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Abstract
Chaparral is the most abundant vegetation type in California and current climate change

models predict more frequent and severe droughts that could impact plant community struc-

ture. Understanding the factors related to species-specific drought mortality is essential to

predict such changes. We predicted that life history type, hydraulic traits, and plant size

would be related to the ability of species to survive drought. We evaluated the impact of

these factors in a mature chaparral stand during the drought of 2014, which has been

reported as the most severe in California in the last 1,200 years. We measured tissue water

potential, native xylem specific conductivity, leaf specific conductivity, percentage loss in

conductivity, and chlorophyll fluorescence for 11 species in February 2014, which was

exceptionally dry following protracted drought. Mortality among the 11 dominant species

ranged from 0 to 93%. Total stand density was reduced 63.4% and relative dominance of

species shifted after the drought. Mortality was negatively correlated with water potential,

native xylem specific conductivity, and chlorophyll fluorescence, but not with percent loss in

hydraulic conductivity and leaf specific conductivity. The model that best explained mortality

included species and plant size as main factors and indicated that larger plants had greater

survival for 2 of the species. In general, species with greater resistance to water-stress

induced cavitation showed greater mortality levels. Despite adult resprouters typically being

more vulnerable to cavitation, results suggest that their more extensive root systems enable

them to better access soil moisture and avoid harmful levels of dehydration. These results

are consistent with the hypothesis that short-term high intensity droughts have the strongest

effect on mature plants of shallow-rooted dehydration tolerant species, whereas deep-

rooted dehydration avoiding species fare better in the short-term. Severe droughts can

drive changes in chaparral structure as a result of the differential mortality among species.
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Introduction
Chaparral is the most abundant plant community in California and the shrubs that dominate
this community are adapted to hot and dry summers and periodic fires [1]. Global-change type
droughts (the combination of low precipitation and warmer temperatures) in recent years have
led to woody plant die-offs in many areas across the globe (e.g., [2–7]). These large scale die-
offs impact the structure, composition and dynamics of plant communities; impacts that con-
sequently alter ecosystem function and threaten biodiversity and the wellbeing of humans [8].
This phenomenon may become more common in some areas where the climate is rapidly
warming and drying. In California, for example, the climate has warmed by about 1°C in the
last century and predictions are for continued warming and drying [9–11].

The physiological mechanisms that lead to these die-offs are not well established and this
limits the ability to predict how ecosystems will respond to future drought events. Several
hypotheses have been proposed relative to physiological mechanisms of drought mortality.
High intensity droughts of short duration may cause abrupt mortality due to the breakdown of
vascular (xylem) transport of water [12]. Alternatively, drought may lead to a slow decline in
growth in the years following the drought and ultimately result in death [13]. Longer term
droughts of lower intensity may be similar in leading to a reduction in growth and a decline in
health of long-lived plants and their eventual death. Pests and pathogens are often a contribut-
ing factor in mortality of weakened plants [14,15]. Another hypothesis is that long-term
droughts may cause some species to have a negative carbon balance and exhaust their carbohy-
drate stores leading to mortality [12], although the extent that carbon starvation may lead to
mortality is controversial [16] as carbon is generally not the limiting factor under stress condi-
tions [17]. All three factors, hydraulic failure, pathogen attack, and carbohydrate depletion, are
non-mutually exclusive and may act together [18–21].

These factors do not affect all species similarly and an interesting observation is that some
woody species have succumbed to recent droughts in large numbers while others have been
less affected. An important question is why are some species more vulnerable to these events
than others? A substantial number of studies have examined species differential drought toler-
ance from life history, functional and physiological trait perspectives (e.g., [20,22–26]). Never-
theless, many knowledge gaps remain, such as (i) species specific dehydration limits for
survival, (ii) differences in mortality between the seedling establishment phase when rooting
depths among species are equal, and the adult persistence phase when rooting depths among
the same species are markedly varied, and (iii) relationships between survival strategies that
utilize dehydration tolerance (low seasonal water potential and high cavitation resistance) ver-
sus dehydration avoidance strategies (deep roots that tap soil moisture resources imparting
high seasonal water potential during seasonal drought). Further research is required in order to
better predict the effects of increasing drought and climate change on plant community
structure.

We examined the factors contributing to drought-associated mortality in a diverse chaparral
shrub community of southern California. In this area, drought-associated mortality has already
been observed during past droughts. Extensive branchlet dieback after a drought in 1995 was
observed in the chaparral species Ceanothus crassifolius Torrey and was linked to hydraulic
failure [27]. Postfire mortality of resprouting species of chaparral was observed during an
intense drought in 2007 [24] and of mature chaparral plants in a stand located at a chaparral-
desert ecotone in 2002 [28]. The severe California drought of 2014 offered the possibility to fur-
ther examine traits associated with mortality in a diverse stand that contained more species
than previously examined and during the most extreme drought to affect this region in the last
1,200 years [29,30]. Chaparral species life history types (LHT) can be classified into four
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different categories in relation to regeneration strategies after fire [31]: obligate seeders, those
species that have to recruit from seeds (S+) and do not resprout (R-; R-S+); facultative seeders
(R+S+), those that can establish from structures, such as lignotubers, that resprout after fire
and also recruit from seeds; obligate resprouters (R+S-), those that only establish from
resprouting structures after fire; and post-fire colonizers (R-S-), species that do not persist after
fire and re-establish themselves by seed dispersal from unburnt populations. As LHT has been
previously linked with differences in drought survival due to a tradeoff between adult persis-
tence and seedling recruitment in water limited habitats [32,33], we predicted that mortality
would be the greatest in obligate seeders and the lowest in obligate resprouters. We could not
test LHT effects directly since the research site did not contain sufficient species with each LHT
to include this as a factor in statistical analyses, but we were able to compare the observed spe-
cies mortality patterns with previously published data. We hypothesized that a key mechanism
causing mortality would be vascular failure during tissue dehydration and predicted that
species would differ in this trait in conjunction with mortality [28], with the lowest hydraulic
conductivities and the highest losses in conductivity in species that experienced the most mor-
tality. Finally, we hypothesized that within a species plant size would be associated with
drought survival because larger plants aboveground would also be larger belowground (due to
the root:shoot biomass relationship) and this would allow them to avoid lethal levels of tissue
dehydration during drought.

Materials and Methods

Ethics statement
All research was conducted in accordance with relevant national and international guidelines.
Mountain Restoration Trust gave us permission to conduct the study in this site of their prop-
erty. Field studies did not involve endangered or protected species.

Study site
The study site was located in Cold Creek Canyon Preserve of the Santa Monica Mountains,
California, USA (N 34° 05’, W 118° 39’), at about 350 m elevation and on a west-facing slope
(Fig 1). The soil is derived from sandstone sedimentary rocks. The study site has a Mediterra-
nean climate, characterized by a moist winter and a dry summer period of typically 5.5 months
(S1 Fig). For the period 1998–2014 the mean annual temperature was 17.7°C and the mean
annual rainfall 521.8 mm, whereas for the drought years 2012–2014 the mean annual tempera-
ture and rainfall were 18.3°C and 237.5 mm, respectively (Malibu Hills weather station; N 34°
03’, W 118° 38’, 480 m above sea level; USDA Forest Service; NESS ID: CA4173E; 3.86 km
from the study site). The combination of lower precipitation and warmer temperatures is con-
sistent with a global-change-type drought [3,34].

The stand is composed of a 21-year-old, mature mixed chaparral community that contains
over 11 species of shrubs (Table 1). These species can be classified in three different LHTs in
relation to their regeneration strategy after fire (Table 1): obligate seeder (R-S+), facultative
seeder (R+S+), and obligate resprouter (R+S-). The stand last burned on November 2, 1993; at
that time the stand was 23 years old with the previous fire occurring in 1970 [35]. For southern
California, the average fire return period for chaparral stands is of 30–40 years, which is esti-
mated to be more frequent than pre-European colonization due to the direct relationship exist-
ing among fire frequency and population density [36]. The average between-fire interval for all
natural areas in the Santa Monica Mountains from 1925 to 2001 was 32 years [37].
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Site characterization and mortality evaluation
A point-quarter sampling (PQS) technique was employed in February-March 2014 to charac-
terise the study site, species composition, and structure [40,41]. Sixty-three points were ran-
domly selected throughout the stand. The area around each point was divided into four equal
sectors (quarters) based on compass readings. The individual nearest to the sampling point
within each sector was identified, its species determined, and the distance from the point to the
centre of the rooted base of the plant measured. Plant height was measured and the basal and
crown diameters determined with two perpendicular measurements. Each plant was also cate-
gorized as ‘dead’ or ‘alive’ to determine mortality and infer community shifts. A plant was
determined dead when the canopy was totally dry and brittle and it had no green leaves and no
green bark. Therefore, we were conservative determining death rate and if a plant had 99% of
canopy dieback and still had one small green branch we classified it as alive. When plants were
measured in the point quarter sampling we only took into consideration those that were alive
or had died recently (<1 year). This was discernible because recently deceased plants had dried
leaves attached to stems and intact bark. We omitted measuring plants that were dead for a
longer period, such as those that had died in the previous 2006 drought. These were clearly
“old dead” plants and contained no retained leaves and often had shed all of their bark. After
the onset of March-May 2015 rains, the site was revisited and tagged plants re-evaluated. In all
cases, plants that had been categorized as “dead” remained dead, and those considered “alive”,
remained alive.

A systematic sampling (SYS) was also performed in March 2014 for characterizing more
accurately the mortality percentage of those less frequent species from which few (i.e. C. spino-
sus,M. laurina, R. ilicifolia, and R. ovata) or no individuals (i.e. C. betuloides, H. arbutifolia,

Fig 1. Location of the study site and images captured during the 2014 historic drought. (a) The study
site was located in the Cold Creek Canyon, Santa Monica Mountains (California, USA) at 6.5 km from the
coast. The grid is represented in degrees. (b) General view of the study site showing extensive dieback taken
on March 2, 2014, (c) November 1, 2014, and (d) March 21, 2015, after winter rains. TheMalosma laurina that
can be observed at the forefront right (b and c) remains green, in contrast with the middle ground chaparral
shrubs where plants where sampled, because it is presumed to have access to more water since it grows
along the road experiencing less competition for soil moisture and enhanced runoff. At the back of the middle
ground some riparian oaks grow along a stream and remain green. These images evidence the effects that
the global change type drought is having on the upland vegetation. (Photographs: R. Brandon Pratt).

doi:10.1371/journal.pone.0159145.g001

Table 1. Species analysed in this study and their life history traits andmaximum vessel length.

Code Scientific name Familiy Common name Fire life history type† Maximum vessel length (m)‡

Af Adenostoma fasciculatum Hook. & Arn. Rosaceae Chamise R+S+ 0.29

As Adenostoma sparsifolium Torr. Rosaceae Red shank R+S+ 0.48

Ag Arctostaphylos glauca Lindley Ericaceae Big berry manzanita R-S+ 0.30

Cc Ceanothus cuneatus Nutt. Rhamnaceae Buck brush R-S+ 0.23

Cs Ceanothus spinosus Nutt. Rhamnaceae Greenbark ceanothus R+S+ 0.30

Cb Cercocarpus betuloides Torrey & A. Gray Rosaceae Mountain mahogany R+S- 1.04

Ha Heteromeles arbutifolia (Lindl.) M. Roem. Rosaceae Christmas berry R+S- 0.86

Ml Malosma laurina (Nutt.) Abrams Anacardiaceae Laurel sumac R+S+ 0.92

Qb Quercus berberidifolia Liebm. Fagaceae Scrub oak R+S- 1.60

Ri Rhamnus ilicifolia Kellogg Rhamnaceae Hollyleaf redberry R+S- 1.23

Ro Rhus ovata S. Watson Anacardiaceae Sugar bush R+S+ 1.40

† R-S+, obligate seeder; R+S+, facultative seeder; and R+S-, obligate resprouter.
‡ Data from [38,39].

doi:10.1371/journal.pone.0159145.t001
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and Q. berberidifolia) were characterized with PQS (Table 2). The site was searched in order to
locate as many individuals as possible of these species and characterize their status (dead or
live).

The 46 permanent quadrats of 1 m2 established immediately after the 1993 wildfire for
determining A. fasciculatum and A. sparsifolium seedling emergence and their long term sur-
vival [35,42] were also evaluated in March 2014. In these quadrats, seedling emergence and sur-
vival were also evaluated for C. cuneatus. Immediately after the 1993 fire, 100 lignotubers from
both Adenostoma species were randomly selected, without knowing if they were dead or alive,
and labelled with wire and metal tags for evaluating the percentage that survived the fire (suc-
cessfully resprouted) and to monitor their postfire survival and growth through time. In March
2014, as many of these tagged plants as possible were located (86 A. sparsifolium and 70 A. fas-
ciculatum) and their status characterized (dead or live). In addition, mortality was also evalu-
ated in another 9 permanent quadrats of 1 m2 that had been established in January 1994 under
A. glauca burnt plants in order to evaluate the postfire seedling emergence and survival of this
species.

Hydraulic traits and physiological mechanisms associated with mortality
Hydraulic traits from 11 species (Table 1) growing at the study site were evaluated. On Febru-
ary 24–26, 2014, when the study site had only received 51.6 ± 5.1 mm of precipitation in the
previous 12 months (mean ± SE calculated from the three closest weather stations; S2 Fig),
6–12 large branches (> 2 m length) per species were collected at predawn. The branches were
cut in air and only one branch was collected per plant. The branches were immediately placed
in opaque double-plastic-bags containing a piece of wet tissue paper to minimize post-cutting
dehydration. They were transported to a laboratory 2 h away at California State University,
Bakersfield. The bags were placed in a dark room at 15°C and covered with a wet sheet to mini-
mize water loss though the plastic until samples were measured. All hydraulic measurements
were performed the same day that the samples were collected.

Xylem water potential (Cpd) was measured on three side branchlets of each large branch.
Care was taken to not sample from the main stem from where the segment being targeted for

Table 2. Mortality estimated by point quarter sampling and systematic sampling in February-March 2014.

Point quarter sampling* Systematic sampling

Species # of sampled plants # of dead plants Mortality (%) # of sampled plants # of dead plants Mortality (%)

A. fasciculatum 86 54 62.8

A. glauca 45 35 77.8

A. sparsifolium 23 2 8.7

C. betuloides 6 0 0.0

C. cuneatus 77 55 71.4

C. spinosus 12 11 91.7 150 140 93.3

H. arbutifolia 8 1 12.5

M. laurina 4 0 0.0 28 1 3.6

Q. berberidifolia 28 1 3.6

R. ilicifolia 3 3 100.0 21 7 33.3

R. ovata 2 0 0.0 33 0 0.0

Total 252 160 63.5 274 150 54.7

Note that 3 of the studied species were not detected with PQS.

* Data from 63 sampling points.

doi:10.1371/journal.pone.0159145.t002
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hydraulic measurements was located in order to not induce cavitation. The branchlets were
collected immediately after opening the large double bags, placed individually in zip-bags, and
stored in a cool chamber until they were measured (<1h) with a pressure chamber (Model
2000, PMS Instrument Co., Albany, OR, USA).

Hydraulic conductivity was evaluated on one 14 cm stem segment per large branch. The
diameter with bark of these segments was 4.7–8.7 mm. Out of precaution not to artificially
induce embolism, the tension of the branches was relaxed prior to excising the segment on
which measurements were performed [43]. This was done by progressively cutting under water
10–20 cm off from the base of the branch every 20–30 s, until the selected segment located at a
distance greater than 1× the maximum vessel length (Table 1) from the first cut was reached.
This procedure was repeated from the distal end of the segment until a 15–17 cm long segment
was excised. Both ends of the segments were trimmed under water with a new razor blade to 14
cm. Initial stem hydraulic conductivity (Kh) was measured gravimetrically with a stem conduc-
tivity apparatus [44]. This system measures the water flow through a stem by connecting it
with tubes to two reservoirs located at different heights, creating a pressure gradient that drives
flow. The lower reservoir is placed on an analytical balance (CP124S, Sartorius, Goettingen,
Germany). Kh is calculated as the quotient between the mass flow rate and the pressure gradi-
ent, multiplied by stem length [44]. Measurements were performed using a low pressure head
(1.5–2.0 kPa) in order to avoid displacing native emboli. In order to increase accuracy, Kh was
corrected for negative background flow that may occur when dehydrated tissues absorb water
when the pressure head is 0 kPa [45]. Measurements were performed with a 20 mM KCl
degassed (membrane contactor, Liqui-Cel Minimodule 1.7×5.5, Charlotte, NC, USA) and fil-
tered (0.1 μm inline filter, GEWater and Process Technologies, Trevose, PA, USA) solution.
Following initial Kh, stem segments were flushed for 1 hour at 100 kPa with the 20 mM KCl
degassed solution to remove all emboli, and maximum conductivity (Kmax) measured. The
native percentage loss of conductivity (PLC) of each stem was calculated as PLC = (1 –Kh /
Kmax) × 100. Xylem native specific conductivity (Ks) was calculated dividing Kh by sapwood
cross-section area of the distal end of the segment. All live or barely live leaves located distally
from the measured segment were collected and their area (AL) measured with a leaf area meter
(Li-3100C, LI-COR, Lincoln, Nebraska, USA). Native leaf specific conductivity (KL) was calcu-
lated as Kh divided AL.

In order to evaluate the effect of tissue dehydration on leaf function, the water potential at
midday (Cmd) and the maximum quantum efficiency of photosystem II (Fv/Fm) of the studied
species were evaluated on February 14–15, 2014. Fluorescence was measured using a pulse-
modulated fluorometer (Opti-Sciences, OS1-FL, Tyngsboro, Massachusetts, USA). When light
is absorbed by the light harvesting complex in the thylakoid membranes of chloroplasts, the
resulting energy in the form of excited electrons can drive photosynthesis or be dissipated as
heat or fluorescence. These processes are competitive, thus, a fluorometer evaluates the amount
of energy that the chloroplasts are able to use in the light reactions of photosynthesis. Dark
adapted fluorescence has been shown to be proportional to maximum quantum efficiency of
photosystem II [46]. Values of 0.8–0.83 indicate maximum quantum efficiency for dark
adapted leaves and values below 0.8 indicate varying degrees of photoinhibition. Fluorescence
was measured on dark adapted leaves that were covered for 30 min with leaf clips. These mea-
surements were also performed on March 21, 2015, when surviving plants had rehydrated after
winter rains (S2 Fig).

Predawn (Cpd) and midday (Cmd) water potentials of the 11 chaparral species were also
evaluated at the end of the 2014 summer dry period (October 26). It had not rained at the site
since April 2014, and 2014 winter-spring rainfall was significantly below average totalling only
111.4 ± 11.8 mm (mean ± SE, n = 3; S2 Fig). One branchlet was collected from each plant (6–9
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plants per species), placed individually in zip-bags, and stored in a cool-box with ice-packs
until they were measured (<3h) with a pressure chamber.

Data analyses
PQS data were analysed using standard methods [41]. We calculated the average basal area
(m2), average crown area (m2), density (plants ha-1), relative density (%), relative frequency
(%), and relative dominance (%) based on basal area and crown area of each species (S1
Appendix). These parameters were calculated from the data of both live and dead plants, and
therefore, are representative of the stand structure prior to the 2014 drought. Multiplying the
total number of plants by the species specific survival ratio also allowed us to estimate the rela-
tive density and dominance after the drought.

The PQS data were analysed with Generalized Linear Models (GLMs) in order to determine
the factors involved in plant mortality. Models were evaluated with JMP 9.0.0 (SAS Institute
Inc., NC, USA). Species with 4 or less observations in the PQS were not included in the survival
GLMs (i.e.M. laurina, R. ilicifolia, and R. ovata were excluded; Table 2) nor were the three spe-
cies that were not detected by the PQS due to their low frequency (i.e. C. betuloides,H. arbutifo-
lia, and Q. berberidifolia). Thus, data from 243 individuals belonging to the five most frequent
species in the stand (i.e. A. fasciculatum, A. sparsifolium, A. glauca, C. cuneatus, and C. spino-
sus) was used for constructing GLMs. The response variable was binary (live = 1; dead = 0).
These models were constructed with the logit link function (one of JMP link function options)
and maximum likelihood estimation method. The factors evaluated were species (Sp), plant
height (H), basal area (BA), crown area (CA) and local density (D). Several models including
different combinations of these factors were evaluated (S1 Table). The Chi Square Test was per-
formed to determine the significance of the models. The Akaike Information Criterion (AIC)
was used to select the best fitting model, i.e. the one with the lowest AIC value.

Hydraulic and physiological traits differences among species were evaluated with a one-way
analysis of variance (ANOVA). Within a species, seasonal differences inCpd were evaluated
with an ANOVA. The relationship between variables was studied with Pearson product-
moment correlation. In order to select the function that best fitted the data, data were fitted to
linear, exponential, second grade polynomic, and logarithmic functions with the nls command
in R version 3.0.2 [47]. The AIC was used to select the best fit model. The comparison of Ks

measured in this study with values obtained for these species for the same site from the litera-
ture [48] of different years and seasons was performed with a two-sample t-test.

Results
The stand had a density of 11,171 plants ha-1 (Fig 2D). Shrubs had a mean height of 2.29 ± 0.07
m (±SE), mean basal area of 0.061 ± 0.009 m2 (±SE), and mean crown area of 2.41 ± 0.23 m2

(±SE) (Fig 2A, 2B and 2C). The species with largest plants were the postfire resprouting species
A. sparsifolium and R. ovata (Fig 2A, 2B and 2C). The species that showed higher density, fre-
quency, and dominance, ordered from higher to lower importance value, were A. fasciculatum,
C. cuneatus, A. sparsifolium, and A. glauca (Fig 2E, 2F, 2G and 2H). Three of the species that
are obligate resprouters, C. betuloides,H. arbutifolia, and Q. berberidifolia, were not detected
with PQS due to their low frequency and density (Table 2).

Mortality among the 11 species ranged from 0% (C. betuloides and R. ovata) to 93% (C. spi-
nosus; Table 2). In those species where mortality was calculated by both PQS and SYS, the
results below refer to SYS data only because these results are more accurate due to a larger sam-
ple size. Mortality reduced total stand density 63.4% (Fig 2D). Stand structure was modified
and relative importance of species varied due to the differential mortality among species. After
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the 2014 drought, A. sparsifolium gained and A. fasciculatummaintained relative importance,
whereas relative importance was reduced for A. glauca, C. cuneatus, and C. spinosus (Fig 2H).

The GLM that best explained mortality had species and crown area nested within species as
main factors (AIC = 260; Table 3 and S1 Table). A. sparsifolium showed significant differences
in the species parameter (S2 Table), because it had the lowest mortality of the five species ana-
lysed in the model (8.7% vs.> 62.8%; Table 2). Crown area nested within species was a signifi-
cant effect (Table 3) because plants of A. fasciculatum and A. glauca with larger crowns had
greater survival (Fig 3). The result was an increase in mean crown area and plant height for
these species after the drought of 2014 (Fig 2A and 2C).

The long term survey on permanent quadrats established after 1993 fire at the site showed that
very few seedlings that emerged were still alive after 2014 drought (Fig 4A), with most mortality
having occurred shortly after the fire among juvenile plants. In the case of A. fasciculatum and A.
sparsifolium only 0.15% (2 out of a total of 1,319 plants) and 0.16% (1 out of a total of 610 plants),
respectively, remained alive in 2014 (Fig 4B). Survival was slightly higher for C. cuneatus (4.74%)
and A. glauca (5.48%; Fig 4B). Final densities (Fig 4A) of these quadrats are consistent with total
species density in the study site (Fig 2D) for all species except A. glauca. The density of the latter
was overestimated in quadrats because these were not placed randomly; they were placed under big
A. glauca shrubs in order to have enough seedlings on which to evaluate long term survival.

The Adenostoma lignotubers tagged after 1993 wildfire revealed that all survived the fire, as
100% of them resprouted in 1994. The mortality for A. sparsifolium was 0% in 2002 (all 100
tagged plants were located) and 1.2% in 2014 (86 plants were located) and for A. fasciculatum
2.0% in 2002 (99 plants were located) and 25.7% in 2014 (70 plants located). A. sparsifolium
2014 mortality of tagged plants was slightly lower than the calculated by PQS (1.2% vs. 8.7%),
whereas A. fasciculatummortality of tagged plants was significantly lower than the estimated
by PQS (25.7% vs. 62.8%).

Species showed significant differences inCpd (F(10,80) = 36.138; P< 0.001), PLC (F(10,80) =
2.749; P = 0.006), Ks (F(10,80) = 4.774; P< 0.001),Cmd (F(9,97) = 126.39; P< 0.0001) and Fv/Fm
(F(9,78) = 44.238; P< 0.0001) at the peak of 2014 drought (Fig 5). The species with highestCpd

wereM. laurina and R. ovata, whereas the ones with lowestCpd were C. cuneatus, A. glauca,
and A. fasciculatum. This same pattern among species was observed forCmd. All species
showed high levels of native embolism (PLC> 60%; Fig 5A), except A. sparsifolium which
had the lowest PLC (44.9%). The highest Ks values were recorded forM. laurina and

Fig 2. Stand structure prior to (black bars; all plants) and after (grey bars; only live plants) the 2014 drought inferred with point
quarter sampling (PQS). Stand structure is represented as species (a) plant height, (b) basal area, (c) crown area, (d) plant density, (e)
relative density, (f) relative dominance, (g) relative density, and (h) importance value. Species codes are reported in Table 1. Error bars
represent standard error.

doi:10.1371/journal.pone.0159145.g002

Table 3. Mortality GLM table for (a) whole model and (b) effect tests.

(a) Whole model test

Model -Log Likelihood L-R Chi Square DF Prob. > Chi Square

Difference 38.36 76.72 9 < 0.0001

Full 119.55

Reduced 157.91

(b) Effect Tests

Source L-R Chi Square DF Prob. > Chi Square

Species 12.32 4 0.0151

Crown Area [Species] 34.72 5 < 0.0001

doi:10.1371/journal.pone.0159145.t003

Drought Mortality of Chaparral Shrubs

PLOS ONE | DOI:10.1371/journal.pone.0159145 July 8, 2016 10 / 22



A. sparsifolium, and the lowest for C. cuneatus and A. glauca (Fig 5B). Q. berberidifolia and
M. laurina showed the highest Fv/Fm and A. glauca the lowest (Fig 5C).Cpd was correlated
with Ks (n = 11, r = 0.67, P< 0.05; Fig 5B) but not with PLC (n = 11, P> 0.05; Fig 5A).Cmd

and Fv/Fm were correlated (n = 10, r = 0.91, P< 0.05; Fig 5C).
All species were more dehydrated in February 2014 than in the previous extreme drought

(September 2006) and later in the season (October 2014; Fig 6). Plants that survived the 2014
drought had rehydrated after 2015 winter rains and the meanCmd of all species was higher
than -2.5 MPa (March 2015, n = 6–7). Native Ks was lower in 2014 compared to 2006 drought
for 4 species (Fig 7). Surviving plants quantum efficiency recovered with winter rains (mean
Fv/Fm ranged between 0.76 and 0.82 for all species in March 2015, n = 6–7).

Mortality was negatively correlated withCpd, Ks (log-transformed),Cmd and Fv/Fm
(P< 0.05; Fig 8A, 8C, 8E and 8F), whereas PLC and KL were not correlated with mortality
(P> 0.05; Fig 8B and 8D). It is to be noted that mortality and physiological measurements

Fig 3. Mean plant height (a) and crown area (b) of plants of the species analysed with GLMs that
survived (black) and died (grey) during the drought.Codes of the species are reported in Table 1. Error
bars represent standard error. Significance levels of a two-side t-test: P > 0.05, ns; P < 0.05, *; P < 0.01, **;
P < 0.001, ***.

doi:10.1371/journal.pone.0159145.g003
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were not performed on the same individuals. These statistical tests were performed on averaged
values for the different species. The species that showed higher mortality were obligate seeders
and facultative seeders (Fig 8G).

Discussion
Our data supports the hypotheses that life history type, hydraulic traits, and plant size were
related to differential drought survival of chaparral shrubs during a high intensity climate-
change type drought. These results also indicate that drought episodes, such as the one that
affected California in 2014, may have severe effects on ecosystems and can alter species relative
importance and dominance in chaparral communities. This will have implications for ecosys-
tem function for numerous reason that include alterations in stand structure (more open),
hydrology (e.g. more precipitation will directly hit the ground), nutrient cycling over the short
and long-term (the Ceanothus spp. are nitrogen fixers and have been greatly reduced in num-
bers), openings in the canopy will make the community more invasible, and the dead biomass
means that the site will likely burn at a higher intensity when the next fire comes.

Fig 4. Seedling emergence after 1993 wildfire and survival over the years evaluated from the
permanent quadrats. Expressed as (a) live seedlings per square metre and (b) percentage of live seedlings
in relation to the ones that emerged. Data from 46 permanent quadrats (each 1 m2) for A. fasciculatum, A.
sparsifolium, andC. cuneatus, and 9 permanent quadrats (each 1 m2) for A. glauca. Adenostoma survival
data from 1993 to 2008 was previously published by [42].

doi:10.1371/journal.pone.0159145.g004
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Chaparral life history types have been shown to correlate with functional strategies and
traits related to water stress resistance [23,49–51]. Previous studies have determined that obli-
gate seeders (R-S+) have greater resistance to water-stress induced cavitation of stem and root
xylem than facultative seeders (R+S+) and obligate resprouters (R+S-) [23,31,38,49,51], which
is indicative of R-S+ species having a dehydration tolerance strategy whereas R+S+ and R+S-
are closer to the dehydration avoidance end of the spectrum. In our study, the two R-S+ species
(A. glauca and C. cuneatus) showed greatest tissue dehydration (Fig 8A and 8E), whereas the
most hydrated species (M. laurina and R. ovata) were R+S+. This is consistent with R-S+ seed-
lings recruiting after fire in arid and exposed microsites with strong selection pressure for toler-
ating unavoidable tissue dehydration and high light and heat stress [51–53].

However, the greater cavitation resistance of R-S+ did not result in greater survival during
high intensity drought conditions. In our study, R-S+ species had greater mortality than R+S-
despite their xylem being more resistant to water-stress induced cavitation. This is consistent
with previous chaparral drought mortality studies [23,28,54,55]. More specifically, we found
the same mortality pattern as [28] observed during the 2002 drought in Southern California for

Fig 5. Correlations among water potentials, hydraulic parameters and fluorescence measured in
February 2014. (a) Xylem water potential at predawn (Ψpd) vs. percent loss in hydraulic conductivity (PLC)
(means ± SE, n = 6–12); (b)Ψpd vs. xylem specific conductivity (Ks) (means ± SE, n = 6–12); (c) midday
xylem water potential (Ψmd) vs. dark adapted fluorescence (Fv/Fm) (means ± SE, n = 7–15). Broken line
represents significant correlations (P < 0.05) among variables. Codes of the species are reported in Table 1.

doi:10.1371/journal.pone.0159145.g005

Fig 6. Comparison among predawnwater potentials (Ψpd) during 2006 (data from [48]) and 2014 droughts.
Bars are means ± SE, n = 6–12. ANOVA significance levels comparing each season’sΨpd within each species:
P > 0.05, ns; P < 0.05, *; P < 0.01, **; P < 0.001, ***.

doi:10.1371/journal.pone.0159145.g006
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the four species that were analysed in both studies (i.e. A. glauca, A. fasciculatum, A. sparsifolium
and R. ovata). Resprouters (R+S+ and R+S-) that survive fire have more time than R-S+ to accu-
mulate below ground biomass, therefore they usually have more extensive and deeper (in some
cases) root systems, which enables greater access to moisture and mitigates drought effects, ulti-
mately increasing their survival during a high intensity drought [28,31,56]. Greater canopy die-
back and mortality during intense drought has also been observed for tree species with higher
dehydration tolerance and shallow-root systems in Australia and North America [2,57]. There-
fore, these observations in chaparral species are consistent with the hypothesis that high intensity
droughts generate higher mortality among species that are more tolerant to tissue dehydration
[24,28]. Nevertheless, this pattern is not followed by some species like C. betuloides that has a shal-
low root system [58], high tolerance to dehydration [38], and low drought mortality (Table 2).

The importance of rooting patterns and dehydration tolerance may vary in other life stages,
such as during recruitment. Shrub and tree seedlings have a positive relationship between root-
ing depth and drought survival (e.g., [59,60]). In chaparral, when rooting depths are equal dur-
ing seeding establishment, mortality is related to dehydration tolerance [23,52,61]. Therefore,
dehydration tolerance may be a successful strategy for normal summer-drought conditions
and during colonization after a disturbance, but may not confer higher survival in extreme
drought events. This results in differential patterns of mortality during drought dependent on
the time since disturbance: R-S+ seedlings survive in greater numbers relative to resprouting
species after recent fires, but R-S+ exhibit lower adult survival (higher mortality) in mature
stands following longer times since fire.

Fig 7. Comparison of native xylem specific conductivity (Ks) of the studied species during the 2006 drought
(data fromMay 2006; [48]) and 2014 drought (February 2014). Bars are means ± SE, n = 5–12. Significance levels
for the double side t-test comparing both years: P > 0.10, ns; P < 0.10, *; P < 0.05, **; P < 0.01, ***.

doi:10.1371/journal.pone.0159145.g007
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Adenostoma fasciculatum and A. glauca shrubs with larger crowns had greater survival than
smaller ones. This inverse relationship between drought-stress mortality and plant size has also
been described for C.megacarpus [62,63], A. fasciculatum, A. glauca and C. greggii A. Gray
[28]. This could be due to a better-established root system or to a greater water storage capacity
(capacitance) in larger plants that could alleviate the effects of severe droughts [28,63]. A strat-
egy to cope with drought is adjusting the root to shoot ratio by growing roots or shedding leaf
area [64,65]. Larger plants may be better able than smaller plants to increase their root to shoot
or root to leaf area ratios through shoot dieback or leaf shedding, thereby increasing their sur-
vival. This adjustment could not be maintained indefinitely, as underground biomass requires
carbohydrates to be maintained; therefore, such plants risk mortality by way of carbon limita-
tion [12]. This relationship between size and survival may differ for different biomes and
growth forms; for example, in tropical forests, larger trees and lianas showed greater mortality
than smaller plants during experimental drought [66,67]. Larger common and single-leaf pin-
yon pine (Pinus edulis Engelmann and Pinus monophylla Torrey and Fremont, respectively)
also show greater mortality than smaller trees in the southwestern United States [68,69]. This
may be due to differences in cavitation resistance across tree age, maturity, and size or to bark
beetles preferring larger trees [68].

The higher survival of permanently tagged A. fasciculatum plants in comparison to those
randomly selected by PQS was probably related to the size effect previously described. A. fasci-
culatum permanently tagged plants were 2.20 ± 0.19 m tall (mean ± SE, n = 10) and the PQS
plants were 1.65 ± 0.10 m (n = 86). This height difference was significant (two-sided t-test,
P = 0.019). The most likely explanation for this size difference is that all tagged plants were
resprouts after the 1993 fire whereas the PQS plants included both resprouts and seedlings that
emerged after the fire, the latter presumably having a less extensive root system and a smaller
crown. However, for A. sparsifolium, a species for which the best fit GLM did not detect a size
effect on mortality (it is to be noted that only two PQS A. sparsifolium were dead), the differ-
ence in mortality between permanent tagged and PQS plants was smaller (7.5%) and the shrubs
of both groups were equal in size (tagged plants height: 3.98 ± 0.14 m (n = 22); PQS plants
height: 3.87 ± 0.19 m (n = 23); two side t-test: P = 0.66).

Some hydraulic parameters were correlated with mortality when analysed as species level
averages (i.e. hydraulic parameters were not measured on individuals that later died over the
course of the experiment). TheCmeasurements we sampled were lower than those reported
for the same species in previous studies (e.g., [38,48]), which is indicative of the extreme levels
of dehydration experienced by plants. BothCpd andCmd were correlated with mortality (Fig
7A and 7E) as previously observed with other woody species (e.g., [7]). All species except A.
sparsifolium showed elevated levels of hydraulic dysfunction (PLC> 60%), but surprisingly
PLC did not correlate with mortality despite six of the species showing mean PLC values of 75–
90 (Fig 8B), which were in the range of the 88 PLC threshold for mortality described for angio-
sperms [70]. This may be because during chronic drought stress conduits became permanently
blocked and we were unable to flush them back to a representative maximum, as is sometimes
the case following embolism [71]. This is consistent with Kmax values of some of the studied
species being lower than those previously reported in this area [38,48]. This indicates a physio-
logical change (i.e. reduction in conductive vessels) in these drought stressed plants that is not

Fig 8. Relationship betweenmortality and hydraulic traits and life history types. Relation between mortality and (a)
predawn water potential,Ψpd, (b) percent loss in hydraulic conductivity, PLC, (c) xylem specific hydraulic conductivity, Ks, (d)
leaf specific hydraulic conductivity, KL, (e) midday water potential,Ψmd, (f) dark adapted fluorescence, Fv/Fm, and (g) life history
type. Broken lines represent significant correlations (P < 0.05) among variables (Ks was log-transformed for the correlation
analysis).

doi:10.1371/journal.pone.0159145.g008
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well understood. It may also be that plants die rapidly once PLC reaches values above the 88%
threshold and that we were not capable to capture these values with our sampling. In contrast,
Ks did correlate with mortality. There was a Ks threshold (about 0.2) below which physiological
function of the species may not be sustained leading to mortality (Fig 8C). The predictive
power of Ks highlights the importance of analysing hydraulic function in absolute terms (Ks)
and that in some cases expressing data only in relative terms (PLC) does not provide a com-
plete picture [71–73]. Plants do not respond to PLC per se, and it is the supply of water to the
leaves to replace transpired water that is key.

Chlorophyll fluorescence allows the assessment of how dehydration of leaf tissues affects
the photosynthetic efficiency of energy conversion in leaves [74]. During the peak of the 2014
drought, Fv/Fm was highly variable among our 11 sampled species and all were below the opti-
mum range of 0.80–0.83 for C3 plants [46] indicating varying degrees of photoinhibition [74].
Photoinhibition has previously been shown to be heightened in dehydrated Mediterranean
plants (e.g., [22,25,75–77]) and to correlate with survival in seedlings submitted to experimen-
tal drought [22]. The strong inverse correlation we found between Fv/Fm and mortality (even
stronger than Ks,Cpd andCmd) suggests that the species with enhanced ability to avoid photo-
inhibition were more likely to avoid mortality. The strength of this relationship may result
from our plants experiencing a climate-change type drought and that a combination of tissue
dehydration and high temperatures strained PSII. It is also likely that an increase in the osmotic
potential in the cytosol of cells, at water potentials approaching -14 MPa, directly impaired
chloroplast function. This is an important finding because chlorophyll fluorescence is an easy,
fast, and non-invasive measurement, thus it could be used to evaluate strain levels imposed by
intense drought for many species in diverse plant communities providing a valuable predictor
of which species are most threatened. This could be of considerable benefit for land managers
in deciding when to intervene to rescue rare species or communities. Recent developments in
sun-induced chlorophyll fluorescence [78,79] suggest great potential in remote sensing to eval-
uate the effects of drought-stress on chaparral communities (cf. [55]).

In summary, this study shows that intense drought episodes can alter the composition, fre-
quency and relative dominance of species in diverse chaparral communities due to differential
mortality among species. The long term impacts of these changes will depend, in part, on
future recruitment and disturbance patterns at this site, but they, at minimum, represent a sig-
nificant short term and rapid change at the site. Hydraulic traits, plant size, and life history
type were related to differential drought mortality. Tissue dehydration tolerance does not
increase drought-survival per se, and, in this study, species with a dehydration avoidance strat-
egy typically showed lower mortality levels. Fv/Fm was the parameter that most strongly corre-
lated with levels of mortality for a species suggesting that photoinhibition of PSII may be a
useful measure of stress and mortality risk during climate-change type droughts. Fv/Fm has
promise for evaluating chaparral drought induced mortality at a landscape scale.
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