
Forest Ecology and Management 542 (2023) 121113

Available online 19 May 2023
0378-1127/© 2023 Elsevier B.V. All rights reserved.

Functional traits underlie specialist-generalist strategies in whitebark pine 
and limber pine 

Danielle E.M. Ulrich a,*, Chloe Wasteneys a, Sean Hoy-Skubik a, Franklin Alongi b 

a Ecology Department, Montana State University, Bozeman, MT 59717, USA 
b Plant Sciences and Pathology Department, Montana State University, Bozeman, MT 59717, USA   

A R T I C L E  I N F O   

Keywords: 
Biomass allocation 
Budburst phenology 
High-light tolerance 
Physiology 
Seedling traits 
Stomata 
Water relations 

A B S T R A C T   

Plant species life history strategies are described by functional variation spanning an acquisitive and conservative 
resource use continuum. Specialist species can exhibit traits promoting one end of the continuum, while 
generalist species can display traits promoting both acquisitive and conservative resource use. Whitebark pine 
(Pinus albicaulis, PIAL) and limber pine (Pinus flexilis, PIFL) are two high-elevation pines that have similar growth 
and morphology, yet contrasting elevational distributions with PIAL viewed as a specialist inhabiting a narrower 
elevation range, and PIFL as a generalist inhabiting a broader elevation range. We compared the physiological 
and morphological traits of greenhouse-grown 5-year-old PIAL and PIFL. Our results suggest that PIFL’s ac
quisitive and conservative resource use traits contribute to its generalist strategy and ability to inhabit a greater 
range of elevations than PIAL. PIFL had greater acquisitive resource use traits including: high-light tolerance 
(greater Qsat, greater fascicle density), increased biomass allocation to photosynthetic tissue (higher needle 
biomass, aboveground:belowground biomass, needle:branch + stem biomass), and higher C and water uptake 
(greater stomatal density and size, higher C assimilation rate), as well as greater conservative resource use traits 
including: greater physical stress resistance (shorter height, higher stem and branch diameters, greater branch 
and stem diameter:length), drought tolerance (higher SWC, leaf starch proportion), and drought avoidance 
(earlier budburst phenology, smaller hydroscape area) than PIAL. Our results suggest that PIFL may make more 
efficient use of high-light loads and maximize C and water uptake when moisture is abundant during spring 
snowmelt before the onset of dry summer conditions. Other conservative resource use traits describing cold 
tolerance, heat tolerance, and drought tolerance did not differ between species, suggesting that both species 
exhibit traits that promote similar conservative resource use enabling their overlapping persistence at higher 
elevations. Comparing the physiology of PIAL and PIFL within the same environment enables us to identify 
physiological mechanisms that underlie species establishment and survival, and how juvenile physiology con
tributes to their contrasting distributions and their generalist-specialist strategies.   

1. Introduction 

Given the rapid pace of climate change, it remains challenging to 
predict how environmental change will affect forest species’ distribu
tions, ecosystem functions, and vegetation-climate feedbacks (Adams 
et al., 2010; Monahan et al., 2013). In the western US, exceptionally 
warm, dry conditions have resulted in widespread forest mortality and 
migration of tree species, resulting in shifts in species’ geographic dis
tributions (Allen et al., 2010; “IPCC,” 2018). To improve our ability to 
understand and predict climate change effects on tree species distribu
tions, research generally has examined physiological mechanisms of 

adult tree mortality (Keane et al., 2017), rather than mechanisms that 
underlie establishment and survival of younger developmental stages 
(Vogan and Schoettle, 2015). The ability of tree species to migrate and 
regenerate (naturally or assisted) depends on the successful establish
ment of seedlings that survive into juveniles and, ultimately, into 
reproductively mature adults. A challenge to tree species migration and 
regeneration is that younger developmental stages are more vulnerable 
to abiotic and biotic stressors than mature adult life stages, creating a 
bottleneck to shifts in species distributions under changing climates. Our 
understanding of species distribution drivers is limited because pre
dictions are often based on a species’ current distribution alone, 

* Corresponding author at: Montana State University – Ecology, 310 Lewis Hall, Bozeman, MT 59717, USA. 
E-mail address: Danielle.Ulrich@montana.edu (D.E.M. Ulrich).  

Contents lists available at ScienceDirect 

Forest Ecology and Management 

journal homepage: www.elsevier.com/locate/foreco 

https://doi.org/10.1016/j.foreco.2023.121113 
Received 22 March 2023; Received in revised form 11 May 2023; Accepted 13 May 2023   

mailto:Danielle.Ulrich@montana.edu
www.sciencedirect.com/science/journal/03781127
https://www.elsevier.com/locate/foreco
https://doi.org/10.1016/j.foreco.2023.121113
https://doi.org/10.1016/j.foreco.2023.121113
https://doi.org/10.1016/j.foreco.2023.121113
http://crossmark.crossref.org/dialog/?doi=10.1016/j.foreco.2023.121113&domain=pdf


Forest Ecology and Management 542 (2023) 121113

2

ignoring that drivers of adult tree survival may differ from those gov
erning juvenile survival. Therefore, we need to better examine juvenile 
physiological mechanisms of establishment and survival to improve our 
understanding of how species distributions will be affected by changing 
climates. 

Physiological mechanisms underlying juvenile survival and fitness 
include a seedling’s ability to take up carbon dioxide (CO2), water, and 
photosynthetically active radiation (PAR) for photosynthesis, and sub
sequently growth and resistance to abiotic and biotic stresses (Johnson 
et al., 2011). These mechanisms are manifested in traits which affect 
morphology (e.g., crown architecture, stomatal arrangements, biomass 
allocation) and physiology (e.g., photosynthetic capacity or tolerance to 
drought, heat, cold). Diverse combinations of these morphological and 
physiological traits enable an individual to establish and persist in a 
given environment, contributing to its species’ geographic distribution 
(Savolainen et al., 2007). Therefore, comparing traits between species 
can reveal mechanisms of establishment and survival and their contri
bution to species’ geographic distributions, especially in marginal high- 
elevation environments (Germino and Smith 1999). 

Certain combinations of such traits underlie life history survival 
strategies that span a continuum from acquisitive to conservative stra
tegies of resource use (Reich, 2014; Wright et al., 2004). Specialist 
species that inhabit a narrow range of environments display either ac
quisitive (“fast”) or conservative (“slow”) extremes of the resource use 
continuum. In contrast, generalist species that inhabit a broader range of 
environments have displayed the entire range of variation between both 

acquisitive and conservative extremes of the resource use continuum 
(Sanaphre-Villanueva et al., 2017). The classification of generalist 
versus specialist is important because generalist species adapted to 
heterogeneous climates may fare better under changing climates than 
specialist species (Ackerly et al., 2010). However, we do not fully un
derstand the physiological mechanisms contributing to such generalist 
and specialist strategies. 

Whitebark pine (Pinus albicaulis Englem., PIAL) and limber pine 
(Pinus flexilis James., PIFL) are two high-elevation five-needle white pine 
species (Family Pinaceae, Genus Pinus, subgenus Strobus (Gernandt 
et al., 2005)) that have broad, overlapping geographic distributions in 
western North America (Fig. 1). However, PIAL and PIFL differ in their 
elevational distribution limits (Supporting Figure S1) with PIAL being 
viewed as a specialist and PIFL a generalist (Hankin and Bisbing, 2021; 
Tomback et al., 2011), and PIAL’s distribution extending more north
ward than PIFL’s. PIAL exists within narrower elevational bands, 
inhabiting the upper subalpine to upper treeline (1600–3660 m) (Arno, 
1989), consistent with its distribution extending the farthest northward 
of any North American pine (Tomback et al., 2011). In contrast, PIFL has 
a broader elevational range than PIAL, occurring at lower elevations 
from lower treeline to upper treeline (870–3810 m) (Steele, 1990) and 
more arid regions (Tomback et al., 2011). However, of the studies that 
have investigated the juvenile physiology of these species (Borgman 
et al., 2015; Jacobs and Weaver, 1990; Mahalovich et al., 2016; Rein
hardt et al., 2011; Vogan and Schoettle, 2015), none have compared the 
physiology between species grown in the same environment. Therefore, 

Fig. 1. Species distributions of whitebark pine (dark, PIAL) and limber pine (light, PIFL), and seed source location of each family per species (circles) (Table 1).  
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we do not understand the physiological mechanisms contributing to 
PIFL and PIAL being viewed as generalist and specialist, respectively, 
nor how their distributions are influenced by juvenile physiology 
(Hansen et al., 2021). 

Despite their contrasting distributions, PIAL and PIFL have many 
similarities, making their comparison useful for identifying physiolog
ical mechanisms that may underlie species establishment and survival, 
the extent to which juvenile physiology contributes to their contrasting 
distributions, and generalist-specialist strategies to inform management 
and restoration efforts. Both species are morphologically similar and 
oftentimes indistinguishable (without mature cones), have a similar 
growth habit and dispersal mechanism for large seeds, and persist on 
well-drained nutrient-poor soil. PIAL and PIFL are declining at alarming 
rates due to changes in climate, white pine blister rust (causal agent 
Cronartium ribicola), and mountain pine beetle (Dendroctonus ponder
osae) (Cleaver et al., 2017; Goeking and Izlar, 2018). Both species are 
considered foundation and keystone species, so their decline has far- 
reaching ecological consequences; their seeds are dispersed and 
cached by Clark’s nutcrackers (Nucifraga columbiana), are a high nutri
tion food source for the threatened grizzly bear (Ursus arcto), and their 
ability to colonize exposed sites provides habitat for other species 
(Maher et al., 2005). Both PIAL and PIFL have been declared endangered 
under the Canadian Species at Risk Act (COSEWIC, 2014; 2010). PIAL is 
now a threatened species under the U.S. Endangered Species Act (ESA) 
and has the largest range of any tree species listed under the ESA (U.S. 
Fish and Wildlife Service, 2022). The primary restoration strategy for 
PIAL is outplanting white pine blister rust-resistant seedlings. This 
strategy has not been applied to PIFL because mortality is not yet as 
severe as PIAL’s; however, because white pine blister rust is expected to 
continue to spread throughout PIFL forests (Schoettle and Sniezko, 
2007), PIFL may require the same approach of outplanting rust-resistant 
seedlings in the future. To improve outplanting efforts and our ability to 
predict climate change effects on species distributions, an understanding 
of the physiological mechanisms that influence survival, mortality, and 
growth is critical (Bradley St Clair and Howe, 2007; Chmura et al., 
2011). 

In this study, we compared physiological and morphological traits 
(biomass, stomatal traits, budburst phenology, gas exchange, leaf non- 
structural carbohydrates, C isotope ratios, foliar N content, photosyn
thetic capacity, and high-light, drought, heat, and cold stress tolerances) 
of greenhouse-grown 5-year-old PIAL and PIFL. We asked: 1) How do 
physiological and morphological traits differ between PIAL and PIFL 
when grown in the same environment? and 2) How do those trait dif
ferences relate to their contrasting elevational distributions and their 
respective generalist-specialist strategies? We hypothesized that PIFL 
would exhibit traits that enable a generalist strategy (i.e., both acquis
itive and conservative resource use traits), allowing it to inhabit a 
broader range of elevations than PIAL. We expected that both species 
would exhibit traits that promote conservative resource use enabling 
their persistence at higher elevations (e.g., tolerance to cold, drought, 
and heat such as higher leaf mass per area, higher C storage). Also, we 
expected PIFL (and not PIAL) to exhibit traits promoting acquisitive 
resource use that enables PIFL’s persistence in and higher tolerance to 
lower elevation environments including: higher light use (increased 
allocation to photosynthetic tissue, greater high-light tolerance) and 
higher C and water uptake (higher photosynthetic rate, increased sto
matal size and/or density, earlier budburst phenology). 

2. Materials and methods 

We obtained 5-year-old whitebark pine (PIAL) and limber pine 
(PIFL) individuals from the US Forest Service Coeur d’Alene (CDA) 
Nursery, which were grown from seed collected from geolocated parent 
trees (families) for outplanting efforts (Overton et al., 2016). PIAL 
originated from four families named: 6184, 6186, 6557, and BD. PIFL 
originated from two families named: LBP11 and LP07. Average annual 

climate variables (1991–2020; spatial resolution of 800 m) of each 
family seed source location were obtained from the PRISM Climate 
Group (“PRISM,” 2018) and included: total annual precipitation (Pre
cip), annual minimum, maximum, and mean temperature (Tmin, Tmax, 
Tmean,  ◦C), minimum, maximum, and mean vapor pressure deficit 
(VPDmin, VPDmax, VPDmean, hPa), and total daily global shortwave solar 
radiation received on a horizontal surface averaged over all days in the 
month (Solar Radiation, MJ m− 2 day− 1) (Table 1). 

Bare root seedlings were transplanted to pots (9 cm × 19 cm × 46 
cm) with a peat-perlite soil medium (a 4:1 mix of Sunshine Mix #1 
(Sungro, Agawam, MA, USA):perlite) and placed in the Plant Growth 
Center greenhouse at Montana State University, Bozeman, MT, USA in 
June 2020. During the two growing seasons (Jun-Oct 2020, May-Oct 
2021), individuals were watered and fertilized weekly (21 %N, 5 % 
P2O5, 20 %K2O, 7.18 g L− 1). During the winter months (Nov-Apr 
2020–2021), fertilizer concentration was reduced to 25% of the growing 
season amount, and individuals were watered when weekly soil volu
metric water content (VWC) reached ~15% (HydroSense II Handheld 
Soil Moisture Sensor, Campbell Scientific, Logan, UT, USA). Greenhouse 
conditions during the two growing seasons consisted of a 16-hour 
photoperiod, 21.1 ◦C daytime temperature, 18.3 ◦C nighttime temper
ature, and average daytime photosynthetically active radiation of 843.0 
μmol m2 s− 1. Sample sizes for each trait ranged from 0 to 25 per family 
per species (Supporting Table S1). 

2.1. Morphology, biomass 

Morphological traits were measured Jun 2020-Aug 2021 and 
included: stem base diameter, stem height, stem base diameter:stem 
height, fascicle density (FD), branch diameter, branch length, branch 
diameter:branch length, needle width, needle length, the ratio of sunlit 
leaf area to total leaf area (STAR), leaf mass per area (LMA), and biomass 
(needle, branch, stem, root, aboveground:belowground). Stem base 
diameter, stem height, stem base diameter:stem height, and needle 
width and length were measured with calipers. To determine FD, three 
first order lateral branches from the terminal stem were randomly 
selected for measuring branch diameter and branch length with calipers 
and counting the total number of fascicles on each branch. FD was 
determined as the number of fascicles divided by branch length. The 
average of the three branches was used to determine FD, branch diam
eter, branch length, and branch diameter:branch length. To determine 
STAR, we determined the sunlit leaf area from a top-down photographic 
image of the crown using ImageJ (Schneider et al., 2012). We deter
mined fresh total leaf area from a photographic image of all needles 
(removed from the crown) laid flat using ImageJ. Lower STAR indicates 
more self-shading and leaf overlap (Germino and Smith, 1999). All 
needles were then dried for at least 48 h at 50 ◦C, and subsequently 
weighed for dry leaf mass. LMA was determined as the ratio of dry leaf 
mass to fresh total leaf area. Biomass measurements were determined by 
separating, drying, and weighing needles, branches, stems and roots. 
Dried needles were ground and analyzed for leaf carbon isotope ratios 
(δ13C) and leaf N content at the Cornell Stable Isotope Laboratory 
(Ithaca, NY, USA). 

2.2. Stomatal traits 

Stomatal traits were measured in Sep 2020-May 2021 and included: 
stomatal pore size (area), stomatal pore length, stomatal density per 
needle length, stomatal density per needle area, and stomatal density 
per volume. Two newest mature, fully expanded needles (2020 foliage) 
were collected from two separate fascicles, each from the middle of a 
separate branch. Stomatal prints were taken by applying a coat of clear 
nail polish to the needle, letting it dry, and then using a piece of cello
phane tape to transfer the dried nail polish print onto a microscope slide 
(Bennett et al., 2018). Stomatal prints were visualized and photo
graphed under a microscope (Micromaster, Fisher Scientific, Hampton, 
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New Hampshire, USA) at 100x magnification using a microscope camera 
(Swiftcam SC1003-CK, Swift Optical Instruments, Shertz, Texas, USA) 
and Swift Imaging 3.0 software. We measured stomatal traits using 
ImageJ (Schneider et al., 2012) as follows: stomatal pore area was 
determined by tracing the outline of each stomata; stomatal pore length 
was measured as the longest length of each stomata (parallel with needle 
length); stomatal density per length was determined by dividing the 
number of stomata per row by row length; stomatal density per area was 
determined by dividing the total number of stomata in the image by 
needle area (row length × needle width); and stomatal density per 
volume was determined by dividing the total number of stomata in the 
image by volume (row length × needle width × needle width). 

2.3. Budburst phenology 

We visually assessed budburst phenology weekly during 26 Feb 
2021-1 Jul 2021 within six stages of budburst: stage 1 = tight bud, stage 
2 = early bud swelling, stage 3 = advanced bud swelling, stage 4 =
sheath emergence, stage 5 = needle emergence, and stage 6 = needle 
elongation (Martínez-Berdeja et al., 2019). 

2.4. Physiological traits 

Gas exchange measurements of C assimilation (A) and stomatal 
conductance (gs) were monitored weekly for 11 weeks (13 Jul-9 Sep 
2021) (08 h00-12 h00) using a portable photosynthesis system equipped 
with an infrared gas analyzer (LI-6800, Licor, Lincoln, NE USA). Cuvette 
conditions were set to: 1000 µmol m− 2 photosynthetic photon flux 
density (saturating light level in the greenhouse), 60% relative humid
ity, 400 ppm [CO2], 25 ◦C leaf temperature, and 500 μmol s− 1 flow rate. 

Non-structural carbohydrates (NSCs) were measured on needles 
collected from well-watered individuals ~every 3 weeks for 11 weeks 
(13 Jul-9 Sep 2021). Dried and ground needles were analyzed for starch 
and glucose content using the enzyme method (Landhäusser et al., 2018; 
Woodruff and Meinzer, 2011). Free glucose concentration was deter
mined on a 96-well microplate photometer (Multiskan FC, Thermo 
Scientific) after enzymatic conversion to glucose-6-phosphate. Each 
sample was hydrolyzed by α-amylase and amyloglucosidase for starch. 
After enzymatic conversion to glucose-6-P, dehydrogenase was used to 
oxidize to gluconate-6-P. Glucose reference was used at 340 nm absor
bance for photometric analysis. NSC concentrations are reported as % 
dry weight and proportion of glucose (=glucose/(glucose + starch)) and 
proportion of starch (=starch/(glucose + starch)). 

Hydroscape area was determined based on (Meinzer et al., 2016). We 
completely withheld water during 13 Jul-9 Sep 2021 from a subset (n =
10 individuals per family, one family per species, Supporting Table S1) 
of potted individuals (separate from those used for all other measure
ments) and measured weekly predawn (~06 h00) and midday (~13 
h00) leaf water potentials as individuals progressively dried out. To 
generate hydroscape area, we first plotted predawn leaf water potential 
(ψpd, x-axis) and midday leaf water potential (ψmd, y-axis) and data 
points that were more negative than where ψpd = ψmd were removed 

(Supporting Figure S2). Then, starting where ψpd = ψmd, points with less 
negative ψpd were iteratively added until the maximum r2 for a linear fit 
of the linear regression between ψpd and ψmd was reached. The y- 
intercept of this regression (ψmd when ψpd = 0) was the predicted ψmd 
under fully saturated soil and its intercept with the 1:1 line (ψpd = ψmd) 
is the threshold at which stomatal closure is no longer effective in 
limiting ψmd as ψpd becomes more negative. Finally, hydroscape area 
was determined as the area of the triangle produced by the regression 
line, the y-axis, and the 1:1 line in a plot of ψpd = ψmd. 

2.5. Photosynthetic-light and photosynthetic-CO2 (A-Ci) response curves 

Photosynthetic-light and –CO2 response curves were measured on 30 
Jul-25 Aug 2020 and 8 Jul-29 Jul 2020, respectively on fully expanded, 
mature needles on each of five individuals from each family using a 
portable photosynthesis instrument (LI-6800, Licor, Lincoln, NE USA). 
Cuvette conditions included a flow rate of 500 μmol s− 1, chamber 
pressure of 0.1 kPa, relative humidity of 60%, [CO2] of 400 ppm, fan 
speed of 10,000 rpm, a leaf temperature of 25 ◦C, and a photosynthetic 
photon flux density (PPFD) of 1,600 μmol m− 2 s− 1. For light response 
curves, C assimilation (A) was measured at each of the following 
photosynthetic photon flux density (PPFD) values: 2,400, 2,200, 2,000, 
1,500, 1,200, 900, 600, 300, 150, 100, 50, and 0 μmol photons m− 2 s− 1 

(Supporting Figure S3). We determined the following: Asat (maximum 
photosynthetic rate in saturating light) was the maximum A on the 
plateau of the curve; Qsat (light saturation point) was the PPFD value at 
Asat; Rdark (respiration level under zero irradiance) was A at 0 PPFD; LCP 
(light compensation point) was the PPFD when A = 0, and QY (quantum 
yield) was the slope of the initial linear portion of the curve (Lambers 
and Oliveira, 2019). For A-Ci curves, A was measured at each of the 
following CO2 values, in order: 400, 300, 200, 100, 50, 400, 400, 600, 
800, 1,000, 1,200, 1,600, 2,000, 2,400, 2,800 ppm (Supporting 
Figure S4). We determined the following using the (Sharkey et al., 2007) 
tool: Vcmax (maximum velocity of Rubisco for carboxylation) was 
calculated as the initial slope of the curve; Jmax (maximum rate of 
electron transport); Rday (day respiration rate) was calculated as the y- 
intercept of the initial linear portion of the curve; and Amax (maximum 
net assimilation rate) was determined as the maximum A value on the 
plateau of the A-Ci curve (e.g., (Manter et al., 2000; Meinzer et al., 
2004)). After light response and A-Ci curves were completed, needles 
were collected, photographed, and analyzed in ImageJ to correct gas 
exchange values for leaf area. 

2.6. Pressure-volume (P-V) curves 

P-V curves were measured on a small shoot with mature, fully 
expanded foliage (at least 10 fascicles) from each of 5 individuals from 
each family during 15 May-10 Jun 2021. Shoots were excised before 
dawn, kept in the dark, placed in a sealed plastic bag containing a damp 
paper towel, transported to the lab, and rehydrated. We conducted the 
bench drying method (Meinzer et al., 2014; Tyree and Hammel, 1972) 
by making repeated measurements of shoot mass and water potential 

Table 1 
Species (whitebark pine, PIAL; limber pine, PIFL) and family seed source origin location (latitude, longitude, elevation (Elev), Fig. 1) and annual climate (“PRISM,” 
2018). Total precipitation (Precip), minimum temperature (Tmin), maximum temperature (Tmax), mean temperature (Tmean), minimum vapor pressure deficit (VPDmin), 
maximum vapor pressure deficit (VPDmax), mean vapor pressure deficit (VPDmean), total daily global shortwave solar radiation received on a horizontal surface 
averaged over all days in the month (Solar radiation).  

Species Family Latitude Longitude Elev 
m 

Precip 
mm 

Tmin  
◦C Tmax  

◦C Tmean  
◦C VPDmin hPa VPDmax hPa VPDmean hPa Solar radiation 

MJ m− 2 day− 1 

PIAL BD  48.326996  − 114.045701 1524 1315  − 1.5 7.7  3.1  1.5  6.72  4.11  11.84 
6184  48.3266  − 114.0475 1524 1304  − 1.4 7.8  3.2  1.51  6.81  4.16  11.82 
6186  48.3273  − 114.0451 1524 1350  − 1.7 7.4  2.9  1.46  6.43  3.945  11.89 
6557  45.5977  − 115.8635 2164 1468  − 2.9 7.7  2.4  1.74  7.48  4.61  14.14 

PIFL LBP11  48.6314896  − 113.4650533 2225 1757  − 4.8 5  0.1  1.34  5.47  3.405  13.11 
LP07  48.4911079  − 113.3240763 1646 1106  − 0.8 8.5  3.9  1.57  7.53  4.55  11.22  
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(Ψ) using a pressure chamber (PMS Instruments, Corvallis, OR, USA) as 
the shoot dried out. P-V curves were plotted as 100-relative water 
content (%) on the x-axis and − 1/Ψ (MPa) on the y-axis (Supporting 
Figure S5), and were considered complete when 3–5 points were made 
along the linear portion of the P-V curve. Needles were photographed to 
determine fresh leaf area (analyzed with ImageJ), dried for 48 h at 
70 ◦C, then weighed for dry mass. We determined the following: ΨFT 
(water potential at full turgor), ΨTLP (water potential at turgor loss 
point), ε (modulus of elasticity), RWCTLP (relative water content at 
turgor loss point), CFT (capacitance at full turgor), SWC (saturated water 
content), and αf (apoplastic fraction). 

2.7. Heat tolerance curves 

Heat tolerance curves were measured using two methods: chloro
phyll fluorescence and electrolyte leakage (EL) according to (Marias 
et al., 2017, 2016). Curves were measured on mature, fully expanded 
foliage of each of five individuals from each family from 18 to 21 Sep 
2021. Four to ten fascicles per individual were collected before dawn, 
kept in the dark, sealed in a plastic bag containing a damp paper towel, 
transported to the lab, and stored at 4 ◦C until measurements were made 
(within 1 h). 

For chlorophyll fluorescence curves, two needles per individual were 
placed in small, sealed plastic bags and were submerged in a preheated 
water bath for 15 min at each of seven temperatures: 35 ◦C, 40 ◦C, 45 ◦C, 
50 ◦C, 55 ◦C, 60 ◦C, and 65 ◦C. Temperatures of the water bath and 
needles were confirmed with fine-wire thermocouples. After 15 min at 
each temperature, needles were stored in the dark for 24 h. Controls 
were not exposed to the water bath. Then, chlorophyll fluorescence (FV/ 
FM, FO) was measured using the fluorometer of a LI-6800 portable 
photosynthesis system. Fluorometer settings included: rectangular flash 
type, a dark modulation rate of 200 Hz for the measuring beam, red 
target of the flash set at 10,000 μmol m− 2 s− 1, and a flash duration of 
1,000 ms. FV/FM, the maximum quantum yield of photosystem II, was 
calculated as:FM − FO

FM 
= FV

FM
, where Fm represents maximum fluorescence, FO 

represents minimal fluorescence, and FV represents variable fluores
cence. From plots of FV/FM and FO vs temperature, T50 of FV/FM was 
calculated as the temperature at which 50% of maximum FV/FM is 
reduced. Tcrit of FO represents the temperature at which FO begins to 
increase. 

For EL curves, needles were cut transversely at their midpoint, 
placed in 6 mL of DI water in polycarbonate test tubes, placed in a 
vacuum desiccator for 15 min, and then placed in a preheated water 
bath for 20 min at each of 10 temperatures: 30 ◦C, 40 ◦C, 45 ◦C, 50 ◦C, 
55 ◦C, 60 ◦C, 65 ◦C, 70 ◦C, 75 ◦C, and 80 ◦C. Water bath temperature was 
confirmed with fine-wire thermocouples and thermometer. After 20 min 
in the water bath, tubes were gently shaken for 30 min at 450 rpm and 
then electrical conductivity was measured with an Accumet™ AB200 
Benchtop pH/Conductivity Meter (Thermo Fisher Scientific Inc., Wal
tham, MA). Controls were not exposed to the water bath. Tubes were 
then transferred to boiling water (100 ◦C) for 20 min, shaken for another 
30 min at 450 rpm, and final conductivity was measured (100% elec
trolyte leakage). Percent EL (%EL) was calculated as: C1

C2*100, where C1 
represents conductivity after exposure to the initial water bath tem
perature and C2 represents conductivity after exposure to 100 ◦C. %EL 
represents cellular membrane integrity and increases with increasing 
stress. From plots of %EL and temperature, T50 of EL (T50_EL) was 
calculated as the temperature where 50% EL occurred. 

2.8. Cold tolerance curves 

Cold tolerance curves were measured on mature, fully expanded 
foliage of each of five individuals from each family on 17–21 Aug 2021 
using chlorophyll fluorescence and EL (similar to heat tolerance curves). 
Two needles were collected from each individual before dawn. For 

chlorophyll fluorescence curves, needles were placed in a glass vial with 
0.5 mL DI water. For EL, needles were rinsed with DI water, cut into ten 
segments, and placed in a glass vial with 0.2 mL of DI water. Vials were 
placed in a programmable freezer (TUJR-A-F4T, Tenney Environmental, 
New Columbia, PA, USA) where the temperature started at 4  ◦C and 
then dropped by 4  ◦C hr− 1 until the test temperature of − 24  ◦C was 
reached. The test temperature of − 24  ◦C was chosen from a range of test 
temperatures because it produced moderate levels of freezing damage. 
Temperature was held at − 24  ◦C for one hour. Chlorophyll fluorescence 
curve samples thawed for 24 h at 4  ◦C and dark-adapted chlorophyll 
fluorescence (FV/FM) was measured with a fluorometer of a LI-6800 
portable photosynthesis system. EL samples thawed for 2 h at 4  ◦C, 
had 3.3 mL of DI water added, incubated at 4  ◦C for 20 h, were shaken at 
120 rpm for 30 mins at room temperature, and electrical conductivity 
was measured. Then, samples were placed in boiling water for 20 mins, 
shaken for another 30 mins, and final conductivity was measured. 
Percent EL was calculated as stated for heat tolerance. 

2.9. Statistical analysis 

All statistical analyses were conducted in R (v 2022.07.1). Linear 
mixed-effects models (lme4, emmeans packages) were used to evaluate 
the effect of species on each trait mean, using species as a fixed effect and 
family as a random effect to account for differences between families 
within species. For gas exchange (A, gs) and NSC (starch, glucose) trait 
means, species was used as a fixed effect and week was used as a random 
effect to account for differences between measurement dates within 
species. Chi-squared significance values were determined at p ≤ 0.05. P- 
values between 0.06 and 0.1 indicated marginal significance. Assump
tions of normality and linearity were checked with residual plots. Values 
with Cooks distance values greater than 0.5 were considered influential 
and removed. Log transformations were used when needed to meet 
assumptions. 

3. Results 

Compared to PIAL, PIFL exhibited relatively greater acquisitive and 
conservative resource use traits that enabled PIFL’s generalist strategy. 
PIFL’s greater acquisitive resource use traits compared to PIAL included 
greater high-light tolerance (greater Qsat, greater fascicle density, 
marginally lower STAR (p = 0.061), Fig. 2), higher biomass allocation to 
photosynthetic tissue (higher aboveground:belowground biomass, 
higher needle:branch + stem biomass, higher needle:branch biomass), 
earlier budburst phenology (fewer days to budburst stages 4, 5, and 6 
but not stages 2 and 3; Fig. 3), and higher C and water uptake (greater 
stomatal pore area, stomatal pore length, stomatal density per length, 
stomatal density per area, stomatal density per volume; greater C 
assimilation rate) (Table 2, Fig. 4). 

PIFL’s greater conservative resource use traits compared to PIAL 
included greater physical stress resistance (higher stem base diameter, 
shorter stem height, higher stem base diameter:stem height, higher 
branch diameter, higher branch diameter:branch length, marginally 
shorter branch length (p = 0.084)), greater drought tolerance (higher 
SWC, higher leaf starch proportion, lower glucose proportion, lower 
glucose concentration, Fig. 3), and greater drought avoidance (earlier 
budburst phenology, smaller hydroscape area) (Table 2, Fig. 3, Sup
porting Figure S2). 

The two species did not significantly differ in LMA, needle width, 
needle length, total biomass, branch + stem biomass, root biomass, 
stomatal pore length, gs, starch concentration, leaf δ13C, and leaf N 
content (Supporting Information Table S2). The two species did not 
significantly differ in the following high-light tolerance traits: Rdark, QY, 
LCP, and Asat, and drought tolerance traits: ψFT, ψTLP, ε, RWCTLP, CFT, 
and αF. The two species did not significantly differ in any photosynthetic 
capacity, heat tolerance, or cold tolerance traits (Supporting Informa
tion Table S2). 
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4. Discussion 

Overall, our results suggest that PIFL’s acquisitive and conservative 
resource use traits contribute to its generalist strategy and ability to 
inhabit a greater range of elevations than PIAL. PIFL may be better 
adapted to more high-light environments, may have higher C assimila
tion and water uptake, and may grow faster earlier in the season, 
respectively, than PIAL. This is suggested by PIFL’s greater acquisitive 
and conservative resource use traits. PIFL’s greater acquisitive traits 
included: greater high-light tolerance (greater Qsat, greater fascicle 
density), biomass allocation to photosynthetic tissue (higher needle 
biomass, aboveground:belowground biomass, needle:branch + stem 
biomass), and C and water uptake (greater stomatal density and size, 
higher C assimilation rate). PIFL’s greater conservative traits included: 
greater physical stress resistance (shorter height, higher stem and 
branch diameters, greater branch and stem diameter:length), drought 
tolerance (higher SWC, leaf starch proportion), and drought avoidance 
(earlier budburst phenology, smaller hydroscape area) than PIAL. PIFL 
may enable more efficient use of high-light loads and maximize CO2 
uptake when moisture is abundant during spring snowmelt before the 
onset of dry summer conditions (Letts et al., 2009). Other conservative 
resource use traits describing cold tolerance, heat tolerance, drought 
tolerance (some traits), and high-light tolerance (some traits) did not 
differ between species, suggesting that both species exhibit traits that 
promote similar conservative resource use enabling their overlapping 

persistence at higher elevations. 

4.1. Generalist PIFL exhibits greater high-light tolerance, allocation to 
photosynthetic tissue, and physical stress resistance than specialist PIAL 

PIFL demonstrated greater high-light tolerance than PIAL via greater 
Qsat; greater fascicle density, shorter height, higher stem and branch 
diameters and greater branch and stem diameter:length; higher needle 
biomass, aboveground:belowground biomass, and needle:branch + stem 
biomass. These species differences suggest that PIFL may be more suc
cessful than PIAL at persisting in high-elevation environments with high 
sky exposure, common habitats for foundation species like PIFL and 
PIAL (Tomback et al., 2011). This high sky exposure results in high 
sunlight exposure, high daytime temperatures, low nighttime tempera
tures, and dew and frost formation (Körner, 2002). Greater Qsat is a 
mechanism by which foliage may physiologically adjust to higher 
saturating light levels (Valladares and Niinemets, 2008). Greater fascicle 
density (i.e. needle clustering) and lower STAR are crown morphological 
adjustments that reduce harmful excess light absorption (Demmig- 
Adams and Adams, 1992) by increasing self-shading through over
lapping branches and foliage (Germino and Smith, 1999). Lower STAR is 
observed in sun shoots compared to shade shoots (Oker-Blom and 
Smolander, 1988). Lower STAR, needle clustering (i.e. greater fascicle 
density), and PIFL’s shorter stature may also reduce low temperature 
photoinhibition by reducing convective heat dissipation foliage (Ger
mino and Smith, 1999). This short stature and dense crown architecture 
coincided with PIFL’s higher needle biomass, which was supported by 
thicker diameter branches and stems compared to PIAL, together 
contributing to increased self-shading (Gerrish, 1990) and increased 
capacity to withstand windy environments, snow load, or herbivory 
(Read and Stokes, 2006). Compared to PIAL, PIFL’s greater high-light 
tolerance, allocation to photosynthetic tissue, and physical stress resis
tance may enable higher conservative resource use to better establish at 
upper treeline (bright, windy environments), as well as higher acquisi
tive resource use to better compete with other species at lower 

Fig. 2. PIFL (limber pine) exhibited greater high-light tolerance than PIAL 
(whitebark pine) via (A) significantly higher Qsat (light saturation point, μmol 
m− 2 s− 1, N = 10–20 per species), (B) higher FD (fascicle density, number of 
fascicles per mm of branch, N = 14–26 per species), and (C) lower STAR (sunlit 
leaf area to total leaf area ratio, N = 14–26 per species) than PIAL. Letters 
indicate significant differences between species means (p ≤ 0.05, Table 2). 
Letters in parentheses indicate marginally significant differences between spe
cies means (p = 0.06–0.1). 

Fig. 3. PIFL (limber pine) exhibited greater drought avoidance than PIAL 
(whitebark pine) via (A) significantly earlier budburst phenology (number of 
days to budburst final stage 6, N = 50–77 per species) and (B) a smaller HA 
(hydroscape area, MPa2, N = 10 per species) than PIAL. PIFL exhibited greater 
drought tolerance than PIAL via (C) higher starch proportion (starch/(glucose 
+ starch), % dry weight, N = 10 per species) and (D) higher SWC (saturating 
water content, g water (g dry mass)− 1, N = 10–20 per species) than PIAL. 
Letters indicate significant differences between species means (p ≤

0.05, Table 2). 
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Table 2 
Whitebark pine (PIAL) and limber pine (PIFL) mean trait values that significantly differed between species (p < 0.05). Traits that did not significantly differ between 
species are presented in Supporting Table S2. SE = standard error, df = degrees of freedom, Chisq = Chi-squared value, N = sample size per species. Units listed below 
each trait.  

Type Trait  PIAL PIFL P-value Chisq N 

Crown morphology Fascicle density (FD) Mean 0.307 0.662 1.8E-09 36.22 14–26 
# fascicles mm-1 SE 0.0495 0.0422     

df 3.7 0.86    
Stem base diameter Mean 0.726 0.841 0.04512 4.01 14–26 
cm SE 0.0483 0.0412     

df 3.7 0.86    
Stem height Mean 15.1 11.6 0.00014 14.46 14–26 
cm SE 0.687 0.646     

df 3.1 1.73    
Stem base diameter:Stem height Mean 0.0471 0.0733 0.00037 12.67 14–26  

SE 0.00569 0.00513     
df 3.16 1.53    

Branch diameter Mean 2.78 3.43 0.01893 5.51 14–26 
mm SE 0.233 0.199     

df 3.7 0.86    
Branch diameter:Branch length Mean 0.0701 0.157 0.00020 13.79 14–26  

SE 0.0186 0.0163     
df 3.26 1.35    

STAR (sunlit leaf area:Total leaf area) Mean 11.01 8.08 0.06072 3.52 14–26  
SE 1.2 1.09     
df 3.24 1.61    

Biomass Needle biomass Mean 7.65 11.64 0.02825 4.8127 14–26 
(g) SE 1.5 1.29     

df 4.14 1.17    
Aboveground:belowground biomass Mean 1.46 2.38 0.00132 10.31 14–26  

SE 0.21 0.209     
df 4.11 1.87    

Needle:Branch + stem biomass Mean 1.36 2.2 0.00244 9.19 14–26  
SE 0.194 0.206     
df 4.18 2.13    

Needle:Branch biomass Mean 1.68 2.96 0.00179 9.75 14–26  
SE 0.288 0.305     
df 4.18 2.12    

Stomatal Stomatal pore size (area) Mean 270 304 0.00314 8.72 20–36 
µm2 SE 6.93 9.17     

df 3.95 3.44    
Stomatal density per length Mean 0.0121 0.0141 1.7E-07 27.29 20–36 
# stomata mm− 1 SE 0.000232 0.000319     

df 3.94 4.18    
Stomatal density per area Mean 16.4 19.8 0.00029 13.16 20–36 
# stomata mm− 2 SE 0.579 0.785     

df 3.9 4.12    
Stomatal density per volume Mean 22.9 28.7 0.0240 5.09 20–36 
# stomata mm− 3 SE 1.54 2.09     

df 3.92 4.15    
Budburst phenology # days to budburst stage 4 Mean 59.2 46.1 0.0006 11.78 50–77  

SE 2.38 3.04     
df 3.46 3.32    

# days to budburst stage 5 Mean 75.4 57.4 8.3E-06 19.87 50–77  
SE 2.65 3.17     
df 3.35 2.68    

# days to budburst stage 6 Mean 80.0 67.8 0.0002 13.6 50–77  
SE 2.23 2.46     
df 4.01 2.31    

Physiological A (C assimilation rate) Mean 3.87 5.56 0.00601 7.55 3–5 
μmol m− 2 s− 1 SE 0.537 0.556     

df 52.7 52.7    
Starch proportion (Starch/(Gluc + Starch)) Mean 0.135 0.249 0.00813 7.00 3–5 
% dry weight SE 0.0418 0.0404     

df 5.88 5.12    
Glucose Mean 0.277 0.14 5.0E-06 20.84 3–5 
% dry weight SE 0.0225 0.0212     

df 10 8.08    
Glucose proportion (Gluc/(Gluc + Starch)) Mean 0.865 0.751 0.00813 7.00 3–5 
% dry weight SE 0.0418 0.0404     

df 5.88 5.12    
Hydroscape area Mean 0.65 0.28 NA NA 5–10 
MPa2 SE NA NA     

df NA NA    
High-light tolerance Qsat (light saturation point) Mean 1447 1872 0.03235 4.58 5–15 

μmol m− 2 s− 1 SE 112 166     
df 3.64 4.56    

(continued on next page) 

D.E.M. Ulrich et al.                                                                                                                                                                                                                             



Forest Ecology and Management 542 (2023) 121113

8

elevations. 

4.2. Generalist PIFL exhibits earlier budburst phenology than specialist 
PIAL 

PIFL’s earlier budburst compared to PIAL may enable PIFL to avoid 
peak summer drought, consistent with field observations of PIFL maxi
mizing gas exchange during the spring and fall, while minimizing gas 
exchange during summer (Letts et al., 2009). Earlier budburst may 
enable higher acquisitive C and water use early in the season and higher 
conservative C and water use during summer drought, together 
contributing to PIFL being a superior pioneer and generalist than PIAL. 
PIFL’s earlier budburst may occur because the risk of early season frost- 
induced injury (Hänninen and Tanino, 2011) is lower since PIFL often 
inhabits lower elevations that are warmer, resulting in earlier, more 
rapid snowmelt. In contrast, PIAL’s later budburst timing may reflect 
PIAL inhabiting higher elevations where low temperatures and frozen 

soil limit photosynthesis and water availability (Tranquillini, 1982) and 
where the risk of cold injury due to early spring frost is higher than for 
PIFL. PIAL’s later budburst also may reduce the risk of frost desiccation 
(Tranquillini, 1982). Frost desiccation is defined as increasing desicca
tion of plants during winter when transpiration continues because of 
high irradiation, leaf heating, and increased evaporative demand but 
uptake of water is limited because of soils and stems remain frozen 
(Körner, 1999). Additionally, PIAL’s later budburst timing may coincide 
with its more northern and higher elevation distribution where tem
peratures are cooler, and juveniles may be snow-covered longer 
compared to PIFL. For example, longer snow cover of dwarf pine 
(P. mugo) delayed post-winter recovery in springtime photochemical 
efficiency compared to cembran pine (Pinus cembra) (Lehner and Lütz, 
2003). Consistently, we hypothesize that photosynthesis of PIFL may 
recover faster from winter dormancy due to less time covered by snow 
via earlier budburst timing and higher high-light tolerance than PIAL. 
Snow cover protects evergreen conifers from stressful low temperatures 
and high light intensities (Sakai and Larcher, 1987; Tranquillini, 1982). 
This may help explain why we found no significant differences in cold 
tolerance between species, despite PIAL having a more northern and 
higher elevation distribution. PIFL’s earlier budburst than PIAL may 
promote both conservative and acquisitive resource use, characteristics 
previously observed in generalists (Sanaphre-Villanueva et al., 2017). 
Earlier budburst especially under warming temperatures may extend 
tree growing seasons and compensate for reduced C uptake during dry 
periods (Grossiord et al., 2022); however, the consequences of earlier 
spring budburst phenology on total annual C uptake especially under 
future warming in high-elevation conifer species requires further 
investigation. 

4.3. Generalist PIFL exhibits higher C and water uptake, drought 
tolerance, and drought avoidance than specialist PIAL 

PIFL’s greater stomatal size and stomatal density are consistent with 
PIFL’s greater high-light tolerance and consistent with other studies that 
have observed increases in stomatal density with increasing irradiance 
to enhance photosynthetic capacity (Poorter et al., 2019) through 
increased CO2 uptake (Yamori et al., 2020). Stomatal density has been 
negatively related to stomatal size (Hetherington and Woodward, 2003) 
but this negative relationship between stomatal density and stomatal 
size is not observed at smaller guard cell lengths of 0–25 um. Accord
ingly, we did not observe a negative relationship between stomatal 
density and stomatal size as stomatal pore length was 22.4 µm and 23.3 
µm for PIAL and PIFL, respectively (Table 2). PIAL’s stomatal density 
was similar to that measured in (Bennett et al., 2018). PIAL’s smaller, 
fewer stomata than PIFL may reduce the size and number of entry points 
for non-native fungal pathogen white pine blister rust (C. ribicola) 
(Patton and Johnson, 1970), which may be advantageous to PIAL given 
that heritable major gene resistance to white pine blister rust has been 
identified in PIFL (dominant R gene named Cr4), but not in PIAL 
(Schoettle et al., 2014). 

Because plants can regulate the sensitivity, speed, and timing (e.g., 
daily and seasonal timescales) of stomatal opening and closure in 
response to dynamic environmental conditions, these dynamic traits 
may more strongly determine operating pore area, plant water loss, CO2 
uptake, and intrinsic water use efficiency than relatively static traits like 
stomatal size and density alone (Drake et al., 2013; Lawson and Vialet- 
Chabrand, 2019). Consistently, despite observing significantly greater 
stomatal density and stomatal size in PIFL than PIAL, we did not observe 

Table 2 (continued ) 

Type Trait  PIAL PIFL P-value Chisq N 

Drought tolerance SWC (saturating water content) Mean 1.48 2.33 0.03941 4.24 5–15 
g water (g dry mass)− 1 SE 0.238 0.339     

df 3.41 4.53     

Fig. 4. PIFL (limber pine) exhibited greater C and water uptake than PIAL 
(whitebark pine) via (A) significantly higher SD (stomatal density, number of 
stomatal per length in mm, N = 20–36 per species), (B) higher SA (stomatal 
pore area, µm2, N = 20–36 per species), and (C) higher A (C assimilation rate, 
μmol m− 2 s− 1, N = 3–5 per species) than PIAL. Letters indicate significant 
differences between species means (p ≤ 0.05, Table 2). 
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significant species differences in leaf δ13C, suggesting that traits related 
to stomatal regulation (e.g. stomatal sensitivity, kinetics), rather than 
stomatal density, determine overall intrinsic water use efficiency (A/gs), 
derived from leaf δ13C (Goodrich et al., 2016). This is also important to 
consider since higher stomatal size and stomatal density alone may 
appear to lower drought tolerance (Davies et al., 1974). We did, how
ever, observe significantly higher rates of A (but not gs) in PIFL than 
PIAL, suggesting that A/gs increased on a shorter time scale (vs a longer 
time-integrated metric of water use efficiency like δ13C). Accordingly, 
based on hydroscape area, a stomatal sensitivity trait, PIFL appears to be 
relatively more isohydric and therefore more drought avoidant while 
PIAL appears to be relatively more anisohydric and therefore more 
drought tolerant. Isohydric species have exhibited slower stomatal 
opening and activation of photosynthesis than relatively anisohydric 
species (Meinzer et al., 2017). This is consistent with PIFL’s larger sto
mata that also tend to have slower stomatal kinetics (Drake et al., 2013). 
Faster stomatal kinetics may be advantageous under dry and/or variable 
conditions by buffering transpiration-induced changes in xylem tension 
and balancing efficient water supply and xylem damage due to embo
lism (Brodribb et al., 2017). However, relatively isohydric PIFL may not 
rely on faster stomatal kinetics to respond to changing drought condi
tions because PIFL may avoid summer drought altogether by exhibiting 
high sensitivity to high VPD (Letts et al., 2009) and maximizing 
photosynthesis in the spring (exhibited by our observed earlier budburst 
phenology) and fall seasons while minimizing gas exchange in summer 
(Letts et al., 2009). This drought avoidance strategy may contribute to 
our observed lack of significant species differences in traits typically 
correlated with drought tolerance (e.g., LMA (Poorter et al., 2009; 
Wright et al., 2005), turgor loss point (Bartlett et al., 2012)). However, 
PIFL did exhibit significantly higher SWC, which may increase water 
storage to buffer against and avoid drought (Sapes et al., 2019), and also 
a higher proportion of leaf starch (concurrent with lower glucose pro
portion and lower glucose concentration), observed to increase drought 
survival (Woodruff et al., 2015). PIFL’s higher C and water uptake 
(greater stomatal density and size, higher C assimilation rate), drought 
tolerance (higher SWC, leaf starch proportion, lower glucose proportion, 
lower glucose concentration), and drought avoidance (earlier budburst 
phenology, smaller hydroscape area) demonstrate both higher acquisi
tive and conservative resource use (Sanaphre-Villanueva et al., 2017), 
supporting its generalist strategy compared to PIAL. 

4.4. Conclusions 

Our results reveal mechanisms underlying: species establishment 
and survival, the contribution of juvenile physiology to PIAL and PIFL’s 
contrasting elevational distributions, and the observation of PIFL as a 
generalist and PIAL as a specialist. PIFL exhibited both acquisitive and 
conservative resource use traits that contribute to its generalist strategy 
and ability to inhabit a greater range of elevations than PIAL. PIAL and 
PIFL did not differ in conservative resource use traits describing cold 
tolerance, heat tolerance, drought tolerance (some traits), and high-light 
tolerance (some traits), suggesting that both species have traits that 
promote similar conservative resource use enabling their overlapping 
persistence at higher elevations. Together, our results suggest that PIFL’s 
greater high-light tolerance, increased biomass allocation to photosyn
thetic tissue, higher C and water uptake, greater physical stress resis
tance, and higher drought tolerance and drought avoidance than PIAL, 
may make PIFL better adapted to more high-light environments, maxi
mize C assimilation when water is available, and grow faster earlier in 
the season than PIAL. PIFL’s possible drought avoidance of maximizing 
gas exchange earlier in the growing season may make the species well- 
suited to persist during future warmer, drier conditions in the western 
US (Letts et al., 2009). Certain combinations of traits may determine 
differences in survival and persistence in these marginal habitats (Ger
mino and Smith, 1999) and can improve our understanding of how 
species distributions will be affected by changing climates. This will 

enable us to develop management strategies to decrease forest vulner
ability and increase adaptive capacities under future climates (Chmura 
et al., 2011). In this study, we focused on how seedling traits may 
contribute to contrasting elevational distributions and generalist- 
specialist strategies. However, we acknowledge that other abiotic and 
biotic factors such as competition and soil type can influence seedling 
establishment and species distributions. Therefore, future work 
comparing whitebark pine and limber pine should explicitly investigate 
other such factors. 
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