summer of 

2013 (Table 2). With the exception of control PIPOWEST seedlings, dH values either 

decreased or remained stable while the xylem areas increased at each sampling period.  

Consistently less negative foliar δ13C values and therefore higher iWUE in 

PIPOEAST resulted in a trade-off, although relatively small, of reduced A for reduced gs 
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and transpiration, which is likely advantageous in terms of establishment and survival in 

its climate of origin (Chapin et al. 1987). Pronounced seasonal fluctuations in δ13C in 

both populations (Figure 5) appeared to be related to seasonal trends in environmental 

variables. During the summer, longer days with higher VPD most likely lowered gs, 

resulting in reduced discrimination and less negative δ13C values in September. During 

the fall, shorter days with lower VPD most likely allowed for an increase in gs, leading to 

increased discrimination and more negative δ13C values in November. In order for 

changes in stomatal regulation of gas exchange of mature leaves to be reflected in their 

bulk leaf δ13C values, there must have been a significant component of the leaf that 

turned over and was replaced frequently, such as non-structural carbohydrates (NSCs) 

(Farrar 1989, Chapin et al. 1990, Damesin et al. 1998). Seasonal, as well as inter-annual, 

trends in foliar δ13C values have been documented (Damesin et al. 1998, Scartazza et al. 

2013). Similar to the results reported here, Scartazza et al. (2013) analyzed seasonal and 

inter-annual variability in δ13C in a beech forest exposed to varying summer water 

availability and observed that δ13C in leaves increased seasonally following a decrease in 

soil water content. Previous studies have found that discrimination values are correlated 

with climate, particularly with mean annual precipitation (MAP) (Bowling et al. 2002, 

Diefendorf et al. 2010). Therefore, populations within a species from drier climates 

would be expected to exhibit lower discrimination given that the populations represent 

genetically distinct ecotypes.  

The impacts of hydraulic constraints on photosynthetic gas exchange were clear 

when comparing the δ13C values with the kL values for both populations. Whereas 
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PIPOEAST may have been more hydraulically constrained overall, the negative 

relationship between foliar δ13C and kL indicated that iWUE increased with decreasing kL 

in both treatment and population comparisons (Figure 6). Few studies have reported on 

the link between plant hydraulic properties and δ13C values (Panek 1996, Cernusak and 

Marshall 2001), but many have reported on the relationship between gs and hydraulics in 

tree species (Meinzer and Grantz 1990, Sperry and Pockman 1993, Saliendra et al. 1995, 

Hubbard et al. 2001). In 4-5-year-old P. ponderosa seedlings, gs decreased linearly with 

decreasing leaf-specific hydraulic conductance (Hubbard et al. 2001), while foliar δ13C 

values became less negative with decreasing branch leaf-specific conductivity in 30-year-

old Douglas-fir (Pseudostuga menziesii) trees (Panek 1996). Climatic factors that reduce 

water movement through a plant subsequently limit carbon uptake, thereby highlighting 

the ecological significance of water-use efficiency. Higher iWUE in PIPOEAST appears to 

be an important functional trait that contributes to seedling establishment in its native 

geographical range.  

The absence of treatment- and population-related differences in predawn and 

midday plant Ψ prior to the heavy rain events in September (Table 3) most likely reflects 

the rapid growth of deep roots in P. ponderosa. Roots in both populations had reached a 

depth of up to 56 cm by the end of the growing season (personal observation). 

Nevertheless, both Ψπ 100 and ΨTLP were inherently lower in PIPOEAST seedlings (Table 3) 

implying a greater capacity for turgor maintenance than PIPOWEST seedlings during 

periods of prolonged drought.  Similar variation in needle osmotic properties and osmotic 
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adjustment related to the dryness of the climate of origin was observed among five 

provenances of 3-year-old maritime pine (P. pinaster) (Nguyen-Queyrens and Bouchet-

Lannat 2003). Vance and Zaerr (1991) determined Ψπ 100 for shaded and unshaded 5-

month-old P. ponderosa seedlings and found that shaded seedlings had higher Ψπ 100 and 

lower starch content, suggesting a reduction in the availability of metabolites required for 

osmotic adjustment. This finding supports our suggestion that the metabolic requirements 

involved in osmotic adjustment could have limited the amount of available substrates in 

PIPOEAST seedlings that would have otherwise been used for growth.  

In summary, the more conservative behavior of seedlings from the dry site 

population suggests growth is reduced because of the need for increased resistance to 

drought. Since both of these populations were grown in a common garden under similar 

environmental conditions, the seemingly conservative strategies seen in PIPOEAST 

seedlings could be due to genetic variation within Pinus ponderosa and these 

geographically distant populations could represent different ecotypes. Future studies 

should include additional geographically distant populations of P. ponderosa in order to 

compare differences in the functional traits of seedlings across the entire range of this 

species and for understanding the potential adaptability of individual populations to 

future climate change.  
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Figures 

 

Figure 1. Maximum (Tmax) and minimum (Tmin) temperature, vapor pressure deficit 
(VPD), soil water potential and precipitation during the summer of 2013. Soil water 
potential was measured continuously at 10 cm. Large rain events in late summer 
effectively eliminated the drought treatment.  
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Figure 2. Mean shoot biomass (A) and mean percentage of plants with dormant buds (B) 
for seedlings from two populations of Pinus ponderosa sampled in 2013 and early 2014. 
Seedlings measured prior to implementation of the drought treatment are denoted by the 
gray-filled symbols. The arrow indicates the date the drought treatment was 
implemented. Statistically significant differences were found in the August, September, 
October, November and January sampling dates (see text for specific results). Error bars 
represent one standard error (SE). 
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Figure 3. Mean tracheid lumen diameters (A) and mean kS-theo (B) of seedlings from two 
populations of Pinus ponderosa sampled in 2013. Seedlings measured prior to 
implementation of the drought treatment are denoted by the gray-filled symbols. The 
arrows indicate the date the drought treatment was implemented. Statistically significant 
differences were found in the July, August and September sampling dates (see text for 
specific results). Error bars represent one standard error (SE). 
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Figure 4. Mean xylem area-specific hydraulic conductivity (kS; A), mean leaf-specific 
conductivity (kL; B), mean leaf-specific root conductance (KR-L; C) and mean ratio of leaf 
area (AL) to xylem area (AX) (D) from two populations of Pinus ponderosa sampled in 
2013. Statistically significant differences were found for kS, KR-L and AL:AX 
measurements (see text for details). Error bars represent one standard error (SE). 
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Figure 5. δ13C values for two populations of Pinus ponderosa seedlings sampled in 2013. 
For seedlings sampled after the drought treatment was implemented (Sept, Nov) no 
statistical differences were found between treatments within either population. 
Statistically significant differences were found between populations of seedlings at every 
sampling date. Error bars represent one standard error (SE). 
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Figure 6. δ13C values (pooled from July and September data points) plotted against leaf-
specific conductivity (kL) for two populations of Pinus ponderosa seedlings sampled in 
2013. r2 = 0.95. Error bars represent one standard error (SE). 
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Figure 7. Photosynthetic CO2 response curves (A-Ci) representing pooled data for two 
populations of Pinus ponderosa seedlings sampled in July and November 2013. A-Ci 
curves for the two populations were indistinguishable. Error bars represent one standard 
error (SE). 
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Tables 

 

Table 1. Climate data (precipitation, maximum and minimum temperatures) for Corvallis 
taken by the Hyslop Field Lab Weather Station, presented as monthly totals 
(precipitation) and monthly means (temperature) during selected months of 2013.  

 

 

 

 

 

Month Precipitation 
(mm) 

Mean maximum 
temperature (°C) 

Mean minimum 
temperature (°C) 

March 65.5 13.9 2.8 

April 50.5 17.2 4.8 

May 57.6 20.8 8.1 

June 32.5 24.2 9.8 

July 0.0 30.4 11.0 

August 8.4 28.5 12.0 

September 179.3 23.8 11.3 

October 29.7 17.3 4.2 

November 69.3 11.4 3.2 
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Table 2. Mean (± SE) xylem area (mm2) and hydraulic diameter, dH (µm) for two populations of Pinus ponderosa seedlings 
sampled in 2013. Dashed lines (--) denote unavailable data. Significant differences were found both within and between 
populations at P ≤ 0.05 (denoted by bold). 

 

 

                           PIPOWEST 

 

PIPOEAST 

 

Sampling 
Date 

Xylem area 

(103 mm2) 

dH 

(µm) 

Xylem area 

(103 mm2) 

dH 

(µm) 

 Control Drought Control Drought Control Drought Control Drought 

June 3 ±0.2 -- 14.9 ±0.6 -- 3 ±0.2 -- 13.8 ±0.8 -- 

July 5 ±0.3 -- 13.3 ±0.4 -- 5 ±0.3 -- 11.2 ±0.4 -- 

August 6 ±0.4 6 ±0.4 12.7 ±0.3 11.8 ±0.3 7 ±0.7 7 ±0.6 10.4 ±0.2 10.4 ±0.3 

September 1.2 ±1 1.1 ±0.5 13.3 ±0.3 11.6 ±0.2 1.0 ±0.8 1.2 ±1 10.1 ±0.3 10.5 ±0.4 
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Table 3. Mean (± SE) predawn and midday water potential (Ψpd, Ψmd), osmotic potential 
at full turgor (Ψπ 100) and water potential at the turgor loss point (ΨTLP) for two 
populations of Pinus ponderosa seedlings sampled in 2013. Both Ψπ 100 and ΨTLP differed 
significantly between populations at P ≤ 0.01 (denoted by bold). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Population 
Ψpd 

(MPa) 

Ψmd 

(MPa) 

Ψπ 100 

(MPa) 

ΨTLP 

(MPa) 

PIPOWEST − 0.13 ±0.04 − 0.95 ±0.03 − 1.33 ±0.06 − 1.59 ±0.06 

PIPOEAST − 0.19 ±0.07 − 0.95 ±0.07 − 1.55 ±0.03 − 1.92 ±0.07 
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3. CONCLUSIONS 
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Understanding the mechanisms involved in tree physiological processes is of the 

upmost importance for a wide variety of scientific research projects aimed at addressing 

the consequences of global climate change. For instance, widespread tree mortality has 

been linked to warming and climate change and is anticipated to impact ecosystems 

worldwide (Allen et al. 2010), yet the mechanisms underlying these mortality events are 

not well known (McDowell et al. 2008). The mortality of adult trees effectively decreases 

seed production and limits tree recruitment, a process that already poses a bottleneck to 

forest stand regeneration (Cui and Smith 1991, Walck et al. 2011). Therefore, a working 

knowledge of tree and seedling physiology, particularly of the mechanisms involved with 

mortality events, will improve predictions of how these mortality events will impact a 

landscape and how forests might respond to a changing climate. In addition, knowledge 

about seedling physiology will provide researchers an enhanced ability to understand 

how seedling establishment could influence future species distribution patterns. Climate 

change-driven shifts in rainfall regimes are predicted to alter the dynamics, composition 

and diversity of many plant ecosystems (Delucia et al. 2000, Comita and Engelbrecht 

2009, Shevtsova et al. 2009), and for some ecosystems, will result in the increased 

duration and severity of droughts (Chmura et al. 2011, Stocker et al. 2013). Thus, 

understanding the role of seedling physiology in species establishment and distribution 

within ecosystems will assist in developing management and conservation plans to 

mitigate the impacts of future climate change. 

The ability of a seedling to acclimate to drought events will depend upon the 

physiological responses it exhibits to periods of low water availability. In this study, I 
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found large differences in the expression of key functional traits between populations of 

Pinus ponderosa seedlings, as well as population-specific differences in the expression of 

functional traits under a low water availability treatment. While I evaluated a wide 

variety of physiological responses, there are still some unanswered questions regarding 

other functional traits and how these traits could influence the drought resistance of a 

seedling. Three key research questions that still need to be resolved include 

understanding the mechanisms involved with the continuation of root growth under 

drought, how and if seedlings recover from embolism and the maximum dehydration 

tolerance of a seedling. Seedlings tend to exhibit more plastic physiological responses 

than adult trees (Creese et al. 2011), thus providing this life stage with an enhanced 

ability to acclimate more readily to environmental changes. Expanding our knowledge 

about seedling physiology will therefore improve our understanding of how certain 

physiological mechanisms might improve their acclimation to a changing environment, 

particular during drought events.  

Water availability has been shown to impact the seedling establishment for a wide 

variety of tree species (Gordon et al. 1991, Johnson and Smith 2005, Padilla and Pugnaire 

2007, Matías et al. 2012, del Cacho et al. 2013). During periods of low water availability, 

seedlings generally experience reduced shoot biomass growth (Heiner and Lavender 

1972, Gordon et al. 1991, Padilla et al. 2007, Schall et al. 2012), which was seen in the P. 

ponderosa seedlings subjected to the drought treatment in this study. Because growth 

occurs due to an integration of several physiological processes, growth can be seen as a 

physiological attribute and physiological responses to water availability will be reflected 



77 
 

 

in growth patterns. Moyes et al. (2013) evaluated how photosynthetic gas exchange in 

limber pine (Pinus flexilis) seedlings responded to soil moisture and observed seasonal 

declines in photosynthesis with soil drying. These authors emphasized the importance of 

soil moisture for seedling photosynthesis and shoot growth as they discovered that shoot 

growth did not fully recover after the seedlings were released from the drought period.  

In contrast to reduced photosynthesis and shoot growth, an increased production 

of root tissue, and thereby an increased root to shoot ratio in response to low water 

availability, has been documented in a number of species (Stone and Jenkinson 1970, 

Davies and Zhang 1991, Hsaio and Xu 2000, Greenwood et al. 2008, Schall et al. 2012). 

However, I was unable to directly test for this response in the present study due to 

technical complications involved in collecting complete root systems. The extent to 

which a root system grows defines how much soil can be explored for water and 

nutrients, yet the physiological mechanisms that permit expansion in root growth during 

periods of low water availability are not well known. In their review, Hsiao and Xu 

(2000) examined and discussed the current state of the literature for potential mechanisms 

that allow the growth of roots during periods of water stress. These authors discovered 

that roots are able to rapidly adjust to water stress via osmotic adjustment and a lowering 

of the threshold turgor pressure required for growth, which ultimately allows root 

elongation to recover at reduced turgor. Further, leaf growth has been shown to be 

inhibited during water stress despite the continuation of photosynthesis, which results in 

more assimilates available for root growth and, combined with osmotic adjustment, 

allows for the maintenance of root growth under drought (Hsaio and Xu 2000 and 
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references therein). However, the majority of research papers highlighted in the Hsaio 

and Xu (2000) review involved non-coniferous species, such as maize, sorghum, other 

crop species and grasses. To the best of my knowledge, the mechanisms involved in 

conifer root growth responses to drought have not been studied in such detail. 

Nevertheless, similar increases in root to shoot ratios in seedlings in response to drought 

have been documented for conifer species, including P. ponderosa (Stone and Jenkinson 

1970, Heiner and Lavender 1972, Padilla et al. 2007, Padilla and Pugnaire 2007), 

suggesting that the specific mechanisms governing root growth and expansion in conifers 

during drought might in fact be similar to those discovered in crop species.  

Adjustments in hydraulic architecture in response to increased evaporative 

demand, can result in an increased resistance to embolism in the xylem tissue (refs). 

Generally, this is achieved through a reinforcement of the tracheid cell walls in order to 

withstand increased tension in the soil-plant-atmosphere hydraulic continuum, and leads 

to a reduction in conduit diameter (refs). I did not directly test for changes in tracheid 

wall thickness or for changes in vulnerability to embolism within either population of P. 

ponderosa. However, the data suggested that an increase in vapor pressure deficit (VPD) 

likely increased transpiration and reduced water potential and turgor, which in turn 

resulted in reduced tracheid expansion and smaller tracheid diameters once the xylem 

conduits reached maturation. Studies have shown that decreased tracheid lumen diameter 

and thicker cell walls in conifer xylem generally resulted in increased resistance to 

embolism (Hacke et al. 2001, Domec et al. 2006, Pittermann et al. 2006). These studies 

indicated that hydraulic safety versus efficiency trade-offs were involved where greater 
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mechanical reinforcement in tracheid structure occurs at the expense of reduced hydraulic 

efficiency (Pittermann et al. 2006, Meinzer et al. 2010). Hacke et al. 2001 tested the 

relationships between embolism resistance, conduit wall reinforcement as measured by 

the ratio of wall thickness to lumen diameter, and wood density in 48 tree species and 

discovered a tight correlation between embolism resistance and conduit wall 

reinforcement, with increased wood density and resistance to embolism occurring at the 

expense of conduit lumen area and water conductance in conifers. Therefore, the 

reduction in tracheid diameter observed in the P. ponderosa seedlings from the present 

study seems likely to have influenced hydraulic conductivity and xylem resistance to 

emboli and may be indicative of a hydraulic safety versus efficiency trade-off 

(Pittermann et al. 2006). In addition, the variation in tracheid lumen diameter seen 

between these two populations suggests that while a hydraulic safety versus efficiency 

trade-off may occur for both, these populations may operate at different places along a 

trade-off continuum. However, additional studies that directly test for vulnerability to 

embolism and tracheid diameter are needed in order to know whether this type of trade-

off is actually occurring within seedlings of P. ponderosa.  

Recovery from embolism events has been documented for many plant species 

(Salleo et al. 1996; Salleo et al. 2009; Johnson et al. 2012) and, in particular, has been 

shown to be an integral process during freeze-thaw cycles and drought events in conifer 

species (Sobrado et al. 1992; Sperry 1993; Sperry et al. 1994; McCulloh et al. 2011), and 

embolism loss and recovery can even occur on a daily basis in conifers (Woodruff et al. 

2007; Johnson et al. 2009; Johnson et al. 2012 and references therein). However, the 
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mechanisms of embolism recovery are still unclear, although there is evidence that sugars 

are involved in the process (Salleo et al. 1996, Salleo et al. 2009, Johnson et al. 2012). A 

sustained drought was not attained in the present study, so therefore, a drought-induced 

increase in seedling mortality was not observed. Thus, the question of why seedlings die 

during drought remains and whether or not runaway embolism events would lead to 

catastrophic xylem failure and foliage death. In addition, it is unclear whether seedlings 

exhibit embolism refilling and recovery from drought-induced embolism. McCulloh et al. 

(2011) investigated seasonal changes in native embolism and conduit refilling capabilities 

in the upper branches of four adult conifer species over an entire year. These authors 

discovered that declines in native embolism in the spring could not be explained by 

growth of new tracheids alone, suggesting the role of embolism refill in recovery from 

freeze-thaw-induced embolism. Further, embolism recovery from drought-induced 

embolism occurred in later summer despite continued declines in water potential in all 

species. Therefore, embolism refill and recovery from embolism events could be viewed 

as mechanisms to cope with hydraulic constraints, yet the costs of embolism refill may 

result in continued conservative behavior from species that exhibit a refill response 

(McCulloh et al. 2011). Climatic factors that reduce water movement through a plant 

subsequently limit carbon uptake, thereby highlighting the ecological significance of 

embolism events and subsequent post-drought recovery in determining the distribution 

pattern of a species.  

The population-specific differences in water-transport and photosynthetic 

physiology that were observed in this study appeared to reflect each population’s 
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adaptations to their climate of origin. The seedling population from the site with the drier, 

more continental climate exhibited more conservative functional behavior by having 

higher iWUE, more constrained gas exchange and hydraulics, a greater ability to 

maintain turgor under drought-induced declines in plant water status, and grew more 

slowly regardless of water availability. Overall, the conservative functional behavior of 

these seedlings seems consistent with this population’s climate of origin, which is 

characterized by greater temperature extremes and periods of low water availability 

during the growing season. In agreement with this study, within-species population 

differences have been reported for a variety of physiological responses for a number of 

species (Zhang and Marshall 1994, Maherali et al. 2002, Pastorino et al. 2012). Habitat 

heterogeneity across a species distribution range can lead to variability in the expression 

of certain functional traits so that within a single species, genetically distinct populations 

of individuals represent different ecotypes (Turesson 1922, Linhart and Grant 1996, 

Hufford and Mazer 2003). While ecotypes are adapted to their local environments, the 

potential for migration of ecotypes to new environments, whether due to natural 

migration in response to climate change or to anthropogenic involvement under policies 

like assisted migration, requires studies involving both local and distant adaptation 

(Hufford and Mazer 2003).  Since 1910 there has been an extensive amount of systematic 

research done on Pinus ponderosa, and many of these studies were common garden 

provenance trials (Larson 1967, Wang 1977, Conkle and Critchfield 1988, Sorenson et al. 

2001, Callaham 2013 and references therein). Currently, there are five genetically distinct 

subspecies of P. ponderosa. (Callaham 2013). Columbia ponderosa pine (subsp. 
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ponderosa, formerly known as the North Plateau race) is distributed east of the Cascade 

Mountains and extends north to southern British Columbia, south to southern Oregon, 

and west to the eastern halves of Montana and Idaho (Callaham 2013). Pacific ponderosa 

pine (subsp. critchfieldiana) ranges north to northern Washington and south to southern 

California, with its distribution west of the Cascade Mountains in Oregon and 

Washington (Callaham 2013). Based on these distribution ranges, it appears that 

seedlings from this study could have originated from the Columbia (eastern population) 

and Pacific (western population) subspecies, thereby further supporting the idea that these 

populations are genetically distinct. Knowing the inherent plasticity of functional traits 

will vastly improve our understanding of the adaptability of a species to its environment, 

and how that species will respond to future climate changes.  

Studies involving seedling physiology are important for the development of 

enhanced methods and techniques for physiological measurements and for improving 

process-based plant models. While I was able to observe many physiological aspects of 

germinant-year P. ponderosa, future studies could build upon much of the work laid out 

in the present study or address components of seedling establishment that I was unable to 

incorporate. Many of the techniques used to measure the physiology of conifer species 

require the presence of woody tissue, which is not yet fully developed in many 

germinant-year seedlings. By the end of the first growing season, P. ponderosa seedlings 

had developed woody stems, but certain measurements were not possible to make earlier 

in the season due to a lack of woody tissue. For example, the high-pressure flow meter 

(HPFM) method for measuring hydraulics was very difficult to use on seedlings without 
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woody stem material because the non-woody stems could not withstand the pressure 

required to obtain an adequate seal around the stem segment in order for the hydraulic 

measurement to be taken. However, it is important to make physiological measurements 

earlier during the ontogeny of a seedling in order to obtain a more complete picture of the 

mechanisms underlying establishment and survival. Thus, future studies could focus on 

developing new methods for measuring functional traits in this fragile life stage. In 

addition, future studies should attempt to include measurements of intact root systems to 

better understand the influence that a root system might possess in driving seedling 

establishment. Finally, additional studies should include populations of P. ponderosa 

across the entire range of this species in order to investigate all population-specific 

differences in the expression of functional traits. Knowledge about population-specific 

physiology would improve our understanding of how genetically distinct the subspecies 

of P. ponderosa are from one another and how these individual populations might 

acclimate to future climate change.  

The use of models for predicting plant behavior is critical for exploring potential 

outcomes of climate change in an effort to better understand how ecosystems and species 

will react to anticipated changes in the environment (Rushton et al. 2004). However, 

many models currently used today lack a thorough incorporation of plant physiological 

parameters, which are crucial predictors of how and why a species will respond to certain 

climatic conditions (Prentice et al. 1992, Aitken et al. 2008). In addition, many models 

use generic values of parameters across multiple species that are cast into a broadly 

defined functional group rather than species-specific values. For example, juniper 
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(Juniperus species) and pinyon pine (P. edulis) have both been classified under the same 

functional type based on needle-leaf morphology in some models yet these species 

actually behave quite different physiologically (Breshears et al. 2009; Peterman et al. 

2012; Meinzer et al. 2014). Also, physiological input parameters used in nearly all 

models are for mature plants resulting in poor modeling capabilities of the seedling 

cohorts within a species. A comprehensive understanding of seedling physiology will 

improve model predictions of future species distributions under climate change due to the 

influence that seedling establishment exhibits on the distribution patterns of a species 

(Johnson et al. 2011).  

Results from the present study suggest that there were population-specific 

differences in physiology between the two populations of Pinus ponderosa under 

investigation. However, physiological responses in both populations of seedlings allowed 

us to investigate the mechanisms involved in seedling establishment and survival within 

the first year of growth. Since both of these populations were grown in a common garden 

under similar environmental conditions, the seemingly conservative strategies of 

seedlings from the drier site population are likely due to genetic variation within P. 

ponderosa and these geographically distant populations likely represent different 

ecotypes. Common garden studies are imperative for understanding the physiological 

mechanisms and functional traits that drive successful seedling establishment, and will 

improve our ability to predict future species distribution patterns (Aitken et al. 2008).  
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