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Abstract: Understanding the forest response to ongoing climate change is crucial in forest management strategies 
under anticipated climate adversity. To understand the retrospective growth dynamics of Jeffrey pine (Pinus jeffreyi 
Grev. & Balf.), tree-ring chronology from the subalpine forest in the Lake Tahoe Basin, California was correlated with 
air temperature, precipitation, and Palmar Drought Severity Index (PDSI). The years 1757, 1782, 1886, 1859, 1876, 1920, 
1929–30, 1977, 1988–89, 2001–02, 2008, and 2014 were some of the years with noticeable low growth. There was robust 
growth in 1747–49, 1792, 1828, 1866–68, 1913, 1969, 1984, 1998, and 2011. Ring width index (RWI) and basal area 
increment showed a recent growth increase. Climate-growth response analysis revealed the growth-inhibiting influence 
of the hot and dry summer. More pronouncedly, warm and wet winter was found to be conducive to tree growth in the 
following year. A significant growth correlation with the previous year climate (stronger with PDSI) and its absence in 
current spring may be suggestive of potential growth stimulation by predicted warmer and longer growing season in 
the future. However, since the RWI chronology consisted mostly of mature trees and because the old cambial age tends 
to have signal divergence, further studies incorporating younger trees and cohabitant species would provide deeper 
insights into the growth-climate response.
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Understanding the forest ecosystem response 
to changing climatic conditions is the burgeoning 
concern and urgency that plant scientists and for-
est managers have. Moreover, spatial and temporal 
heterogeneities in the changing patterns and vary-
ing responses of different species further complicate 
comprehending how forests will respond to future 
environmental changes (Williams et al. 2010). Plants 
limited by low temperature, particularly in high 
latitude and high altitude areas (Millar et al. 2004; 
Salzer et al. 2009), may be favoured by warming. In 
contrast, warming amplifies drought in low precipi-
tation areas reducing the productivity of the forest 

ecosystem and increasing tree mortality (Allen et al. 
2010). In xeric environments, increased temperature 
intensifies atmospheric water demand and lowers 
tree’s hydraulic conductivity in physiological re-
sponse (Babst et al. 2018), thereby hampering struc-
tural growth and productivity. In the continuum of 
anticipated frequent, longer, and severer drought and 
heat stress (Van Mantgem et al. 2009; Williams et al. 
2010), the response of forest structure, composition, 
growth, and vitality at spatiotemporal scales requires 
thorough examination (Babst et al. 2018).

Climate change is likely to have significant im-
pacts on the structure and function of California’s 
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ecosystems (Allen et al. 2010; Dolanc et al. 2013a; 
Jones 2015; Schladow 2018; Vose et al. 2018). These 
fluctuations in climate are accompanied by detect-
able trends in many ecological processes and spe-
cies dynamics such as an increase in wildfire activ-
ity (Allen et al. 2010), changes in plant phenology 
(Vose et al. 2018), warming-induced increases in 
tree mortality rates (Van Mantgem et al. 2009), 
and elevational shifts in species distributions (Mil-
lar et al. 2004; Bunn et al. 2005). Previous studies 
have reported considerable changes in the forest 
ecosystem in the Sierra Nevada in recent decades. 
Regional analysis by Van Mantgem et al. (2009) re-
vealed a slight decline in density and basal area but 
increased mortality due to warming in the region. 
Whereas, the same warming favoured increased 
growth at the upper forest limit (Bunn et al. 2005). 
Dolanc et al. (2013a, 2014) evidenced increasingly 
densifying stands (more small trees, few large trees) 
with low mortality in Yosemite National Park. But, 
increased basal area and decreased tree number are 
the recent findings from the Jeffery pine (Pinus jef-
freyi Grev. & Balf.) forest in the Lake Tahoe Basin 
(Taylor et al. 2014). Severe drought and accompa-
nying insect outbreaks were pronounced events 
recently observed in California. The five-year pro-
longed drought (2011–2016) led to the mortality 
of over 129 million trees in California (Vose et al. 
2018). Even with the years 2016 and 2017 that re-
ceived enough precipitation, due to the stress and 
drought legacy as well as insect infestations, trees 
continued dying. Such events thus can rapidly alter 
forest dynamics and structure (Dolanc et al. 2014).

Vegetation models incorporating mechanistic re-
lationships of plant physiology, climate, and fire re-
gimes have predicted a substantial decline in major 
vegetation types in California (Dolanc et al. 2013a). 
However, there exist stand level and species-spe-
cific responses to warming and interactions of 
various disturbance factors. Increased urgency is 
in current unprecedented and predicted climate 
change scenarios, the fine-scale understandings 
(local and species level) of tree responses (Williams 
et al. 2010). Since tree-rings embed climatic sig-
nals, tree-ring based studies (dendrochronology) 
facilitate the understandings of retrospective forest 
ecosystem dynamics in relation to climatic forcing 
(Fritts 1976), the knowledge, inevitable in assess-
ing and anticipating forest responses to future cli-
matic conditions (Williams et al. 2010). Tree-rings 
belong to several natural sources of information 

on the past climate conditions of a geographic area 
with their strengths in archiving long-term cli-
mate signals in annual resolution (Williams et al. 
2010) and synchronous inter-annual variability at 
a regional scale. However, different non-climatic, 
biotic, and abiotic environmental drivers, tree’s 
physiological state, and their interactions modu-
late the response to regional climatic forcing (Fritts 
1976) that are archived at very local and variable 
tree-ring patterns and structures (Rathgeber et al. 
2016). Therefore, more studies at a local scale (mi-
cro-catchment level) provide greater detail and an 
accurate depiction of current and possible future 
species response to regional/global climate vari-
ability (Dolanc et al. 2013b).

Few studies have been carried out in the Lake 
Tahoe Basin to understand tree growth and climate 
response (Dolanc et al. 2013a; Taylor et al. 2014) 
with some site and species-specific discrepancies. 
Even fewer studies have compared ring width in-
dex (RWI) and basal area increment (BAI) in ra-
dial growth trend analysis considering recent at-
mospheric warming as well as a marked rise in the 
Lake Tahoe surface water (Schladow 2018) and 
recent prolonged severe drought event (Vose et al. 
2018; Lepley et al. 2020). It is essential to know how 
a particular tree species in the Lake Tahoe Basin is 
responding to the changes. In these scenarios, our 
objectives were to (i) develop a tree-ring chronol-
ogy of Jeffrey pine to understand the historical ra-
dial growth trend, (ii) observe the basal area incre-
ment trend, and (iii) see the relationship between 
the growth and climate variables, identifying the 
principal climatic factors which limit tree growth.

MATERIAL AND METHODS

Study area. The Lake Tahoe Basin lies in the 
North Central Sierra Nevada, within California and 
Nevada. We collected tree-ring cores from Jeffrey 
pine (Pinus jeffreyi Grev. & Balf.) dominated sub-
alpine forest at the elevation belt of 2 098–2 139 m 
a.s.l. around the Cascade Creek watershed. The 
area lies south to Lake Tahoe in the valley between 
Mt. Tallac and Maggie’s Peak (Figure 1). Igneous 
intrusive (granodiorite in general) and igneous ex-
trusive (typically andesitic lahar) rocks as well as 
some metamorphic rocks dominate the geology 
of the region (Maloney et al. 2016) with thin soil 
(Fites-Kaufman et al. 2007; Dolanc et al. 2013a, b). 
Jeffrey pine is usually found on drier sites, shallow 
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soil, and typically in a relatively pure stand on the 
eastern slope in the Sierra Nevada and south of 
the Lake Tahoe Basin (Fites-Kaufman et al. 2007; 
Dolanc et al. 2013a), whereas it occurs mixed with 
white fir and incense cedar in western flanks at a 
lower elevation and with red fir and lodgepole pine 
at a higher elevation (Fites-Kaufman et al. 2007). 
Jeffrey pine primarily occurs in 1 500 to 1 800 m 
elevation belt in the northern Sierra Nevada and 
between 1 600 to 2 600 m in the southern Sierra 
Nevada (Fites-Kaufman et al. 2007) and it is the 
dominant species at lower elevations of the Lake 
Tahoe Basin around 2 000 m above which it starts 
occurring commonly associated with white fir 
(Taylor et al. 2014).

The Mediterranean-influenced climate of the 
study area is characterized by warm dry summer 
and cold wet winter. Nearly all the precipitation 
falls as snow between October and May, and a 
short dry growing season lasts 6–9 weeks (Fites-
Kaufman et al. 2007; Maloney et al. 2016). The mean 

monthly air temperature ranges from –1.8 °C (Jan-
uary) to 16.3 °C (July), total annual precipitation 
is 800.5 mm [recorded at Tahoe City (1 898.9  m) 
meteorological station which is at about 10 km 
southeast from the sampling site]. The annual aver-
age temperature is 6.26 °C. The majority of all re-
corded precipitation occurs in the winter months 
mostly in the form of snowfall and the vegetation 
growth depends on precipitation and snowpack 
from the previous winter season (Peterson et al. 
1990). December (140.3 mm), January (153.1 mm), 
and February (132.8 mm) are wet months, whereas 
July (6.5 mm) and August (7.6 mm) are the driest 
months. The annual trend of air temperature and 
precipitation has shown an increasing trend in re-
cent decades (Figure 2).

Sample procedures and chronology devel-
opment. In June 2019, we collected 44 tree-ring 
cores at random from 26 Jeffrey pine trees located 
around the Cascade lake watershed. Two cores per 
tree were collected along the contour line, away 

Figure 1. Location of sampling site within the Cascade Creek Watershed in the Lake Tahoe Basin, California; insets on 
the right show the location on a regional and local scale
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from stream and water bodies. However, tree-ring 
cores from another side of some trees could not 
be extracted. Moreover, some trees had crumbled 
cores from the other side. Height, diameter at 
breast height (DBH), and canopy diameter of trees 
were also measured (Table 1). We placed cores in 
plastic straw pipes with proper labelling followed 
by a week-long period of air drying. Tree-ring cores 
were processed by the standard dendrochronologi-
cal method to enhance the visibility of the tree-rings 
(Speer 2010). After getting well-surfaced cores 
with clear visualization of tracheid cells and ring 
boundaries, cores were dated visually and crossdat-
ed (Speer 2010). Then, tree-ring widths of all cores 
were carefully measured with the Velmex tree-ring 
measurement system (0.001 mm precision; Vel-
mex, Inc., USA) fitted with MeasureJ2X measure-

ment software (MeasureJ2X Version: 5.02, Year: 
2017; VoorTech Consulting, USA), to create time 
series of ring widths for all cores. Measurement er-
rors and accuracy of crossdating were statistically 
verified using COFECHA software (Holmes 1983; 
Cook, Kairiukstis 1990), which eased estimating 
missing rings or false rings in a core.

All crossdated ring-width series were standard-
ized to remove the age-related trend to strengthen 
climate signals (Cook, Kairiukstis 1990). Each tree-
ring series was detrended with a spline of a 50% fre-
quency response at a wavelength of 30 years rigid-
ity, and then the standard chronology or ring-width 
index (RWI) chronology – which is a biweight 
robust mean of all detrended index series – was 
developed using dplR (Bunn 2008) in R statistical 
program (Version 4.0.2, 2020). We checked chro-
nology quality by using R-bar and Expressed Pop-
ulation Signal (EPS) statistics (Wigley et al. 1984; 
Briffa 1999). We discarded thirteen problematic 
cores such as crumbled ones, cores with an unusu-
ally higher number of missing rings, cores contain-
ing reaction wood, and unusual scars because such 
types of unexpected cores might be affected more 
by non-climatic factors and might not be reliable in 
growth climate analysis.

We analysed the pointer years through relative 
growth change (Schweingruber et al. 1990) to see 
remarkable changes in tree rings. In defining event 
years, we compared the relative ring width change 
of the year (at least 10% wider or narrower) with 

Table 1. Sampling site characteristics and sampled trees

Variables Value
Elevation range (m a.s.l) 2 098–2 139
Aspect east
Average slope (degree) 20
Average tree DBH (cm) 206
Average tree height (m) 23
Average tree canopy (m) 11
Average age of trees sampled (years) 173
No. of trees (cores) 26 (44)

DBH – diameter at breast height

Figure 2. Monthly (A) and annual (B) climate of Tahoe city (closest to the study site); left y-axis (A) – temperature; right 
y-axis (A) – precipitation
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the average of the ring width of the previous four 
years and with the change in at least 75% of the 
31 series (Lebourgeois 2000). The analysis was per-
formed using the pointRes package (van der Maat-
en-Theunissen et al. 2015) in R statistical program. 
The pointer year analysis provided important clues 
in crossdating as well. Moreover, the ring width 
series were transformed into basal area increment 
series using dplR (Bunn 2008), quantifying the 
amount of biomass a tree would have accumulated 
each year in the forest stand.

Tree-ring and climate response. We carried out 
a correlation (Pearson’s correlation coefficient) be-
tween RWI and monthly climate data from Tahoe 
City, using the ‘treeclim’ package (Zang, Biondi 
2015) in R program. This allowed us to examine the 
statistical relationship between RWI and annual air 
temperature and precipitation trends. We also ran 
a correlation analysis between the RWI and Palmer 
Drought Severity Index (PDSI), which is a drought 
index used to assess the severity of dry or wet spells 
of weather. PDSI integrates air temperature and 
precipitation and is calculated in a way that is cu-
mulative over time (Dolanc et al. 2013b). PDSI is 
useful in understanding forest response because it 
has more biological meaning than precipitation in 
interpretations of tree growth response to climate 
conditions (Lebourgeois et al. 2005; Rathgeber et 
al. 2005). According to Palmer (1965), PDSI values 
between 0.5 and –0.5 are near normal. Dry spells 
are such that their values –0.5 to –1.0 are classified 
as incipient drought; –1.0 to –2.0 as mild drought; 

–2.0 to –3.0 as moderate drought; –3.0 to –4.0 as 
severe drought; and greater than –4.0 as extreme 
drought. Wet spells are also classified using similar 
adjectives for the respective positive value ranges. 
The monthly PDSI data (1895–2019) were obtained 
from the National Environmental Satellite, Data, 
and Information Service (NESDIS 2020) of the Na-
tional Oceanic and Atmospheric Administration 
(NOAA); National Climatic Data Center, Divisional 
Data for CA-2, Sacramento Drainage. We analysed 
the correlation within the 18-month window (from 
previous May to the current year October) for the 
common period of 1910–2017.

RESULTS

Tree-ring chronology and growth pattern. A 
370-year chronology spanning from 1648–2018 
was constructed from the sample set, containing 
31 cores from 21 trees (Figure 3). The mean value 
of the expressed population signal (EPS) for the en-
tire chronology was 0.88. The EPS threshold value 
above 0.85 suggests a strong climate signal in the 
chronology, and the sample size in our study was 
sufficient to represent the population (Wigley et al. 
1984). The EPS threshold value was achieved after 
1775 with at least ten series afterward. Therefore, 
the EPS of the chronology subsample with an ac-
ceptable level of chronology confidence was 0.96. 
The mean sensitivity of 0.25 indicated considerable 
inter-annual growth variation which means chang-
es in local environmental conditions have consid-

Figure 3. Ring width index chronology of Jeffery pine showing years of robust and narrow growth with a trend line in-
dicating a decadal moving average
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erable influences on growth. Furthermore, the high 
value of the first-order autocorrelation coefficient 
(0.61) implies a significant influence of current year 
growth conditions on the tree growth in the follow-
ing year. A mean correlation of 0.49 with master 
chronology suggested a good common signal of 
tree growth to climatic variables. Thus, Jeffrey pine 
appeared to have a dendrochronological potential, 
and the chronology we prepared can be used for 
further analysis. Some of the statistics of the stan-
dard chronology are shown in Table 2.

The standard chronology (RWI) showed a growth 
variation (Figure 3) with an obvious growth in-
crease from the late 1990s. The years 1707, 1723, 
1757, 1782, 1886, 1859, 1876, 1918, 1920, 1928–30, 
1933, 1977, 1988–89, 1994–95, 2001–02, 2008, 
2014, 2016 exhibited low growth (narrow rings) 
and the years 1747, 1749, 1792, 1828, 1866, 1868, 
1907–08, 1913–14, 1940–43, 1969, 1983–84, 
1998–2000, 2011 and even 2015 exhibited robust 
growth (wider rings). Missing rings were rare in 
31  tree cores we used, indicating the absence of 
fatal adversity endured by Jeffrey pine. One core 
each for 2012 and 2013 had locally absent rings. A 
recent period (from the 2000s) of a slightly increas-
ing trend of ring width was observed in 10 years 
moving average of RWI (Figure 3). Moreover, the 
transformation of ring width series to BAI series 
(Figure 4) clearly showed an increasing growth 
trend, with some distinct growth rate depression 
in 1920 to mid-1930s, 1988–89, and 2001–02. The 
ring width chronology (Figure 4) showed an almost 
constant growth trend which usually would be 
negative exponential, typical of growing and aging 

stands. Thus, RWI chronology however somewhat 
has masked the growth trend in the forest stand. 
BAI thereby clearly showed overall productivity 
trends in the forest stand.

Relative growth changes were found as negative 
or positive pointer years (Figure 5). For example, the 
years 1786, 1799, 1800, 1828, 1845, 1875, 1907–08, 
1934, 1968, 1984, 1996, and 2011 were years of some-
what abrupt growth. Likewise, the years 1721–22, 
1752, 1782, 1795–96, 1820–22, 1842, 1859, 1944, 
1973, 1985, 1988, 1994, and 2001 were few exam-
ples of negative growth years. The frequency of low 
growth episodes was higher in the 18th century than 
in later periods. These patterns in the 20th century 

Table 2. Chronology statistics of Jeffery pine

Variables Value
No. of trees (cores) 21 (31)
Average series length (years) 179.96
Chronology length 370 (1648–2018)
Mean ring width (mm) 1.51 (SD = 0.63)
Mean sensitivity (MS) 0.25
RWI standard deviation (SD) 0.40

Mean correlation of raw series  
(with master chronology) 0.49

Mean inter-series correlation (Rbar) 0.27
Auto correlation (AR1) 0.62
Signal-to-noise ratio (SNR) 5.58
Expressed population signal (EPS) 0.88

Subsample strength (EPS > 0.85)  
start year (minimum sample depth) 1 775 (10)

Figure 4. Annual basal area increment (BAI) rate
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were in agreement with the PDSI index of the re-
gion, especially for positive values. For example, the 
periods of 1906–08, 1957–58, 1967–70, 1983, 1996, 
2010–11 were of positive PDSI year, positive pointer 
years, and so has been shown by BAI rate as well. 
While dry conditions characterize the forest site, as 
depicted by the PDSI values, the trees showed nega-
tive growth changes in more intense droughts. This 
includes the years 1943, 1959–61, 1972, 1984–85, 
1987–88, 1994, 1999–2002, where episodes of in-
tense drought coincided with the negative relative 
growth during or following the drought years. After 
2001, irrespective of the drought spell in California, 
especially between 2011 and 2017 (NIDIS 2020), 
there were not any negative pointer years in recent 
years despite drought between 2012 and 2015 and in 
winter of 2017 and 2018 (NESDIS 2020). However, 

the RWI and BAI chronologies showed a slight de-
cline in overall growth rate during 2013–2014 (2013 
being the driest year in instrumental record, with 
89.9 mm annual precipitation) and 2016. On the 
surface, the pointer year analysis and BAI indicated 
that the Cascade creek watershed was not affected 
much by the recent prolonged drought episode.

Tree-ring and climate response. The climate-
growth response analysis showed varied correla-
tions over time. The radial growth was found to 
have a significant positive correlation with precipi-
tation in previous year’s May (r = 0.19, P < 0.05), 
August (r = 0.21, P < 0.05), and September (r = 0.24, 
P < 0.01). Likewise, the current year’s February 
(r = 0.29, P < 0.01) and July (r = 0.25, P < 0.01) pre-
cipitation also had a significant positive influence 
on tree growth (Figure 6). Seasonal influence of 

Figure 5. Pointer years (relative growth change) in Jeffery pine chronology (1648–2018)

Figure 6. Growth response correlation with precipitation (blue bar), maximum temperature (dark red bar), mean 
temperature (red bar), minimum temperature (pink bar), and PDSI (•) from the common period 1910–2017

Small letters on the x-axis – months of previous year; capital letters – the current year months; DJF – winter season; MAM – spring 
season; JJA – summer season; SON – autumn season; horizontal blue dashed lines – the correlation significant at 95% confidence levels
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winter (r = 0.24, P < 0.05) and summer precipita-
tion (r = 0.19, P < 0.05) was particularly evident.

By contrast, we observed an inverse relationship 
with air temperature, particularly summer maxi-
mum temperature (r = –0.22, P < 0.05). Previous 
year’s May (r = –0.24, P < 0.05), August (r = –0.28, 
P < 0.01), and September (r = –0.26, P < 0.01) 
were found to have a significant negative impact 
on growth. In addition, higher temperatures of 
the current year June (r = –0.20, P < 0.05) and July 
(r = –0.24, P < 0.05) were also found to be unfa-
vourable to growth. The winter months, previous 
year’s December (r = –0.20, P < 0.05) and current 
year’s January (r = –0.20, P < 0.05) temperatures, 
however, were found to be positively correlated 
with the radial growth (Figure 6). Compared to 
maximum temperature, the average and minimum 
temperature had lower importance in tree growth 
(Figure 6), however, the reverse was true of winter 
when higher winter minimum temperature had a 
higher influence on radial growth.

The tree-ring chronology showed a strong cor-
relation of growth with PDSI. March and April of 
the growing season and September, October, No-
vember, and December, previous year’s summer 
and winter months as well as current year’s sum-
mer month PDSI were found to have a positive 
correlation with growth at a 95% confidence level. 
The previous year’s PDSI was found to be more 
meaningful.

DISCUSSION

The results highlighted a growth increase of the 
Jeffrey pine stand in the Cascade creek watershed, 
despite recent developments in regional climatic 
patterns which have been increasingly unfavour-
able for forest productivity. We found the seasonal 
importance of temperature and precipitation in the 
growth dynamics. The Mediterranean characteris-
tic summer drought has been found to limit the tree 
growth (Peterson 1998; Dolanc et al. 2013b), but, 
more than the current year climate, the conditions 
prior to the growing season have more relative im-
portance. The soil water balance has more biologi-
cal meaning in explaining tree growth response to 
climate conditions (Rathgeber et al. 2005). The im-
portance of soil water availability has been under-
lined by the positive correlation of RWI with PDSI, 
more significantly with drought indices for months 
prior to the growing season.

Tree-ring chronology and growth patterns. 
The chronology statistic of the Jeffery pine in this 
study is comparable with previous studies from 
the region (Dolanc et al. 2013b) with similar sig-
nal strength and 20th-century growth patterns. Low 
growth years observed in Jeffery pine RWI and 
BAI chronologies coincide with historical drought 
events in California (Jones 2015). Based on this 
strong correlation we have inferred some likely 
drought-stressed years in the last three centuries. 
The higher frequency of low growth events in the 
18th century than that in the 19th and 20th centu-
ries closely matches other reconstructed drought 
events in California (Meko, Woodhouse 2005; Grif-
fin, Anchukaitis 2014). Incorporating more species 
from the study area will help better understand the 
nature and coherence of past drought events and 
help predict the directionality of response to pos-
sible future drought occurrences.

BAI indicated some low growth periods associat-
ed with extreme drought events, not well detected 
in RWI and pointer year analysis. The RWI showed 
growth variation over time, but an obvious increas-
ing growth trend in recent decades picked by BAI 
chronology indicated its usefulness in understand-
ing forest productivity trends over time (Peterson 
et al. 1990). For a healthy forest stand, BAI provides 
a biologically meaningful variable showing growth 
trends independently of tree age (Biondi, Qeadan 
2008; Marqués et al. 2016; Marziliano et al. 2019). 
Several studies (LeBlanc 1990; Zhang et al. 2020) 
have also indicated that BAI is better for access-
ing tree radial growth because BAI minimizes the 
age-related growth trend (Weiner, Thomas 2001) in 
assessing productivity. A conifer growth increase, 
especially after the latter half of the 20th century 
in the Sierra Nevada, has been evident in some 
other studies from the region. Whitebark pine and 
lodgepole pine in the Eastern Brook Lake area have 
shown increased BAI at all ages and the trend has 
been sharp since the 1970s, most likely because 
of stand dynamic effects and climatic favourabil-
ity (Peterson et al. 1990). Bunn et al. (2005) and 
Salzer et al. (2009) also reported recent increases 
in the growth of different pine species, more pro-
nouncedly at a higher elevation in White Moun-
tain. Dolanc et al. (2013a) found more than 30% in-
crease in tree density in the subalpine forest in the 
Central Sierra Nevada, mainly due to warming and 
increased precipitation. Depressions in Jeffrey pine 
BAI chronology and major drought episodes in the 
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1920s and early 1930s, 1987–89, 2001–02 coincide. 
Barring this period, the BAI trend did not show any 
major depressions over time, and thus the BAI can 
be assumed to explain climatic controls on forest 
growth. We are unclear about the site history of our 
site. Therefore, likely explanations for the growth 
increment may be the warmer and longer growing 
season (Millar et al. 2004; Dolanc et al. 2013a) or 
logging and long absence of fire (Fites-Kaufman 
et al. 2007; Dolanc et al. 2013a, 2014; Taylor et al. 
2014). We cannot neglect carbon dioxide fertiliza-
tion, as this phenomenon was speculated to cause 
the increased BAI of Juniperus thurifera in Central 
Spain (Granda et al. 2013).

Tree-ring and climate response. Previous stud-
ies have shown a positive influence on tree growth 
from higher precipitation and warmer tempera-
ture prior to and during the growing season (Peter-
son et al. 1990; Dolanc et al. 2013b). Our analysis 
also found moisture and temperature significantly 
influencing tree growth. Late summer drought 
dominates the growing season in the Sierra Ne-
vada (Dolanc et al. 2014). The positive correlation 
with precipitation coupled with a negative corre-
lation with temperature during summer reflects 
the drought stress impact on the summer growth 
pattern. This finding is similar to the previously 
carried out studies from the region (Ettl, Peterson 
1995; Peterson et al. 2002). Peterson et al. (2002) 
also observed on the driest and warmest sites of 
Pacific Northwest that tree growth was negative-
ly correlated with previous summer temperature, 
suggesting that low summer soil moisture limits 
growth. Ettl and Peterson (1995) also recorded 
Abies lasiocarpa (subalpine fir) from the Olympic 
mountains in Washington negatively correlated 
with the previous year August temperature and 
positively with summer precipitation, indicating 
the impact of high temperature and low soil mois-
ture on tree growth in subsequent years. Granda et 
al. (2013) also found in their study in Central Spain 
that Juniperus thurifera and Pinus nigra responded 
to climatic variables in a similar way. In the Medi-
terranean habitat, growing season precipitation 
had a positive influence on growth. Furthermore, 
the significance of previous year’s autumn precipi-
tation highlighted the temporal autocorrelation.

Climatic parameters have differential temporal 
importance. Precipitation and temperature combi-
nation during winter months was shown conducive 
to growth. However, no such a significant influence 

was evident even during the spring season. While 
temperature and precipitation of the current year 
growing season did not have a substantial influ-
ence, the previous year’s late spring temperature 
showed a negative correlation with growth, similar 
to the response of Jeffrey pine stands in a study by 
Dolanc et al. (2013b). Temperature, precipitation, 
and evapotranspiration modulate the soil moisture 
that has been found to be strongly correlated with 
tree growth (Leblanc, Terrell 2001) because the soil 
water balance during the growing season is partic-
ularly essential for plant metabolic, physiological, 
and growth processes (Leblanc, Terrell 2001; Rath-
geber et al. 2005; Granier et al. 2007). Thus, the cor-
relation analysis suggested that rather than the cur-
rent year growing season climate, previous year’s 
cool and moist summer, and warmer wet winter 
preceding the growing season are growth driving 
climate factors.

Warming and reduced precipitation have been 
increasingly limiting tree growth in the Mediter-
ranean regions (Lebourgeois et al. 2005; Granier 
et al. 2007; Proutsos, Tigkas 2020). Drought has 
legacy effects weakening tree’s resilience for a few 
years after drought episode (Granda et al. 2013; 
Proutsos, Tigkas 2020). However, the time lag ef-
fects can be counterbalanced by recovery capacity 
(Granda et al. 2013). Jeffrey pine showing a higher 
autocorrelation appears to store carbohydrates 
to be used for the subsequent year, and the resil-
ience might have countered the drought legacy. 
Therefore, even during or after the recent extreme 
drought years (1976 and 2013), no sharp growth 
decline was observed as expected. Though, with 
anticipated frequent and intense drought condi-
tions in future, a decline in the recovery capacity is 
more likely in Mediterranean species (Allen et al. 
2010, Granda et al. 2013).

In line with the findings of Dolanc et al. (2013b), 
a noticeable response is that radial growth was 
found to be correlated more with PDSI (that of the 
previous year is even more important), and the re-
lation was more prevailing compared to tempera-
ture and precipitation indicating the importance of 
water balance rather than meteorological numbers 
of temperature and precipitation (Rathgeber et 
al. 2005). While there appeared the prolonged air 
drought when California faced the longest histori-
cal drought from 2011 to 2016 (Griffin, Anchukaitis 
2014; NIDIS 2020), PDSI and many frequent low 
growth years observed in our analysis show that the 
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intensity and duration of drought events were not 
uncommon in the past. In terms of precipitation 
anomalies, there were frequent similar or more se-
vere deficits as the latest drought episodes in Cali-
fornia in the past few centuries (Griffin, Anchu-
kaitis 2014), but, the recent deficits were severely 
exacerbated by high temperature. However, con-
trary to what we had expected, tree growth was un-
likely limited during the elsewhere adverse period, 
as shown in Figures 3 and 4. Figure 6 clearly shows 
that the growing season constraints in terms of 
soil water availability for Jeffrey pine were not pro-
nouncedly limiting. A weaker growth correlation 
with temperature, precipitation, and PDSI during 
spring and a rather higher and significant correla-
tion with summer and winter suggest that climatic 
conditions during these two seasons, particularly 
preceding the growing season, are more important 
in pine growth.

Trees in limiting soil water conditions have been 
found to respond more sensitively to climatic 
variations than those from favourable conditions 
(Fritts 1976; Lebourgeois et al. 2005). Character-
istics of drought tolerance, cold hardiness, and 
adaptation to the short growing season allow Jef-
frey pine thriving in stressful environments such 
as dry sites, ridge tops with shallow soil (Hubbert 
et al. 2001; Fites-Kaufman et al. 2007) where a 
deep root system is most likely the survival strat-
egy. The significant proportion of snowfall in the 
total precipitation may be a possible reason be-
hind the low correlation between PDSI and the 
growth in current year spring and summer. PDSI 
incorporates precipitation and temperature to in-
dicate soil moisture (Dai et al. 2004; Dolanc et al. 
2013b). However, because it treats all forms of pre-
cipitation as immediate rainfall, the use of PDSI 
as an indicator of soil moisture ‒ for a region with 
a higher proportion of snowfall that accumulates 
for later melting tends to be imprecise (Dai et al. 
2004). Therefore, in the high altitude areas like our 
study site where there is significant snowpack that 
melts until late spring, the PDSI may not reflect 
precisely the soil moisture. From the global data-
set, Dai et al. (2004) reported a strong correlation 
between the PDSI variations and the soil moisture 
within one-meter soil depth in warmer months, 
the correlation being stronger in the late sum-
mer and weakest in the spring. The deep root sys-
tem may allow Jeffrey pine to be unaffected much 
by low moisture in topsoil, which is reflected by 

PDSI. Deep snowpack during the spring and the 
subsequent melting may recharge the deep soil 
that Jeffrey pine benefits from. Because deeper 
soil moisture is available for the species, current 
year spring and summer PDSI reflecting just top-
soil moisture appears to be less important than the 
prior spring precipitation that contributes to the 
deep soil moisture. In a high elevation stand from 
Mt. Etna in Italy, the correlation between PDSI and 
ring width revealed the moisture not limiting tree 
growth strongly (Seiler et al. 2017). The low influ-
ence was attributed to the snowy high elevation 
and proximity to the Mediterranean Sea, more 
specifically the snowmelt coming from spring pre-
cipitation utilized during summer droughts. Simi-
lar precipitation patterns seem to result in a low 
growth correlation with current spring PDSI. How-
ever, the Jeffrey pine growth sensitivity to PDSI of 
months before spring may imply that any change 
conducive to moisture disruption poses a threat to 
the individual trees in subsequent years. However, 
in the current scenario, warming and lengthened 
spring most likely could favour growth. Although 
the recent drought episodes affected Jeffrey pine 
forests on the western slope in the Lake Tahoe Ba-
sin (Vose et al. 2018), our analysis showed an insig-
nificant impact on the eastern slope in the Cascade 
creek watershed. With all these response factors 
considered, extensive studies are yet to be carried 
out to determine the response of native California 
tree species to ongoing climate variability.

CONCLUSION

The negative growth correlation with summer 
temperature and positive correlation with precipi-
tation means Jeffery pine has an adverse reaction 
to drought events, which are frequent in Califor-
nia. Warm and wet winter though was found to 
favour tree growth. The strong radial growth cor-
relation with PDSI suggested the drought sensi-
tivity of Jeffrey pine. However, BAI has shown an 
increasing growth trend in recent decades. While 
warming wet winter and possibly the lengthening 
growing season appeared to stimulate tree growth, 
the positive impact of spring temperature is less 
likely to reverse the influence on tree growth any 
soon. Only in the future when the change in cli-
mate renders the growing season devoid of snow, 
the increased temperature then may bring a pos-
sible growth reduction. Only the summer drought 
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apparently has growth control at present. Gener-
ally, subalpine conifers are stress-tolerant, and ma-
ture trees can endure an environmental change to 
some extent (Dolanc et al. 2013a). Climate change 
thus likely causes long-term and lagged changes. 
Meanwhile, since we analyzed on the basis of core 
samples mostly from mature trees, we cannot gen-
eralize the growth response of climate-sensitive 
younger individuals. Moreover, because increased 
environment stress and changes in physiological 
responses of trees can reduce the climate sensitivity 
of trees (Jiao et al. 2015), such divergent problems 
need to be analyzed. Therefore, close scrutiny of 
disturbance factors, forest structure, composition, 
thorough examination of growth cyclicity as well 
as intra-seasonal influences of climate variables on 
plants’ growth habits in growing and non-growing 
season, incorporating ecophysiological and wood 
anatomical studies, and integrating other species 
from the region would better aid in climate recon-
struction and forest growth dynamics.
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