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ARTICLE INFO ABSTRACT

Keywords: Quantifying masting behavior—the highly variable, yet synchronized, production of seeds by forest trees and
Masting behavior other plants—is of considerable importance to ecosystem function and forest management, yet typically requires
Dendrochronology years of study to acquire. In contrast, measuring radial growth by mean of tree-ring cores potentially yields
Oaks decades or more of data relatively quickly. Given the widespread existence of a negative correlation between
RQ:Z;lusgrow h growth and reproduction, can radial growth be used to infer historical masting behavior and detect long-term
Tree-rings changes in reproductive behavior? Here we test this hypothesis in five species of California oaks (genus Quercus)

for which we have long-term weather and 40 years of acorn production data at Hastings Reservation in central
coastal California. Radial growth was measured for the three deciduous species using tree-ring analysis between
1980 and 1994 and for all five species using dendrometers between 1996 and 2019. Success was judged based on
four criteria focused on the proportion of variance in annual acorn production explained, whether values using
radial growth predicted very large and very small crop years, and whether five basic metrics of radial growth
quantifying variance, autocorrelation, and synchrony matched values based on acorn production. Of the criteria,
none was met using tree-rings with the exception of one of the metrics (mean pairwise synchrony).
Dendrometers performed better but still failed two of the four criteria entirely and only met the other two for at
most three of the five species. We conclude that radial growth does a generally poor job of estimating historical
acorn production in these oaks. Although future advances may help resolve these shortcomings, demonstration
that the relationship between radial growth and masting meet appropriate criteria based on years of overlapping
data is currently necessary prior to any use of tree-ring growth to infer masting patterns.

1. Introduction

Masting behavior—the synchronized production of seeds by a po-
pulation of plants—is a topic of considerable current controversy and
interest (Kelly and Sork, 2002; Pearse et al., 2016; Bogdziewicz et al.,
2019). Key ecological and evolutionary questions about this phenom-
enon include: what are the evolutionary benefits and ecological con-
sequences of masting? What mechanisms drive variable seed produc-
tion? What synchronizes reproduction within and between
populations? And how will climate change alter the frequency or
magnitude of mast-seeding patterns in the future?

Although highly variable, in certain cases masting takes place every
other year (“alternate bearing”) and is thus predictable; this is the case
in many fruit and nut crops but also in at least a few natural populations
(Monselise and Goldschmidt, 1982; Crawley and Long, 1995). This is

not true for most wild populations, however, where masting typically
occurs irregularly at multi-year intervals (Herrera et al., 1998; Koenig
and Knops, 2000).

Given such irregularity and unpredictability, it is generally neces-
sary to collect many years of data in order to quantify the degree of
variability and to understand the ecological consequences of both years
of heavy mast (“mast” years), and, conversely, poor mast years (“mast-
failure” years). Such ecological effects have been shown to be important
in a range of communities and taxa, including eastern deciduous for-
ests, where the pulsed resource of acorn crops produced by oaks
(Quercus spp.) have dramatic effects on everything from white-tailed
deer (Odocoileus virginianus) to the incidence of lyme disease (Jones
et al., 1998; Ostfeld and Keesing, 2000); Indonesia, where masting by
dipterocarps (Dipterocarpaceae) drive population increases and re-
gional movements of vertebrate seed predators (Curran and Leighton,
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Table 1
Key characteristics of the species used in this study. Phylogeny from Hipp et al. (2014, 2020).
Species Common name Section Winter deciduous? Seasons required to mature acorns Sample size
Q. lobata Valley oak Quercus Yes 1 86
(“white”)
Q. douglasii Blue oak Quercus Yes 1 56
(“white”)
Q. chrysolepis Canyon live oak Protobalanus No 2 21
(“intermediate”)
Q. agrifolia Coast live oak Lobatae No 1 63
(“black”™)
Q. kelloggii California black oak Lobatae Yes 2 20
(“black”™)

2000); and across North America, where the variable seed production of
conifer trees are an important instigator of boreal bird eruptions (Bock
and Lepthien, 1976; Koenig and Knops, 2001; Strong et al., 2015).

Acquiring the data needed to understand such ecological effects
generally entails many years of effort. Understanding historical masting
patterns are, however, critical to gaining the insight necessary to test
for long-term changes in masting linked to climate or other environ-
mental change as well as an understanding of long-term forest ecology
(Szabd, 2012). Given the time and effort required to gather mast crop
size data, it would clearly be valuable if there were a quicker way to
gather such data other than painstakingly measuring seed production
over the course of many years.

A potential candidate for such a method is to measure radial growth,
which often correlates inversely with seed production in many tree
species. There are at least two factors that potentially drive this re-
lationship. First, there may be a direct trade-off between growth and
reproduction such that individuals investing more in one invest less in
the other (Holmsgaard, 1958; Barringer et al., 2013); that is, the re-
lationship may be causal. Indeed, a growth-reproduction trade-off is
one of the cornerstones of life-history theory (Stearns, 1989; 1992).
Second, both growth and reproduction may be correlated or obscured
by a third variable. In the case of masting trees this is likely to be local
weather (Knops et al., 2007), but it could also be spatial variation in
resources or other conditions that affect growth and reproduction in
opposite ways (Fox and Stevens, 1991). In either of these latter situa-
tions the relationship is indirect; nonetheless, if the correlation is suf-
ficiently strong, it would open the door for measures of radial growth
both reconstructing masting histories dating back decades or even
centuries and extending existing records into the future to predict long-
term changes.

Numerous prior studies have investigated the relationship between
growth and reproduction in masting trees, with variable results. Strong
inverse correlations between these traits—sometimes lagged and
sometimes not—have, for example, been reported in various conifers
(Holmsgaard, 1958; Eis et al., 1965; Patterson and Knapp, 2016), var-
ious species of beech (Fagus spp.) (Holmsgaard, 1958; Drobyshev et al.,
2010; Kabeya et al., 2017), several oak species (Knops et al., 2007;
Martin et al.,, 2015), and New Zealand rimu Dacrydium cupressinum
(Norton and Kelly, 1988). Conversely, weak or no correlation has been
reported in whitebark pine Pinus albicaulis (Sala et al., 2012), Aleppo
pine Pinus halepensis (Santos-del-Blanco and Climent, 2014), mature
individuals of the topical tree Bertholletia excelsa (Staudhammer et al.,
2013), mountain hemlock Tsuga mertensiana (Woodward et al., 1994),
and rowan Sorbus aucuparia (Zywiec and Zielonka, 2013). There have,
nonetheless, been several attempts to use or advocate radial growth as a
means to infer historical masting events (Speer, 2001; Drobyshev et al.,
2014; Hacket-Pain et al., 2019; Rodriguez-Ramirez et al., 2019). How
do we know whether such attempts are well-founded?

Here we test whether the relationship between radial growth and
reproduction is sufficiently close as to allow inference regarding his-
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investigated are those previously studied by Knops et al. (2007), who
provided evidence that the negative correlation observed between ra-
dial growth and reproduction was the consequence not of a trade-off,
but of the mutual, inverse relationship of both life-history variables
with rainfall. Thus, the correlation between growth and reproduction in
these species, and quite possibly many other masting species, is not
causal. Nonetheless, it is still possible that they are linked closely en-
ough that historical masting events can be inferred from measures of
radial growth.

2. Methods
2.1. General

2.1.1. Study site and species

Work was conducted at Hastings Natural History Reservation, a
field station run by the Museum of Vertebrate Zoology, University of
California, Berkeley, located in central coastal California (36°23'N,
121°33’W). Habitat consisted of a mixture of oak savanna, oak wood-
land, and mixed forest (Griffin, 1974). The climate is Mediterranean,
with cool, wet winters (mean annual precipitation [1939 - 2018]
524 mm, range 135 - 1131 mm) and hot, dry summers.

We studied five species representing a diverse set of North American
oaks (Table 1). Particularly relevant to the analyses here is the differ-
ence in flower maturation rate; three species (Q. lobata, Q. douglasii, and
Q. agrifolia) are “1-year” species that mature acorns from flowers pro-
duced the same year (that is, acorns maturing in the autumn of year x
come from flowers produced in the spring of year x), whereas Q.
chrysolepis and Q. kelloggii are “2-year” species that mature acorns from
flowers produced the prior year (that is, acorns maturing in the autumn
of year x come from flowers produced in the spring of year x — 1). All
are common at the study site, although they differ ecologically in var-
ious ways, including their water use strategies, site preferences, and
elevational distributions (Griffin and Critchfield, 1972; Knops and
Koenig, 1994, 1997).

2.1.2. Data

We tagged 246 trees of the five species in autumn 1980; subsequent
sample sizes decreased somewhat due to mortality. Starting in 1980 and
continuing each year through 2019, we estimated the acorn crop on
each tree by means of visual surveys during which two workers counted
as many acorns as possible, usually using binoculars, for 15 s; for
analysis, counts were added together and then In-transformed in order
to reduce non-normality (Koenig et al., 1994a, 1994b). Values across all
conspecific individuals were averaged within years to estimate the
mean annual acorn crop for each species.

To test the relationship between reproduction and radial growth, we
used both dendrochronological measurements (tree-rings) from cores
and annual growth estimates from dendrometers (Cattelino et al.,
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plywood, sanded and polished. Measurements were made on a tree-ring
measuring table to the nearest 0.01 mm dating back to 1965. The two
cores from each tree were matched by year. Non-matching cores were
checked against two consecutive drought years in 1976 and 1977; cores
not showing these years were dropped from the analysis. All cores were
standardized by dividing years by the 30 year average growth to
eliminate inherent growth differences between and within trees.

Cores were made on all individuals of the three deciduous species;
annual growth rings were poorly defined in the evergreen species and
were not analyzed. Q. kelloggii showed a significant decrease in growth
over the 30 year period (linear regression, F; 53 = 11.1, P = 0.002).
However, detrending the tree-ring widths (Fritts, 1972; Swetnam et al.,
1985) did not change the significance of any cross-correlations with
acorn production. Consequently the standardized (but not detrended)
tree-ring widths were used in all analyses. No significant temporal trend
was detected for Q. douglasii or Q. lobata. There were 15 years of
overlap between the acorn surveys and the tree-rings (1980-1994).

Dendrometers were established in 1994 and have been measured
each year through 2019. After letting bands settle on the trees during
their first year, this yielded 24 years of overlap (1995-1996 to
2018-2019). Annual dendrometer growth values were standardized
within trees to a mean of 0 and standard deviation of 1.

As a contrast to the radial growth data, we also compared our es-
timates of acorn crop size with annual rainfall. Rainfall was measured
at Hastings Reservation headquarters and summed over the fiscal year
from 1 September of the prior year (year x — 1) through 31 August of
year x.

2.2. Analyses

Previous studies have found negative correlations between radial
growth and reproduction either in the same or subsequent years (Knops
et al.,, 2007; Hacket-Pain et al., 2015; Patterson and Knapp, 2016).
Alternatively, the effect might go the other way around, with re-
production in year x significantly reducing radial growth the following
year (Fox and Stevens, 1991). Thus, for both tree-ring and dendrometer
analyses, we included as predictors values for year x — 2, year x — 1,
year x, and year x + 1. Since reproduction in year x cannot affect future
rainfall, we did not include year x + 1 in analyses of reproduction on
annual rainfall. All analyses were conducted in R 3.5.3 (R Development
Core Team, 2019). Statistical significance was set at P < 0.05.

For each species, we first performed multiple regressions of the
mean In-transformed acorn crop on mean standardized values of tree-
ring growth, dendrometer increase, and annual rainfall. We present
effect sizes + standard errors for fixed factors and the adjusted R*
values for the multiple regression. For a second set of analyses, we
calculated mixed models in which each tree was considered in-
dividually and included in the models as a random factor. R? values,
representing the proportion of variance accounted for by the fixed ef-
fects (marginal R?), and the fixed effects plus the random effect (con-
ditional R?) are presented.

To further quantify the ability of radial growth to estimate mast
production, we used the predict function in R to estimate the mean
acorn crop for each year of overlap based on the multiple regressions
using values for year x — 2, year x — 1, year x, and, except for annual
rainfall, year x + 1 as explanatory fixed factors. Predicted values were
plotted along with the observed values and compared in three ways: (1)
the percent of observed values within the 95% confidence intervals of
the predicted values; (2) the percent of observed mast years (defined,
arbitrarily, as years where the mean In-transformed number of acorns
counted per tree was = 3) that were successfully identified by the
predicted values; and (3) the percent of observed mast-failure years
(defined, arbitrarily, as years where the mean In-transformed number of
acorns counted per tree was < 0.5) that were successfully identified by
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standardized radial growth values on current year rainfall, and then
regressed the residuals on the mean acorn crop. The rationale for this
follows from the widespread and well-known relationship between
rainfall and radial growth (Fritts, 1974; Cook, 1987; Le Quesne et al.,
2006): once this correlation is removed, is there still an effect of radial
growth on the size of the acorn crop?

Lastly, we present data on basic metrics, including the population
coefficient of variation (CVp), mean individual coefficient of variation
(xCVi), the consecutive disparity index (D), lag-1 autocorrelation, and
mean pairwise synchrony of mean annual acorn production, tree-ring
measurements, dendrometer measurements, and annual rainfall. These
metrics are the most frequently used to quantify masting behavior
(Koenig et al., 2003), but include the recently proposed consecutive
disparity index, which is an alternative estimate of temporal variability
that exhibits several advantages over the coeficient of variation
(Fernandez-Martinez et al., 2018). Mean individual coefficient of var-
iation and pairwise synchrony could not be calculated for annual
rainfall, since rainfall was only measured at a single site within the
study area.

2.3. Growth vs. reproduction: Is the relationship good enough?

Many previous studies found negative correlations between growth
and reproduction. Is the relationship sufficiently strong that tree-rings
can be used to infer historical mast production?

Deciding whether the relationship between growth and reproduc-
tion is “sufficiently strong” is obviously arbitrary. Thus, if growth is to
be used to infer historical mast behavior, it is critical to specify the
criteria used to decide that the relationship between these life-history
characters allows such an analysis to be worthwhile.

Here we propose the following criteria:

1) The proportion of variance in the mast crop explained by annual
growth (lagged or unlagged) must be at least 40%.

2) The predicted mast crop values should fall within the 95% con-
fidence intervals of the actual mast crop in at least 90% of years.

3) Very large mast years and very small mast-failure years predicted by
radial growth should identify the majority (=50%) of observed
mast and mast-failure years.

4) Basic masting metrics measured using radial growth should be
within 20% of values based on observed annual seed production
data.

All four criteria require a minimum of several years of overlap
where both growth and reproduction are measured. Given the current
status of mast reconstruction, we know of no way to avoid starting an
attempt to reconstruct masting behavior from radial growth in the ab-
sence of such preliminary data.

3. Results

Results of multiple regressions of the mean annual acorn crop on
mean annual tree-ring growth, mean annual dendrometer growth, and
annual rainfall are summarized in Table 2. Regressions were not sig-
nificant for any of the three species for which tree-ring growth was
measured, nor were any of the individual lagged growth variables
significant. The mean adjusted R? value (proportion of variance ex-
plained) for the three species was less than zero (—0.073).

Results were better using dendrometer measurements. Regressions
were significant for four of the five species, and R? values were greater
than 0.40 for three of the species. Regressions were also significant for
four of the five species using annual rainfall, but none of the R* values
was greater than 0.40.

Analyses using mixed models in which data for individual trees
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Effect sizes + standard errors (p-value) from multiple regressions of mean annual values of the acorn crop (In-transformed) on mean annual treering growth, mean
annual dendrometer growth, or annual rainfall, each measured in year x — 2, year x — 1, year x, and, except for analyses with annual rainfall, year x + 1. R? values

above the 40% cutoff are in boldface.

Year x — 2 Year x — 1 Year x Year x + 1 Adjusted R
Tree-ring growth
Q. lobata —0.28 = 1.64 (0.87) —1.09 = 2.01 (0.60) —1.13 *= 1.88 (0.56) 1.10 + 1.72(0.54) —0.20 (0.76)
Q. douglasii 0.75 *= 1.24 (0.56) —0.49 *= 1.65 (0.77) —1.38 = 1.42(0.36) 1.20 + 1.30 (0.38) —0.18 (0.74)
Q. kelloggii 1.99 + 1.19 (0.13) 0.01 *= 1.37 (0.99) 0.85 = 1.43(0.57) —-2.71 = 1.54(0.11) 0.16 (0.25)
Dendrometer growth
Q. lobata 0.11 + 0.32 (0.75) 0.49 + 0.35(0.18) —0.83 = 0.32(0.02) 0.41 *= 0.30 (0.19) 0.18 (0.11)
Q. douglasii 0.04 *= 0.26 (0.89) 0.95 *= 0.27 (0.002) —0.57 = 0.26 (0.04) 0.61 *= 0.25(0.03) 0.41 (0.008)
Q. agrifolia —0.23 = 0.29 (0.26) 1.02 + 0.21 (< 0.001) 0.16 = 0.20 (0.43) 0.06 = 0.20 (0.78) 0.56 (< 0.001)
Q. chrysolepis 0.43 = 0.20 (0.04) —0.83 *= 0.21 (< 0.001) 0.84 = 0.21 (< 0.001) —0.02 = 0.22(0.92) 0.58 (< 0.001)
Q. kelloggii 0.53 *= 0.23 (0.03) 0.07 %= 0.24 (0.76) 0.67 = 0.24 (0.01) —0.20 = 0.24 (0.41) 0.31 (0.03)
Annual rainfall
Q. lobata 0.91 *= 0.62 (0.15) —0.10 = 0.63 (0.88) —2.29 *= 0.61 (< 0.001) — 0.27 (0.002)
Q. douglasii 1.04 += 0.64 (0.11) 1.14 + 0.66 (0.09) —1.82 = 0.63 (0.007) — 0.24 (0.005)
Q. agrifolia 0.60 *= 0.65 (0.36) 2.37 %= 0.66 (0.001) —0.21 %= 0.64 (0.75) — 0.22 (0.007)
Q. chrysolepis 2.20 = 0.58 (< 0.001) —0.37 = 0.59 (0.54) 2.01 = 0.57 (0.001) - 0.35 (< 0.001)
Q. kelloggii 0.58 *= 0.87 (0.51) —0.64 = 0.89 (0.48) 0.45 = 0.86 (0.61) — —0.05 (0.77)

variation in this manner reduced the differences among the three data
sets (tree-rings, dendrometers, and rainfall) and resulted in a high
proportion of the fixed factors being statistically significant in all ana-
lyses (tree-rings: 7/12 [58%]; dendrometers: 16/20 [80%]; annual
rainfall: 10/15 [67%]). However, marginal R? values (considering only
the fixed factors) were still small (range 0.02-0.19), and only three of
the conditional R? values (including the random factor of individual ID)
were (barely) above the 0.40 cutoff (all three R? = 0.41), including Q.
agrifolia and Q. chrysolepis in the dendrometer analyses and Q. douglasii
using annual rainfall.

Table 4 summarizes the success of predicted mast crop values based
on the three sets of variables (tree-ring measurements, dendrometer
measurements, and annual rainfall). Observed acorn crops fell within
the 95% confidence intervals of both tree-ring and dendrometer values
a high proportion of years (83.3% for tree-rings; 70.4% for dend-
rometers), whereas less than half of years fell within the estimated 95%
confidence intervals using annual rainfall. None, however, fell within
the 95% confidence interval 90% of the time. Mean predicted values
did a particularly poor job of identifying the relatively few extreme seed
production years. This was especially true for very large mast years,
none of which were successfully identified in any of the analyses,
whereas 2 of 9 (22.2%) mast-failure years were identified using tree-

Table 3

rings and 8 of 21 (38.1%) using dendrometers. A comparison of ob-
served vs. predicted values are graphed for Q. lobata in Fig. 1; graphs for
all species and all three sets of predictor variables are provided in the
supplemental data (Figs. S1-S3).

A clearer view of the the relationships among radial growth, the
acorn crop, and annual rainfall is provided by the regressions of radial
growth on annual rainfall followed by regressions of the mean annual
acorn crop on the residuals (Table 5). In all cases there were strong,
highly significant, positive relationships between radial growth and
annual rainfall. Once the effect of annual rainfall was removed, how-
ever, the adjusted R? values of the regressions of the acorn crop on the
residuals were all close to zero. That is, no significant relationship be-
tween radial growth and the acorn crop existed in any of the species
beyond that explained by the correlation of these variables with annual
rainfall.

Metrics for the predictor variables and acorn production are sum-
marized in Table 6. Of the metrics, values derived from tree-rings
matched those for acorn production fairly well (within 20% for two of
the three species) for mean pairwise synchrony only; none of the other
metrics based on tree-rings were within 20% of values for acorn pro-
duction for any of the species. Metrics calculated from the dendrometer
data performed better: values were within 20% of those for acorn

Effect sizes *+ standard errors (p-value) of mixed models where the acorn crop (In-transformed) was the dependent variable, tree-ring growth, dendrometer growth,
or annual rainfall, each for year x — 2, year x — 1, year x, and, except for annual rainfall, year x + 1, were fixed factors, and “tree ID” was a random effect. R?values

above the 40% cutoff are in boldface.

Year x—2 Year x — 1 Year x Year x + 1 Marginal/conditional R*values

Tree-ring growth

Q. lobata —0.12 + 0.15 (0.43) —0.46 * 0.18 (0.009) —0.05 *= 0.17 (0.76) 0.59 * 0.16 (< 0.001) 0.02/0.25
Q. douglasii 0.32 + 0.14 (0.03) —0.52 %= 0.18 (0.004) —0.20 = 0.15 (0.18) 0.26 + 0.14 (0.06) 0.02/0.31
Q. kelloggii 1.09 = 0.24 (< 0.001) —0.36 = 0.27 (0.19) 0.83 = 0.27 (0.003) -1.17 + 0.28 (< 0.001) 0.14/0.19
Dendrometer growth

Q. lobata 0.14 + 0.03 (< 0.001) 0.12 = 0.04 (0.002) —0.18 *= 0.04 (< 0.001) 0.06 + 0.04 (0.09) 0.02/0.30
Q. douglasii 0.05 = 0.04 (0.22) 0.37 + 0.04 (< 0.001) —0.15 = 0.04 (< 0.001) 0.14 = 0.04 (< 0.001) 0.05/0.37
Q. agrifolia —0.15 + 0.04 (< 0.001) 0.63 + 0.04 (< 0.001) 0.12 + 0.04 (< 0.001) 0.09 + 0.04 (0.01) 0.17/0.41
Q. chrysolepis 0.33 + 0.06 (< 0.001) —0.47 = 0.06 (< 0.001) 0.49 + 0.06 (< 0.001) —0.03 * 0.06 (0.61) 0.19/0.41
Q. kelloggii 0.33 + 0.08 (< 0.001) —0.08 = 0.08 (0.29) 0.43 + 0.08 (< 0.001) —0.19 + 0.08 (0.01) 0.13/0.26
Annual rainfall

Q. lobata 0.93 = 0.11 (< 0.001) —0.09 = 0.11 (0.40) —2.29 *= 0.11 (< 0.001) — 0.11/0.38
Q. douglasii 1.02 + 0.13 (< 0.001) 1.13 + 0.13 (< 0.001) —-1.82 = 0.13 (< 0.001) —_ 0.10/0.41
Q. agrifolia 0.61 + 0.12 (< 0.001) 2.35 + 0.13 (< 0.001) —0.22 *= 0.12(0.07) — 0.10/0.33
0 rhrvenlonic 291 + 0921 (< 00Nl —0127 + 099 (00A) 209 + N921 (<000l — n14/n27
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Summary of the success of tree-rings measurements (n = 14 years), dendrometer measurements (n = 23 years), and annual rainfall (n = 40 years) to predict (a) the
mean acorn crop within the 95% confidence interval of the model, (b) mast years (mean In-transformed acorn crop = 3), and (c) crop failures (mean In-transformed
acorn crop < 0.5). Predictions based on multiple regressions of the acorn crop (In-transformed) on values for year x — 2, year x — 1, year x, and, except for annual

rainfall, year x + 1.

Percent of years the acorn crop was within the 95%

Number of actual mast years predicted/

Number of actual failure years predicted/

confidence interval observed observed
Species Tree-rings Dendrometers Annual rainfall Tree- Dendrometers Annual Tree-rings Dendrometers Annual
rings rainfall rainfall
Q. lobata 78.6 60.9 52.5 0/2 0/4 0/6 0/1 0/1 1/3
Q. douglasii 85.7 65.2 40.0 0/2 0/3 0/5 0/2 0/3 0/5
Q. agrifolia — 73.9 35.0 — 0/1 0/1 — 3/6 0/12
Q. chrysolepis — 82.6 42.5 — 0/1 0/2 — 3/6 0/9
Q. kelloggii 85.7 69.6 40.0 0/2 0/1 0/4 2/6 2/5 0/12
Species mean (%) 83.3 70.4 42.5 0/6 (0%) 0/10 (0%) 0/18 (0%) 2/9 (22.2%) 8/21 (38.1%) 1/41 (2.4%)
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Fig. 1. Observed vs. predicted ( + 95% confidence intervals) acorn crops (In-transformed) for Q. lobata from multiple regressions on (a) tree-ring measurements from
year x — 2, year x — 1, year x, and year x + 1; (b) dendrometer measurements from year x — 2, year x — 1, year x, and year x + 1; and (c) annual rainfall from year

x — 2, year x — 1, and year x.

production for three of the five species for three of the metrics but were
within 20% of CVp values for only Q. chrysolepis; estimates based on
neither tree-rings nor dendrometers matched observed values of the
lag-1 autocorrelation for any of the species. Values derived from annual
rainfall, for which only three of the metrics could be calculated, failed
to match those of acorn production for any of the species except in the
case of D, where values were within 20% for four of the five species.

https://reader.elsevier.com/reader/sd/pii/S0378112720310021?tok...660A96AA909C30A1D67C671D60FCOC20D3F1EBFEA2AO0EC6401456D8451466

based on both tree-rings and dendrometers were of opposite sign from
the mostly negative values based on the acorn crop. The only exception
to this was the Q. douglasii dendrometer value, which was still far from
within 20% of the corresponding value based on the acorn crop. Thus,
whereas acorn production values tended to be strongly negatively au-
tocorrelated from one year to the next, those based on radial growth
and rainfall were not.
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Table 5
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Effect sizes * standard errors (p-values) and adjusted R? values from linear regressions of (a) radial growth (year x) on annual rainfall (year x), and (b) the mean

annual acorn crop on the residuals from regression (a).

(a) Regression of radial growth on

(b) Regression of the mean acorn crop on

annual rainfall adjusted R? the residuals from regression (a) adjusted R?
Tree-ring growth
Q. lobata 0.62 = 0.13 (< 0.001) 0.42 1.11 * 1.79 (0.54) —-0.05
Q. douglasii 0.80 = 0.16 (< 0.001) 0.46 0.48 * 1.45(0.74) -0.07
Q. kelloggii 0.79 *= 0.317 (< 0.001) 0.41 3.98 + 2.23(0.10) 0.13
Dendrometer growth
Q. lobata 1.94 + 0.47 (< 0.001) 0.39 —1.89 = 0.40 (0.64) —-0.03
Q. douglasii 2.58 + 0.41 (< 0.001) 0.61 0.11 + 0.47 (0.82) —0.04
Q. agrifolia 2.35 = 0.54 (< 0.001) 0.42 0.26 *= 0.35(0.47) —0.02
Q. chrysolepis 1.85 + 0359 (0.004) 0.27 0.45 += 0.31 (0.15) 0.05
Q. kelloggii 2.86 = 0.53 (< 0.001) 0.53 0.53 *= 0.39 (0.19) 0.03

4. Discussion
4.1. General

Can historical mast production be inferred from radial growth in the
five species of California oaks we studied? Table 7 summarizes our
results. In general, the answer was at best “partly”, but more generally,
“poorly”. None of the variables met critera 2 or 3 for any of the species.
Both tree-rings and annual rainfall met only one of the criteria, and
then for only some of the species, while dendrometers met two of the
criteria partly for between one and three of the species. In general, the
reason for this poor performance was clear: radial growth of all five
species was strongly and positively related to rainfall (Table 5). Once
the effect of rainfall was removed, radial growth had no remaining
statistical relationship with the annual acorn crop. Thus, the correlation
between radial growth and the acorn crop was entirely due to the
mutual dependence of both these factors on annual rainfall.

Table 6

4.2. Importance of masting to forest management

Mast crops produce pulses of resources that can have dramatic ef-
fects on ecosystems (Ostfeld and Keesing, 2000; Koenig and Knops,
2005), including many that are potentially affected by forest manage-
ment practices as well as for the understanding of forest ecology (Szabd,
2012). For example, seed production often varies considerably among
individuals within a population, and thus it can be important to identify
and retain highly productive trees that produce many seeds in order to
minimize the negative effects of harvesting on wildlife and forest re-
generation (Healy, 1997; Lashley et al., 2010). Forest management can
also influence specific wildlife species through interactions with re-
source fluctuations due to masting, as found by Zwolak et al. (2016) for
yellow-necked mice (Apodemus flavicollis) in managed European beech
(Fagus sylvatica) forests. Such affects highlight the importance of un-
derstanding masting patterns to forest management and thus the po-
tential value of inferring mast events, either for historical reconstruc-
tions or to guide future practices, using techniques that are faster and
more efficient than quantifying seed production over a period of many
years.

Basic metrics (CVp, xCVi, D, lag-1 autocorrelation, and mean pairwise synchrony) for acorn production, tree-ring measurements, dendrometer measurements, and
annual rainfall for each of the five species. Values within 20% of those for acorn production are in boldface.

Metric Species Acorn production Tree-ring measurements Dendrometer measurements Annual rainfall
Population CV (CVp) Q. lobata 0.533 0.216 0.253 0.424

Q. douglasii 0.560 0.271 0.390 0.424

Q. agrifolia 0.685 — 0.441 0.424

Q. chrysolepis 0.607 — 0.500 0.424

Q. kelloggii 0.827 0.287 0.501 0.424
Mean individual CV (xCVi) Q. lobata 1.025 0.312 0.534 —

Q douglasii 1.139 0.379 0.942 —

Q. agrifolia 1.251 — 1.223 —

Q. chrysolepis 1.099 — 1.021 —

Q. kelloggii 1.253 0.361 0.679 —
Consecutive disparity index (D) Q. lobata 0.519 0.212 0.231 0.446

Q douglasii 0.548 0.238 0.398 0.446

Q. agrifolia 0.526 — 0.506 0.446

Q. chrysolepis 0.583 — 0.529 0.446

Q. kelloggii 0.530 0.304 0.573 0.446
Lag-1 autocorrelation Q. lobata -0.513 0.350 0.219 —0.005

Q douglasii —0.393 0.365 —0.095 —0.005

Q. agrifolia -0.135 — 0.125 —0.005

Q. chrysolepis —0.305 — 0.303 —0.005

Q. kelloggii 0.091 —-0.072 —0.086 —0.005
Mean pairwise synchrony (r) Q lobata 0.417 0.415 0.314 —

Q douglasii 0.460 0.429 0.358 —

Q. agrifolia 0.467 — 0.466 —

0 rhrvenlonic naia — 0 ana —
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Table 7
Summary of how well tree-ring measurements, dendrometer measurements, and annual rainfall succeeded in predicting masting using the proposed criteria.
Criterion Tree-rings Dendrometers Annual rainfall
1 Explained = 40% of the variance in annual mast crop? No Partly Partly
(3 of 5 spp. using mean annual values; (1 of 5 spp. using data from individual
2 of 5 spp. using data from individual trees)
trees)
2 Mast crop within 95% confidence interval of predicted values = 90% of No No No
the time?
3 Predicted the majority of large and small mast-crop years?
a Large mast-crop years? No No No
b Mast-failure years? No No No
4 Within 20% of masting metrics?
a CVp No Partly No
(1 of 5 spp.)
b xCVi No Partly —
(3 of 5 spp.)
¢ D No Partly Mostly
(3 of 5 spp.) (4 of 5 spp.)
d Lag-1 autocorrelation No No No
e Mean pairwise synchrony Mostly Partly —
(2 of 3spp.) (3 of 5spp.)

4.3. Differences related to maturation of acorns

Our results highlight differences in lag times of the variables sig-
nificantly correlating with acorn production. From the multiple re-
gression analyses, for example (Table 2), the only dendrometer variable
significantly (and negatively) related to the acorn crop for Q. lobata was
growth the same year (year x). For Q. douglasii, however, the acorn crop
was positively related to growth the prior year (year x — 1), negatively
related to growth in year x, and positively related to growth the fol-
lowing year (year x + 1). Meanwhile, the acorn crop for Q. agrifolia was
positively related only to growth in year x — 1. All three of these are 1-
year species. As for the two 2-year species, the acorn crops of both were
positively related to growth in year x — 2 and year x, but the acorn crop
of only Q. chrysolepis was negatively related to growth in year x — 1.

Although some of these differences appear to be related to whether
acorns mature in one or two years (Knops et al., 2007), others are not.
Clearly a careful examination of the relationship between growth and
reproduction has to be made on a species by species—if not population
by population—basis prior to assuming any specific relationship be-
tween life-history traits.

4.4. Measuring radial growth: tree-rings vs. dendrometers

Results differed quantitatively depending on whether tree-ring or
dendrometer data were compared with masting data; in particular,
dendrometers explained a much greater proportion of variance in the
acorn crop than did tree-rings (Table 2) and metrics based on dend-
rometers matched those based on acorn production better than those
based on tree-rings (Table 6). We did not overlap years when both
techniques were used, and thus are unable to critically compare them.
However, there are at least two potential reasons why this may have
been true. First, dendrometers measure the total annual increment in
radial circumference while tree-ring analysis as conducted here esti-
mated radial growth from two small cores. Second, dendrometers
measure all trees, whereas tree-rings from some trees were excluded
because they were difficult to read, had missing years, or exhibited
some other kind of anomaly—problems more likely to occur among
slow-growing trees in infertile sites. Both are likely to result in dend-
rometers providing a more complete estimate of radial growth both for
individual trees and the population as a whole, and are thus more likely
to yield satisfactory results when attempting to estimate masting be-
havior.

https://reader.elsevier.com/reader/sd/pii/S0378112720310021?tok...660A96AA909C30A1D67C671D60FCOC20D3F1EBFEA2AO0EC6401456D8451466

4.5. What criteria are necessary?

In order to decide whether a relationship is sufficiently good to
justify inferring historical mast production, we proposed a set of four
criteria (Table 7). Some of these are likely to be more useful than
others, and some are more relevant to a particular goal than others. For
example, if the goal is to estimate past variability of the mast crop and
determine whether it has changed through time (such as, for example,
Pearse et al., 2017), then the only criterion that may be important is
whether the CVp or xCVi of growth (or other measure of variability,
such as D) closely matches the corresponding value of the acorn crop
(Table 7, criteria 4a—4c). Alternatively, if the goal is to predict mast
years and/or mast-failure years in order to identify years when food is
likely to have been abundant or lacking for seed specialists, the criteria
of importance would be whether growth successfully predicts very large
and very small mast crops (Table 7, criteria 3a and 3b). Meeting either
one of these criteria could provide important clues as to how climate
change might affect masting, and on how animals dependent on
masting events might respond in the future, even if other criteria are
not met.

4.6. Potential alternative data for inferring mast behavior

At best, tree-ring analyses currently require years of preliminary
overlapping data in order to demonstrate their ability to successfully
infer historical masting patterns. Are there other ways that prior seed
production or mast events can be identified?

Szab6 (2012) discusses this question in detail for European oaks,
concluding that historical written sources, both of direct observations of
acorn crops and references to monetary transactions (particularly tax
records) involving acorns, are able to provide insight into masting
frequencies going back, in at least rare cases, to the Middle Ages. As an
example, such transactional records were used by Curran and Webb
(2000) to infer mast fruiting by dipterocarps in Indonesia. Records vary
greatly in quality, however, and Szabé recommends that historical
masting information be transformed into a three-point scale consisting
of: (1) no mast; (2) moderate mast; and (3) good mast. Although crude,
this protocol provides the potential for testing historical hypotheses
involving mast crops, particularly those dependent on the extremes of
very large or poor mast-crop years, in other cases as well.

It is also possible that data, gleaned either from tree-ring cores or
sampling of trees, could potentially yield information allowing better
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although this remains to be demonstrated. Similarly, differences in
xylem vessel frequency and diameter derived from tree-ring cores have
been shown to correlate with mast events in Mexican beech (Fagus
grandifolia subsp. mexicana) (Rodriguez-Ramirez et al., 2019); such
characters thus exhibit promise for inferring historical mast behavior in
other species as well. It is even possible that more detailed signal ex-
traction of tree-rings may, at least under some circumstances, yield
strong insight into masting events and seed production patterns (Cook,
1987), although such decomposition of tree-ring data is likely to require
far longer series than we acquired here. Finally, reproduction can be
dominated by a small number of individuals within a population
(Hacket-Pain et al., 2019), and it is possible that identifying and re-
stricting analysis to a subset of such “super-producers” may yield su-
perior relationships between growth and reproduction than found here.

4.7. Proximate mechanisms driving the relationship between growth and
reproduction

Although our results do not support the hypothesis that radial
growth can be used to infer historical masting behavior, results com-
paring growth and reproduction can provide valuable insight regarding
the proximate mechanisms involved in variable seed production. In the
case of the oaks considered here, for example, the positive relationship
between growth and reproduction the same year in the two 2-year
species is consistent with the conclusion that there is no direct trade-off
between growth and reproduction in these species, and that when the
relationship is negative, as in Q. lobata and Q. douglasii, it is likely to be
due to growth and reproduction being indirectly correlated through a
third variable rather than causal, as proposed previously for these
species by Knops et al. (2007) and for Fagus sylvatica by Hacket-Pain
et al. (2015) and Mund et al. (2020).

Furthermore, the variability in the relationships between growth at
various lag intervals and reproduction is inconsistent with the hy-
pothesis of resource matching whereby varying resources are appor-
tioned equally between the two factors (Pearse et al., 2016). Thus, of
the models for the potential relationships between resources and mast
production illustrated by Pearse et al. (2016), our results support prior
studies in Q. lobata and other masting species suggesting that resources
are actively stored, resulting in highly variable seed crops in part due to
reproductive “vetos”—adverse weather conditions—that obviate the
ability of trees to invest in reproduction in some years (Pearse et al.,
2014; Pesendorfer et al., 2016; Bogdziewicz et al., 2018).

4.8. Conclusion

We conclude that radial growth, measured either using tree-rings or
dendrometers, does a poor job of estimating acorn production in these
oaks, and can only be used with great caution, and then only for a
subset of characters and not all species. This was the case whether or
not we controlled for individual variation among trees, and whether or
not growth was lagged, unlagged, or considered the year following the
acorn crop. These results do not eliminate the possibility that radial
growth can be used to infer mast production in other populations, or
that other kinds of information gleaned from tree-ring cores might
potentially yield data that does a satisfactory job of indicating masting
patterns. For now, however, this goal remains out of reach without
careful preliminary analysis of the relationship between radial growth
and reproduction based on many years of overlapping data.
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