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Summary
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Recently, widespread pinon pine die-off occurred in the southwestern United States. Here we
synthesize observational studies of this event and compare findings to expected relationships
with biotic and abiotic factors. Agreement exists on the occurrence of drought, presence of bark
beetles and increased mortality of larger trees. However, studies disagree about the influences of
stem density, elevation and other factors, perhaps related to study design, location and impact of
extreme drought. Detailed information about bark beetles is seldom reported and their role is
poorly understood. Our analysis reveals substantial limits to our knowledge regarding the
processes that produce mortality patterns across space and time, indicating a poor ability to

Key words: bark beetle, drought,
Ips confusus, pinon pine, southwestern USA,
tree mortality.

forecast mortality in response to expected increases in future droughts.

l. Introduction

In recent decades, warming and drought have been reported to
increase tree mortality globally (Allen eral, 2010). Recent
drought and associated pinon ips (lps confusus Leconte)
outbreaks have led to widespread mortality of common (Pinus
edulis Engelmann) and single-leaf (Pinus monophylla Torrey
and Fremont) pinon pines in the southwestern United States
(Breshears eral, 2005). In the early 2000s, aerial surveys
reported pifion pine mortality across its range, with consid-
erable variability in mortality amounts (Fig. 1) (Meddens ezal.,
2012). Pinon pine mortality in the mid-1990s and early 2000s
is relatively well studied compared with other die-offs (Allen
eral., 2010; Macalady & Bugmann, 2014). However, it is
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unclear whether our understanding of the influences on this
mortality is adequate for predicting the vulnerability of
woodlands to future die-off, especially given projected warm-
ing and drying in the southwestern USA (Stocker ezal., 2013)
and the associated challenges of managing these ecosystems
under drought stress (Millar ezal, 2007).

We reviewed studies of pinon pine mortality caused by
these recent droughts and synthesized the findings of the
causes of these events. We restricted our review to studies that
reported observed pifion pine mortality and explained patterns
with potential causal factors in natural settings (i.e. excluding
experimental studies that are limited in scope). We discuss
factors that influence pifion pine mortality, including physi-
ological mechanisms of mortality; compare spatial patterns,
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Fig. 1 Locations in the southwestern United States of observational studies of pinon pine mortality in the mid-1990s or early 2000s (black polygons); numbers
correspond to studies in Supporting Information Table S1. Color bar represents 1997-2010 pinon pine canopy mortality (%) within 1-km grid cells derived from
aerial detection surveys (Meddens et al., 2012). Note that not all areas were surveyed each year. Blue areas show additional locations of single-leaf pinon pine;
green areas show common pinon pine (http://forest.moscowfsl.wsu.edu/climate; accessed 11 December 2013; Crookston et al., 2010).

extents, variability and datasets used in studies; assess agree-
ments and disagreements of mortality influences among
studies; and discuss findings and make recommendations for
further research.

Il. Mortality mechanisms

Drought-associated mortality is hypothesized to occur via two
interrelated mechanisms. (1) Hydraulic failure may occur when
water loss from transpiration exceeds available water supply
from roots, leading to critically high tension in the xylem
water column, cavitation, loss of conductivity and plant
desiccation (Sperry etal, 2002; McDowell ezal, 2008).
(2) Carbon starvation may occur as trees close stomata to
avoid water loss and cavitation, limiting photosynthesis and
possibly leading to negative tree carbon balance (McDowell
eral., 2008). Prolonged drought may lead to death when trees
run out of stored carbon or can no longer access stored carbon
due to water stress in the phloem, curtailing carbon availability
for vital metabolic and defense functions (McDowell ezal.,
2011). Recent research has emphasized the interactions among
carbon limitation and transport, defense metabolism, and
hydraulic failure in tree mortality pathways (McDowell ezal.,
2011, 2013; Adams eral, 2013; Sevanto etal, 2014). In
addition to drought, bark beetles can drive tree mortality via
two mechanisms (Paine etal, 1997; McDowell etal, 2011):
(1) disruption of the transport of photosynthate associated
with phloem feeding; and (2) xylem blocking by introduced
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fungi. Pinon ips appears to require stressed trees for successful
attack (Raffa eral, 2008), unlike other bark beetle species (e.g.
mountain pine beetle) that can kill healthy trees.

I1l. Methods

For each study, we characterized the location and methods (listed in
Supporting Information Table S1), and identified the potential
factors considered to explain tree mortality. Based on past studies
and theoretical understanding, we developed a conceptual frame-
work with pathways and factors that influence pifion pine mortality
during drought. We identified agreement and disagreementamong
studies for individual factors as related to our conceptual frame-
work and to our proposed mechanisms of tree mortality.

IV. Results

Studies of observed pinon pine mortality

We found 21 observational studies of pifion pine mortality (Table
S1). Most of the studies were conducted at local scales in northern
New Mexico and central Arizona; a few studies described mortality
at regional scales (Fig. 1). Only two studies included measurements
of pinon ips outbreak dynamics (e.g. distance to nearest attacked
tree), and five studies noted presence or absence of pinon ips on
dead trees (Table S1). Several studies noted that dead pinon pines
almost always exhibited evidence of beetle attack (Negron &
Wilson, 2003; Floyd ez al., 2009; Macalady & Bugmann, 2014).
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The other studies were focused on the impacts of drought as the
main mortality factor, yet all mentioned or described the effects of
the pinon ips outbreak. Studies used a range of metrics to describe
tree mortality, related to different research questions, methods and
data sources. Because of different locations, extents, spatial
resolution and metrics, the percent mortality varied from near

0% to >95% (Table S1).

Conceptual framework

We developed a conceptual framework that describes how
landscape, stand and tree attribuctes relate to observed tree mortality
via the proposed physiological mechanisms of mortality. Multiple
factors associated with climate, terrain, vegetation and biotic agents
influence the likelihood of mortality (Fig.2). Factors such as
climate, competition among trees and understory plants, soil
characteristics and topography determine tree-available soil mois-
ture. Site factors that include topography and soil characteristics
(e.g. soil texture and depth) influence soil water content and matric
potential. These factors affect plant-available soil moisture directly,
as well as increase vulnerability to cavitation and dieback, during
drought via changes in plant rooting depths, root-to-shoot ratios
and xylem characteristics (Sperry & Hacke, 2002). Bark beetles are
influenced by stand structure, temperature, individual tree char-
acteristics (e.g. size) and other biotic agents (e.g. mistletoe) (Negron
& Wilson, 2003). The influence of any one factor may be weaker in
very severe droughts.

Importantly, some factors influence tree mortality via multdiple
pathways. For example, higher temperatures increase vapor
pressure deficit (VPD), which may lead to hydraulic failure and
carbon starvation via influences on soil moisture and plant water
relations (Breshears eral., 2013), rates of photosynthesis (Weiss
etal., 2012), allocation to resin used as defense against bark beetle

Topography

attack (Gaylord ez al., 2013) and respiration (Adams ez 4/, 2009).
In addition, temperature determines overwintering survival and
regulates the lifecycle of the pifion ips (Berryman & Stark, 1962).

Agreement and disagreement among studies

We found some agreement across the studies regarding how
measured tree, stand and landscape variables related to tree
mortality (Fig. 3; Table S2). All studies indicated the presence of
severe drought before widespread pifion mortality (although few
quantified the severity of the drought), and most studies mentioned
(although few quantified) the presence of the pifion ips. Larger trees
were generally linked to higher rates of tree mortality. Finally,
studies revealed that complete mortality of trees within a stand was
rare, even on smaller (plot- to stand-level) scale studies, indicating
that some pifion pines survived on most parts of the landscape.

Despite this agreement, we also found disagreement among
studies, and some findings were inconsistent with our proposed
mechanisms leading to mortality (Fig.3; Tables S2, S3). The
largest disagreement was related to the influence of tree density
(Table 1). We expected higher mortality with higher stand density
via increased competition for resources (Table S2), and indeed
some studies reported that mortality was positively related to stem
density (e.g. Greenwood & Weisberg, 2008). However, other
studies reported no or a slight negative relationship (e.g. Floyd
etal., 2009).

Other disagreements among studies were associated with the
influences of elevation, topography and soil characteristics (Fig. 3;
Table 1). We expected that pinon pines at lower elevations, on less
favorable soils, and on south-facing slopes would experience the
most drought stress (Table S2), resulting in the highest relative
mortality. However, only two studies reported higher mortality
rates in lower elevation areas (Santos & Whitham, 2010; Clifford
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Fig. 2 Schematic representation of the factors that contribute to carbon limitation and hydraulic failure during drought, which can lead ultimately to tree
mortality. Ovals indicate processes with other organisms; colored boxes represent factors related to climate (blue), terrain (brown), vegetation (green) and
biotic agents (red). Many factors influence tree mortality via multiple pathways. VPD, vapor pressure deficit.
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Fig. 3 Number of studies agreeing and disagreeing with expected relationships to pinon pine mortality within categories of influencing factors. The ‘+' or '~
indicate the expected relationships (e.g. a '+' indicates increasing mortality with increasing values of the influence) and a '+/—"indicates a nonlinear relationship
between mortality and influence. See also Supporting Information Table S2 for explanation of the expected tree mortality influences and Table S3 for possible
explanations of why studies disagree with these expected influences. Temp, temperature; PPT, precipitation; VPD, vapor pressure deficit; WHC, water holding
capacity; Elev, elevation; BA, basal area; Disturb, past disturbance; Genoty, genotype.

etal., 2011), whereas four studies reported that the highest relative
mortality did not occur at the lowest elevations (e.g. Kleinman
etal.,2012). Some studies reported that soil characteristics strongly
influenced mortality severity (e.g. Looney eral., 2012), whereas
other studies did not find any effect of soil or topography (e.g.
Koepke ez al., 2010).

V. Discussion

Agreement among studies suggests that there is good understand-
ing of some of the processes related to pifion pine mortality (Fig. 2).
For example, the importance of drought occurring before wide-
spread tree mortality is apparent. However, the exact pathways by
which drought causes pinon mortality need more refined under-
standing (Macalady & Bugmann, 2014). The multiple, interacting
factors of drought stress and pinon ips outbreaks lead to questions
about the roles of each in causing pifion pine mortality. For
instance, how many pinon pines would have died in the absence of
beetles, and how did beetles affect the patterns of the observed
mortality?

Another agreement among the studies with high pinon pine
mortality is that larger trees were more likely to die. This result
contrasts with arid shrub ecosystems where smaller plants are more
susceptible to drought because of shallower root systems, reduced
carbohydrate reserves, and/or lower capacitance (Sperry & Hacke,
2002; Paddock eral., 2013) and contrasts with a study in which
smaller trees at low levels of tree mortality were preferentially killed
(Looney etal., 2012). Any presumed competitive advantage of
larger pifion pines (e.g. greater access to soil moisture and greater
carbon/water storage capacity) may be overwhelmed by: (1) greater

New Phytologist (2015) 206: 91-97
www.newphytologist.com

metabolic demands and vulnerability to hydraulic failure or carbon
starvation due to higher leaf area, taller stature, and reproductive
maturity (McDowell ezal., 2005; Mueller et al., 2005; Sthulez
eral., 2009); (2) the preference of bark beetles for larger trees
(Amman & Baker, 1972); and/or (3) shallower root systems of
pinon pines (West eral, 2007). Further study is required to
understand the mechanisms behind the vulnerability of different
sized pinon pines to drought, and to quantify how changes in tree
size, stand structure and soil characteristics influence mortality
severity. However, the consistent finding of large-diameter pinon
pine mortality during the severe 2000s drought suggests the
continuation of large shifts in future tree demographics (Negron &
Wilson, 2003) as drought stress and bark beetle activity increase
under global warming (Williams ez /., 2013).

We expected higher mortality with increasing stem density
because of competition for soil moisture and other resources
(Fig. 2; Table S2). However, studies disagreed about the relation-
ship between mortality severity and stem density (or basal area)
(Table 1; Fig. 3). There are several possible explanations for this
discrepancy. First, density-dependent mortality may have been
overwhelmed by the effects of severe drought (e.g. Floyd eral.,
2009). Second, competition may exert only a weak influence on
tree susceptibility even during less severe droughts. For example,
Greenwood & Weisberg (2008) revealed a strong link between
stem density and mortality severity in P. monophylla, but they
argued that competition might not have been the most important
factor. Instead, mortality of pifion pines that established in periods
of relative favorable conditions on marginal microsites may
confound relationships with density and therefore competition.
Third, it may be important to account for species-specific stem
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Table 1 Findings about, possible explanations for and proposed future research into various influences on pinon pine mortality

Influence Finding Mechanisms/possible explanations Recommendations for future research
Climate All studies report that drought Drought reduces soil moisture and increases Quantify drought severity
occurred before pinon mortality vulnerability to carbon starvation, hydraulic
failure and/or bark beetle attack
Tree Studies agree about increased Higher mortality among larger trees that are Explicitly account for stand structure, all tree
characteristics mortality among larger trees more vulnerable to bark beetles and hydraulic  size classes and growth history; landscape-

Pinon ips beetle

Lower mortality in trees with
higher long-term growth rates

Evidence of beetle attack is present
in all studies that noted the
influence of beetles

Few studies note the number of
beetle attacks or quantified other
metrics of beetle activity

limitation
Reduced vulnerability to carbon starvation

Drought increases vulnerability to bark beetle
attack

Timing and logistics of field work (expensive
and time-consuming)

Strongest competition at high stem densities,
but severe droughts may mask the
relationship, and insect attack dynamics are

Drought stress is most severe at lower
elevations, but competition and bark beetle
attacks may be higher at mid-to-high
elevations (with higher density stands)

Different mortality metrics can lead to
contradictory conclusions

Soil depth may be more influential than soil

Stem density (or  Studies report different relationships

competition for

resources)

unknown
Elevation Studies report highest mortality at
different elevations

Soil type and Studies report different relationships

topography between mortality and site factors ~ type

Severe droughts may mask relationships with

scale pinon mortality studies

Experiments to study soil characteristics, tree
size, rooting depth and vulnerability to
mortality

Quantify bark beetle dynamics (e.g. count
beetle attacks, exit holes or use pheromone
traps) during ongoing mortality events

Document beetle presence, attack density
and attack success

Quantify spatial and temporal dynamics of
mortality using satellite imagery, forest
inventory plots, or aerial surveys

Combine findings of field observations and
experiments at different locations and stem
densities

Quantify all influences of drought-related
mortality (Fig. 2; especially drought severity
and beetle attacks)

Quantify all influences of mortality (Fig. 2)

Analyze and report different mortality metrics

Map pinon pine cover and stand structure
across its range at fine resolution

Quantify all influences of mortality including
soil texture, type and depth

soil and topography
Other factors may be more influential (e.g.

insect attacks)

density or basal area. Macalady & Bugmann (2014) found that
intraspecific competition consistently reduced tree growth rates
(and increased associated mortality risk), whereas reductions of tree
growth rates related to competition of all trees were less apparent.
Finally, bark beetles may prefer stands with greater pifon pine
density and basal area because of greater food resources and
dispersal opportunities (Negron & Wilson, 2003) and thus
mortality patterns may reflect locations with extensive bark beetle
activity rather than effects of competition. Future studies can
reduce uncertainty about the relationship between tree competition
and mortality by including explanatory variables representing
beetle attack rate, drought severity (i.e. soil moisture anomalies)
and stand characteristics.

Another disagreement was the influence of terrain factors (e.g.
elevation and soil characteristics) (Table 1). A major uncertainty
when comparing findings was the different metrics used to
quantify mortality severity that may confound interpretation.
For instance, if all pifion pines were killed on a lower elevation
site that contained few pinon pines, studies of total canopy cover
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would report low severity (e.g. Kleinman ez a/., 2012) but studies
of percent-killed pinon pine would report high severity
(e.g. Santos & Whitham, 2010). In addition, stand density
and elevation are often correlated and therefore may influence
findings. Future studies of tree mortality should report both total
and relative mortality metrics and the range of tree densities over
which the study is conducted.

In addition to the above recommendations for future studies,
other aspects of pinon pine mortality warrant additional analysis.
Few studies reported the metrics of beetle populations; we suggest
that future studies include attacking beetle populations derived
from pheromone traps or number of trees killed by beetles within a
neighborhood, number of beetle attacks on host trees, number of
exit holes, and/or distance to nearest attacked tree. The role of
pifion ips is critical for understanding drought-related pinon
mortality and future research should explicitly account for these
beetle outbreak metrics when relating different variables to
mortality severity (e.g. Gaylord eral, 2013). Within the pinon

pine range, some locations without mortality experienced similar
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drought severity as those with mortality (Breshears eral., 2005;
Abatzoglou & Redmond, 2014). This conclusion suggests a
possible important role for beetles in influencing mortality,
although the coarse spatial resolution of the analysis implies
caution when interpreting results. Future landscape-scale studies
that use spatially explicit datasets to examine the timing of mortality
relative to drought severity and beetle populations and the spatial
pattern of mortality relative to site factors will provide greater
understanding of causal factors. In addition, more research of
longer-term growth conditions and recovery after previous stressful
events (Ogle ez al., 2000; Macalady & Bugmann, 2014), nutrient
availability and associated tree symbioses (Swaty ez al., 2004), and
influences of carbon allocation and defensive capabilities (e.g. Kane
& Kolb, 2010) are needed. Finally, manipulative experiments
(e.g. rain exclusion studies) that include studies of bark beetles can
provide key information and can be used to extrapolate findings to
the broader ecosystem.

VI. Conclusions

Much is understood about the plant physiological processes
underlying pinon pine mortality during drought, allowing us to
construct a detailed conceptual framework that shows how
different biotic and abiotic factors influence mortality. Findings
from observational studies of this mortality often supported this
framework (Table 1). However, inconsistencies between our
framework and some observational studies also occurred. Studies
usually considered only a subset of potential factors, leading to
higher uncertainty about their conclusions regarding the most
important factors of tree mortality. The very severe drought in the
early 2000s led to widespread pinon pine mortality, potentially
masking relationships that may be apparent in less severe droughts.
The role of bark beetles is poorly understood and understudied, and
links between mortality severity and stem density or elevation are
major knowledge gaps. We recommend that future studies include
a broader range of potential factors to reduce uncertainties about
contributing causes (Table 1).

We show that for a well-studied tree species, the influences of
many factors contributing to mortality during droughts are not well
understood. Expected future climate change and increased
frequency and severity of warm droughts are key in setting the
stage for landscape-scale mortality events (Williams ez al., 2013),
yet significant uncertainties limit our understanding, indicating a
poor ability to forecast locations of future pifion pine mortality.
Increased knowledge of the mortality mechanisms and landscape
influences during drought are necessary for predicting future tree
mortality and designing adaptation plans for managing these
ecosystems.
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Table S1 Summary table of the different studies relating observed pifion pine mortality to factors influencing mortality severity.

— = > > 2| 8
L Sl g o | 8 S g2 s § S| e s
oald on - 2l58|5lalele|t|E|8|E|als|3|E|E|2|8 2 5|2]2|5 2|82
oals - ser- Timing 0 Response . S ‘S Slslc|E|E|Z|8 58|88l (<|32|2| s|8|g8|g(Z|2
Study e Location ; g P Mortality Importantfindings | E (8| S|S|5|2(s|3|2 |2|2|3|2|c|T|8|s|C|E|g|2|5|5]|5|2|2
objectives vations study variable 3 Z|le Sle |3 |W sla|Z2|2|a|8|8]5|°|&8|8|2|8
@ z| = = e 3= G|8|E ol
[%) o [=8
Compare growth Coconino 51 transects across (1) Recent growth variability and
1.Ogleetal., attributes of live National 3 soil types (40-50( Fall 1996 — |Pifion mortality rate| 2.3 —13.5% overall growth rate correlated to
2000 and dead pifion E m wide and 2-4 km| Spring 1997 | (% of individuals) mortality pifion mortality; (2) mortality rates n- n- n- n-
- orest, AZ - "
pines long) differed across soil types
Assess stand and Pifion infested or Higher mortality at (1) higher tree
2 Nearon & tree attributes Coconino 87 plots (on 10 not (logistic density and pifion/ha; (2) higher
- Ned associated with National transects and Spring 1997 .0 49.3% mortality | BA/ha; (3) lower crown ratio; (4) n+n+nN+n+ n+n0in+
Wilson, 2003 o . regression at plot ; . . I
pifion ips Forest, AZ radius of 5 m) higher mistletoe infection; (5)
R ! and tree level)
infestation larger DRC
Tree mortality was spatially
" . . ST L
o0 | sz o | US| g om0 | drte g e of
3. Trotter, 2004 | MOMANWY MBS | “ocpponcrafr, | POIGONS wit (for 1996 level pifion nascape | site-specific patterns. High ra n+n+n+ I+
using topographic A7 pifion mortality drought) mortalit contained pifion | pifion mortality in regions with
variables >30% 9 Y mortality steep slopes, southwestern aspects,
and mid-to-high elevations
Describe extent L1 e Cause of mortality may be best
4. Shaw et al., and variability of| AZ, CO, UT, Plﬁsgr:?;? F:r:'gsl 2000 - 2004 Pifion mortality (% gggg tlsliojo described as a complex of drought, I |+ |+
2005 pifion pine NV Anal sis%FlA) of BA) 2004j 6.3‘; insects, and disease (observations, -
mortality ¥ O no statistical relationships tested)
(1) Larger trees were more likely to
Examine the - . . die than smaller trees; (2) sites with
~ 11 plots Stand-level pifion | Pifion mortality: | .- " . -
5. Mueller etal., impacts 01 Northern AZ (ranging from | 1999 and 2002 and juniper 25.9% (1996) high pifion m(?rtallty in 199.6 a_lso n+ n+
2005 drought on pifion 1200 t0 5000 m?) mortalit 31.79% (2002) suffered the highest mortality in
pine mortality Y ’ 2002 (i.e., reduction in density did
not buffer against mortality)
Evaluate the AVHRR NDVI . NDVI reduction of >20% is
causes and AZ,CO, UT, Time series of PJ | 1989 - 2003 Change in coincident with local mortality;
6. Breshears et impacts of NM vegetation type (2002 and detrended NDV!I 40-80% reductions of this magnitude | | |+
al., 2005 np (Northcentral ge P (Percentage of tree (>90%) an - -
regional-scale (Mesita del Buey 2003) - observed across the pifion
NM) - mortality) o
drought site) distribution
(1) Pifion mortality was greater on
- Investigate 80-km radius " . southerly aspects compared to
T (;ét(l)g\ etal, mortality patterns around 28 trair%f;:]cﬁe(;fs 100 g arlilnzogg(); P(I(;ngr;]nodritsilll;l)]/ali:;e 41.4% northerly aspects; (2) Mortality was |- |+
during drought | Flagstaff, AZ P pring ° lower in black cinder soils (deeper)
compared to red cinder soils
8. Greenwood & ngztggigggm Cumulative tree 18% dead crown, | Cumulative canopy mortality
Weisberg, influences on tree|  Central NV | 217 plots (0.1 ha) 2005 canopy mortality 7% dead trees | associated with high stand density n-| I- [n+n+ n-{n-|\n+n+ n+ I-
2008 ; across plots | and xeric site conditions
mortality
. (1) Stand density did not impact
9. Clifford et al., Quantify the Northcentral 53 sites (100 by Percent pifion Pifion mortality: | mortality; (2) mortality greater in
response of tree NM and 3 2004 - 2005 B X N nO
2008 - 200 m) in NM mortality 1-62% larger trees; (3) large mortality
die-off Northern AZ '
gradient across NM
Quantify 5 Pifion mortality was coupled to soil
10. Richetal phenological Mesita del Pifion canopy cover moisture, which in turn is coupled
; " Buey Northern | 1-50x50 m plot | 2000 - 2004 ; >90% ' A |- |- |+
2008 responses to NM reduction to temperature and preceding winter
drought precipitation
Discuss insights Mesita del Pifion mortality occurred after 10
11. Breshears et | from Iong-tel_'m Buey Northern One location, size 1992 - 2004 Num_ber of pifion >00% months of water potential _va_lue§ n-
al., 2009 water potential NM unknown pine trees below the zero carbon assimilation
measurements value
AZ: 53 plots (1) Inconsistent effect of tree
Examine (10 by 200m) Proortion of pifion density and basal area on mortality,
12. Floyd et al relationship AZ CO: 24 plots pmortalit P Pifion: 32_65% with a weakly negative overall
'2003, * | between stand co (15 by 15m) 2004 — 2005 Pro ortioril’of Juniver: 37100;’ relationship; (2) severity of the nunuy n+ n+
characteristics NM NM: 32 plots uni gr mortalits per: 0 drought may have masked effects of|
and mortality (3 subplots of Junip Y tree density and basal area on
100m?) mortality




Meddens et al., New Phytologist, Supporting Information

o |2|e £ sl lzlal. 2218 |.].
Goals/ ob Timingof | R 2 2|8 N glS|8ls|.lsl2l8l2|2|2|2|E|8|la|B|5|s|8
oals . ser- Iming o esponse . - 2la|ls| |0 2 g19|= 2|1 8|=s|8|&8|2|= el2 | 8| 3|8|2
Study o Location : 9 P Mortality Important findings 2|8 |2|2|g|5|5 ZIEsl8lelglels|slBlc|s|E|s|E|8|lEl2|a
objectives vations study variable =|%|&8|%g = SlElg|8|”|<|g|&|E|8|g|5|28|E|8|2|al5|5
o 8| F =% o= s o| 2
@ s\ = e I|= G| 2|8 = ©
(%) o [=N
1. confusus outbreaks occurred more
Predict the spatial severely in lowland areas in
13. Santos & . 12 2.5-km 1. confusus on P
- occurrence of | 4 sites around Bark beetle o favorable wind direction, at larger
Whitham, pifion ips Flagstaff, AZ, transects 2002 presence on trees 37'5/_" of tr.ees trees, and with stem-boring moth n+ n-|n+n0 n+ n+ N+N+n+
2010 (180 trees/site) (n=120): y
outbreaks resistant phenotypes that had
infested trees nearby
. Quantify the . Pifion mortality not different across
influences of soil n .
14. Koepke et and vegetation | Northern AZ 180 plots 2004 % healthy / stressed Pifion: 12-20% soil parent material, but % of 0
al., 2010 g (400 m?plots) / dead . © | stressed trees was higher on cinder n
type on woodland ¥
. material
mortality
, 18 plots Low elevations greatest reduction
~ . . AR I i
15, Clifford et Assess long-term| 212 km site (10by 200 m for | 1936, 1959, Amount of tree | 55% reduction in |in pifion cover due to drought, mid
tree cover San Francisco cover from remotely| canopy cover (for | elevations (60% of area) were more n- no nu 10
al., 2011 . RS accuracy | 2002, and 2004 . .
dynamics Peaks, AZ sensed images 2000s drought) | buffered against drought than lower
assessment) :
elevations
re(IDaL:iagr:Is%p Aerial detection Area of ips damage (1) Greater mortality at higher
o . Sl
16. Kleinman et between ips- AZ, CO, NM, Surveys and trees killed per Affgcted 7:4% elevatlolns especllally inUT, AZ,(2)
. (PJ vegetation type 2003 . (3 mill. ac) of PJ | greater impacts in areas where N+ N+
al., 2012 related mortality, ut in AZ, CO, NM acre form aerial woodlands ifion pines have grown historicall
elevation, and i ! detection surveys p P g Y
uT) but may have become dense
land cover
17. Looney et Investigate tree Pifion mortality by | 14-72% by basal | Greater mortality at intermediate
'al 201); mortality patterns| Northern AZ | 40 plots (0.4 ha) 2008-2009 basal area and area 17-54% by | substrate ages and at highest pifion ny n+n+nN+ny
" and growth density density densities
Average
95 plots mortality was | (1) PPT; VPD (threshold); (2)
Explore (3 subplots of Pif 42% of d ; densi "
18. Clifford et precipitation Northern NM 100m?) and ihon canopy cover 0 Of cover ecreasing tree density was weakly
hadaeal 2005 2008 | die-off (from field (RS), with correlated with increasing tree die- n-\n+ n0|n0 no[ n-
al., 2013 relationships with Landsat N N
T N P observations & RS)| ranges of ~2— | off across all plots; (3) tree basal
pifion pine die-off classification (PJ % (R d lated with li
area: 2437 km?) 50% (RS) an area not correlated with mortality
) ~0-35% (plots)
Establish
relationship 84% and 70% of PJ recorded
19. Peterman et between soil Entire pifion — | Aerial detection | 2000 —2007 |Tree mortality from Not reported mortality in 2003 and 2004 on soils 0
al., 2013 water holding | Juniper extent surveys (aerial) aerial surveys P with soil water capacity of <150mm n n-
capacity and and with <100mm, respectively
mortality patterns
Derive a forest
20. Williams et dr(i):g;\)t( ?(tc:'ress AZ CO. NM 256 ring-width Ring width index influenced by
) § Bt ! datasets across 1000 - 2100 | Ring width index Not reported | warm-season vapor-pressure deficit n- n+n+
al., 2013 measuring and uT N L
S study location and cold-season precipitation
predicting tree
mortality
(1) Decades-long growth
Analyze pifion divergences and lower average
mortality and Individual trees Tree status (live or growth rates in dead trees;
21. Macalady & | growth patterns NM (98 dead and 69 2000s and dead) and radial tree|1950s: 46.5-64.5%)| (2) Greater mortality with larger
Bugmann, and relate to (4sites) live trees (2000)) 19505 growth; mortality %(2000s: 19.9-99.6%| year-to-year growth variability; (3) n-\n+ nO nO n+n+ Nn- N+
2014 climate, (26 dead and 25 within plotsand | (At the site level) [ mortality % was higher among
competition, and live trees (1950)) sites larger trees; (4) tree density and
spatial patterns basal area weakly and variably
related to mortality
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drought severity index; DRC, diameter root collar.
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Table S2 Measured variables, proposed mechanisms, and their expected relationship with pifion pine mortality. Studies that measured a given
variable are categorized as agreeing or disagreeing with the expected relationship. Study numbers refer to the studies listed in the left column of
Table S1 with bold and underlined numbers indicating agreement with the expected relationship.

[0)
Expected Studies /o
Measured . . . relation- that # of agregment . .
Group Factor ; Proposed mechanisms leading to mortality L . with Potential confounding factors
variable ship with | measured | studies expected
mortality this P .
relationship
(1) Different measurements of
mortality (% or absolute) may
confound relationship; (2) bark
289 12 beetle activity may change
Tree density !—hgher mortality at higher tree density that + 15,16, 17, 9 44% mortality severity; (3) sites with
increases competition for resources = = greater moisture stress may
18,21 ;
have lower tree density but
higher mortality; (4) drought
duration and severity may mask
Stand competition effects
Pifion pine Higher mortality at higher pifion pine density 0
Structure density that increases competition for resources " 211,21 3 100% Same as above
Basal area !—||gher mortality at higher basal area that + 2,8,12,13, 7 579 Same as above
increases competition for resources 17,18,21
. Lower mortality with earlier disturbances that Disturbance decreases carbon
Earlier - o °
. reduces tree density and competition for - 5 1 0% reserves or the potential to
disturbance
Vege- resources rebound
tati%n Lower mortality with more patchiness that More patchiness might indicate
Patch decreases landscape connectivity and increases i 315 2 0% less favorable growing
structure heterogeneity, potentially leading to reduced ' conditions, leading to higher
bark beetle mortality mortality severity
Higher mortality among larger trees that are + 2,5,8,12 7 86% Dominate resources (e.g.,
more vulnerable to bark beetles 13,17,21 deeper rooting depths)
Higher mortality among larger, taller trees that 2,5,8, 12, 0
Tree size are more vulnerable to hydraulic limitation * 13,17, 21 ! 86% Same as above
Lower mortality among larger trees that Larger trees more vulnerable to
. Y glarg - N/A 0 N/A bark beetles and hydraulic
dominate resources e
Tree charac- limitation
teristics Lower mortality in trees with higher long-term
Lona-term growth rates, reflecting reduced vulnerability to Trees with higher growth rates
rovgth rate carbon starvation due to enhanced - 121 2 100% may be more vulnerable to
g photosynthetic capacity, water status, and/or hydraulic limitation
carbon reserves
Genotype Increased mortality of genotypes resistant to + 13 1 100%

stem-boring moth (less optimal tree architecture)
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o)
Expected Studies /o
Measured . . relation- that # of agreement . .
Group Factor ; Proposed mechanisms related to mortality L : with Potential confounding factors
variable ship with | measured | studies
. . expected
mortality this . .
relationship
Slope Higher mortgllty at steeper slopes with less + 3,8,13 3 67% Tree density, soil types
favorable soil conditions
Aspect Higher mortality at higher values (increased
(southwest- + 3,7,8 3 100% Same as above
ness) temperatures and VPD)
Topography 3813 15 Tree density (competition from
Elevation Higher mortality at lower and drier sites - ’ 1’6_1,8_’ 6 33% more trees) at middle
’ elevations, bark beetles
Topoaranhic Lower mortality when located lower in
osF,)i ti%n P watershed (increased area contributing to run-off - 18 2 100% Tree density, soil types
Terrain P and therefore higher soil moisture)
Soil type \Irvz\tfgfrhgc&rit:él?;xéiht;ncreased fertility and soil - L7 113 17, 5 40% Tree density, precipitation
Depth ;%Vr\:ae;:i]lor:?ilstzj\rzlth deeper soils that hold - N/A 0 N/A Tree density, precipitation
Soil charac- | Texture Is_(;)i\l/v;roriz?urﬁzllty with texture that holds more - 8 1 100% Tree density, precipitation
teristics Lower mortality at fertile soils that increases
Fertility y - N/A 0 N/A Tree density
nonstructural carbon reserves
Watgr Lower mortality at sites that hold more soil . L
holding moisture - 8,18, 19 3 67% Tree density, precipitation
capacity
Higher mortal_lty_ via direct tempera_ture effects + 6. 10, 20 3 100% Respiration rate
on carbon assimilation and respiration ===
Higher mortality via influence of temperature on
soil moisture and VPD, which causes stomatal 0
Temperature | Temperature closure, lower carbon assimilation, and/or * 610,20 3 100%
increased hydraulic limitation
_ Optimal temperatures lead to increased vigor of U N/A 0 N/A
Climate bark beetle populations
Lower mortality with increased precipitation 146 10
Precipitation | Precipitation | (increased available soil moisture and decreased - —1’ —’26’ 2—1’ 7 100% Soil characteristics
atmospheric moisture demand) ===
Higher mortality via stomatal closure (reduced
VPD VPD photosynthesis and carbon assimilation) and + 18,20, 21 3 100% Soil moisture

hydraulic limitation
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o)
Expected Studies /o
Measured . . relation- that # of agreement . .
Group | Factor : Proposed mechanisms related to mortality U : with Potential confounding factors
variable ship with | measured | studies expected
mortality this P .
relationship
_ Derived Higher mortality vv_|th hlgher winds leading to + 13 1 100%
Climate . from DEM more bark beetle dispersion ==
Wind - - - - -
(cont.) Higher mortality at higher winds leading to less
. Y + N/A 0 N/A
available soil moisture
Presence Higher mortallty W!th_mo_re beetle attacks + 2,4,12,13, 5 100%
Bark beetles through hydraulic limitation 21
Higher mortality with more beetle attacks 0 .
Pressure through hydraulic limitation + 13 1 100% More resistant phenotypes
Biotic Higher mortality through reduced carbon 0
Agents Pathogens reserves and reduced growth " 4 15 2 100% Bark beetles
Other biotic DMT Higher mortality through reduced carbon + 5 1 100% Bark beetles
agents reserves and reduced growth =
Mycorrhizae Lower mortality through increased non- i N/A 0 N/A

structural carbon reserves and increased growth

U, non-linear relationship with mortality; N/A, not available or not measured; VPD, vapor pressure deficit; DEM, digital elevation model;
DMT, dwarf mistletoe.
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Table S3 Explanation of (a) studies that disagree or (b) were not categorized into agreeing or
disagreeing with expected influences of pifion pine mortality.

(a) Studies that disagreed with expected influences

Variable (category
from Figure 3)

Study

Possible explanation

Soil characteristics

Greenwood &
Weisberg (2008)

Soil texture only played a small role, possibly because of incomplete
classification of spatial layer (inhibiting assessment of spatial
variation); soil depth hypothesized as more important

Koepke et al. (2010)

Pifion pine mortality not different across soil parent material, because:

(1) Cinder type soils may allow deeper water infiltration and deeper
soil horizons may allow water storage not predicted by a priori
expectations

(2) Bark beetles may be more important to mortality severity than
soil type

Looney et al. (2012)

Pifion pine mortality severity not linearly related to substrate age
because pifion density might be more influential on mortality severity

Peterman et al.
(2013)

(1) The resolution of the soil (SSURGO) dataset may have been too
coarse to attribute causality

(2) Most evaluation sites on locations with high water-holding
capacity (>250 mm)

Topography

Greenwood &
Weisberg (2008)

Higher mortality on lower slopes, due to soil and other topographic
characteristics

Elevation (elevation)

Trotter (2004)

Tree mortality higher at mid- to high elevations, because:

(1) Competition (due to higher stand densities) for water and other
resources may be greater at mid- to high elevations.

(2) Lower pifion pine water-use efficiencies may occur at mid-
elevations

Greenwood &
Weisberg (2008)

Positive correlation between stand density and elevation (higher stand
densities at higher elevations) and increased beetle activity at these
locations may lead to increased mortality severity

Kleinman et al.
(2012)

Greater mortality at higher elevations (especially in UT, AZ),
because:

(1) They reported total tree canopy mortality, not % pifion mortality
(2) There may be higher competition at middle elevations.

Clifford et al. (2013)

No relation between elevation and mortality severity, because
availability of soil moisture was more important

Tree density (tree
density, basal area)

Clifford et al. (2008)

No effect between tree density and mortality severity or decreasing

Floyd et al. (2009)

tree density was slightly correlated to increasing tree die-off, because:

Clifford et al. (2011)

(1) Drought severity and length may overwhelm the influences of

Clifford et al. (2013)

competition and thus the relationship of density-dependent
mortality severity

Macalady &
Bugmann (2014)

(2) Bark beetle attacks and drought susceptibility of trees might be
more profound in more open stands with older trees

Tree size

Looney et al. (2012)

Smaller trees died preferentially at lower mortality severity, due to
reduced access to soil moisture

(b) Studies that were not categorized into agr:

eement or disagreement

Variable

Study

Explanation

Ips presence (bark
beetles and other
biotic agents)

Negron & Wilson
(2003)

Ips presence was not actually tested but implied in the study

SSURGO, Soil Survey Geographic Database, USDA Natural Resources Conservation Service.




Meddens et al., New Phytologist, Supporting Information

References in the Supporting Information

Breshears DD, Cobb NS, Rich PM, Price KP, Allen CD, Balice RG, Romme WH, Kastens JH,
Floyd ML, Belnap J et al. 2005. Regional vegetation die-off in response to global-change-type
drought. Proceedings of the National Academy of Sciences, USA 102: 15144-15148.

Breshears DD, Myers OB, Meyer CW, Barnes FJ, Zou CB, Allen CD, McDowell NG, Pockman
WT. 2009. Tree die-off in response to global change-type drought: mortality insights from a
decade of plant water potential measurements. Frontiers in Ecology and the Environment 7:
185-1809.

Clifford MJ, Cobb NS, Buenemann M. 2011. Long-term tree cover dynamics in a Pinyon—Juniper
woodland: climate-change-type drought resets successional clock. Ecosystems 14: 949-962.

Clifford MJ, Rocca ME, Delph R, Ford PL, Cobb NS. 2008. Drought induced tree mortality and
ensuing bark beetle outbreaks in southwestern pinyon—juniper woodlands. US Forest Service
Rocky Mountain Research Station Proceedings RMRS 51: 39-51.

Clifford MJ, Royer PD, Cobb NS, Breshears DD, Ford PL. 2013. Precipitation thresholds and
drought-induced tree die-off: insights from patterns of Pinus edulis mortality along an
environmental stress gradient. New Phytologist 200: 413-421.

Floyd ML, Clifford M, Cobb NS, Hanna D, Delph R, Ford P, Turner D. 2009. Relationship of
stand characteristics to drought-induced mortality in three Southwestern pifion—juniper
woodlands. Ecological Applications 19: 1223-1230.

Gitlin AR, Sthultz CM, Bowker MA, Stumpf S, Paxton KL, Kennedy K, Munoz A, Bailey JK,
Whitham TG. 2006. Mortality gradients within and among dominant plant populations as
barometers of ecosystem change during extreme drought. Conservation Biology 20: 1477—
1486.

Greenwood DL, Weisberg PJ. 2008. Density-dependent tree mortality in pinyon—juniper woodlands.
Forest Ecology and Management 255: 2129-2137.

Kleinman SJ, DeGomez TE, Snider GB, Williams KE. 2012. Large-scale pinyon ips (Ips confusus)
outbreak in southwestern United States tied with elevation and land cover. Journal of Forestry
110: 194-200.

Koepke DF, Kolb TE, Adams HD. 2010. Variation in woody plant mortality and dieback from severe
drought among soils, plant groups, and species within a northern Arizona ecotone. Oecologia
163: 1079-1090.

Looney CE, Sullivan BW, Kolb TE, Kane JM, Hart SC. 2012. Pinyon pine (Pinus edulis) mortality
and response to water addition across a three million year substrate age gradient in northern
Arizona, USA. Plant and Soil 357: 89-102.

Macalady AK, Bugmann H. 2014. Growth-mortality relationships in pifion pine (Pinus edulis) during
severe droughts of the past century: Shifting processes in space and time. Plos One 9: €92770.

Mueller RC, Scudder CM, Porter ME, Trotter RT, Gehring CA, Whitham TG. 2005. Differential
tree mortality in response to severe drought: evidence for long-term vegetation shifts. Journal
of Ecology 93: 1085-1093.

Negron JF, Wilson JL. 2003. Attributes associated with probability of infestation by the pifion ips, Ips
confusus (Coleoptera : Scolytidae), in pifion pine, Pinus edulis. Western North American
Naturalist 63: 440-451.

Ogle K, Whitham TG, Cobb NS. 2000. Tree-ring variation in pinyon predicts likelihood of death
following severe drought. Ecology 81: 3237-3243.



Meddens et al., New Phytologist, Supporting Information

Peterman W, Waring RH, Seager T, Pollock WL. 2013. Soil properties affect pinyon pine—juniper
response to drought. Ecohydrology 6: 455-463.

Rich PM, Breshears DD, White AB. 2008. Phenology of mixed woody-herbaceous ecosystems
following extreme events: Net and differential responses. Ecology 89: 342—-352.

Santos MJ, Whitham TG. 2010. Predictors of Ips confusus outbreaks during a record drought in
southwestern USA: implications for monitoring and management. Environmental Management
45: 239-249.

Shaw JD, Steed BE, DeBlander LT. 2005. Forest Inventory and Analysis (FIA) annual inventory
answers the question: what is happening to pinyon—juniper woodlands? Journal of Forestry
103: 280-285.

Trotter RT. 2004. Linking climate change and community dynamics: pinyon pine stability and
sensitivity in a heterogeneous landscape. PhD dissertation, Northern Arizona University,
Flagstaff, AZ, USA.

Williams AP, Allen CD, Macalady AK, Griffin D, Woodhouse CA, Meko DM, Swetnam TW,
Rauscher SA, Seager R, Grissino-Mayer HD et al. 2013. Temperature as a potent driver of
regional forest drought stress and tree mortality. Nature Climate Change 3: 292-297.



	nph13193
	nph13193-sup-0001-TableS1-S3



