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Abstract 

Extreme temperatures and severe drought events have led to widespread tree 

mortality worldwide. In semi-arid regions of the Southwest United States, these events pose a 

significant threat to piñon-juniper (PJ) woodlands. We studied the effects of piñon and 

juniper mortality on the growth and physiology of existing saplings in PJ woodlands by 

analyzing water status, photosynthetic activity, and tissue chemistry to gain insights into 

these impacts. Juniper saplings exhibited improved water status and water use efficiency in 

response to overstory mortality, whereas piñon saplings did not. Additionally, both piñon and 

juniper saplings exhibited increased photosynthetic rates, increased photosynthetic capacity, 

and enhanced growth rates. Our results suggest that saplings of both species responded 

similarly regardless of whether a mature piñon or juniper died. However, piñon saplings 

appeared to be more vulnerable to overstory mortality, likely due to the difference in 

hydraulic strategies between piñon and juniper This study enhances our understanding of the 

post-mortality recovery process in piñon-juniper ecosystems, providing valuable insights into 

the contrasting effects of piñon vs. juniper mortality as well as the distinct physiological 

responses exhibited by piñon and juniper saplings. 
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Introduction 

Increased frequency of extreme temperature and severe drought in the last two 

decades are correlated with large-scale tree mortality events worldwide (Allen et al., 2010; 

Allen & Breshears, 1998). In the semi-arid Southwest U.S, extensive tree die-off events 

coupled to drought with unusually high temperatures are a growing concern for the 

sustainability of forest and woodland ecosystems in the region (Allen et al., 2010; Allen & 

Breshears, 1998; Marsh et al., 2022; Redmond et al., 2015, 2018). Piñon-juniper (PJ) 

woodlands cover an estimated 40 million ha across the western United States (Romme et al., 

2009), and have been particularly sensitive to these climatic changes with mortality 

documented across 1.2 million ha of these woodlands (Breshears et al., 2005). Coniferous 

mortality events are predicted to increase throughout the Southwest (Allen et al., 2010; 

McDowell et al., 2011; Overpeck & Udall, 2010), potentially converting these woodlands 

toward shrublands or juniper savanna biomes (Allen et al., 2010; Breshears et al., 2005; 

Reyer et al., 2015). The recovery of piñon and juniper following mortality events will 

strongly influence whether these biomes will remain PJ woodlands or transition to new 

communities (Martínez-Vilalta & Lloret, 2016; Redmond et al., 2018).  However, our ability 

to predict recovery of these biomes after widespread mortality is limited by insufficient 

information about how mortality events alter seed germination, seedling establishment, and 

the physiology and fate of existing saplings. In this study, we focus on the physiological 

response of existing saplings following overstory mortality. 

Tree mortality can trigger both positive and negative impacts on sapling recruitment 

and recovery. In semi-arid ecosystems mature plants dominate resources, but also serve as 

<nurse plants'', where surface radiation is reduced, soil temperature is lower, soil moisture is 

higher, and may be replenished via hydraulic redistribution (Fig. 1a) (Breshears et al., 1998; 
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Redmond et al., 2015, 2018; Royer et al., 2011; Baker, 1996; Krause, 1988).  In both mesic 

and semi-arid biomes, overstory mortality can positively enhance sapling growth through the 

<release= of resources no longer being used by dead trees (Bearup et al., 2014; Dore et al., 

2012; He et al., 2013; Mikkelson et al., 2013; Amiro et al. 2010; Griffin et al., 2011; Norton 

et al., 2015). This includes increased surface solar radiation, which can increase maximum 

photosynthetic rates for understory species (Fig 1c) (Griffin et al., 2004; Valladares et al., 

2002). However, overstory mortality also reduces the availability of nurse plants, which can 

negatively impact the remaining saplings and mature trees due to increased site aridification 

(Fig 1b) (Duman et al., 2021, Redmond et al., 2015, 2018; Royer et al., 2011, 2012; Villegas 

et al., 2010; Morillas et al. 2017; Huang et al. 2021; Duniway et al., 2010; Ryel et al., 2008; 

Pirtel et al, 2021). Pinpointing the mechanisms that determine whether overstory mortality 

has positive or negative effects is crucial to predicting trajectories of recovery in this biome.  
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Figure 1. Conceptual figure examining the potential positive and negative consequences of 
overstory tree mortality on an intact PJ woodland (1a). From the perspective of loss of 
facilitation by nurse plants (1b) competitive release (1c). 
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In this study, we examined the physiological responses of Pinus edulis (piñon) and 

Juniperus monosperma (juniper) saplings after experimentally manipulating the mortality of 

mature overstory individuals of each dominant species. Our aim was to better understand the 

growth response and long-term physiological stability of piñon and juniper saplings 

following overstory mortality in PJ woodlands and if the impacts were predominantly 

positive or negative. Our overall questions were  i) What is the physiological response of 

piñon and juniper saplings to the loss of overstory trees, and are the responses different 

between the two species? ii) do saplings of both species respond differently to piñon versus 

juniper mortality (either due to structural, physiological, or conspecific factors)?  

Mature piñon and juniper trees differ in structure and physiology, both of which may 

play a role in determining the balance between positive and negative effects of overstory 

mortality on sapling physiology. For example, the contrasting hydraulic strategies of piñon 

and juniper have been attributed to observations of differential mortality of adults during 

drought (Adams et al., 2017; McDowell et al., 2008) and can potentially impact both how the 

loss of overstory species affects saplings and the physiological responses of saplings to the 

post-mortality moisture regime. Piñon is more isohydric, where stomata regulate 

transpiration to maintain leaf water potential above -2.2 megapascals (MPa), leading to 

stomatal closure and cessation of photosynthesis when soil water potential reaches that 

threshold (McDowell et al., 2008; West et al., 2008). Juniper generally exhibits an 

anisohydric strategy, allowing transpiration and gas exchange at low rates during at more 

negative soil water potentials than piñon (McDowell et al., 2008; West et al., 2008). Juniper 

is regarded as more drought tolerant overall due to distribution into lower elevations and 

drier environments (Lajtha & Getz, 1993; Romme et al., 2009). These hydraulic differences 
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have been observed in piñon and juniper saplings (Anderegg & Anderegg, 2013) and are 

important to consider in understanding how the loss of overstory affects each sapling species 

differently. We predicted that piñon saplings may thrive with increased resources following 

overstory mortality, while juniper saplings may fare better in water-limited conditions. 

The differences in stomatal regulation of mature trees discussed above, combined 

with other differences between piñon and juniper, make it challenging to predict the impact 

of mortality of mature piñon or juniper on saplings of each species. For example, in the 

absence of water limitation, adult piñon photosynthesizes and transpires at higher rates than 

adult juniper (Lajtha & Getz, 1993). Higher photosynthetic rates suggest piñon mortality may 

result in a greater competitive release of soil moisture and facilitate understory saplings. 

However, because piñon also has higher canopy-leaf area index (LAI) (Schuler & Smith, 

1988), piñon mortality will also likely result in a larger increase in surface radiation and thus, 

have negative effects on soil temperature and soil water availability. Mature junipers, on the 

other hand, have deeper root distribution than adult piñon (Schwinning et al 2020), which 

might better facilitate the uptake of deep water (if present) and the redistribution of water 

from wetter to drier areas of the soil. Consequently, we expect the mortality of junipers to 

reduce the supply of water to shallow soil areas utilized by saplings during periods of water 

stress. We also cannot ignore that conspecific overstory mortality may reduce competition 

for the saplings of the next generation to thrive (Bonanomi et al., 2010; Miriti, 2006). 

Materials and Methods 

Site Description and Experimental Design 

Our study site is a private ranch about 56 km east of Las Vegas, NM, (~Lat. 35.612, 

Long. -104.681, elevation 1927 m). Mean annual precipitation in the region is 422 mm, most 

https://www.zotero.org/google-docs/?7SoG8G
https://www.zotero.org/google-docs/?7SoG8G
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of which falls between May and October and the mean annual temperature is 10.8 °C (30 

year means from PRISM Climate Group, Oregon State University, http://prism. 

oregonstate.edu, created 23 Aug 2022; Dataset: Norm91). This site is characterized as a 

southern Rocky Mountain piñon-juniper woodland, with dominant tree species of piñon pine 

(Pinus edulis, Engelm.) and one-seed juniper [Juniperus monosperma (Engelm.) Sarg.]. In 

general, soils are relatively shallow and characterized by clay loams with organic 

accumulations at the surface from 15-35 cm, which transition to gravelly partially cemented 

calcium carbonate caliche layers, and then hard caliche layers between 40-90 cm depth 

(Schwinning et al., 2020). 

We used girdling to trigger piñon and juniper mortality. The experimental design 

included nine 1000 m2 plots arranged in three blocks, with three plots in each block 

randomly selected as a control, one as a piñon girdle plot and the other as a juniper girdle 

plot (Fig. 2). In the treatment plots, all piñon or juniper trees above a diameter of > 3 cm at 

breast height were girdled in October 2017 using a chainsaw, to disrupt the transport of 

photoassimilates in the phloem by cutting through the phloem into the cambium of stem 

around the entire circumference of the tree (Morillas et al., 2017). We used sap flow probes 

installed in the trees prior to girdling to track the decline in transpiration rates in the girdled 

trees and determine when the trees were no longer functioning, which occurred in Feb 2018 

for juniper, and April 2018 for piñon across the plots.   

The sapling physiological measurements reported here were made from September 

2018 through May 2020. In each girdled plot we selected and tagged five piñon and five 

juniper saplings, defined as juveniles between 30-130 cm in height, under the canopy of dead 

trees. In the control plots, we tagged five saplings of each species under live piñon and live 
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juniper overstory trees. We used this same set of saplings for all the leaf water potential 

measurements taken throughout the study. However, for the light response curves and tissue 

chemistry measurements we took a subset of three from the original five saplings selected 

under each treatment type. 
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Figure 2. Overview of study area illustrating the layout of the treatment plots and blocked 
design across the landscape. Including the general location of our research site at Hobo 
Ranch in northern New Mexico and the distribution of piñon-juniper woodlands across the 
semi-arid southwest. This map was created using ESRI software (ArcMap version 10.8.1). 

 
 

Soil Water Potential 

To evaluate the effect of tree mortality on soil water availability, we used soil 

psychrometers (PST-55, Wescor, Logan, UT, USA) installed in the soil at depths of 15, 30, 

and 60 cm across treatments six months prior to girdling. Probes were installed in six pits per 

plot with four pits located between canopy clusters and two pits under the canopy trees.  

Because piñon and juniper canopies and roots are often intermingled, we did not distinguish 

between under piñon or under juniper for the canopy soil pits. All psychrometers were 
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measured once every 15 minutes using a datalogger (Campbell Scientific, model CR6, Logan 

Utah, USA). We focused on soil water potential at depths of 15 and 30 cm since piñon and 

juniper sapling roots typically have a rooting depth between 22-34 cm (Pirtel et al., 2021). 

Physiological measurements 

Leaf Water Potential 

To assess changes in saplings' water status and estimate if overstory mortality of 

mature piñon or juniper affected water movement through the plant (pre-dawn - midday 

difference, or ΔΨ), we measured sapling leaf water potential (Ψ). We used Scholander 

pressure chambers (Model 1000, PMS Instrument Company, Albany, OR, USA) to measure 

pre-dawn and midday water Ψ in piñon and juniper saplings across all plots. We took these 

measurements on September 14, 2018 (Fall 2018), June 25, 2019 (Summer 2019), and June 

2, 2020 (Summer 2020). For pre-dawn measurements we collected two twigs per sapling 

between 4:00am and 5:30am, placed them in a plastic bag with a moistened paper towel and 

stored them in a cooler until all samples were collected then took measurements on them. We 

collected stems for midday measurements between 12:00 pm and 2:00 pm using the same 

method but measured these immediately after collection. Samples were generally measured 

within an hour of collection at predawn and within 15 minutes of collection at midday. 

Light Response Curves 

We measured light response curves in fall of 2018 (Sept. 26-27) and  fall of 2019 

(Oct. 7-8) using a portable gas exchange system (LI-6400, Li-Cor Inc., Lincoln, NE, USA) 

with 2x3cm light-source chamber (6400-02B LED, Li-Cor Inc) to assess if the change in 

incoming radiation after mortality of piñon or juniper stimulated a change in the 

photosynthetic parameters of piñon or juniper saplings. In each year, we took measurements 

https://www.zotero.org/google-docs/?LVg6Be
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on two consecutive sunny days between the hours of 10 am and 1:30 pm. Measurements 

were taken at ambient temperature ranging from (20 to 30°C), ambient relative humidity 

ranging from (5.9 3 56.2%) and a CO2 concentration of 400 ppm with an airflow rate set at 

400 µmol s-1. We clamped the light-source chamber around a small bunch of foliage on the 

current year’s growth of a south facing twig and recorded the carbon assimilation rate (µmol 

m-2s-1) at 10 different photon flux density (PPFD) values decreasing from 2000-0 (µmol m-2s 

-1). We collected the foliage from inside of the chamber after the light response curves were 

taken on each sample and put them into a humidified plastic bag in a cooler on ice and 

transported them back to the lab where color scans of each sample were made on a flatbed 

scanner. We calculated the projected leaf area of each sample (usually between 3.5 -12 cm2) 

using ImageJ software (Rasband, 2018) and used that value to normalize the light response 

curve data. To account for the cylindrical shape of juniper foliage we calculated the actual 

leaf area by multiplying the projected leaf area by 3.23 (Cregg, 1992). We used the 

fit_aq_curve function in the R-package photosynthesis (Stinziano et al., 2021; R Core Team, 

2020), which employs the Marshall et al. (1980) non-rectangular hyperbola model to 

calculate the following photosynthetic parameters: light saturated rate of photosynthesis 

(Amax, µmol m-2 s-1), light compensation point (LCP), rate of dark respiration (Rd, m-2 s-1) 

and quantum yield (Φ).  

Tissue Chemistry  

To assess the effect of overstory mortality on sapling intrinsic water use efficiency, 

carbon and nitrogen cycling, photosynthetic capacity, and nutrient availability, we 

determined carbon (ẟ13C) and nitrogen (ẟ15N) stable isotope ratios and the C:N ratio in leaf 

material from piñon and juniper saplings. We collected samples from the current year's 
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growth on fully developed foliage on October 8, 2019. We stored the collected materials on 

ice in a dark cooler and transported them back to the lab where we freeze-dried (FreeZone 

4.5Plus, LabConCo, Kansas City, MO) and ground them using liquid nitrogen and a mortar 

and pestle and then stored them in a 1.5 ml centrifuge tube (sample weight ranging from 1.8-

3.8 mg). We transported these samples to University of New Mexico Center for Stable 

Isotopes, where they were analyzed using a mass spectrometer (Delta Plus; Thermo Fisher 

Inc., Waltham, MA, USA) connected to an elemental analyzer (ECS 4010; Costech 

Analytical Technologies, Valencia, CA, USA). Carbon isotope ratios of the samples were 

expressed as deviations per mil (‰) from the Vienna PeeDee Belmnite international standard 

and calculated as follows:  

 

δ13C = [(  - )/ ] × 1000‰,      eq. 1 

 

where R is the molar ratio 13C/12C of the sample or PeeDee standard. Nitrogen stable 

isotope ratios were calculated the same way, where R is the molar ratio of 15N/14N and 

expressed as deviations per mil from the atmospheric nitrogen standard (Coplen, 2011).  

 

Leaf Chlorophyll Content 

We collected south-facing foliage from piñon and juniper saplings on May 22, 2019 

(from 2018 growing season) and October 8, 2019 (from 2019 growing season) for 

chlorophyll content analysis to evaluate whether overstory mortality of piñon or juniper 

triggered a change in chlorophyll. We stored collected materials on ice in a dark cooler for 

transport to the lab, where we freeze-dried them (FreeZone 4.5Plus, LabConCo, Kansas City, 

MO) for 24 hours. Once dried, we used razor blades to chop up subsamples into 1-2 mm long 
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pieces and weighed them into vials containing 10 ml of 80% acetone solution. Sample 

weights ranged from 0.05-0.149 g (90% of them were within the 0.8-0.1g range). We 

allowed 48 hours extraction time in a dark fridge (to prevent degradation), by which time 

plant materials had turned completely white (Eitel et al., 2011; Mackinney, 1941). We 

analyzed the chlorophyll/acetone solutions two times each with a spectrophotometer (50 Bio 

UV-Vis, Varian Cary, Palo Alto, CA) with absorbance filters set to read at 646.6 nm and 

663.6 nm (Porra, 2005; Porra et al., 1989). We calculated chlorophyll a, b, and total 

chlorophyll (a + b) using the following equations and then converted the result to mg/g for 

analysis (Porra, 2005; Porra et al., 1989). 

 
Chl a [Chl a] = 12.25 E663.6 3 2.55 E646.6 (([Chl a] *10ml)/sample weight in 

grams) 

Chl b [Chl b] = 20.31 E646.6 3 4.91 E663.6 

 

(([Chl b] *10ml)/sample weight in 

grams) 

Chl 

a+b 

[Chl a + b] = 17.76 E646.6 + 7.34 

E663.6 

 

(([Chl a + b] *10ml)/sample weight in 

grams) 

 

Statistical Analysis 

We used RStudio statistical software (Version 4.2.2; RStudio Team 2020) for all 

analyses. We constructed multilevel linear mixed-effects models (lme) using the "lme4" 

package to analyze each response variable. The models included fixed effects of Overstory 

Status (OvStatus: live or dead), Overstory Species (OvSp: piñon or juniper), Sapling Species 

(SapSp: piñon or juniper), measurement period (year) when applicable, their interactions, and 

the random effects of plot nested in block (~1|Block/plot).  

We examined the relationship between pre-dawn water Ψ and the difference between 

pre-dawn and midday (ΔѰ) to assess the rate of transpiration vs soil water availability. We 
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employed a linear mixed-effects regression model (lmer) to investigate the general 

relationship (all measurement periods) between pre-dawn water Ψ and ΔѰ in response to 

overstory mortality. Our fixed effects included pre-dawn Ѱ, OvStatus, OvSpecies, and their 

interactions. Due to a significant interaction between pre-dawn Ѱ and sapling species 

(SapSp), we analyzed piñon and juniper saplings separately. To account for random variation 

of the measurement period (year), we added year as a random intercept (year|Block/plot) in 

our models. 

We ran an ANOVA from the R package <car= on each model, considering p-values < 

0.05 as statistically significant for main effects and their interactions. Replication was 

achieved at the block-level with n = 3 since individual measurements were averaged within 

plots. Assumptions of normality of residuals were evaluated and confirmed using the 

Shapiro-Wilk test, and homoscedasticity was checked by plotting the residuals vs. predicted 

values for each model. All figures were generated using the R package <ggplot2=, and error 

bars represent the standard errors of the means in all the point plots. Because mature piñon 

and juniper were girdled on different plots the 'under dead juniper' and 'under dead piñon' 

measurements were conducted in different plots, while the 'under live juniper' and 'under live 

piñon' measurements were conducted in the same (control) plots. Thus, the dead vs alive 

contrast implicitly compared the girdle treatment with the control. 

Results 

Soil Water Availability  

Plots with dead trees (either piñon or juniper overstory) exhibited less negative soil 

water potentials at 15 and 30 cm depths, indicating greater water availability. This increased 

water availability under dead trees compared to live ones was most pronounced during dry 
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down periods (Fig. 3). with the largest differences at 30 cm recorded in June 2020, the driest 

period (Fig. 3 c). 
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Figure 3. Soil water Ψ at 15 (3a) and 30 cm (3b) depths between the start of the experiment 
through study. Gray and blue bars indicate times when leaf water Ψ and light response curve 
measurements were taken. Figure 3c, shows the mean soil water Ψ values when these 
measurements were taken. 
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Sapling Water Status  

In the summer of 2019 and 2020, juniper saplings under dead trees exhibited higher 

pre-dawn ψ (less negative) compared to those under live trees. This difference was most 

noticeable in the drier summer of 2020 (Fig. 4, Table 1: OvStatus - p < 0.001, OvStatus*year 

- p < 0.001). The increase in pre-dawn ψ observed in juniper saplings under dead trees did 

not depend on whether the overstory dead tree was piñon or juniper. However, we did not 

observe the same response in piñon saplings in any of the pre-dawn ψ measurements (Fig. 4, 

Table 1: OvStatus*SapSp - p < 0.0001, OvStatus*SapSp*year - p < 0.0001, 

OvStatus*SapSp*OvSp- p = 0.0359). Similarly, in the summer of 2020, juniper saplings had 

a less negative midday ψ under dead trees compared to live trees (Fig. 4, Table 1: girdled - p 

< 0.0001, OvStatus*year - p < 0.0001). Piñon saplings only displayed a less negative midday 

ψ under live piñon trees compared to dead ones in the summer of 2019 (Fig. 4), with no 

significant differences in other pre-dawn or midday ψ measurements (Fig. 4). 
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Figure 4. Mean values for pre-dawn and midday Ψ measurements in piñon (d, e, f, j, k, l) and 
juniper saplings (a, b, c, g, h, i) across treatments. Overstory species: juniper (purple) or 
piñon (maroon), overstory status: live (closed circles) or dead (open circles). Across three 
measurement periods: Fall 2018, Summer 2019, and Summer 2020. 
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Table 1. Mean and standard errors for pre-dawn (pd) and midday (md) Ψ for piñon and 
juniper saplings (SapSp: piñon or juniper) organized into overstory species/status for 

September 2018, June 2019, and June 2020.  

Ψ (pd) Ψ (md)

 

 

Pre-dawn ψ strongly influenced the ΔΨ of pre-dawn and midday measurements 

(proxy for transpiration), (Fig 5. Table 2). The overstory status (live or dead) did not impact 

ΔѰ in piñon saplings. However, piñon saplings ceased photosynthesis at a pre-dawn Ѱ of 

approximately -2.2 MPa. Juniper saplings under dead trees showed significantly reduced ΔΨ 

with decreasing pre-dawn Ѱ (Fig 5. Table 2), indicating a more conservative water use 

strategy during water stress. This response was most pronounced under the canopy of dead 

juniper vs. live juniper (Table 2). 
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Figure 5. Pre-dawn Ψ vs. ΔΨ across treatments. Note that the x-axis is inverted for 

visualization purposes. Juniper saplings (5a) had a significantly steeper slope under the 

canopy of dead trees (green and purple) vs. live trees (coral and blue), p-value = 0.002, and 

this was most pronounced under dead juniper (green) vs. live juniper (coral), p-value = 

0.0233. 
 

 
 

 

Table 2. P-values from ANOVA for fixed effects and their interaction terms are presented 

here for pre-dawn Ψ vs. ΔΨ analysis for piñon and juniper saplings. Piñon and juniper 
saplings were analyzed separately due to the significant difference we found for the 

interaction effect pre-dawn water potential and saplings species have on the dependent 

variable (ΔΨ). 
 

Significance Piñon saplings Juniper saplings 

pd.WP <0.0001 < 0.0001 

OvStatus 0.5062 0.0020 

pd.WP*OvStatus 0.1834 0.0022 

pd.WP*OvStatus*OvSpecies 0.2604 0.0233 
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Photosynthetic Activity  

During both measurement periods, light saturated rate of photosynthesis (Amax) 

increased significantly in piñon and juniper saplings under the canopy of dead trees 

compared to live trees (Fig 6., OvStatus: p < 0.0001) and this response was independent of 

the overstory species that died.  In 2018, LCP and Rd in juniper saplings were highest under 

dead piñon trees, and in 2019, juniper saplings LCP was highest under both dead juniper and 

dead piñon canopies (OvStatus: p < 0.0001 and p < 0.001). Rd in piñon saplings increased 

under dead piñon canopies in 2018 but did not have the same response in 2019 (OvStatus* 

OvSp*year: p - 0.0047, OvStatus*SapSp*year: p - 0.0487). LCP remained the same in piñon 

saplings across treatment types for both measurement periods. There was no change in Φ in 

either of the sapling species in response to overstory mortality for either of the measurement 

periods. 
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Figure 6. Mean values of light saturated rate of photosynthesis (Amax), increased for juniper 
saplings (left panel, a and b) and piñon saplings (right panel, c and d) after girdling. Note that 
scales differ between saplings species for visualization purposes. 
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Table 3. Photosynthetic parameters from light response curves. Light saturated rate of 

photosynthesis: Amax (μmol m-2 s-1 CO2), Light compensation point: LCP (μmol m-2 s-1 

photons), Rate of dark respiration: Rd (μmol m-2 s-1 CO2). 

 

 

Tissue Chemistry  

Foliar N content 

Foliar N content in juniper saplings under dead trees was significantly (30%) higher 

than saplings under live trees and the overstory species that died did not influence this 

response (Fig. 7, Table 3). Foliar N content in piñon saplings under dead trees was 12.5% 

higher than in saplings under live trees. Juniper and piñon saplings C:N ratio were 28% and 

17% lower, respectively, under dead trees, compared to live trees (Fig 7, Table 4), either 
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indicating an enhanced growth rate or increased nitrogen availability. There was no change in 

foliar C content in response to overstory mortality for piñon or juniper saplings (Table 4). 

Carbon and Nitrogen Isotopes 

Juniper sapling δ13C under dead trees was significantly higher (less negative) than 

under live trees, and this difference did not depend on whether the dead overstory tree was 

piñon or juniper (Fig 7, Table 3). Piñon saplings δ13C values remained unchanged after 

overstory mortality (Fig 7, Table 4). Juniper saplings had a 44% more enriched δ15N under 

dead trees vs. live trees and this did not depend on the overstory species that died (Fig 7, 

Table 4). We recorded 126% more enriched δ15N in piñon saplings under dead piñon trees 

only, but δ15N remained unchanged in piñon saplings growing under dead juniper (Fig 7, 

Table 4). 
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Figure 7. Mean values for carbon isotope ratio: δ13C (o/oo), nitrogen isotope ratio: δ15N 
(o/oo), percent foliar N, and foliar C:N ratio by dry weight of piñon (right panel) and juniper 
saplings (left panel). 
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Table 4. Mean and standard errors for carbon isotope ratio: δ13C (o/oo), nitrogen isotope 

ratio: δ15N (o/oo), percent foliar N percent foliar C, and foliar C:N ratio by dry weight of 

piñon and juniper saplings across treatments. P-values from ANOVA results presented here. 

 

 δ13C δ15N % Foliar N % Foliar C C:N ratio 

Piñon saplings 

live juniper -25.1±0.4 -3.6±0.4 0.8±0.1 50.0±0.04 63.5±6.5 

dead juniper -25.3±0.2 -3.1±0.6 0.9±0.1 50.5±0.5 55.9±3.9 

live piñon -25.4±0.3 -3.5±0.5 0.8±0.1 50.6±0.3 66.9±5.4 

dead piñon -24.8±0.1 0.92±0.5 0.9±0.0 50.3±0.4 52.2±2.5 

Juniper Saplings 

live juniper -27.5±0.2 -2.7±0.4 0.7±0.2 51.2±0.01 74.3±2.9 

dead juniper -26.5±0.4 -1.7±0.2 1.0±0. 51.0±0.5 53.5±2.8 

live piñon -27.7±0.2 -3.4±0.9 0.7±0.0 51.0±0.1 69.9±0.2 

dead piñon -26.7±0.1 -1.7±0.3 1.1±0.01 51.0±0.4 50.4±4.5 

Significance      

OvStatus 0.0020 < 0.0001 < 0.0001 0.9515 < 0.0001 

OvStatus*OvSp 0.4041 < 0.0001 0.4235 0.5672 0.6180 

OvStatus*SapSp 0.0281 0.0125 0.0314 0.5968 0.0410 

OvStatus*OvSp 
*SapSp 

0.2724 0.0020 0.8495 0.3904 0.3779 

 

Chlorophyll Content 

 In May 2018, chlorophyll content (a+b) of juniper saplings was significantly higher 

under dead juniper vs. live juniper, and piñon saplings had higher chlorophyll content (a+b) 

under dead piñon vs. live piñon (Fig 8, OvStatus*OvSp: p - 0.0234, OvStatus*OvSp* SapSp: 

p - 0.0067). We did not observe a difference in chlorophyll content in October 2019 in either 

of the sapling species under the canopy of dead trees vs. live trees. The ratio of chlorophyll 

a:b was similar across treatments for both measurement periods in both piñon and juniper 

saplings. 
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Figure 8. Mean values for total chlorophyll content: chlorophyll (a+b) for piñon (c, d) and 
juniper saplings (a, b) and chlorophyll a:b ratio (piñon: g, h and juniper: e, f) from May 2019 
(2018 growing season) and October 2019 (2019 growing season) in piñon and juniper 
saplings across treatments. 
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Table 5. Means and standard errors for chlorophyll a + b for piñon and juniper saplings 

across treatment types. 

 

 Chl a + b (mg/g) 

 2018 2019 

Juniper Saplings 

live juniper 0.77 ± 0.02 0.68 ± 0.07 

dead juniper 0.97 ± 0.03  0.66 ± 0.09 

live piñon 0.84 ± 0.06 0.59 ± 0.06 

dead piñon 0.86 ± 0.19 0.66 ± 0.07 

Piñon Saplings  

live juniper 1.72 ± 0.06 1.43 ± 0.02 

dead juniper 1.45 ± 0.17 1.40 ± 0.01 

live piñon 1.52 ± 0.09 1.35 ± 0.12 

dead piñon 1.94 ± 0.08 1.49 ± 0.10 

 

 

Discussion  

Piñon-juniper woodlands face potential biome level shifts following large-scale die-

off events associated with earth’s changing climate (Allen et al., 2010; Breshears et al., 2005; 

Reyer et al., 2015). Biomes change when seedlings and saplings are filtered non-randomly by 

the disturbance to the overhead canopy, post-disturbance climate, and the interaction of two. 

Understanding the physiological responses of piñon and juniper saplings following mortality 

events is needed to predict filtering during the recruitment of the future overstory trees and 

the trajectory of recovery. Overwhelmingly negative responses (from reduced facilitation) do 

not favor swift recovery from disturbance. In contrast, primarily positive effects (from 

competition release) would tend to favor long-term persistence of PJ woodlands despite 

challenges imposed by disturbance (Fig. 1). This study addressed the overarching question of 
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whether positive or negative responses dominate during recovery and sought to identify the 

physiological basis for these outcomes. 

We hypothesized that piñon saplings would be more negatively affected by overstory 

mortality than juniper saplings because of the tendency to decrease stomatal conductance at 

higher soil water availability as drought progresses than juniper.  Although piñon saplings in 

our study did not have as strong of a positive response to overstory mortality as juniper 

saplings in as many physiological parameters (Figs 4, 5, 6 and 7, Tables 2 and 4), overall, 

both pinon and juniper saplings in our study were surprisingly either not affected or 

benefitted from overstory tree mortality.  We observed very few conspecific interactions, and 

the sapling response did not depend on which overstory species died (Figs. 4-8). Together, 

this research suggests that both piñon and juniper saplings in this disturbed woodland will 

continue to grow, and without further disturbance or drastic change in climate, this site will 

likely return to an intact PJ woodland. However, there are some caveats to these results based 

on the climatic variation and edaphic characteristics across the distribution of the range that 

will be discussed in more detail later. 

Short and Long-Term Beneficial Effects of Overstory Mortality 

The simultaneous increase in water and light enabled saplings to benefit from 

improved light conditions, at least in the short-term. However, this outcome is also likely 

dependent upon available soil water. In the event of an extreme drought year, decreased soil 

water could have dictated the response to increased exposure to radiation, with adverse 

effects (Bansbach, 2019; Liebrecht, 2018; Morillas et al., 2017). 

The positive physiological changes in piñon and juniper saplings under dead trees 

could also indicate shifts in their long-term physiological processes, including faster annual 
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growth rates and increased soil nutrient availability, both of which would accelerate forest 

recovery. Increased foliar N and decreased C:N ratio under the canopy of dead trees vs. live 

trees in piñon and juniper saplings suggest that overstory mortality improved the 

photosynthetic capacity and growth rates in both saplings species (Ellsworth & Reich, 1992; 

Field, 1986; Livingston et al., 1998; Zhang et al., 2020). Higher δ13C  in juniper saplings 

under dead trees indicates enhanced water use efficiency, likely due to increased 

carboxylation capacity (Farquhar et al., 1989), and aligns with the pre-dawn water Ψ vs. ΔΨ 

results (Fig. 5, Table 2), where juniper saplings exhibited a faster decrease in ΔΨ under dead 

trees compared to live trees. These outcomes suggest a potential shift towards a more 

conservative physiology in terms of water use. Higher δ15N of juniper saplings under dead 

trees suggests a shift in nitrogen source and potentially greater nutrient availability in the soil 

(Craine et al., 2015), possibly due to increased leaf litter from mature trees that died, 

supported by increased foliar N content measurements (Craine et al., 2009; Griffin et al., 

2011; Norton et al., 2015).  

Differential Species-Specific Responses to Overstory Mortality  

Although both sapling species responded beneficially to overstory mortality, juniper 

saplings exhibited a much stronger response than piñon saplings. We suggest the more 

limited response in piñon, particularly as drought progressed in our experiment (Fig 5) can be 

attributed to piñon's isohydric hydraulic strategy, preventing it from exploiting favorable 

changes in soil water potential below approximately -2.2 MPa (McDowell et al., 2008; West 

et al., 2008). These findings suggest that piñon saplings, like mature piñon trees, are more 

vulnerable to overstory mortality in the face of a hotter and drier climate (Anderegg & 

Anderegg, 2013; Limousin et al., 2013; McDowell et al., 2008; West et al., 2007).  
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Our results did not support the general influence of a conspecific relationship between 

mature trees and saplings dictating the physiological response of piñon and juniper saplings 

to overstory mortality. However,  higher δ15N enrichment in piñon saplings under dead piñon 

(Fig. 7d, Table 4) suggests a piñon mortality may trigger a potential shift in sapling nitrogen 

cycling and nutrient uptake (Craine et al., 2009, 2015). This response may be facilitated by 

the loss of  mycorrhizal (endomycorrhizal) fungi due to piñon mortality (Morte et al., 2001; 

Dickie et al., 2002; Haskins & Gehring, 2004) or alternatively reduced competition for 

nitrogen resources among conspecifics (Norton et al., 2015). Juniper saplings also exhibited a 

slightly stronger response in ΔΨ versus pre-dawn Ψ under dead juniper compared to under 

dead piñon; and although we observed a conspecific response in both juniper and piñon 

saplings, as indicated by chlorophyll content in the 2018 foliage (Fig. 8a, 8c, Table: 5), the 

pattern was inconsistent in the 2019 foliage (Fig. 8b, 8d), These observed instances suggest 

conspecific mortality impacts are likely not important but may warrant further investigation 

for conclusive insights. 

Other Factors Dictating Ecosystem Resilience in PJ Woodlands  

Both piñon and juniper saplings benefited from competitive release following 

overstory mortality. Increased Amax triggered by improved access to light following canopy 

loss is consistent with the findings in other ecosystems that have experienced overstory 

mortality (Dalmolin et al., 2013; Griffin et al., 2004; Lambers et al., 2008; Takahashi et al., 

2018; Valladares et al., 2002), but by no means universal. In dense forests with closed 

canopies, the removal of trees and the resulting sudden exposure to direct sunlight leads to 

photoinhibition, can lead to reduced Amax, and decreased growth in understory plants after 

disturbances like selective logging and drought (Kitao et al., 2018; Tng et al., 2022). In 
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addition, although increased water availability to understory species (Fig 3) following 

overstory disturbance has been observed in northern hardwood forests, Mediterranean 

chaparral woodlands, and semi-arid coniferous biomes (Bearup et al., 2014; Dore et al., 

2012; He et al., 2013; McIver et al., 2022; Mikkelson et al., 2013; Valladares & Pearcy, 

2002), it also is not a universal response. In a PJ woodland in Mountainair, NM, for instance, 

piñon mortality led to aridification of the site and reduced physiological activity in the 

remaining trees. (Liebrecht, 2018; Morillas et al., 2017). In addition, ponderosa pine 

seedlings without canopy cover experience greater water stress during drought after severe 

fires (Bansbach, 2019). Thus, the factors that drive positive vs negative impacts of overstory 

mortality on sapling survival and success are still unclear.  

Redmond et al. (2018), emphasized that cooler and wetter climates, as well as soils 

with higher water retention capabilities, were key drivers in the resilience and success of PJ 

ecosystems following disturbances. Our site receives higher annual precipitation and the soils 

possess greater water-holding capacity due to the higher clay content compared to the 

Mountainair, NM study (Liebrecht, 2018; Morillas et al., 2017). These differences suggest 

that site-specific edapho-climatic conditions may dictate whether positive or negative 

responses to mortality are observed. Had we had conducted the study in a more stressful 

(drier) environment, the response could have differed based on facilitative plant-plant 

interactions being more prevalent in stressful environments, while competitive plant-plant 

interactions are more common in resource-rich environments (Bertness and Callaway, 1994). 

The presence of nurse-trees providing favorable microclimates in PJ woodlands is 

essential for seedling recruitment and survival (Chambers, 2001; Mueller et al., 2005; 

Redmond et al., 2018). Surprisingly, both sapling species exhibited positive responses to loss 

https://www.zotero.org/google-docs/?wOrnAc
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of overstory as nurse plants, despite previous research indicating a connection between the 

presence of adult trees, emerging seedlings, and survival in PJ woodlands (Pirtel et al., 2021; 

Redmond et al., 2015, 2018). However, it is important to note that our study focused on well-

established saplings prior to the girdling experiment, aligning with previous research 

highlighting the importance of advanced regeneration of juveniles for the resilience of these 

ecosystems (Redmond et al., 2018).  

Environmental and Geographic Variability and Management Implications on PJ 
Woodland Resilience 

PJ ecosystems exhibit significant variability in terms of species composition, 

landform and soil characteristics, and precipitation patterns, relative abundance and sizes of 

dominant species, and overall density of vegetation (USNVC ver. 2.03, SWReGap, 2005, 

Gedney et al., 1999, Springfield 1976, Jacobs, 2008). These woodlands are further classified 

into five distinct subtypes (Fig 9). This study was conducted in the Rocky Mountain PJ 

Woodland (Fig. 9), which is relatively mesic compared to southwest regions of this biomes 

range characterized by dry, rocky soils and harsher climates. This diverse range of 

characteristics across the northwest-to-southeast gradient (Romme et al., 2009) may dictate 

non-uniform responses with different constraints on recovery following overstory mortality. 

Specific environmental conditions, geographic location and PJ woodland subclasses should 

all be considered when assessing trajectory of responses to overstory mortality in PJ 

woodlands. It is important for land managers to understand and account for these dynamics 

when planning their implementation measures to mitigate the negative impacts of overstory 

mortality due to large-scale disturbance events such as drought stress, bark-beetle 

infestations, and fire. By recognizing these variations in ecophysiological responses, 
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conservation efforts can be tailored to ensure the long-term health and sustainability of PJ 

woodlands across their entire range. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



34 

Figure 9. Map of southwest piñon-juniper woodlands subtypes illustrating the northwest to 
southeast gradient. Yellow stars represent the locations of our research site (Hobo) located 
within the Southern Rocky Mountain PJ woodland subtype and the research site from 
Liebrecht et. al, 2018 and Morillas et. al, 2017 (Mountainair) located within the Madrean PJ 
woodland subtype which represents the driest edge of this biomes range. This map was 
created using ESRI software (ArcMap 10.8.1). 

 

 

Conclusions 

 

The positive effects of overstory mortality on both piñon and juniper saplings suggest 

that in the absence of additional disturbance or climatic extremes, this site is likely to return 

to a PJ woodland. The fact that piñon saplings exhibited greater vulnerability in the aftermath 

of such mortality events, suggests an increased risk of woodland conversion to this biome to 

a juniper savanna, particularly in the hotter and drier climates in the drier edge of this biome's 
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range. The disturbance response of saplings likely varies along a spectrum from net-negative 

to net-positive, and we expect that different PJ woodland types may exhibit diverse positions 

on this spectrum. Additionally, annual weather conditions, particularly wetter years, should 

influence the outcome of disturbances leaning towards more positive effects. These points 

highlight the necessity for future research on the physiological status of piñon and juniper 

saplings along a wider range of disturbance and climate regimes, as well as across different 

PJ woodland subclasses. Overall, these results deepen our understanding of the recovery 

trajectory in PJ biomes after significant die-offs and lead us to conclude that these woodlands 

may possess greater resilience than previously believed. 
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