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ABSTRACT

We studied the timing of budburst of valley oak (Quercus lobata Née) at Hastings Reservation, central
coastal California. Similar to other taxa, budburst was advanced by warmer temperatures. Over the 30-year
study period, however, there were no significant trends in either air temperature or the timing of budburst,
except during the 2014–2016 drought, during which the earliest budburst dates were advanced. Several
individual tree characteristics correlated with budburst timing, including access to ground water, soil available
phosphorus, and elevation, the effects of which were in turn correlated with winter microclimatic conditions of
individual trees. Budburst timing was significantly related to both subsequent acorn production and radial
growth; trees leafing out on or near the population mean for the year experienced greater radial growth and
produced larger acorn crops than trees leafing out earlier or later than the mean. Differences in acorn
production were due to both differences in phenology among trees and plasticity in the phenology of
individual trees across years, while differences in radial growth were primarily due to plasticity in individual
tree phenology. Valley oak phenology exhibits considerable variability; the extent to which this plasticity will
help this keystone California species adapt to future climate change remains to be seen.
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The connection of vegetation phenology to mete-
orological conditions has been recognized since at
least the first half of the 18th century, when the
French naturalist Reaumur (1735) proposed the
method of cumulative thermal summation as a means
of predicting the onset of budburst in temperate
trees. Since then, the study of phenology has become
an industry unto itself due to its role in reconstruct-
ing and predicting primary productivity in this era of
global climate change (Chmielewski and Rötzer
2001; Badeck et al. 2004; Menzel et al. 2006, Piao
et al. 2019). Nonetheless, many questions remain. In
particular, although a close relationship between
environmental conditions—primarily temperature—
and budburst is well established in many taxa, other
factors influencing phenology are poorly studied,
despite evidence demonstrating considerable vari-
ability in phenological landscapes over small spatial
scales both within and between species (Denéchère et
al. 2021). Studies also indicate that genetics (Faticov
et al. 2020; Papper and Ackerly 2021; Wright et al.
2021), elevation and soil type (Cole and Sheldon

2017), and even anthropogenic light pollution
(ffrench-Constant et al. 2016) can affect tree phenol-
ogy. Analysis of the factors influencing phenological
differences both within populations and across years
has the potential to improve our understanding of a
wide range of ecological factors affecting plant
populations, including seed production, disease
susceptibility, and insect damage, as well as the likely
effects of future climate change (Koenig et al. 2015;
Pearse et al. 2015a; Bogdziewicz et al. 2017; Faticov
et al. 2020).

We studied budburst phenology in a population of
valley oak (Quercus lobata Née) over a 30-year
period, 1991–2020. Prior work on this population has
focused on the relationships among budburst timing,
phenological synchrony, and acorn production
(Koenig et al. 2012, 2015), and the relationship
between budburst timing and herbivore damage
(Pearse et al. 2015a). Here we look specifically at
within-population and among-year variability in
budburst. We address three issues: (1) variability in
annual budburst across years and among individuals



within the population; (2) factors correlating with
budburst phenology; and (3) the relationship between
budburst and subsequent acorn production and
radial growth, including the relative importance of
within- vs. between-tree effects.

METHODS

Species and Study Site

Quercus lobata is a ‘‘white’’ oak in the subgenus
Quercus (Pearse and Hipp 2009). It is winter
deciduous, matures acorns in one year, and, like
other members of this genus, wind-pollinated and an
obligate outcrosser. Its range, entirely within Cal-
ifornia, encompasses foothill regions ringing the
Central Valley below ~1,800 m in elevation (Griffin
and Critchfield 1972). Throughout this range, stands
typically consist of relatively few large trees (White
1966; Bolsinger 1988). Our study site, Hastings
Natural History Reservation (368120N, 1218330W),
is in the outer coast range of Monterey County in
central California. This locality consists of typical
coastal oak savanna dominated by valley, blue (Q.
douglasii Hook & Arn.), and coast live (Q. agrifolia
Née) oaks interspersed within a mixed deciduous
forest and grassland matrix (Griffin 1974). The
climate is Mediterranean with warm, dry summers
and cool, wet winters. Based on 30 years of records
taken between 1990 and 2019 at the Reserve
headquarters, mean annual rainfall is 534 mm and
mean annual temperature is 14.08C.

Individual Tree Variables

Budburst for 25 individual Q. lobata was measured
each year from 1991–1996, inclusive. The survey was
restarted and expanded in 2003 to encompass 86 trees
(including the original 25), chosen as part of a study
of acorn production. Thus, the data analyzed here
covered the 30 years (24 of which were surveyed) of
1991–1996 and 2003–2020. Diameter at breast height
(dbh) and elevation were recorded for each tree.

Each spring we surveyed trees weekly for budburst
starting between mid-January and 1 March, depend-
ing on the year. Budburst was used as a proxy for
flowering and pollen production, which follow
budburst by an average of 12.3 days (Koenig et al.
2012). Analyses were based on the day-of-year when
a tree was determined to have undergone budburst,
defined as the first date on which at least 5% of the
tree had leafed out and turned green. Occasionally a
tree leafed out prior to the first survey of the year. If
25-75% of the tree had leafed out prior to the first
survey, we estimated budburst as having occurred 7
days prior to the first survey date (2.7% of tree-
years). If .75% of the tree had leafed out as of the
first survey, budburst was estimated to have been 14
days prior to the first survey date (0.9% of tree-
years).

For each of the 86 trees we measured water
availability, soil available nitrogen (N), soil available
phosphorus (P), and winter microclimatic tempera-
ture. Water availability was measured by predawn
xylem water potential in September 1991 using a
pressure bomb (Knops and Koenig 1994). Although
values vary from year to year depending on rainfall,
differences in xylem water potential values are
concordant among trees (Knops and Koenig 2000).
Thus, although only measured once, these values
provide a good index of overall differences in water
stress among trees. Soil available N and P were
estimated using four ion-exchange resin bags placed
5–10 cm in the soil underneath each tree from
October 1992 to April 1993. Resin bags were
subsequently analyzed for NO3, NH4, and PO4 with
values expressed and mg/l effluent (Knops and
Koenig 1997).

Acorn production was estimated each year in
September using visual surveys. Two observers
scanned different parts of the canopy of each tree
and counted as many acorns as they could in 15 s
(Koenig et al. 1994, 1996). Values were added
together and ln-transformed to reduce non-normal-
ity. Radial growth was measured using dendrometers
(Cattelino et al. 1986) established in 1994 and
subsequently measured annually at the time of the
autumn acorn survey. Annual dendrometer growth
values were scaled within individual trees to a mean
of 0 and standard deviation of 1.

Environmental Variables

Daily temperature (maximum and minimum) and
rainfall were obtained from the Hastings Reserve
weather station located within 3.5 km of all trees. As
rainfall in the Mediterranean climate of the study
area falls almost entirely between early November
and late March, we summed rainfall for each year
from 1 November to the mean budburst date of the
survey trees; we refer to this variable as winter
rainfall. Mean daily temperature in our study site is
rarely below 08C; consequently, using a cumulative
degree day model was not feasible. Instead, we used
an iterative linear predictor (Bush and Mosteller
1955) to quantify temperature, which mitigates
problems associated with measuring values over a
fixed period (Gienapp et al. 2005). The linear
predictor weighted values according to the formula:

kðtÞ ¼ daily temperatureðtÞ * kaþkðtþ 1Þ *a;

where k(t) is the weighted mean temperature on day t
and a the weighting factor. We started calculations
on 1 December of the prior year and ended at the
mean (for the population analyses) or individual tree
budburst date. Calculations started on 1 December
because valley oaks often retain acorns and leaves
into November, but only rarely longer (Koenig et al.
2014).

k weights each day’s temperature by an, where n
was the number of days prior to budburst. Prelim-
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inary analyses comparing daily maximum, daily
minimum, and daily mean ([maximum þ minimum]
/ 2) temperature and values of a between 0.01 and 1.0
(a ¼ 1.0 is tantamount to averaging mean daily
values) indicated that the best predictor of budburst
was using mean daily temperature and a ¼ 0.98,
which predicted budburst significantly better than
averaging mean daily temperatures (ANOVA com-
paring a ¼ 0.98 and a ¼ 1; v2 ¼ 24.3; P , 0.001).
Thus, each day’s mean daily temperature prior to
budburst was weighted 98% as heavily as the
subsequent day. As an example, the k-weighting
factor 30 days prior to budburst was 0.9830 ¼ 0.545.
Statistical analyses used the weighted mean temper-
ature values, but (unweighted) mean temperature
values were used in figures to simplify interpretation
of observed relationships.

Winter microclimate was measured using small,
automated temperature recorders (iButtons; Maxim
Integrated Products, Sunnyvale, CA) located on the
north side of each tree ~1.5 m above ground (Koenig
et al. 2015). iButtons were programmed to record
temperatures at 4-hr intervals each day starting at
04:00 hours. For the analyses performed here, we
calculated the mean of the daily maximum and
minimum temperatures for each tree between 1
December and 31 March for the years 2004–2019;
the 08:00 temperature reading was not included due
to logistic issues. We then averaged mean values
across all years to yield an overall index of the winter
microclimate of each tree. Preliminary analyses
indicated that correlations with mean minimum
values were much stronger than with mean maximum
values, and thus we used only mean minimum values
(referred to as winter microclimate) to analyze
relationships between trees experiencing different
microclimates and the other tree characteristics
measured.

Data Analysis

Analyses were conducted in R 4.0.2 (R Founda-
tion for Statistical Computing, Vienna, Austria)
using Cox proportional hazards models (procedures
coxph and coxme in package coxme) and Pearson
correlation coefficients. For the Cox proportional
hazards models, we list the exponential of the
regression coefficients for the fixed effects (exp(b)).
exp(b) is the ratio of the hazards between two
individuals whose values differ by one unit of the
fixed factor when all other covariates are held
constant. Thus, positive values indicate that the
variable positively affects the response variable, while
negative values indicate the reverse. In order to
render effect sizes comparable within models, all
variables were scaled to a mean of 0 and standard
deviation of 1 prior to analysis.

Cox proportional hazards models in which the
response variable was the mean, earliest, or latest
budburst date of the year included weighted mean
temperature, winter rainfall, and time (year) as fixed

factors. These models tested the effects of tempera-
ture and rainfall on budburst of the population and
whether there was a temporal trend in budburst
timing over the length of the study. For individual
trees, we calculated Pearson correlation coefficients
between variables. We did this because some
variables were measured only once for each tree
(xylem water potential and soil nutrients) or were
characteristics of the trees that stayed the same
(elevation) or were concordant (dbh) during the
study, and because correlations between microcli-
mate and the tree variables helped interpret their
relationships with budburst date. For these individ-
ual tree analyses, we used mean budburst date of
trees calculated by averaging the day-of-year bud-
burst date for each individual across the years when
all trees were surveyed (2003–2020).

To test the effects of budburst date on radial
growth and the subsequent acorn crop, we calculated
budburst for each tree relative to the annual mean of
all trees ([budburst of tree i in year x] – [mean
budburst date of all trees in year x]) and used this
value (both linear and quadratic) as fixed factors in
mixed-effects models (procedure lmer in package
lmerTest) in which the acorn crop or radial growth of
the tree in year x was the response variable and tree
ID was a random effect.

Finally, we performed analyses distinguishing
whether the observed effects of phenology on growth
and reproduction were due to differences among
trees (between-tree effects) or plasticity in the
phenology of individual trees (within-tree effects).
For each tree, we calculated the mean budburst date
across all years and the difference between a tree’s
observed budburst date in a particular year and its
mean budburst date (centered budburst date).
Including these two variables in a linear regression
model as fixed effects distinguishes within-tree effects
(centered budburst date) from between-tree effects
(mean budburst date) (van de Pol and Wright 2009).

RESULTS

Annual Budburst Timing

A summary of the earliest, latest, and mean
budburst dates illustrates the variability observed
among years, with mean budburst ranging from Day
48 (18 February 2015) to Day 93 (3 April 2012) (Fig.
1a). The earliest budburst date detected during the
study was Day 14 (14 January 2015). Mean
(unweighted) temperature from 1 December to the
mean budburst date and winter rainfall were also
highly variable (Fig. 1b). Cox proportional hazards
models testing the effects of weighted mean temper-
ature, rainfall, and year on budburst dates indicated
that the mean, earliest, and latest budburst dates all
were significantly advanced when temperatures were
warmer (Table 1; Fig. 2a). Budburst date was
generally delayed in wetter years, but the effect of
rainfall was not significant (Table 1; Fig. 2b). Over
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the course of the study, there was no significant trend
in the mean or the latest budburst date as indicated
by the ‘year’ term. There was, however, a significant
positive trend in the earliest budburst date (Table 1).

Budburst Timing of Individual Trees

Correlations of mean budburst date and winter
microclimate with water availability, soil nutrients,
elevation, and dbh are summarized in Table 2. Trees
growing in sites with warmer winter microclimates
experienced earlier budburst (Fig. 3a). Budburst was
also earlier among trees that had lower water
availability and higher soil P (Fig. 3b); there were
no significant relationships with soil N. Trees
growing in warmer winter microclimate sites had
less water availability and higher soil P (Fig. 3c).

Relationship Between Budburst and Fitness

Mixed-effects models revealed significant non-

linear effects of budburst on both a tree’s subsequent

acorn crop and radial growth (Table 3, top). In both
cases, trees undergoing budburst relatively early and

relatively late produced smaller acorn crops and

experienced less radial growth than trees whose

phenology matched the mean of the population for

the year (Fig. 4).

In models including both between-tree (mean

budburst date) and within-tree (centered budburst

date) effects, both contributed significantly to the
effects of phenology on the subsequent acorn crop

(Table 3, bottom). Only the mean within-tree effect

(centered budburst date) exhibited a significant

relationship with radial growth.

FIG 1. (a) Summary of annual mean budburst dates for valley oaks at Hastings Reservation, 1991–1996 and 2003–2020.
Plotted are the mean (marked by X), standard deviation (thick lines), and earliest and latest (dashed lines) of budburst dates,
1991–1996 and 2003–2020. (b) Mean temperature (1 December of the prior year to mean budburst date; plotted values
unweighted) and seasonal rainfall (1 October of the prior year to 30 March).

TABLE 1. RESULTS OF COX PROPORTIONAL HAZARDS MODELS OF ANNUAL BUDBURST DATES OF VALLEY OAK AT

HASTINGS RESERVATION, 1991–1996 AND 2003–2020. Log-likelihood ratios and regression coefficients for three models in
which the mean, earliest, and latest budburst date of the population were the response variables. All models included the
mean weighted temperature, rainfall, and year as fixed effects, scaled (mean¼ 0, standard deviation¼ 1) prior to analysis. A
regression coefficient larger than 1 means that a variable had a positive effect on the hazard; that is, it increased the
probability of budburst. * P , 0.05; *** P , 0.001; other P . 0.05.

Response variable
(budburst date)

Fixed effects

Overall likelihood
ratio (df ¼ 2) Overall P-value

Weighted mean
temperature Winter rainfall Year

Mean 10.82*** 0.95 1.02 34.86 ,0.001
Earliest 2.17* 0.69 1.72* 11.95 0.008
Latest 8.45*** 1.55 0.73 32.74 ,0.001
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DISCUSSION

Budburst is a relatively easily measured indicator
of climate effects (Cleland et al. 2007). In order to
interpret the role that climate plays in affecting
budburst, however, it is important that other factors
influencing phenology are recognized. Although a
variety of genetic, environmental, and anthropogenic
factors have been found to affect phenology in
various tree species, few studies have examined the
effects of multiple factors on budburst. Phenology
can also have important effects on the fitness of
plants, affecting the timing of species interactions
(Yang and Ruidolf 2010), resource acquisition (Nord
and Lynch 2009), insect herbivory (Pearse et al.
2015a, 2015b), and reproduction (Galen and Stanton
1991; Koenig et al. 2012). The role of phenology as
both an indicator of change and as a driver of fitness
has made it the focus of a wide range of ecological
studies.

We measured the timing of budburst over three
decades on a population of 86 Quercus lobata for
which we had data on temperature, water availabil-
ity, soil nutrients, size, growth, and reproduction. As
found in numerous prior studies, temperature had a

FIG. 2. (a) Mean budburst date of valley oak at Hastings
Reservation (day-of-year) vs. mean temperature (1
December to mean budburst date), 1991–1996 and 2003–
2020. (b) Mean budburst date of valley oak vs. winter
rainfall (1 November to mean budburst date). In both cases,
each dot represents a year (n ¼ 24 years).

TABLE 2. PEARSON CORRELATION COEFFICIENTS

BETWEEN MEAN BUDBURST DATE (LEFT) AND WINTER

MICROCLIMATE (RIGHT) AND INDIVIDUAL TREE

VARIABLES OF VALLEY OAK AT HASTINGS RESERVATION,
1991–1996 AND 2003–2020. * P , 0.05; ** P , 0.01; *** P ,
0.001; other P . 0.05, n ¼ 86 trees.

Variable

Mean
budburst

date
Winter

microclimate

Mean budburst date — �0.55***
Predawn xylem water potential 0.41*** �0.52***
Soil available P �0.24* 0.34**
Soil available N �0.02 �0.14
Elevation �0.37*** 0.70***
Diameter at breast height �0.13 0.10

FIG. 3. Scattergrams of variables measured for 86
individual valley oaks at Hastings Reservation. (a) Winter
microclimate (2004–2019) vs. mean budburst date (2003–
2020). (b) Mean budburst date vs. xylem water potential
(xwp) and soil available phosphorus. (c) Winter
microclimate vs. xylem water potential and soil available
phosphorus. * P , 0.05; ** P , 0.01; *** P , 0.001.
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strong effect on budburst, with warm temperatures
advancing the budburst date of the population (Fig.
2a) and of individual trees (Fig. 3a). Using the
weighted mean temperature variable, each experi-
enced unit of k(t) increased the probability of
population budburst by over an order of magnitude
(Table 1). Rainfall was not significant in a multivar-
iate analysis including temperature, although the
correlation between annual rainfall and mean bud-
burst date was positive and nearly significant (Fig.

2b). This most likely reflects rainfall being inversely
correlated with maximum temperatures: over the
same 24 years for which phenology was surveyed,
there was a significant inverse correlation between
mean maximum temperature and rainfall during the
winter (November through March) (Pearson corre-
lation r¼�0.51; P¼ 0.01; n¼ 24 years). Thus, wetter
conditions correlate with cooler, more moderate
temperatures at the study site and elsewhere in the
Mediterranean regions of California, making the
effects of temperature and rainfall on phenology
difficult to distinguish (Gerst et al. 2017; Armstrong-
Herniman and Greenwood 2021).

Over the time period of the study there was little
overall trend in the timing of budburst, with only the
earliest budburst date advancing significantly (Table
1). Examination of Fig. 1a suggests that this was
most likely due to the extreme drought years of 2014–
2016 (Griffin and Anchukaitis 2014; Luo et al. 2017),
during which winter rainfall was low and tempera-
tures high.

Overall, annual mean temperatures at the study
site did not increase significantly during the years of
the survey (Pearson correlations between year and
annual mean maximum, annual mean minimum, and
annual mean average temperatures ¼ 0.20 [P ¼ 0.37],
0.24 [P ¼ 0.27], and 0.36 [P ¼ 0.09], respectively).
Models, however, suggest that climate change is
likely to have significant effects on California oak
distributions in the future, including valley oak,
primarily due to warming temperatures rather than
changes in precipitation (Kueppers et al. 2005; Loarie
et al. 2008). Thus, although we detected no clear
trend over the course of this study, valley oak
phenology will potentially advance in the future.
Although valley oaks are winter deciduous, the
relatively moderate climate occasionally allows
acorns of this species to remain on the trees
throughout the winter (Koenig et al. 2014). In
addition, the length of time that valley oaks are
without leaves at our study site is as short as 3
months (mid-November/early December through
mid-February/early March). We did not record
timing of leaf senescence in this study, but both

TABLE 3. RESULTS OF MODELS TESTING THE EFFECTS OF RELATIVE BUDBURST DATE (LINEAR AND SQUARED TERMS)
(TOP) AND WITHIN- VS. BETWEEN-TREE EFFECTS OF PHENOLOGY (BOTTOM) ON REPRODUCTION AND GROWTH OF

VALLEY OAK AT HASTINGS RESERVATION, 1991–1996 AND 2003–2020. Acorn crop was ln-transformed; radial growth was
standardized within trees. Tree ID included as a random effect in the models testing for the effects on reproduction and
growth. Effect sizes multiplied by 100. ** P , 0.01; *** P , 0.001; other P . 0.05.

Fixed effects

Response variable

Acorn crop Radial growth

Effects on reproduction and growth
Budburst date �0.065 6 0.393 �0.709 6 0.180***
(Budburst date)2 �0.111 6 0.015*** �0.050 6 0.009***

Within-tree vs. between-tree effects
Mean budburst date 15.111 6 4.658** 2.184 6 2.614
(Mean budburst date)2 �0.088 6 0.030** �0.016 6 0.017
Centered budburst date 0.730 6 0.281** 0.007 6 0.158
(Centered budburst date)2 �0.019 6 0.012 �0.054 6 0.007***

FIG. 4. (a) Scattergram of the (ln-transformed) acorn crop
vs. the prior spring’s relative budburst date (budburst
relative to the mean budburst date of valley oaks that year).
(b) Scattergram of standardized radial growth vs. the prior
spring’s relative budburst date. Both lines plotted using
predicted values from regressions including both linear
(budburst date) and quadratic terms (budburst date
squared). For statistical tests, see Table 3.
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budburst and senescence will potentially be influ-
enced by climate change (Firmat et al. 2017; Zani et
al. 2020), affecting the length of the growing season
and fitness via seed production (Journé et al. 2021)
and susceptibility to insect herbivory the following
spring (Karban 2007).

Other than temperature, we detected several
variables correlating with budburst of individual
trees, including water availability, soil P, and
elevation (Table 2). In general, valley oaks avoid
drought by tapping into ground water on alluvial
terraces (Knops and Koenig 1994). Nonetheless,
trees with relatively poor access to ground water,
and thus under greater water stress, leafed out
significantly earlier than trees with greater access to
water (Fig. 3b). This is likely a consequence of trees
with less access to ground water corresponding to
warmer sites (Fig. 3c). Such trees will be more water-
limited during the dry, Mediterranean summers that
limit carbon gain (Hollinger 1992). Consequently,
they will be more resource limited, and may leaf out
earlier in order to use more surface soil water left
over from the wet winter in order to compensate for
lower carbon gain in the summer. Gene transcrip-
tional responses to water stress in valley oaks affect
over half its genome, indicating considerable oppor-
tunity for local adaptation that is likely to be the
proximate driver of this relationship (Gugger et al.
2016).

Soil available phosphorus also correlated signifi-
cantly with mean budburst date of individual trees.
Trees growing in soils with more P, and thus
enhanced availability of soil nutrients, leafed out
earlier than trees with less access to P (Fig. 3b). This
is also likely to be a consequence of microclimatic
differences among sites. Soil microbial activity that
causes litter decomposition is temperature dependent
and warmer sites have faster rates of litter decom-
position (Meentemeyer 1978). Although we do not
have litter decomposition data, our results are
consistent with previous work demonstrating that
phosphorus is largely released from decomposing
litter, whereas nitrogen is not (Knops et al. 2010).
Thus, warmer sites with faster litter decomposition
should have higher P, but not necessarily higher N.
Mean budburst date of individual trees also corre-
lated with elevation, with trees at higher elevation
growing in sites with warmer winter microclimate
and leafing out earlier. Tree size (dbh) did not
correlate with budburst; previous work has shown
considerable variability among species in terms of the
effect of tree size on phenology (Marchand et al.
2020).

We found strong effects of budburst phenology on
subsequent growth and reproduction of trees (Table
3). Confirming the convex-shaped trend found in
earlier analyses (Koenig et al. 2012), trees leafing out
relatively early and relatively late compared to the
population mean had significantly reduced acorn
crops the following autumn (Fig. 4a), a relationship
consistent with pollen limitation playing an impor-

tant role in acorn production (Pesendorfer et al.
2016). More surprising was that radial growth was
also greater among trees leafing out at or near the
population mean budburst date (Fig. 4b). Thus, trees
leafing out early in the season apparently did not
benefit by acquiring more resources allowing them to
either grow more or produce more acorns, as might
be predicted if such trees are able to photosynthesize
for a greater length of time. Countering this line of
reasoning, previous work found that trees in this
population leafing out earlier experienced greater
rates of folivore damage than trees setting leaves later
(Pearse et al. 2015b). In addition, early budburst
entails a greater risk of frost harming flowers and
subsequent seed production (Fowells and Schubert
1956). Clearly there are multiple factors affecting the
relationship between phenology and fitness. In any
case, we found strong selection against trees leafing
out early (or late) within a year as evidenced by their
relatively poorer radial growth and smaller subse-
quent investment in reproduction. The explanation
for the greater radial growth in trees leafing out
around the mean population budburst date remains
to be determined.

In an analysis quantifying the relative importance
of between-tree effects and within-tree plasticity,
both significantly contributed to differences in acorn
production (Table 3). Trees that leafed out at or near
the population mean produced larger acorn crops
than trees leafing out relatively early or late
(between-tree effect). Among years, however, indi-
vidual trees produced larger acorn crops when they
leafed out at or near the population mean for the
year compared to when they did not (within-tree
effect). Only the latter within-tree effect, indicative of
individual plasticity, contributed significantly to the
effect of budburst timing on radial growth. These
results support analyses using common garden
plantings that have found considerable environmen-
tal plasticity in phenotypic variation in both valley
oak (Wright et al. 2021) and the largely sympatric
blue oak (Papper and Ackley 2021). Budburst
phenology is yet another character of valley oaks,
along with acorn size (Koenig et al. 2009), sex
allocation (Knops and Koenig 2012), and a range of
other life-history traits (Barringer et al. 2013), that
exhibits wide variability both across years and
among individuals.

Valley oaks have been aptly described as ‘‘. . .the
monarch of California oaks by virtue of [their] size,
age, and beauty’’ (Pavlik et al. 1991). Unfortunately,
this species has suffered inordinately over the past
150 years due to agricultural and residential devel-
opment and stands to lose an estimated 54% of its
modern potential range as a consequence of climate
change by the end of the 21st century (Kueppers et al.
2005). Phenology is thought to play a key role, not
only as an indicator of climate change, but as a major
determinant of plant species ranges (Chuine and
Beaubien 2001). It remains to be seen whether the
considerable variability in valley oak phenology
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documented here will help this species adapt to the
changing conditions of California’s future.
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JOURNÉ, V., T. CAIGNARD, A. HACKET-PAIN, AND M.
BOGDZIEWICZ. 2021. Leaf phenology correlates with
fruit production in European beech (Fagus sylvatica)
and in temperate oaks (Quercus robur and Quercus
petraea). European Journal of Forest Research
140:733–744.

KARBAN, R. 2007. Deciduous leaf drop reduces insect
herbivory. Oecologia 153:81–88.

KNOPS, J. M. H. AND W. D. KOENIG. 1994. Water use
strategies of five sympatric oaks in central coastal
California. Madroño 40:290–301.

KNOPS, J. M. H. AND W. D. KOENIG. 1997. Site fertility
and leaf nutrients of sympatric evergreen and decidu-
ous species of Quercus in central coastal California.
Plant Ecology 130:121–131.

KNOPS, J. M. H. AND W. D. KOENIG. 2000. Annual
variation in xylem water potential in California oaks.
Madroño 47:106–108.

KNOPS, J. M. H. AND W. D. KOENIG. 2012. Sex allocation
in California oaks: trade-offs or resource tracking?
PLoS One 7:e43492.

2021] 441KOENIG ET AL.: PHENOLOGY OF VALLEY OAKS



KNOPS, J. M. H., D. A. WEDIN, AND S. NAEEM. 2010. The
role of litter quality feedbacks in terrestrial nitrogen
and phosphorus cycling. The Open Ecology Journal
3:14–25.

KOENIG, W. D., J. M. H. KNOPS, W. J. CARMEN, AND R.
D. SAGE. 2009. No trade-off between seed size and
number in the valley oak Quercus lobata. American
Naturalist 173:682–688.

KOENIG, W. D., J. M. H. KNOPS, W. J. CARMEN, AND I. S.
PEARSE. 2015. What drives masting? The phenological
synchrony hypothesis. Ecology 96:184–192.

KOENIG, W. D., J. M. H. KNOPS, W. J. CARMEN, M. T.
STANBACK, AND R. L. MUMME. 1994. Estimating
acorn crops using visual surveys. Canadian Journal of
Forest Research 24:2105–2112.

KOENIG, W. D., J. M. H. KNOPS, W. J. CARMEN, M. T.
STANBACK, AND R. L. MUMME. 1996. Acorn produc-
tion by oaks in central coastal California: influence of
weather at three levels. Canadian Journal of Forest
Research 26:1677–1683.

KOENIG, W. D., E. L. WALTERS, I. S. PEARSE, W. J.
CARMEN, AND J. M. H. KNOPS. 2014. Serotiny in
California oaks. Madroño 61:151–158.

KOENIG, W. D., K. A. FUNK, T. S. KRAFT, W. J. CARMEN,
B. C. BARRINGER, AND J. M. H. KNOPS. 2012.
Stabilizing selection for within-season flowering phe-
nology confirms pollen limitation in a wind-pollinated
tree. Journal of Ecology 100:758–763.

KUEPPERS, L. M., M. A. SNUYDER, L. C. SLOAN, E. S.
ZAVALETA, AND B. FULFROST. 2005. Modeled region-
al climate change and California endemic oak ranges.
Proceedings of the National Academy of Sciences
102:16281–16286.

LOARIE, S. R., B. E. CARTER, K. HAYHOE, S. MCMAHON,
S. MOE, C. A. KNIGHT, AND D. D. ACKERLY. 2008.
Climate change and the future of California’s endemic
flora. PLoS One 3:e2502.

LUO, L., D. APPS, S. ARCAND, H. XU, M. PAN, AND M.
HOERLING. 2017. Contribution of temperature and
precipitation anomalies to the California drought
during 2012–2015. Geophysical Research Letters
44:3184–3192.

MARCHAND, L. J., I. DOX, J. GRIČAR, P. PRISLAN, S.
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