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Abstract
1.	 Hotter droughts have resulted in widespread tree die-off events globally, frequently 

leading to regeneration failure. Dry forest recovery often depends on the growth 
and survival of extant juvenile trees. However, it is unclear how microenvironmen-
tal changes following overstorey tree die-off affect juvenile trees, particularly in 
dryland systems where tree recruitment is typically limited by water availability and 
heat stress.

2.	 We simulated an overstorey tree die-off event by girdling trees in piñon-juniper 
woodlands across the south-western United States. We sampled juvenile piñon pine 
growth from live and dead overstorey treatments across six study sites spanning a 
regional latitudinal gradient and local elevational gradients. We examined how ju-
venile branch and needle growth differed between live and dead overstorey treat-
ments, and whether responses varied with weather conditions and juvenile tree size 
following overstorey mortality.

3.	 We found greater juvenile branch and needle growth under dead compared with live 
overstorey trees for 2 years following overstorey mortality at mid- and high-elevation 
sites which are typically cooler and wetter than the other sites. These observed 
growth releases were contingent on favourable post-mortality weather conditions. 
Higher growth under dead overstorey occurred at sites experiencing near-average 
climatic water deficits compared with sites experiencing above-average climatic 
water deficits. Growth at all sites increased from the first to second year after over-
storey mortality. Across sites, growth was unrelated to juvenile tree size.

4.	 Synthesis. Our results underscore differentiation in juvenile responses to over-
storey tree die-off driven by local site conditions and weather across the range 
of Pinus edulis. Overstorey mortality resulted in consistently higher juvenile 
growth only at climatically favourable sites and during favourable weather, while 
unmeasured microsite differences could help account for variation observed at 
the hottest and driest site. Results from less climatically favourable sites sug-
gest that overstorey trees neither directly limit nor facilitate juvenile growth, 
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1  |  INTRODUC TION

Adaptations of tree populations to local climate variability and chronic 
stressors may shape their capacity to resist and recover from distur-
bances, such as heatwaves and droughts (Brodribb et al., 2020; Gazol 
et al., 2023). Changing climate conditions in many regions, especially 
dryland ecosystems, include more frequent occurrences of severe 
disturbances and exacerbate abiotic stresses in post-disturbance en-
vironments (Costanza et al., 2023). With rising temperatures and in-
creasing atmospheric and soil drought in dryland systems (Bradford 
et  al.,  2020), forest and woodland communities may struggle to re-
cover from increasingly common disturbances, such as extensive, 
drought-driven tree die-off events (Shriver et al., 2021; Xu et al., 2024). 
While understanding patterns and mechanisms of drought-related 
tree die-off globally is improving rapidly (Hammond et al., 2022; Xu 
et  al.,  2024), major knowledge gaps remain for understanding the 
near-term outcomes for extant juvenile trees, which are less suscep-
tible to direct mortality and can persist after overstorey tree die-off 
(Camarero, 2021; Ma et al., 2023; Redmond et al., 2015).

For species that occupy broad ranges of environmental conditions, 
population adaptations to local environmental conditions often reflect 
broad climate gradients from warmer and drier to cooler and wetter 
locales (Dixit et al., 2022; Gazol et al., 2023). Local populations that 
typically experience more chronic stresses, such as heat and seasonal 
drought, may be better adapted to withstand post-disturbance envi-
ronmental stress characterized by high incident light, temperatures 
and evaporative demand, which occur with overstorey removal or 
in situ mortality (Camarero et al., 2024; Guérin et al., 2020). Similarly, 
populations which typically experience lower mean temperatures or 
more consistent seasonal moisture availability may be more suscep-
tible to suddenly elevated heat- or water-related stresses in post-
disturbance environments (Candido-Ribeiro & Aitken, 2024; Redmond 
et  al., 2017). Alternatively, a lack of morphological (e.g. greater root 
density) or physiological trait plasticity (e.g. water-use efficiency) 
may limit the capacity for trees from some populations to adjust to 
post-disturbance resource environments (Dixit et al., 2022; McBranch 
et al., 2019). The extent to which local tree populations may respond 
differently to post-disturbance conditions may also be mediated by co-
varying site conditions, such as abundance of competing vegetation, 
and the intersection of interannual weather variation with population-
level trait variation (Gazol et al., 2023; Vasey et al., 2023).

Juvenile tree sensitivity to climate change stressors is often inter-
preted from broad-scale, correlative demographic patterns inclusive of 
wide ranges of tree sizes (e.g. Dobrowski et al., 2015), or from con-
trolled experiments with imposed heat and drought stress on specific 
life-stages (e.g. Rother et al., 2015). Relatively little is known about how 
juveniles respond in situ to stressors associated with post-disturbance 
environments, which reflect underlying complexities of resource-use 
plasticity and site characteristics, rather than expression of adapta-
tions to specific stressors (Gazol et al., 2023; Grams & Andersen, 2007). 
Overstorey tree die-off can rapidly alter resource conditions for 
surviving juveniles, including greater extremes of temperatures and 
evaporative demand (De Frenne et  al.,  2021), but also higher light 
and potentially soil water and nutrient availability (Grossiord, Gessler, 
et al., 2018). Juveniles present in relatively more productive sites with 
higher tree densities may experience continued light competition due 
to shading from dead or surviving trees, whereas warmer and drier 
sites may experience higher degrees of abiotic limitation after the loss 
of facilitative tree cover (Phillips et  al.,  2024). Additionally, juvenile 
responses may vary based on size-related physical maturity (Boyden 
et al., 2009). While larger juveniles likely possess physical capacities to 
better access available resources than smaller juveniles, these larger 
individuals may also be more limited by greater metabolic maintenance 
costs (Camarero et al., 2024; Ma et al., 2023), or stronger temporal mis-
match of carbon acquisition and investment (Cabon, 2026). In contrast, 
smaller juveniles may suffer from inadequate resource acquisition 
and resource-use efficiency (Augustine & Reinhardt, 2019; Forrester 
et al., 2022; Gyenge & Fernández, 2014).

In piñon (Pinus edulis)-juniper (Juniperus spp.) woodlands in the 
south-western United States, extensive drought-driven overstorey 
mortality has caused demographic pressures for piñon pine (Shriver 
et al., 2021), as new piñon regeneration relies on seed availability and 
facilitation by overstorey trees or nurse shrubs (Redmond et al., 2015, 
2018; Redmond & Barger,  2013). Surviving juvenile trees following 
overstorey die-off events therefore represent a crucial reservoir for 
woodland regeneration and development, providing the basis for 
woodland resilience. Yet piñon-juniper woodlands span a wide range 
of environmental conditions, broadly differentiated by temperatures 
and the relative influence of summer monsoon (vs. winter-dominated) 
precipitation (Falco & Waring, 2020; Samuels-Crow et al., 2023), and 
locally through pulse-precipitation events and shallow soil water 
dynamics (Kannenberg et al., 2024; Romme et al., 2009). Such wide 

though further study over longer timeframes is needed to resolve the pace and 
magnitude of potential recovery or decline. Overall, juvenile vigour may be pro-
moted following overstorey mortality only in a narrow spatial (site) and temporal 
(weather) environmental context, suggesting additional vulnerabilities for piñon 
populations under more arid conditions.

K E Y W O R D S
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gradients may lead to variable outcomes for juveniles following tree 
die-off. Observational studies have established patterns of adult piñon 
growth sensitivities at different sites to climate variation (e.g. Redmond 
et al., 2017), and differences in competitive or facilitative spatial as-
sociations of juveniles with overstorey across local edaphoclimatic 
gradients (Redmond et al., 2015). Additionally, many prior studies of 
adult piñon trees in similar environments have demonstrated strong 
influences of water limitations and heat on shoot growth, needle 
emergence and other related growth and physiological responses (e.g. 
Adams et al., 2015; Grossiord et al., 2017; Guérin et al., 2018). Because 
juveniles face more open and exposed conditions following oversto-
rey die-off events, interactions among weather patterns, general site 
conditions and local population adaptations result in substantial uncer-
tainty about growth responses of surviving juveniles across the range 
of piñon-juniper woodlands (Vasey et al., 2022, 2023).

To assess the effect of overstorey tree mortality on extant juve-
nile trees across different populations of piñon pine, we conducted a 
tree mortality experiment by girdling overstorey trees to simulate a 
die-off event at six sites that span regional (latitudinal) and local (ele-
vational) environmental gradients. We compared growth responses 
of juvenile trees spanning a range of sizes under live (i.e. control) and 
dead (i.e. girdled) overstorey plots at our study sites over 2 years. 
Our objectives were to (1) understand how growth of juvenile piñon 
trees is affected by overstorey tree mortality across populations 
that span broad climatic gradients, (2) evaluate year-to-year growth 
responses in relation to corresponding weather variation and (3) as-
sess the influence of juvenile size, as a proxy for resource acquisition 
and stress tolerance, on juvenile growth responses to overstorey 
mortality. With regard to these objectives, we hypothesized that 
(1) growth of juveniles would be greater after overstorey mortality
at cooler and wetter study locations, (2) positive growth responses
after overstorey mortality would be pronounced in cooler and wet-
ter years of study, while limited growth (compared with live over-
storey plots) would occur in warmer and drier years of study, and (3)
growth would increase with juvenile tree size. Understanding juve-
nile responses to overstorey mortality, and variation among popu-
lations, is important for anticipating changes in local dryland forest
and woodland communities, and can facilitate targeted management 
towards sensitive or priority populations, or away from areas of ex-
pected population extirpation (Noel et al., 2023). Using a replicated
tree mortality experiment across environmental gradients, we aim to 
advance understanding of the outcomes of overstorey disturbance
on juvenile trees under varying conditions.

2  |  MATERIAL S AND METHODS

2.1  |  Regional and local study locations

We selected three regional study locations across the geographic 
distribution of two-needle piñon pine (Pinus edulis) (Figure 1) based 
on differences in climate (Figure 2; tabular comparisons are shown in 
Table S1). At these locations, with permission from local management 

agency offices (Bureau of Land Management and US Forest Service), 
we established study sites spanning local elevational gradients of cli-
mate and woodland tree density (Falco & Waring, 2020) where piñon 
pine was dominant. We originally established sites at ‘low’, ‘mid’ and 
‘high’ elevations, but we dropped high-elevation study sites from two 
locations due to safety concerns and wildfire impacts, as well as one 
low-elevation site where piñon juvenile abundance was insufficient 
for sampling. Our resulting six study sites included: low- and mid-
elevations at our southern location in Arizona (‘AZlow’ and ‘AZmid’); 
low-, mid- and high-elevations at our mid-latitude study location in 
south-western Colorado (‘SCOlow’, ‘SCOmid’ and ‘SCOhigh’); and, 
mid-elevation at our northern location in north-western Colorado 
(‘NCOmid’). The latitudinal and elevational distribution of these sites 
generally follows a climatic gradient from warmer and drier condi-
tions at more southern latitudes and lower-elevations, to cooler 
and wetter conditions at more northern-latitude and high-elevation 
sites, with monsoonal precipitation being greatest at more southern-
latitude sites (Figures  1 and 2). However, the northernmost site 
(NCOmid) is typically drier than mid- and high-elevation sites at 
more southern latitudes (i.e. AZmid, and SCOmid and SCOhigh; 
Figure 2). During our study, sites generally experienced warmer and 
drier conditions in year 1 (2020), with especially hot and dry weather 
in AZ and NCO, while subsequent years 2 and 3 (2021 and 2022) 
were generally average or wetter-than-average compared with long-
term conditions at these sites (Figure 2).

All of our sites were small (~2 ha in size) and similar in structure 
in an effort to reduce plot to plot variability. Within each site, plots 
were topographically similar (e.g. elevation varied <5 m and esti-
mated slope varied <15 percent, on average) and within the same or 
similar (in the case of SCOhigh) soils types according to Soil Survey 
Geographic Database (SSURGO) soil classifications (see Table S1 for 
details).

2.2  |  Experimental design and field sampling

We designed an experiment to compare the growth of piñon pine 
juveniles occurring beneath and adjacent to live and dead oversto-
rey trees, first identifying healthy piñon pine-dominated stands, 
establishing control and mortality (girdled) treatments in randomly 
selected groups of trees, and measuring juvenile growth following 
our mortality treatment. In the summer of 2019, we established 30 
plots under live overstorey woodland cover at each of our six study 
sites. Plots were centred around individual, dominant piñon trees 
(‘focal tree’) that appeared healthy (≥90% live green foliage, no indi-
cations of decline in health). Selected focal trees were at least 10 m 
apart and no plots were established on slopes greater than 15%. To 
quantify overstorey woodland structure at each plot (Table S1), we 
measured stem diameter at root collar (or, basal diameter; hereaf-
ter, ‘DRC’) of all adult trees (≥9.0 cm DRC) within 7 m of each focal 
tree stem, which was approximately 1.25 times the height of focal 
trees, on average. We also measured juvenile trees (0.3–8.9 cm DRC) 
in the same plot area as overstorey structure, recording DRC and 
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location (distance and approximate azimuth in relation to each focal 
tree) to identify juveniles for subsequent sampling and to calculate 
juvenile competition indices (see below). After establishing plots, 
we randomly assigned each to a treatment of control (live oversto-
rey) or tree mortality (dead overstorey). Our objective with the tree 
mortality treatment was to create environmental conditions similar 
to the understorey following drought-induced mortality of oversto-
rey piñon trees. In the winter of 2019–2020 (~late November–early 
March), we girdled overstorey piñon trees (≥9.0 cm DRC) in each tree 
mortality treatment plot. The pace of mortality and the extent to 
which overstorey trees retained dead needles differed somewhat 
across sites and years in which growth was studied (2021 and 2022; 
Figure 3). We reviewed the effects of needle retention on growth 
in our models (described below), but because it was highly collinear 
with our overstorey treatment categories and did not change other 
results in our models, we report the results with needle retention 
excluded.

In this study, we focused our resources and sampling efforts on 
capturing potential piñon pine juvenile growth differences between 
live and dead overstorey treatments across a broad set of site con-
ditions (Table S1). We used plot-level information from overstorey 
and juvenile tree structure sampling to approximate plot–plot varia-
tion in our analyses (described in analyses below; and see Table S1). 
We focus our study on piñon pine juvenile growth responses be-
cause this species is largely more vulnerable to drought-induced 

mortality events and regeneration failures (Redmond et  al.,  2023; 
Shriver et al., 2021, 2022), it is the predominant species at our sites 
(Table S1), and because growth rates can be readily assessed using 
interannual bud scale scars, unlike juniper.

2.3  |  Growth sampling

For growth measurements, we located piñon juveniles in our plots 
across all sites that spanned a wide range of size classes (from 0.3 
to 8.9 cm DRC; mean 3.1 cm ±2.5, median 2.2 cm), which appeared 
healthy with no evident signs of stress or decline. In late September 
2022, we sampled growth of individuals on lateral branches and 
needles, as we expected branch and needle growth to reflect rela-
tive resource availability (Guérin et  al.,  2018; Magnin et  al., 2017; 
Sprugel,  2002) in contrasting live and dead overstorey treatment 
plots. For each individual juvenile tree, we randomly selected three 
branches to measure from the middle section of the crown area 
(Guérin et al., 2018; McBranch et al., 2019), though for smaller in-
dividuals we were sometimes limited to one or two branches for 
measurements. We measured annual growth using interannual bud 
scars, induced by the initiation of growing season phenology, as 
identifiers between years of growth (Adams et al., 2015). We took 
corresponding needle length measurements for each year of branch 
growth, using the average length of three needles per year (Adams 

F I G U R E  1 Study regions (white diamonds) relative to the distribution of two-needle piñon pine (Pinus edulis; grey shading, inset map; 
Cole et al., 2011). We established sites across a latitudinal gradient, within the geographic distribution of piñon pine, which reflected regional 
differences in climate, notably the prevalence of monsoon precipitation (colour gradient in inset map). Regions included Arizona (AZ), 
southern Colorado (SCO) and northern Colorado (NCO). Within the SCO and AZ region, study sites span an elevational gradient (not shown 
in map) to capture local environmental variation, including low- and mid-elevations in AZ (AZlow and AZmid), low-, mid- and high- elevations 
in SCO (SCOlow, SCOmid and SCOhigh), with only one site in NCO (NCOmid, occurring at a comparable mid-elevation).
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et al., 2015; Grossiord et al., 2017). To capture growth trends prior 
to our experiment, we attempted to measure growth back to the 
year (inclusive of) 2015, though we were sometimes limited to a 

shorter time period with smaller trees. Mean growth record length 
was 7.1 years (±1.4). For subsequent analyses, we averaged growth 
measurements for each year across all sampled branches for each 

F I G U R E  2 Comparisons of climate averages and weather conditions during study years 2020–2022 across study sites. Thirty-year 
climate averages are represented by open diamonds with corresponding lines representing 1 standard deviation above and below the mean. 
Weather conditions for each year of study are shown with solid points (overstorey mortality initiated in the winter of 2019–2020; 2021 and 
2022 are 1- and 2-years post-mortality, respectively, when juvenile growth was measured). Climate variables include climatic moisture deficit 
(Hargreaves climatic moisture deficit, CMD, top panel), monsoonality (middle panel) and annual precipitation (bottom panel). Additional 
cross-site climate comparisons can be found in Table S1. All data were obtained from ClimateNA, https://​clima​tena.​ca/​. Site codes: 
AZlow = low-elevation, northern Arizona; AZmid = middle-elevation, northern Arizona; SCOlow = low-elevation, south-western Colorado; 
SCOmid = middle-elevation, south-western Colorado; SCOhigh = high-elevation, south-western Colorado; NCOmid = middle-elevation, 
northern Colorado.
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individual. Although we considered sampling height growth as a 
primary indicator of tree recruitment to upper canopy strata, we 
were unable to practically reach the taller juveniles in our study for 
accurate year-to-year height increments. We expected growth of 
lateral branches to sufficiently reflect distinctions in resource avail-
ability and subsequent growth patterns for juveniles in dead and 
live overstorey environments (Grams & Andersen,  2007; Gyenge 
& Fernández,  2014; Turrión & Bautista,  2025). Moreover, lateral 
branches and needles are frequently used as sampling units for es-
timating tree vigour in this species (e.g. Adams et al., 2015; Guérin 
et al., 2018; Kraklow et al., 2025).

2.4  |  Analysis

To evaluate branch and needle growth of juvenile trees across a 
range of sizes following overstorey mortality, we calculated a growth 
ratio (branch growth ratio and needle growth ratio) that reflected 
the relationship of post-treatment growth relative to pre-treatment 
growth. For each full year of growth following overstorey mortality 
(2021 and 2022) we calculated:

where GRiy is the growth ratio (branch or needle) of an individual juve-
nile tree i  in year y derived from the growth increment of the individual 
tree i  in post −mortality year y (y = 1, 2, including 2021 and 2022) av-
eraged over k branches, relative to the average annual pre − treatment 
growth of the same individual and branches over l  years sampled in 
the pre-treatment period. This follows similar approaches used in other 
studies (Cabon et al., 2023; Férriz et al., 2021) to assess growth re-
sponses after substantial changes in resource conditions (e.g. growth 
recovery following drought periods). We excluded 2020 growth 

measurements from our calculations because we expected that the 
girdled trees were still actively dying during this time.

We used linear models (‘stats’ package in the R statistical com-
puting environment; R Core Team, 2023), with maximum likelihood-
based estimates of model coefficients, to assess influences on juvenile 
growth. We separately modelled 2021 and 2022 (‘first-’ and ‘second-
year’ growth following overstorey mortality) branch and needle growth 
ratios. Consistent with our study objectives, we modelled branch and 
needle growth ratios as a function of the interaction between oversto-
rey treatment (live and dead) and juvenile tree size (DRC) in all models. 
To avoid multicollinearity, in separate sets of models for each growth 
type (branch and needle) and year of growth (first- and second-year 
post-mortality), we included terms for the interaction of overstorey 
treatment and: (a) site, to examine patterns across populations (encom-
passing both differences in climate averages for each site and unmea-
sured site differences), and (b) post-treatment weather conditions, to 
understand how annual variability in weather affects juvenile growth 
responses in relation to overstorey mortality. We used annual climatic 
moisture deficit (CMD) (Hargreaves CMD, from climate data obtained 
from ClimateNA, https://​clima​tena.​ca/​, accessed on 3 January 2023; 
Wang et  al.,  2016), which captures ecologically relevant water defi-
cit (Petrie & Savage, 2022). We calculated CMD differences (‘dCMD’) 
from the long-term (1991–2020) average to better assess the relative 
degree of abiotic stress in each year following treatment (Figure  2 
and Table S1). Although both current and lag-year effects have been 
shown to affect growth in semi-arid forests in this region (e.g. Andrews 
et al., 2020; Guérin et al., 2018), we chose to keep models simpler by 
evaluating only one weather period for each branch and needle growth 
model. Branch growth in various pine species is especially influenced 
by weather conditions in the year of bud formation, which occurs in the 
year prior to branch elongation (Hover et al., 2017; Seidel et al., 2019); 
therefore, we evaluated the influences of prior-year weather for each 
year of growth for branch growth ratio models. In needle growth mod-
els, we evaluated the influences of same-year weather conditions as 

GRiy =

growthpost,iyk

growthpre,ilk
,

F I G U R E  3 Proportion of overstorey needle retention among live (left) and dead (right) overstorey trees at each site. After inducing 
overstorey tree mortality in our experiment, loss of dead needles from these trees was variable across sites and years.
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measured growth, as needles form and grow in the year of branch 
elongation (Isik, 1990; Schiestl-Aalto & Mäkelä, 2017).

We included plot-level basal area and a juvenile competition 
index as fixed effects in our models to account for potential dif-
ferences in growing conditions (e.g. light, moisture and tempera-
ture microclimates) and competitive environments represented by 
tree structural conditions. Juvenile competition was estimated by 
calculating the sum of squared size ratios between a focal juvenile 
(sampled for growth) and all neighbouring juveniles within a 1.5 m 
radius. This competition value is a variation on common size-ratio 
competition values (e.g. see index 6 in Looney et al., 2016), and spe-
cifically represents competition dominated by larger trees (assumed 
asymmetric competition). For model covariates whose distributions 
were highly skewed, including juvenile tree DRC, plot basal area and 
juvenile competition values, we log-transformed these variables to 
satisfy the assumptions of our linear modelling approach.

When we observed a significant interaction between site and 
overstorey treatment in models across sites, we used post hoc 
comparisons of marginal mean model predictions for multi-level 

factors to evaluate differences across sites (within each overstorey 
treatment type) and within sites (between overstorey treatment 
type). We used the ‘emmeans’ function of the emmeans package 
(Lenth,  2023) with a false discovery rate p-value adjustment for 
multiple comparisons across sites, setting our significance threshold 
at α = 0.05. For all other effects in site and post-mortality weather 
models (see Table S2), we considered effects significant when confi-
dence intervals did not overlap zero.

3  |  RESULTS

3.1  |  Branch growth ratios

3.1.1  |  Site differences in branch growth responses 
to overstorey mortality (a)

Juvenile piñon pine branch growth ratios varied considerably across 
treatments (live and dead overstorey), sites and years (Figure 4). In 

F I G U R E  4 Branch growth ratios for the first (i.e. 2021; top panel) and second year (i.e. 2022; bottom panel) of growth following 
overstorey mortality across all sites, showing model results for the interaction of Site and overstorey treatment (live and dead). Points are 
tree-level observations, and modelled effects are shown with means (large diamond symbols) and 95% confidence intervals (shaded bars 
around large diamonds). Colours signify live (green) and dead (orange) overstorey treatments. Significance of pairwise comparisons of branch 
growth ratios between dead and live overstorey treatments within each site are denoted with an asterisk at the top of each plot. Post hoc 
comparisons of live overstorey treatments across sites and dead overstorey treatments across sites are denoted with letters and numbers, 
respectively, where shared values suggest no differences. The dashed horizontal line at 1.0 indicates a branch growth ratio value where 
post-mortality growth is equal to the mean of prior growth years.
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both the first and second years (2021 and 2022) following over-
storey mortality, branch growth ratios were greater in our tree 
mortality (dead overstorey) treatments compared with our con-
trol (live overstorey) at the mid- and high-elevation sites in south-
west Colorado (SCOmid and SCOhigh), our mid-latitude study area 
(Figure  4). Additionally, overstorey mortality resulted in increased 
growth ratios in the second year of growth at our low-elevation, 
southern-latitude Arizona site (AZlow), but there were no effects 
of overstorey mortality on branch growth ratios in either year at 
the mid-elevation Arizona site (AZmid), the low-elevation south-
west Colorado site (SCOlow) or our mid-elevation northern-latitude 
(NCOmid) site (Figure 4). Notably, in the first year following over-
storey mortality, branch growth was higher than prior mean growth 
(i.e. growth ratio >1) in our tree mortality treatment at SCOmid and 
SCOhigh and not at any other sites or in live overstorey (control) 
treatments. However, in the second year of growth after overstorey 
mortality, branch growth was higher than prior mean growth in our 
tree mortality treatments across all sites except NCOmid, whereas 
branch growth was below average (growth ratio <1) in live oversto-
rey environments, except at SCOlow. In all branch growth models, 

neither the interaction of juvenile tree size and overstorey treatment 
nor the main effect of juvenile tree size was significant (Table S2).

3.1.2  |  Branch growth following overstorey 
mortality in relation to post-mortality weather (b)

In both years following overstorey mortality, we found a negative 
relationship between branch growth ratio and relative CMD in the 
year of bud formation (the year prior to the growth we measured), 
such that sites that were hotter and drier than normal (i.e. above-
average CMD) had less branch growth (Figure  5). These relation-
ships were much more pronounced in dead overstorey compared 
with live overstorey environments, which was predominantly driven 
by higher growth in dead overstorey environments at SCOhigh and 
SCOmid where dCMD was lower compared with other sites in both 
years following overstorey mortality. Branch growth ratios generally 
did not have significant relationships with juvenile tree DRC and plot 
BA in post-mortality weather models, except for a smaller positive 
relationship of second-year branch growth ratios with increasing 

F I G U R E  5 Relationship between branch growth ratio and post-mortality weather (top panels) and plot basal area (BA, bottom panel) 
across sites for first- (2021) and second-year (2022) growth following overstorey mortality treatments. We tested the effects of weather in 
years prior, when buds are formed, to a given year of measured growth. Colours signify live (green) and dead (orange) overstorey treatments. 
Shapes denote sites: AZlow = circle; AZmid = upward triangle; SCOlow = plus sign; SCOmid = x; SCOhigh = diamond; NCOmid = downward 
triangle. The dashed horizontal line at 1.0 indicates a branch growth ratio value where post-mortality growth is equal to the mean of prior 
growth years.
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plot BA (Figure 5, bottom panel). This relationship was weakened in 
part by lower growth at the NCOmid site despite generally higher 
plot BA than other sites.

3.2  |  Needle growth ratios

3.2.1  |  Site differences in needle growth responses 
to overstorey mortality (a)

Models of needle growth ratios reflected considerable variability 
across sites in the first year following overstorey mortality (2021) 
but showed more similarity across sites and overstorey treatments 
2 years following overstorey mortality (2022) (Figure  6). As with 
branch growth ratios, needle growth ratios were higher in dead 
overstorey compared with live overstorey treatments at both mid- 
and high-elevation southern Colorado sites (SCOmid and SCOhigh) 
in both years of measured growth following overstorey mortality. 
Needle growth ratios were also higher in dead overstorey treatments 

compared with live in the first year following overstorey mortal-
ity for the low-elevation, southern-latitude site in Arizona (AZlow), 
while needle growth ratios were lower in dead overstorey treat-
ments compared with live at the mid-elevation, northern-latitude 
site (NCOmid). Needle growth ratios in live overstorey treatments 
at AZlow were lower than all other sites except NCOmid, and nee-
dle growth ratios in live overstorey treatments were different at 
SCOmid compared with AZlow and NCOmid. Needle growth ratios 
in dead overstorey treatments at SCOmid and SCOhigh were differ-
ent than those at all other sites and different from each other, ex-
cept for no difference between SCOmid and SCOlow. In the second 
year of growth, however, needle growth ratios in both live and dead 
overstorey treatments generally increased across AZlow, AZmid and 
NCOmid such that few cross-site differences occurred. Similar to 
branch growth, needle growth in the second year following over-
storey mortality was mostly higher than mean growth in prior years 
(growth ratios >1), except in live overstorey treatments at AZlow 
and SCOhigh, on average. No significant relationships occurred with 
juvenile tree DRC and plot BA in either year (Table S2).

F I G U R E  6 Needle growth ratios for the first (i.e. 2021; top panel) and second year (i.e. 2022; bottom panel) of growth following 
overstorey mortality across all sites, showing model results for the interaction of Site and overstorey treatment (live and dead). Points 
are tree-level observations; modelled effects are shown with means (large diamond symbols) and 95% confidence intervals (shaded bars 
around large diamonds). Colours signify live (green) and dead (orange) overstorey treatments. Significance of pairwise comparisons of needle 
growth ratios between dead and live overstorey treatments within each site is denoted with an asterisk at the top of each plot. Post hoc 
comparisons of live overstorey treatments across sites and dead overstorey treatments across sites are denoted with letters and numbers, 
respectively, where shared values suggest no differences. The dashed horizontal line at 1.0 indicates a needle growth ratio value where 
post-mortality growth is equal to the mean of prior growth years.
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3.2.2  |  Needle growth following overstorey 
mortality in relation to post-mortality weather (b)

Needle growth ratios in dead overstorey treatments had a negative 
relationship with same-year dCMD in both years of measured growth 
following overstorey treatments, such that growth ratios were lower 
with weather that was hotter and drier relative to average condi-
tions (Figure 7). This relationship was acute in the first year following 
overstorey mortality (2021) but much less pronounced in the second 
year (2022) when dCMDs were close to and below average. While 
growth ratios in live overstorey treatments were also negatively re-
lated to hotter and drier conditions in the first year after overstorey 
mortality, there was a slight positive relationship in live overstorey 
treatments in the second year, reflecting increased growth ratios at 
sites other than SCOhigh and SCOmid. No significant relationships 
between needle growth ratios and juvenile tree DRC or plot BA were 
observed in post-mortality weather models.

4  |  DISCUSSION

Although patterns of tree mortality and subsequent regeneration 
failures are well-documented in dryland forest and woodland sys-
tems, less is known about direct impacts of overstorey mortality on 
extant juvenile tree responses. In this study, we found mixed sup-
port for our hypothesized trends in juvenile piñon branch and needle 
growth following an overstorey mortality event that we simulated 

through girdling treatments: (1) as hypothesized, positive growth 
responses following overstorey mortality were consistently evident 
only at cooler and wetter sites, (2) favourable weather supported 
positive growth responses following overstorey mortality, but we 
did not observe patterns of limited growth in dead overstorey plots 
compared with live overstorey with warmer and drier weather, and 
(3) we found no evidence for positive growth trends with juvenile
tree size.

These results exemplify the predominant role of physiographic 
(regional, elevational) and corresponding abiotic gradients (Table S1) 
driving resource availability for tree productivity in these systems 
(Romme et al., 2009; Shriver et al., 2022). Distinctly strong responses 
at mid- and high-elevation southern Colorado sites reflect the inter-
play of favourable abiotic conditions and release from resource com-
petition with previously live overstorey trees, illustrating the role 
of local structural conditions in mediating post-drought mortality 
trajectories (Rigling et al., 2013; Vilà-Cabrera et al., 2013). By con-
trast, the overall lack of growth differences between live and dead 
overstorey treatments across drier sites suggests that neither facil-
itative nor competitive interactions between overstorey trees and 
juvenile growth were dominant under our observed growing con-
ditions (Ploughe et al., 2019). Ultimately, our findings suggest a nar-
row environmental context, both spatial (more productive sites) and 
temporal (favourable weather periods), where juvenile piñon pine 
recruitment may be promoted following overstorey mortality, but 
also suggest greater vulnerabilities for more arid populations with 
continuing climate change (Shriver et al., 2022; Zhang et al., 2024).

F I G U R E  7 Relationship between needle growth ratio and post-mortality weather across sites for first- (2021) and second-year (2022) 
growth following overstorey mortality treatments. For needle growth, we tested the effects of weather in the same year of measured 
growth. Colours signify live (green) and dead (orange) overstorey treatments. Shapes denote sites: AZlow = circle; AZmid = upward triangle; 
SCOlow = plus sign; SCOmid = x; SCOhigh = diamond; NCOmid = downward triangle. The dashed horizontal line at 1.0 indicates a needle 
growth ratio value where post-mortality growth is equal to the mean of prior growth years.



|  11 of 15HILL et al.

Our observation of consistent positive growth responses only in 
wetter sites and weather conditions is in line with numerous prior 
findings of regeneration and mortality trends (Minott & Kolb, 2020; 
Redmond et al., 2015, 2018) and projected population vulnerabilities 
(Shriver et al., 2022, 2021; Urza et al., 2020) across site aridity and 
soil water availability gradients in these systems. Above-ground tree 
productivity in piñon-juniper woodlands depends strongly on soil 
water availability (Kannenberg et al., 2024; Reich et al., 2026), and 
therefore, stronger growth responses at wetter sites in our study 
reinforce these expectations, across both regional and elevational 
gradients (Batllori et al., 2020; Dixit et al., 2022; Vasey et al., 2022). 
Moreover, compared with sites experiencing above-average CMDs 
(Figures 5 and 7), positive growth responses to overstorey mortality 
at mid- and high-elevation southern Colorado sites demonstrated 
that growth releases were contingent on favourable (here, average) 
weather, where CMDs were approximately 95%–102% of average 
(Figure 2). Longer-term study and additional replication at the site 
level may help resolve the sensitivity of these cooler wetter sites to 
warmer and drier years (e.g. Redmond et al., 2017), but the strong 
growth responses observed here are consistent with those reported 
during even brief periods of favourable conditions in water-limited 
forests and woodlands (Andrews et al., 2020; Grossiord et al., 2017; 
Kannenberg et al., 2023).

Higher growth in dead overstorey compared with live oversto-
rey treatments at mid- and high elevations in the southern Colorado 
region also reflects the interplay of abiotic conditions supportive of 
growth with competitive release from overstorey trees. Mortality 
of overstorey trees can facilitate increased water availability and 
nutrient cycling, leading to enhanced growth responses (Facciano 
et  al., 2023; Grossiord, Gessler, et  al., 2018; Ramage et  al., 2023). 
Broadly, at the site level, higher overstorey densities at the mid- and 
high-elevation (compared with low-elevation, for instance) sites in 
southern Colorado suggest that observed growth trends in dead 
compared with live overstorey treatments reflect a release from 
resource competition. This relationship follows the well-established 
effects of tree density in south-western US semi-arid conifer forests 
on soil water availability, resource competition and tree growth and 
reproduction (Belmonte et al., 2022; Flake & Weisberg, 2019; Petrie 
& Savage,  2022). Results at these more productive sites contrast 
with those at the relatively dense mid-elevation Arizona and north-
ern Colorado sites, where post-mortality weather was not favour-
able (e.g. too hot and dry) for growth release. Consequently, given 
the conditions observed in this study, overstorey-juvenile growth 
relationships at these drier sites were neither distinctively facilita-
tive nor competitive, underscoring the dynamic nature of tree inter-
actions relative to site-specific stress conditions and the focal time 
period considered (Ploughe et  al.,  2019; Sthultz et  al.,  2007; Urza 
et al., 2019).

We hypothesized that warmer and drier weather conditions would 
result in reduced growth in dead overstorey plots compared with live 
overstorey due to a loss of overstorey buffering abiotic stressors (De 
Frenne et al., 2021), but growth was mostly unaffected by oversto-
rey mortality at sites that experienced hot and dry post-treatment 

weather (AZlow, AZmid and NCOmid). For local populations that 
persist in climates with chronic heat- and water-related stresses, tree 
growth may be especially sensitive to seasonal pulses of favourable 
weather conditions (Grossiord, Sevanto, et al., 2018; Kerr et al., 2025; 
Vasey et al., 2022), such as our Arizona region which typically receives 
40%–45% of annual precipitation during monsoon season (Figure 2; 
Peltier & Ogle, 2019; Samuels-Crow et al., 2023). Moreover, heat and 
drought can strongly limit needle length and shoot growth in piñon 
pine (Adams et al., 2015; Grossiord et al., 2017; Guérin et al., 2018). 
Therefore, we expect that under weather conditions observed in our 
study, changes in resource availability following overstorey mortality 
were not substantial enough to result in observable growth change, 
either positive or negative. It is likely that more extended periods 
of adverse weather would limit subsequent growth (Anderegg & 
Kannenberg,  2025; Fickle et  al.,  2025), more consistent with first-
year growth patterns in drier locations in our study which followed 
hot and dry weather in 2020. The exception of elevated growth at 
the low-elevation Arizona site (Figures 4 and 6) may reflect the diver-
sity of local conditions in this species dependent on inter- and intra-
site microenvironmental variation (Kraklow et  al.,  2025; McDowell 
et al., 2019), although future research should parse this uniqueness 
with additional site-level replications.

We found wide variation in growth responses across tree 
sizes, potentially due to unresolved individual tree and microsite 
characteristics. Young tree seedlings may be carbon-limited and 
therefore prioritize above-ground growth for improved light cap-
ture (e.g. Augustine & Reinhardt, 2019; Pirtel et al., 2021), but are 
also frequently limited by low resource-use efficiency (Gyenge & 
Fernández,  2014). Larger trees may be faced with complex parti-
tioning of growth needs (Cabon et  al., 2024), potentially including 
higher numbers of branches or more leaves per branch (Turrión & 
Bautista,  2025; Williams et  al.,  1999). Further study would bene-
fit from pairing physiological measurements to growth responses 
(Reich et al., 2026) and more precise accounting of variation in indi-
vidual juvenile microenvironmental characteristics, especially light 
(Sprugel,  2002), soil water availability (Kannenberg et  al.,  2024; 
Williams et  al.,  2018) and soil nitrogen availability (Grossiord, 
Gessler, et al., 2018; Gyenge & Fernández, 2014).

5  |  CONCLUSIONS AND MANAGEMENT 
IMPLIC ATIONS

The need for targeted, system-specific management approaches in 
piñon-juniper woodlands has become increasingly important due 
to both the relative lack of current frameworks for these systems, 
the wide range in types of piñon-juniper systems and the present 
threats of climate change to piñon-juniper persistence, especially 
in the south-western United States (Noel et  al.,  2025; Redmond 
et al., 2023). The clearest application of results in this study stems 
from the site-level and weather-driven growth trends, illustrating 
where conservation efforts may have a higher likelihood of success 
(Noel et al., 2023). In other dry forest systems in the western United 
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States, recent literature emphasizes reducing tree density and using 
uneven-aged silvicultural principles for maintaining structural diver-
sity and improving resistance and resilience to future drought (Fulé 
et al., 2022; Rodman et al., 2025). In sites which are generally cooler 
and wetter, such as higher elevation sites, Pinus edulis juvenile trees 
may respond favourably to manipulations of tree density for achiev-
ing goals of resilience to climate stressors. However, as evidenced 
by disturbance recovery outcomes in semi-arid forests and wood-
lands in other regions, careful consideration of management history, 
site-specific physiographic characteristics and community-wide 
interactions is necessary for effective efforts (Moreno-Fernández 
et al., 2026; Phillips et al., 2024). Our results also reflect the critical 
role of favourable weather windows that can support tree vigour, 
and therefore, it is critical to consider the timing of density man-
agement treatments in adaptive, anticipatory management efforts 
(Bradford et al., 2018; Noel et al., 2025). In drier sites, efforts to re-
tain a range of multiple life-stages or age groups may provide a foun-
dation for resilience to uncertain outcomes of elevated climate stress 
(Ma et al., 2023; Phillips et al., 2024). Ultimately, this study provides 
evidence for possible positive responses of piñon pine trajectories 
following overstorey mortality, though the narrow spatial and tem-
poral context for these outcomes highlights potential vulnerabilities 
at more arid sites, and emphasizes the need for continued research 
that supports adaptive management in these ecosystems.
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SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.
Table S1. Site characteristics, with plot-level averages and variation 
(±1 standard deviation) shown where data were available. Total basal 
area represents all overstorey (≥9.0 cm DRC) trees in the 7 m radius 
plot surrounding each focal tree. Juniper dominance was calculated 
as the proportion of juniper overstorey basal area relative to other 
tree species. Soils information includes estimated soil water storage, 
based on soil physical properties, which is generally described by soil 
types given in the table. Site details also include climate and study-
year weather conditions. Climate information includes 30-year 
normal precipitation, vapour pressure deficit (VPD), climatic moisture 
deficit (CMD; Hargreaves) and monsoonality (all data obtained from 
ClimateNA, https://​clima​tena.​ca/​). Additionally, included yearly 
differences from 30-year normals for years included in our analyses 
(2020–2022) which illustrate relative weather-related stresses 
specific to each site. Site codes: AZlow = low-elevation, northern 
Arizona; AZmid = middle-elevation, northern Arizona; SCOlow = low-
elevation, south-western Colorado; SCOmid = middle-elevation, 
south-western Colorado; SCOhigh = high-elevation, south-western 
Colorado; NCOmid = middle-elevation, northern Colorado.
Table S2. Model results for all models described in analysis. Table 
information includes model (all sites models, and post-mortality 
weather models), year of growth modelled (1- and 2-years after 
overstorey mortality; i.e. 2021 and 2022), and covariates included in 
each model for branch and needle growth ratios. Model information 
includes coefficient estimates (‘Est.’) for each model covariate, in 
addition to standard errors (‘SE’) of each estimate, model degrees 
of freedom (‘DF’), 95% bounds of confidence interval estimates (‘CI 
low’ and ‘CI high’), and model adjusted R2.
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