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Abstract 8 

 For nearly two decades, the American southwest has been in the grips of a long-term 9 

‘megadrought’, punctuated by a number of short and severe ‘global change type droughts’ (i.e., 10 

negative precipitation anomalies co-occurring with high temperature). These events have caused 11 

widespread mortality of the drought-sensitive piñon pine (Pinus edulis) while co-dominant Juniperus 12 

spp. have historically been much more drought tolerant and thus have rarely died. However, a severe 13 

drought occurred in 2018 that rapidly (<1 year) caused canopy dieback of Juniperus osteosperma across 14 

a vast area of southeastern Utah. In order to uncover the etiology behind this surprising canopy dieback 15 

event, we set up a series of survey plots that captured gradients in microclimate, topography, and 16 

canopy dieback severity. We also quantified xylem hydraulic damage and biotic agents associated with 17 

tree mortality, in declining junipers to identify the primary cause of juniper canopy dieback. We 18 

observed that juniper canopy dieback was most severe (>60% canopy dieback) at hot, dry, low elevation 19 

sites, and was associated with drought-induced hydraulic damage. There was no evidence suggesting 20 

biotic agents were the primary drivers of this canopy dieback event, implicating the acute effects of 21 

drought as the main causal agent. The speed and scale of this drought-induced juniper canopy dieback 22 



seems to be historically unprecedented in the region and foreshadows an uncertain future for piñon-23 

juniper woodlands as the region continues to get warmer and drier. 24 

 25 

Introduction 26 

 Drylands cover over 40% of the Earth’s land surface and are home to nearly 40% of the global 27 

population, yet are rapidly degrading (Reynolds et al., 2007). Climate change is also stressing these 28 

ecosystems due to aridification coupled with an increase in the frequency and severity of drought 29 

(Bradford et al., 2020; Dai, 2013; Giorgi et al., 2011). These ongoing changes could lead many dryland 30 

species to tipping points beyond which they cannot recover (Bestelmeyer et al., 2015; Hoover et al., 31 

2020). 32 

Emerging evidence indicates that piñon-juniper woodlands, the most widespread forest type in 33 

the American southwest (Shaw et al., 2005), may be approaching one of these critical stages due to a 34 

multi-decadal ‘megadrought’ that has been ongoing since 2000 (Cook et al., 2015; Williams et al., 2020). 35 

In the region, the past 19 years have been the second driest period in the last 1200 years, the severity of 36 

which has been significantly exacerbated by anthropogenic warming (Williams et al., 2020). The onset of 37 

this megadrought coincided with two ‘global change type droughts’ in 1996 (Ogle et al., 2000) and 2002-38 

2003 (Shaw et al., 2005), in which the stress of low precipitation was exacerbated by anomalously high 39 

temperatures (Breshears et al., 2005). These droughts, in combination with outbreaks of piñon ips (Ips 40 

confusus) beetles (Clifford et al., 2008; Gaylord et al., 2015; Meddens et al., 2015), caused widespread 41 

dieback of Pinus edulis (hereafter referred to as piñon) that exceeded 40% of basal area in some stands 42 

(Breshears et al., 2005; Clifford et al., 2011; Ogle et al., 2000). 43 

A rich history of research into the eco-physiology and ecology of piñon-juniper woodlands 44 

indicates that piñons are generally more drought sensitive, while the primary co-dominant species, 45 



Juniperus spp., tends to be more drought tolerant due to a combination of xylem that are more resistant 46 

to hydraulic damage (Koepke and Kolb, 2013; Linton et al., 1998; West et al., 2007b), a highly sectorial 47 

hydraulic architecture (Schenk et al., 2008), deeper roots (Schwinning et al., 2020), and lesser reliance 48 

on summer precipitation (West et al., 2007a). Indeed, this dynamic has been observed during nearly 49 

every drought in this region in the past several decades, where juniper species were generally able to 50 

survive following drought while piñons have died due to a combination of drought stress and biotic 51 

attack from the piñon ips beetle. To our knowledge, only one study has documented severe drought-52 

induced dieback of Juniperus spp. (up to 65% canopy death) in the American southwest (Bowker et al., 53 

2012), but dieback in this case was limited in spatial scale to a ca. 0.015 km2 stand. 54 

Another severe drought occurred in the Four Corners region (the confluence of Colorado, Utah, 55 

Arizona, and New Mexico) in 2018, localized in San Juan County in southeastern Utah (Fig. 1). This 56 

drought was likely one of the most severe single-year droughts in the historical record. The water year 57 

of 2018 (October 2017 to September 2018) had the lowest amount of precipitation and the highest 58 

mean vapor pressure deficit (VPD) of any individual year in the last 40 years (data from TerraClimate, 59 

Abatzoglou et al., 2018), and the region was in a category D4 ‘exceptional drought’ (the highest level 60 

attainable) for 38 consecutive weeks according to the U.S Drought Monitor. However, counter to past 61 

droughts in the region, the 2018 drought has caused widespread dieback of Utah juniper (Juniperus 62 

osteosperma, hereafter referred to as juniper). This dieback began only months after the cessation of 63 

the drought, a striking observation considering multiple years of experimentally-induced drought have 64 

previously been necessary to cause dieback in this species (Gaylord et al. 2013). Signs of dieback were 65 

detected in 2019 using remote sensing methods across 39% of San Juan County (Campbell et al., 2020), 66 

with severe dieback (>50% canopy dieback) localized in spatially heterogeneous ‘hotpots’. However, 67 

besides its occurrence, severity, and spatial scope, nothing is yet known about the proximal mechanisms 68 



contributing to the dieback of a traditionally highly drought tolerant species, nor is it known how this 69 

severe canopy dieback is linked to whole tree mortality. 70 

Here, we document the etiology of this recent juniper dieback and attempt to identify its 71 

topographic, climatic, eco-physiological, and biotic drivers. This unique tree dieback event runs counter 72 

to current paradigms of piñon-juniper drought responses and thus an understanding of this event is 73 

urgently needed to forecast the fate of piñon-juniper woodlands. 74 

 75 

Fig. 1. Mean summer temperature (June – August) over time at our lowest elevation site. The black line 76 

indicates a smoothed loess curve with a span of 0.5 while the gray shading indicated the 95% confidence 77 

interval for the smoothed line. The ‘megadrought’ period (2000 – 2019) is highlighted in red, while the 78 

black point represents the drought year of 2018. 79 

 80 



 81 

Methods 82 

Site selection 83 

 Initial observations of juniper dieback in 2018 were found to be concentrated in hotspots across 84 

San Juan County, UT. In May 2019, a series of twelve 15 m radius plots were set up across a ca. 100 km 85 

gradient that encompassed variation in juniper dieback, elevation, and microclimate (Fig. 2). All sites 86 

were selected to be generally flat so as to avoid variation in slope and aspect. Within each of these plots, 87 

five mature juniper trees that were representative of plot-level variation in dieback were tagged for 88 

targeted monitoring and eco-physiological measurements (described below, hereafter referred to as 89 

“focal trees”). 90 

Stand surveys 91 

In May 2019 and October 2019, stand surveys were conducted at these plots that generally 92 

followed U.S. Forest Service Forest Inventory and Analysis (FIA) protocols. Briefly, all trees larger than 93 

2.5 cm diameter at root collar (DRC) were measured for DRC (182 piñons and 396 junipers total). In 94 

order to account for the common occurrence of juniper trees with multiple stems, we added DRC for all 95 

stems within a 0.3 m radius of the largest stem, as long at those stems were angled towards the main 96 

stem. For each tree, species was noted, and two observers used the foliage color to estimate the 97 

percent of all leaves that recently died, with the greenest foliage as a reference point. These two 98 

estimates were averaged together to obtain a mean canopy dieback percent for each tree. The 99 

estimates between the observers were highly consistent (slope = 0.99, r2 = 0.97). Both juniper and piñon 100 

tend to drop their dead foliage within two years, and recently dead foliage is distinctly reddish-brown. 101 

Thus, estimates of canopy dieback are likely strongly indicative of dieback following the 2018 drought. 102 



We also noted the presence or absence of juniper mistletoe (Phoradendron juniperum) on each 103 

measured tree during these stand surveys. 104 

Hydraulic and leaf water potential measurements 105 

In May and July 2019, all 60 focal trees were measured for predawn (2 – 5 am) and mid-day (12 106 

– 3 pm) leaf water potentials using a Model 610 Scholander-type pressure chamber (PMS Instruments, 107 

Corvallis, OR). During July 2019, samples were also collected to measure various aspects of xylem 108 

hydraulics. For these analyses, one branch (20 – 50 cm) per focal tree was chosen for sampling so as to 109 

represent whole-tree canopy dieback (i.e., branches with 50% foliage dieback were sampled on a tree 110 

with 50% total canopy dieback). The cut end of these branches was wrapped in wet paper towers, put 111 

on ice, and transported to the laboratory where they were kept in a cold room until they were analyzed 112 

within one week. Prior to analysis, both ends of the samples were re-cut under water to a length of 5 – 113 

10 cm (with no branching) and branch diameter was measured. 114 

 Hydraulic conductance (Kh) was measured via a pressure-flow “Sperry apparatus” (Sperry et al., 115 

1988). Briefly, stem segments at native conductance (Knative) were connected via tubing in between a 116 

balance and a pressure head of filtered 10 mM KCl. Conductance was calculated as the mass flow of KCl 117 

through the sample divided by the pressure gradient. Following measurement of Knative, samples were 118 

immersed in 10 mM KCl under a vacuum for 24 – 48 hours to remove embolism and were subsequently 119 

measured for maximum conductivity (Kmax). Measurements of Kh were normalized by branch area to 120 

derive hydraulic conductivity (Ks), and percent loss of conductivity (PLC) was calculated as PLC = (1 – 121 

(Ks/Ksmax)) x 100. Negative PLC values were rare but did occur and were set to zero prior to data analysis. 122 

Quantification of insect and pathogen presence 123 

In November 2018, we felled seven juniper experiencing severe canopy dieback (>50%). These 124 

trees were located in areas known to be hotspots of ongoing dieback (Fig. 2). From these trees, we 125 



sampled a subset of five bolts (ca. 15 cm diameter, 1 m length) that exhibited signs of insect presence 126 

(e.g., sap exudation, staining, larval galleries, and frass), which were then brought back to the laboratory 127 

and placed in a rearing chamber until insects emerged. As they emerged, insects were morphologically 128 

identified using established keys (Furniss and Carolin, 1977; Hammond and Williams, 2013; Westcott, 129 

1990). 130 

One month prior to our stand surveys, we conducted transect surveys for insects and pathogens 131 

at two sites experiencing high amounts of canopy dieback (Fig. 2). At each site, a random bearing was 132 

chosen and a juniper was sampled in that direction every 20 meters until 16 trees were sampled. For 133 

each sampled tree, percent canopy dieback was visually estimated and trees were assessed for 134 

symptoms and signs associated with forest insects and diseases common to piñon-juniper woodland 135 

communities. Heartwood and sapwood were examined for signs of insect and pathogen presence, 136 

including sap exudation, staining, larval galleries, and frass. In cases of wood boring larvae, insects were 137 

identified to family and not to species based on the shape of larvae head capsule and gallery. The 138 

presence or absence of mistletoe on sampled trees was also noted during these surveys. All insect and 139 

pathogen identification was done using morphological keys (Furniss and Carolin, 1977; Hammond and 140 

Williams, 2013; Westcott, 1990). 141 

 142 

Fig. 2. Map of field sites with coordinates. Red dots represent sites selected for stand surveys and 143 

physiological measurements, while yellow dots represent sites where insect and pathogen samples were 144 

collected.  145 



 146 

Climate and soils data 147 

Monthly climate data for each plot were obtained from the 4 km PRISM data product 148 

(prism.oregonstate.edu). Each plot was located in a separate PRISM grid cell. Soil property data for each 149 

plot were obtained from the dataset of Nauman and Duniway (2020), including available water capacity, 150 

bulk density, soil texture, rock fragment volume (all at depths of 0, 5, 15, 30, 60, 100, and 200 cm), and 151 

depth to restrictive layer. Briefly, this approach expands on existing soil mapping efforts by training a 152 

random forest algorithm on field observations of soil properties and a wide variety of covariates related 153 

to site climate, topography, geology, and vegetation. These relationships are then used to interpolate 154 

soil properties in between field observations.  155 

Statistical analyses 156 

 We assessed relationships between tree- and stand-level dieback and various physiological, 157 

demographic, topographic, and climatic drivers via ordinary least squares regression. Ks and Kh data 158 



were natural log transformed and canopy dieback data were square root transformed (since dead 159 

foliage estimates on focal trees were frequently zero) prior to analysis in order to improve the normality 160 

and homoscedasticity of residuals. These assumptions were confirmed for all other variables using 161 

quantile-quantile plots. We fit generalized linear models of juniper dieback using the R package lme4 162 

(Bates et al., 2015). The full model included all likely explanatory variables (elevation, plot basal area, 163 

predawn and midday water potentials, native Ks, PLC, and interactions between elevation and every 164 

other term). We selected the model with the lowest AIC value (Akaike Information Criterion) via 165 

stepwise addition and removal of predictors using the function step() in the R package stats (R Core 166 

Team 2019). Due to issues of co-linearity, we elected to only use native Ks and not maximum Ks or 167 

native/maximum Kh in our model selection. All analyses were conducted in R 3.6 (R Core Team 2019). 168 

 169 

Results 170 

Dieback following the 2018 drought 171 

 Canopy dieback was rapid, severe, and highly spatially variable following the 2018 drought. In 172 

May of 2019, we observed juniper dieback exceeding 60% in some stands, whereas dieback was nearly 173 

non-existent in other areas (Fig. 3b). Severe dieback was extremely common, as 18% of all measured 174 

junipers had >80% canopy dieback, though only 6% of trees with some dieback were entirely dead 175 

(100% canopy dieback). Some piñon dieback was observed (Fig. 3c), though most of our plots were 176 

dominated by juniper (Fig. 3a) and thus this piñon dieback represented a small percentage when scaled 177 

to the whole stand. This dieback remained static throughout 2019 – both individual-level dieback (from 178 

the focal trees selected for targeted monitoring, r2 = 0.91, p < 0.0001) and stand-level means for both 179 

species (juniper: r2 = 0.97, p < 0.0001, piñon: r2 = 0.96, p < 0.0001) were highly correlated between May 180 



and October stand surveys, and the slope of this relationship did not deviate from 1. Thus, for all 181 

subsequent analysis we use stand survey data collected in May 2019. 182 

 183 

Fig. 3. Relationships between site elevation and (a) juniper species composition, (b) juniper canopy 184 

dieback, and (c) piñon canopy dieback. Color of points represents the summer (June – August) 185 

temperature during the 2018 drought at each site (˚C). 186 

 187 

 188 

Topographic, edaphic, climatic, and demographic drivers of dieback 189 

Tree dieback was strongly associated with gradients in elevation and temperature across our 190 

plots, as both juniper (Fig. 3b, r2 = 0.65, p = 0.001) and piñon dieback (Fig. 3c, r2 = 0.64, p = 0.001) was 191 

most severe at low elevation sites. Stand-level juniper dieback was positively related to mean site 192 

temperature (20-year mean to account for recent climate shifts) in winter (January – March, r2 = 0.43, p 193 

= 0.02), spring (April – May, r2 = 0.36, p = 0.04), and summer (June – August, r2 = 0.34, p = 0.04). Dieback 194 

was not consistently associated with other climatic factors such as vapor pressure deficit or precipitation 195 

(neither historical means nor during the 2018 drought). Likewise, dieback of either species was not 196 

significantly related to basal area (p = 0.77). 197 



Juniper dieback was not associated with any edaphic qualities, as no consistent correlations 198 

existed across soil depths between stand-level juniper dieback and available water capacity, bulk 199 

density, soil texture, rock fragment volume, or depth to restrictive layer. 200 

Foliage dieback in junipers tended to be highest in trees that were 10 – 60 cm in diameter at 201 

root collar (DRC), while the smallest and largest individuals largely escaped severe dieback (Fig. 4a). 202 

Piñon dieback did not exhibit similar size class trends (Fig. 4b). 203 

 204 

Fig. 4. Observed dieback in various size classes of (a) juniper and (b) piñon. Error bars represent ± 205 

standard error and numbers represent the sample size in each size class. 206 

 207 

 208 

Role of tree hydraulics in juniper dieback 209 



 We observed large variability in predawn (-0.7 – -1.7 MPa) and midday (-1.8 – -3.6 MPa) leaf 210 

water potentials, indicative of variation in both water access and leaf-level responses to weather 211 

variability across the region. However, we found that the linkages between water potential and juniper 212 

dieback were weak and differed depending on sampling time. In May, dieback was negatively related to 213 

predawn leaf water potential (r2 = 0.15, p = 0.001) but not to midday leaf water potential (p = 0.16), 214 

while in July, dieback was not significantly related to midday (p = 0.07) or predawn (p = 0.64) leaf water 215 

potential.  216 

We did find links between July water potentials, PLC, and dieback, as there was a significant 217 

negative relationship between midday leaf water potential and PLC (r2 = 0.12, p = 0.007) and a positive 218 

relationship between PLC and juniper dieback (Fig. 5e, r2 = 0.18, p = 0.0008). Maximum and minimum 219 

hydraulic conductivity (Ks) and conductance (Kh) were negatively related to juniper dieback (Fig. 5a-d). 220 

 221 

Fig. 5. Relationships between juniper canopy dieback and (a) native conductivity, (b) maximum 222 

conductivity, (c) native conductance, (d) maximum conductance, and (e) percent loss of conductivity. 223 



 224 

 225 

 Our model selection analysis indicated that stand-level juniper dieback was best explained by a 226 

combination of elevation, predawn water potential, native Ks, PLC, and the interactions between 227 

elevation and basal area, native Ks, and PLC (Table S1, Cox and Snell pseudo r2 = 0.44). All of the 228 

coefficients in our optimized model qualitatively matched the bivariate relationships previously 229 

described (i.e., dieback was positively related to PLC and negatively related to elevation). 230 



 231 

Insect and pathogen dynamics 232 

 Buprestidae spp. larvae and two adult Semanotus ligneus were initially identified in the field in 233 

2018. Following 176 days in a rearing chamber, 11 adult Chrysobothris texana had emerged from the 234 

subset of five sampled juniper bolts. No evidence of other insects was observed in the year following the 235 

emergence of C. texana. 236 

In transects selected for insect and pathogen sampling in 2019, we found that only 41% of trees 237 

exhibiting significant canopy dieback (>25%) also had symptoms or signs associated with the presence of 238 

biotic agents. We found increased presence of round-headed (Cerambycidae) and flat-headed 239 

(Buprestidae) woodboring beetles, bark beetles (Phloeosinus spp.), other insects (Walshomyia 240 

juniperina), and stem rot in junipers that displayed significant canopy dieback, though this trend was 241 

only apparent at one site (Table 1). Out of the juniper samples that had biotic agents present, nearly half 242 

of those were biotic agents other than woodborers. Juniper foliage dieback was associated with biotic 243 

agents in only 8% of all samples. Juniper mistletoe (Phoradendron juniperum) was the most commonly 244 

observed non-woodborer biotic agent but was largely apparent in healthy trees via our insect and 245 

pathogen transect sampling. We found that 5.6% of surveyed junipers had visible signs of Phoradendron 246 

juniperum, yet these trees actually had significantly lower canopy dieback than unaffected junipers (p < 247 

0.0001). Stem rot was only apparent in 20% of trees with substantial (>25%) canopy dieback at one site. 248 

 249 

Table 1. Summary of insect and pathogen analysis of juniper trees sampled via transects in 2019. 250 

Superscript letters indicate genus and/or species (if known): aBuprestidae or Cerambycidae spp., 251 

bPhloeosinus spp., cWalshomyia juniperina, dPhoradendron juniperinum, eunidentified stem rot. Bins of 252 

greater than or less than 25% canopy dieback was selected here as it represented the upper quartile of 253 



dieback estimates and corresponded to the threshold below which low conductivity and conductance 254 

values were associated with high canopy dieback. We note that some individuals had more than one 255 

biotic agent present. 256 

 257 

 258 

Discussion 259 

 Mortality of piñon pine following drought in the American southwest has become a common 260 

occurrence in recent decades that follows a well-established etiology: piñons tend to die off following 261 

drought over the course of a few years due to a combination of hydraulic damage and resulting attack 262 

from Ips confusus. However, the 2018 drought in southeastern Utah has brought on a novel dieback 263 

event: rapid and severe canopy death in typically more drought-tolerant juniper associated with the 264 

acute effects of drought.  265 

Juniper canopy dieback was most severe at hot, low elevation sites, where the effects of 266 

drought are exacerbated due to enhanced atmospheric water demand and resultant stress at the leaf-267 

level (Grossiord et al., 2020). Elevation gradients in mortality have been previously documented in piñon 268 

(Clifford et al., 2011; Martens et al., 2001) and tend to be a global pattern in drought-driven tree 269 

mortality episodes, reflecting that climate stress has likely overwhelmed the acclimation and adaptation 270 

levels of trees at drier locations (Anderegg et al., 2019). However, the degree to which low elevation 271 

piñon died during the 2018 drought remains to be seen. While we did observe an elevation gradient in 272 

piñon canopy dieback, this trend was largely driven by the death of the few piñons present in our lowest 273 

elevation sites. Thus, a larger sample size is needed to make robust conclusions regarding the fate of low 274 

Juniper dieback Woodborers Other insects Mistletoe Stem rot

Site % canopy dieback n – total n –  biotic agents present

Alkali Ridge 0 – 25 12 2 8.3
a

0 16.7
d

0

26 – 100 14 5 28.6
a

7.1
b

0 0

Cedar Mesa 0 – 25 10 6 30
a

40
c

30
d

0

26 – 100 15 7 20
a

20
c

0 20
e

% presence



elevation piñon. The possibility exists that the piñons remaining at these low elevation sites are 275 

especially well situated to survive drought due to access to deep sources of moisture (i.e., “hydraulic 276 

refugia”, Mackay et al., 2020; McDowell et al., 2019; Ripullone et al., 2020). 277 

Juniper dieback was associated with significant amounts of hydraulic damage in branch xylem, 278 

further implicating drought stress as the primary causal agent behind this canopy dieback. We do note 279 

that we found PLC in trees with significant dieback to be generally lower than is usually observed to 280 

cause mortality (Adams et al., 2017). This could be due to a result of our sampling approach whereby we 281 

selected foliage that was representative of whole-tree dieback. If the sectorial behavior of junipers 282 

causes the loss of whole branches to balance water supply with demand, then sampling living branches 283 

may underestimate the hydraulic impairment of the whole tree. We also observed dieback to be highest 284 

in trees with low maximum and native conductivity. Other studies have thoroughly linked elevated risk 285 

of mortality to low native conductivities and high PLC (Anderegg et al., 2015, 2013). However, we 286 

additionally found that canopy dieback was linked to maximum conductivity. Tree hydraulic status is a 287 

careful balance between water supply in soil, demand from leaves, and the ability of xylem to link 288 

demand with supply. Low maximum conductivity could indicate an inability of existing xylem to supply 289 

water to the canopy during drought, perhaps as a result of accumulated drought damage from previous 290 

droughts, and thus lead to eventual dieback of foliage.  291 

The historical drought tolerance of juniper has been assumed to be partially due to its high 292 

resistance to embolism (Koepke and Kolb, 2013; West et al., 2007b). However, it is uncertain if this 293 

embolism resistance confers drought tolerance through increased hydraulic safety (Plaut et al., 2012) or 294 

merely allows junipers to adopt an anisohydric so the tree can function longer under severe water 295 

deficits yet still accrue hydraulic damage (Kannenberg et al., 2019; McDowell et al., 2008; West et al., 296 

2008). While our results cannot resolve this debate, our data do indicate that juniper trees were pushed 297 



to their hydraulic limit, and the observed links between elevation, climate, hydraulic function, and 298 

dieback demonstrate that juniper canopy dieback was caused by the effects of the 2018 drought. 299 

 Past droughts in this region have been followed by large insect outbreaks in piñon, which 300 

ultimately caused mortality (Clifford et al., 2008; Gaylord et al., 2015; Meddens et al., 2015). However, 301 

we did not observe increased presence of insects and pathogens to be linked to canopy dieback in 302 

juniper. Moreover, none of the insects or pathogens identified are considered major primary agents, as 303 

high densities of these agents largely indicate declining host tree conditions (Gaylord et al., 2013; Ray et 304 

al., 2019). The species of woodborers that emerged from our rearing chambers (Chrysobothris texana), 305 

as well as the families of woodborer found in the field (Buprestidae and Cerambycidae), are commonly 306 

found in declining junipers throughout the southwest, yet little information is known regarding their 307 

ecology (Westcott, 1990). While some species in these families will attack and kill healthy trees, most 308 

are not known to do so and instead will attack stressed, dying, and dead trees (Furniss and Carolin, 309 

1977; Gaylord et al., 2013; Ray et al., 2019; Westcott, 1990). Likewise, our transect sampling in 2019 310 

revealed the presence of woodboring beetles (Buprestidae and Cerambycidae) and other insects (the 311 

bark beetle Phloeosinus spp. and the gall midge Walshomyia juniperina), though their presence was not 312 

consistently higher in trees with significant canopy dieback across sites. While we did find increased 313 

presence of stem rot at one site in junipers with significant canopy dieback, this was likely a secondary 314 

consequence of tree dieback instead of a primary cause. The final biotic agent we observed was juniper 315 

mistletoe (Phoradendron juniperinum). While juniper mistletoe can exacerbate drought stress by causing 316 

water loss in heavily infected trees, we found its presence was actually higher in healthy trees. Given the 317 

methods used, the observed presence of insects and pathogens is likely a conservative estimate. 318 

However, the insects and pathogens we did observe are not known to be primary agents of tree 319 

mortality, nor was their presence consistently elevated in trees with canopy dieback, further 320 



strengthening our conclusions that this novel dieback event was primarily driven by recent drought 321 

stress. 322 

Spatially heterogenous dieback could be due to variation in demographic characteristics such as 323 

basal area, tree age, and size. However, these links are far from conclusive, as previous outbreaks of 324 

piñon mortality have been found to be both density-dependent (Greenwood and Weisberg, 2008; 325 

Negrón and Wilson, 2003) and density-independent (Clifford et al., 2008; Floyd et al., 2009). Our results 326 

indicate that neither piñon nor juniper dieback was density-dependent at our sites. Taken in context 327 

with previous research, we suggest that both the severity of drought and the incidence of insects or 328 

pathogens could be key factors that dictate the density-dependence of mortality. Density-dependence 329 

of mortality likely arises due to competition for water (Young et al., 2017) and/or the population 330 

dynamics of insects for stands that are dense in hosts (Negrón and Wilson, 2003). In severe droughts like 331 

the one in 2018, water stress could be so drastic as to overwhelm the influence of competition, and thus 332 

in the absence of insects or pathogens that prefer dense stands, there is no a priori reason why density-333 

dependence of drought susceptibility should occur (Floyd et al., 2009). It has been suggested that 334 

reducing forest basal area could serve as a key management strategy to reduce climate change-induced 335 

tree mortality (Bradford and Bell, 2017; Sohn et al., 2016). While our data speak only to the influence of 336 

natural variation in basal area (not to the benefits of artificial manipulations in stand density), our 337 

results indicate that the benefits of reductions in basal area are likely to be highly context-dependent 338 

and may only become apparent during moderate droughts in species that are susceptible to the density-339 

dependent influence of insects and pathogens. 340 

 Insect/pathogen host selection also explains the size-dependent piñon mortality of the past, 341 

where the largest trees have been preferred by Ips confusus and died at much higher rates (Floyd et al., 342 

2009; Meddens et al., 2015). We did not observe such a size-related trend in piñon dieback, as all size 343 

classes experienced canopy dieback at similar rates. Since juniper dieback is historically rare, few studies 344 



exist documenting the size-dependence of its dieback. We found that intermediate size classes of 345 

juniper (between 20 and 60 cm DRC) had the highest rates of canopy dieback. The survival of small 346 

junipers could be explained from a physiological perspective (whereby smaller trees are more resistant 347 

to drought) or from a facilitation perspective (whereby small junipers are associated with “nurse plants” 348 

that provide a more favorable microclimate). Juniper recruitment is generally not known to be 349 

dependent on the presence of larger vegetation to provide the sapling with a more favorable 350 

microclimate (Redmond et al., 2018, 2015; Redmond and Barger, 2013), but in some cases small trees 351 

can be more drought tolerant than larger individuals (Bennett et al., 2015; Grote et al., 2016; Merlin et 352 

al., 2015). The largest junipers we measured were highly sectorial and consisted of multiple stems. Thus, 353 

these trees may have been so well established and had such an extensive root system that their drought 354 

tolerance was enhanced. More research into the physiology and spatial patterns of the remaining 355 

healthy junipers is especially pressing as the drought tolerance of these individuals will dictate stand 356 

dynamics in the coming decades, as will the recruitment and growth of new trees. Unfortunately, 357 

regeneration of these species is particularly difficult at the hot and dry sites where juniper dieback was 358 

the greatest (Redmond et al., 2018). 359 

Multiple years of drought have been previously found to be necessary to cause canopy dieback 360 

in juniper (Gaylord et al., 2013), yet we observed large amounts of canopy dieback within months 361 

following a severe drought. This dieback had progressed to whole tree mortality in only a small number 362 

of cases, though longer-term monitoring is necessary in order to link this dieback to either recovery or 363 

mortality. While dieback did not seem to be worsening during 2019, the fate of these trees during future 364 

periods of water stress remains to be seen. Juniper trees are highly sectorial and most mature 365 

individuals will have branches completely devoid of foliage. While the possibility exists that recent 366 

canopy dieback represents an adjustment to leaf area in order to cope with decreased water supply, 367 

evidence indicates that leaf area:sapwood area ratios are unlikely to change in surviving drought-368 



stressed juniper (McBranch et al., 2018). Currently, the degree to which canopy dieback foreshadows 369 

eventual mortality of the entire tree is unknown (Gaylord et al., 2013; Plaut et al., 2013). Nevertheless, 370 

the high proportion of juniper trees exhibiting large amounts of canopy dieback is a dire indicator for 371 

declining juniper health in the coming years. 372 

At face value, this dieback seems consistent with the numerous drought-induced mortality 373 

events worldwide (Allen et al., 2015, 2010). However, a crucial unanswered question remains: why 374 

juniper, and why now? Perhaps an increase in the frequency and severity of stressors, including the 19-375 

year megadrought punctuated by multiple global change type droughts, has pushed these trees to a 376 

tipping point. Crucially, this dieback could serve as a positive feedback on decreasing water availability 377 

and further hasten the loss of piñon-juniper woodlands (Morillas et al., 2017). Accurately projecting the 378 

fate of piñon-juniper woodlands hinges on understanding the causal mechanisms behind this juniper 379 

canopy dieback, and how these mechanisms of dieback may be exacerbated by future climatic changes. 380 

Is this a one-time dieback event that will be rectified by juniper regeneration, or the start of a 381 

widespread disappearance of low elevation piñon-juniper woodlands (Friggens et al., 2012)? The 382 

dieback event presented here serves as a ‘leading edge’ for climate change impacts in the region and an 383 

important case study for understanding the threats to dryland ecosystems as they continue to warm and 384 

dry (Bradford et al., 2020; Hoover et al., 2020). 385 
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