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Based on an interspecific comparison, Fernández-Martinez et al.
(Fernández-Martinez et al. 2019 Nat. Plants 5, 1222–1228 (doi:10.1038/
s41477-019-0549-y)) found that masting is stronger in populations growing
under conditions of nutrient scarcity, a relationship potentially providing
a mechanistic link to resource-budget models of mast fruiting. Using
comparisons among individual Quercus lobata, a common California
masting oak species, we tested whether access to groundwater, foliar
nitrogen (N) and foliar phosphorus (P) correlate with greater interannual
acorn crop variability, increased synchrony of acorn production with other
trees in the population and more negative lag-1 autocorrelations with acorn
production the prior year—metrics indicative of masting-like behaviour.
Our analyses failed to support the nutrient scarcity hypothesis. Three of
the significant correlations between masting metrics and resources were
in the opposite direction predicted by the hypothesis—trees with greater
foliar N showed greater variability and synchrony in acorn production—
while the other two (more water-stressed trees exhibited larger coefficient
of variation (CV) in interannual acorn production) were apparently due
to the inverse relationship between CV and mean overall productivity.
More studies at different geographic and taxonomic scales and of other
potentially important nutrients are needed to understand the relationship
between masting and resources.

1. Introduction
Masting, or mast-seeding, refers to the synchronized and highly variable
production of seeds by a population of plants [1–3]. Although masting
behaviour is a well-described phenomenon, particularly among temperate
and boreal tree species, it remains unclear exactly what drives either the
variability in seed production or how trees can synchronize reproduction over
what in some cases are subcontinental scales of >1000 kms [4,5].

The most successful models of mast-seeding are based on the idea that
the accumulation of stored resources, commonly thought to be carbon or
nitrogen, is central to driving the annual variability found in masting species
[6–8]. In combination with an additional factor promoting synchrony—
typically pollination efficiency—such ‘resource-budget’ models have been
used to approximate and even predict the future seed production behav-
iour of masting species [8–13]. Yet, although resources are clearly required
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for masting to occur, there are few data testing the mechanisms by which resources modulate seed production [14–17].
Here, we examine a recently proposed relationship potentially providing insight into the relationship between resources

and masting. Based on an interspecific comparison of 219 species, Fernández-Martinez et al. [1] found that masting behaviour
was stronger in populations growing under conditions of nutrient scarcity, specifically low foliar nitrogen (N), low foliar
phosphorus (P) and imbalanced N : P ratios. Although unlikely to be an ultimate factor selecting for masting behaviour [18],
the correlation between nutrient scarcity and masting offers a potential mechanistic link to resource-budget models. It predicts
that populations with access to lower or imbalanced nutrients will have a harder time acquiring the necessary resources for seed
production. Such trees should consequently exhibit greater masting intensity expressed as high interannual variability, strong
negative temporal autocorrelation and greater synchrony of seed production with other individuals in the population [1].

Differences among species potentially confound the interpretation of Fernández-Martinez et al.’s [1] results. Different species
are likely to be limited by different nutrients, as indicated by the variable findings of studies investigating the role of carbon
and nitrogen in seed production [8,19–22]. Thus, although the interspecific relationship reported by Fernández-Martinez et al.
suggests that selection across species for masting behaviour may be positively associated with nutrient scarcity, whether such
a relationship exists within a species is unknown and has not been previously tested. More importantly, only an intraspecific
study investigating the relationship between nutrients and seed production can distinguish whether the effects of nutrients
select for masting behaviour, as suggested by Fernández-Martinez et al. [1,23], or are an unavoidable constraint on masting
behaviour, as argued by Kelly [18].

Here, we perform such an analysis, focusing on the valley oak Quercus lobata. Our goal is to better understand how variable
seed production interacts with nutrient availability within a population, thereby providing insight into the mechanisms driving
masting behaviour.

2. Methods
Quercus lobata is a widespread California endemic common in foothill regions north of Los Angeles [24]. It is a winter decidu-
ous, a member of the section Quercus (‘white oaks’), and a ‘1 year’ species whose acorns mature in the autumn from flowers
that were fertilized in the spring a few months earlier. The study site was Hastings Reservation, Monterey County, central
coastal California, USA (36o23′ N, 121o33′ W). Trees used were part of a long-term study of reproduction and growth initiated in
1980. For the analyses performed here, 80 individuals examined each year between 1980 and 2024 (45 years) growing over a 900
ha area, ranging in elevation from 475 to 875 m, were used.

Estimation of the acorn crop of each tree was done using visual surveys conducted by two observers each autumn, 1980
through 2024 [25,26]. Surveys involved both observers counting as many acorns as they could in different parts of the tree
for a timed period (15 s) using binoculars. Values were added and ln-transformed (ln(N30 + 1) = LN30), a common procedure
with count data that reduces the dependence of the variance on the mean [27] and avoids overemphasizing the contributions
of hyper seed producers [28]. All analyses conducted here are based on ln-transformed (LN30) values; the mean overall
productivity of each tree (xLN30) was calculated as the mean of LN30 values over the 45 years of the study.

Masting is a population-level phenomenon [3] and is not directly applicable to individual plants. However, it involves
phenomena that are measurable on individual trees, including annual variability and synchrony of seed production with other
individuals. In addition, masting is closely associated with negative temporal autocorrelation, usually with a 1-year time lag
(lag-1 autocorrelation (AR1)), believed to reflect the dependence of seed production on resources whose depletion requires a
variable number of years to recover [2].

Our goal was to test the nutrient scarcity hypothesis among individuals of a single masting species using indices related to
masting behaviour. The first index was the coefficient of variation (s.d./mean = coefficient of variation (CV)), the standard index
of temporal variability. The standard CV, however, is overly sensitive to the proportion of zeros in the data, making alternatives
desirable. Three such alternatives were calculated. The first is Kvålseth’s CV (CVk), a variance-stabilized modification of the
standard CV [29]. CVk in our dataset is highly correlated with the standard CV (Pearson correlation r = 0.93, p < 0.0001).
Nonetheless, we present results using both to illustrate their differences and contribute to a potential consensus regarding their
use. We sometimes refer to them together as ‘the CVs.’

The second alternative to the standard CV, proportional variability (PV), is more robust to non-Gaussian behaviour [30]. The
third, volatility, measures variation in frequency of seed production events, focusing on biologically significant long intervals
between seed production [28]. All four variability indices are correlated with the mean, but in ways that potentially reveal
biologically important differences [31,32].

Two additional indices of masting-like behaviour by individual trees calculated here were the AR1 value for each tree and
synchrony (S) of tree i calculated as the mean pairwise Pearson correlation between acorn production by tree i and acorn
production of all other trees in the population. As an index of how synchronized a tree is with other individuals, a reasonable
assumption is that larger S values indicate enhanced masting-like behaviour. AR1 is an index of potential resource depletion,
the assumption being that the extent to which stored resources are important to acorn production will be reflected in a stronger
negative effect of year i’s crop on crops in the subsequent year [1,12].

More intense masting behaviour is indicated by larger CV, CVk, PV, volatility and S values, but more negative (i.e. decreased)
AR1 values. Volatility was calculated using the mastSpectralDensity function in the R package mastif [33].

To test the nutrient limitation hypothesis, we used four measures of the resource status of individual trees. Following
Fernández-Martinez et al. [1] and previous studies demonstrating the importance of the relative concentrations of foliar
nutrients to plant reproduction [19,34,35], we tested foliar N, foliar P and the foliar N : P ratio. In addition, we tested access to
groundwater, a key limiting factor for Q. lobata in this habitat [36].
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Access to groundwater was measured with xylem water potential (XWP) using the pressure chamber technique [37],
measured at predawn, 20 September–5 October 1991 [38]. Repeated measurements in subsequent years indicated that XWP
values for individual trees are concordant across years despite differences in water potential from year to year [39], thus
indicating that the values used provide a good index of relative water availability across individual trees.

Foliar nitrogen (N) and foliar phosphorus (P) were measured from leaves collected on 7–8 July 1992 and again on 10–15
June 2024 on the outer canopy of each tree. Leaves collected in 1992 were analysed for total nitrogen and total phosphorus on
a continuous flow autoanalyser using standard procedures [40]. Leaves collected in 2024 were analysed for total nitrogen by
means of flash combustion [41] and for total phosphorus by nitric acid/hydrogen peroxide microwave digestion [42,43] at the
University of California, Davis, Analytical Laboratory.

There were strong, highly significant correlations between both foliar N and foliar P sampled in 1992 and 2024 (foliar N: r
= 0.42, t = 4.08, d.f. = 78, p = 0.0001; foliar P: r = 0.57, t = 6.05, d.f. = 78, p < 0.0001). There were also no significant differences in
their means (Wilcoxon two-sample tests, foliar N: W = 9, p = 0.89; foliar P: W = 6.5, p = 0.77). Because the study spanned this
timeframe, we used the mean of the two values in all analyses.

The nutrient limitation hypothesis predicts that trees with poorer access to nutrients should exhibit more intense masting
characteristics. Thus, there should be a negative relationship between resources and both interannual variability and pairwise
synchrony, but a positive relationship between resources and AR1 (table 1). How nutrients are predicted to vary with the N : P
ratio is less clear, but following Fernández-Martinez et al. [1], we assumed that a higher N : P ratio is indicative of unfavourable
conditions and nutrient scarcity, and thus predicted a positive relationship between the foliar N : P ratio and interannual
variability and synchrony, and a negative relationship between the foliar N : P ratio and AR1.

We first calculated Pearson correlations between each of the five masting metrics and the four resource variables (XWP,
foliar N, foliar P and the foliar N : P ratio). For the significant correlations revealed by the correlations, we conducted linear
models of the resource variable on the masting metric with which the former was correlated, in which we included mean overall
acorn productivity (xLN30) as a second explanatory variable. This was done to help distinguish effects due to the relationship
of interest—nutrient limitation—from those that were more likely a consequence of a relationship between the masting metric
and mean productivity. In the two cases where the relationship controlling for mean overall acorn productivity warranted
visualization (CV and CVk), we plotted the resource of interest (XWP) vs. the component + residuals of the CVs controlling for
acorn productivity. The component + residuals, also known as partial residuals, illustrate the relationship between the variables
of interest controlling for mean overall productivity of the trees and were based on the procedure crPlots in R package car [44].

Only the 80 trees that reproduced at least once, with complete acorn production data for all 45 years, were included in the
analysis. Analyses were performed using R 4.4.2 [45].

3. Results
Pearson correlations between the masting metrics and nutrient variables yielded five significant relationships: a strong negative
correlation between both CVs and predawn XWP, and positive correlations between foliar N and volatility, PV and S (table
2). The negative relationships between the CVs and predawn XWP were consistent with predictions of the nutrient limitation
hypothesis: trees with greater (less negative) XWP values and greater access to groundwater exhibited smaller CVs (figure 1a,b).
In contrast, the three significant correlations between foliar N and masting metrics were in the opposite direction predicted by
the nutrient limitation hypothesis: trees with more foliar N exhibited greater acorn crop variability and their acorn crops were
more synchronized with other trees in the study area.

All five masting metrics yielding significant correlations with predawn XWP or foliar N were significantly related to mean
overall acorn production of individual trees (xLN30; table 3). In linear regressions of the masting metrics on the resource values
with which they were significantly correlated, in which xLN30 was included as an explanatory factor, only the effects of foliar N
on PV remained significant, controlling for mean overall productivity (table 3). In particular, the significant inverse relationship

Table 1. Summary of variables used in the analyses and their relationship, predicted by the nutrient scarcity hypothesis, with masting metrics. ACV = indices of acorn
crop variability; S = pairwise synchrony of seed production with other trees in the population; AR1 = lag-1 autocorrelation.

variable predicted relationship with rationale

acorn crop
variability (ACV)

S AR1

predawn XWP negative negative positive more negative (more water stress) → increased ACV, more S
and more negative AR1

foliar N negative negative positive fewer nutrients → increased ACV, more S and more negative
AR1

foliar P negative negative positive fewer nutrients → increased ACV, more S and more negative
AR1

foliar N : P ratio positive positive negative larger N : P ratio (less favourable conditions) → increased ACV,
more S and more negative AR1
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between predawn XWP and the CVs was no longer significant when controlling for mean overall productivity (table 3 and
figure 1c,d), suggesting that trees with greater access to ground water exhibited reduced variability in annual acorn production
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Figure 1. Scattergrams of predawn XWP versus (a) the (ln-transformed) standard CV; (b) Kvålseth’s CV (CVk); (c) the component + residuals of standard CV, thus
removing the effect of mean overall acorn production; (d) the component + residuals of CVk. Regression lines are plotted; Pearson correlation coefficients (r) and their
p-values are listed.

Table 2. Pearson correlations for masting metrics versus predawn XWP, foliar N, foliar P and the foliar N : P ratio. Listed are the r-values (p‐value). All d.f. = 78. Values
significant at p < 0.05 are in bold.

masting metric predawn XWP foliar N foliar P N : P ratio

CV −0.444 (<0.001) −0.211 (0.06) 0.183 (0.10) −0.098 (0.39)

CVk −0.421 (<0.001) −0.099 (0.38) 0.094 (0.41) −0.076 (0.50)

volatility 0.162 (0.15) 0.226 (0.044) −0.169 (0.13) 0.112 (0.32)

PV −0.068 (0.55) 0.244 (0.029) −0.195 (0.08) −0.020 (0.86)

S 0.152 (0.18) 0.301 (0.007) −0.124 (0.27) 0.045 (0.69)

AR1 0.034 (0.76) 0.077 (0.50) 0.156 (0.17) 0.000 (1.00)

Table 3. Results (effect size ± standard error (p‐value)) of multiple regressions for each of the five pairs of significantly correlated factors in table 2, in each case
including mean acorn productivity as a second explanatory factor along with predawn XWP or foliar N. Also listed are the adjusted R2 from the multiple regressions.
Significant effect sizes (p < 0.05) are in bold.

explanatory factors

masting metric predawn XWP foliar N mean acorn productivity adjusted R2

CV −0.113 ± 0.079 (0.16) — −0.419 ± 0.025 (0.001) 0.82

CVk −0.007 ± 0.015 (0.66) — −0.161 ± 0.005 (<0.001) 0.95

volatility — 1.148 ± 0.631 (0.07) 0.536 ± 0.138 (<0.001) 0.19

PV — 0.142 ± 0.048 (0.004) −0.048 ± 0.011 (<0.001) 0.24

S — 0.089 ± 0.056 (0.12) 0.025 ± 0.012 (0.046) 0.06
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because they were more productive rather than because of a direct effect of water. Similarly, the relationships between foliar N
and both volatility and S were no longer significant, controlling for mean overall acorn productivity.

4. Discussion
Our results fail to support the hypothesis that nutrient scarcity leads to more variable masting-like behaviour in Q. lobata. We
found five significant relationships between masting metrics and the indices of nutritional status of individual trees. Three of
these were in the opposite direction predicted by the nutrient limitation hypothesis, suggesting that masting intensity decreases,
rather than increases, with less foliar N. Only two correlations, those between the CVs and XWP, were in the direction predicted:
trees with more negative XWP and poorer access to groundwater exhibited greater variability in annual acorn production.
Additional analyses, however, indicated that these results were primarily an indirect consequence of the relationship between
the CVs and mean overall productivity of individual trees. Water-stressed trees exhibited greater variability in acorn production
because they were less productive and produced fewer acorns less frequently than trees with greater access to groundwater.

Fernández-Martinez et al. [1] provide a detailed discussion of the role of foliar nutrients as factors potentially limiting
reproduction in plants. Their analyses suggest that variable and synchronized reproduction—masting—is amplified in species
growing in sites with low productivity. As pointed out by Kelly [18], however, nutrient scarcity cannot, by itself, select for
mast fruiting or synchrony, but must instead act in conjunction with some economy of scale, most commonly thought to be
predator satiation or pollen coupling [2,15]. Our failure to detect a relationship between nutrient scarcity and masting in Q.
lobata counters the argument that nutrient scarcity provides a selective mechanism for masting behaviour [23] and is instead
consistent with the alternative that nutrient limitation constrains seed production [18].

Our failure to detect such a relationship comes with several caveats. First, masting, by definition, is the synchronous
production of seeds by a population of plants [3,46]. Because our analyses were conducted on individuals, they do not test the
relationship between nutrients and masting behaviour sensu stricto. Nonetheless, we were able to test whether variability, one of
the main components of masting, varies consistently with nutrients among individuals within a closely studied population of
a single masting species. The situation regarding synchrony is more complex, as synchrony depends on the fruiting dynamics
of the entire population. Here, we show that synchrony does not vary consistently with resources within the population, but
a thorough investigation of the relationship between nutrients and synchrony within the population would require analyses
beyond the scope of this paper.

Second, Fernández-Martinez et al. [1] based their foliar N and foliar P values on large-scale plant trait databases in which
nutrient values for different species, estimated by a combination of in situ-measured leaf traits, remote sensing and climatolog-
ical data, were averaged within and across databases. At such a large geographic scale, it is unsurprising that correlations
with patterns of plant reproduction differ from those found here, where nutrients and reproduction were determined on a
tree-by-tree basis.

Caveats of both studies include the limited range of nutrients quantified and that neither was experimental. Regarding the
first issue, carbon, for example, was not considered, although it has been investigated in other studies with variable results
[8,20,47,48]. Regarding the second issue, experimental manipulation of resources and their effects on forest tree reproduction
is difficult and has thus far also yielded inconsistent results [17,49,50]. More studies, both empirical and experimental, of
potentially important resources at both the intraspecific scale reported here and at larger geographic and taxonomic scales are
needed to understand the generality and applicability of the relationship between masting and resource abundance.

Ethics. This work did not require ethical approval from a human subject or animal welfare committee.
Data accessibility. Data are available from the Dryad Digital Repository: [51]
Declaration of AI use. We have not used AI-assisted technologies in creating this article.
Authors’ contributions. W.D.K.: conceptualization, data curation, formal analysis, funding acquisition, investigation, methodology, resources,
visualization, writing—original draft, writing—review and editing; W.J.C.: investigation, writing—review and editing; R.L.M.:
conceptualization, investigation, writing—review and editing; R.O.: investigation, writing—review and editing; J.M.H.K.: conceptualization,
formal analysis, investigation, methodology, resources, writing—review and editing.

All authors gave final approval for publication and agreed to be held accountable for the work performed therein.
Conflict of interests. We declare we have no competing interests.
Funding. This work was supported by National Science Foundation grant DEB-1256394 to W.D.K.
Acknowledgements. We thank all those who have facilitated and helped conduct the annual Hastings Reservation acorn survey over the years. S.
Venner and an anonymous reviewer provided helpful comments on the manuscript.

References
1. Fernández-Martínez M et al. 2019 Nutrient scarcity as a selective pressure for mast seeding. Nat. Plants 5, 1222–1228. (doi:10.1038/s41477-019-0549-y)
2. Kelly D, Sork VL. 2002 Mast seeding in perennial plants: why, how, where? Annu. Rev. Ecol. Syst. 33, 427–447. (doi:10.1146/annurev.ecolsys.33.020602.095433)
3. Janzen DH. 1976 Why bamboos wait so long to flower. Annu. Rev. Ecol. Syst. 7, 347–391. (doi:10.1146/annurev.es.07.110176.002023)
4. Koenig WD, Knops JMH. 2013 Large‐scale spatial synchrony and cross‐synchrony in acorn production by two California oaks. Ecology 94, 83–93. (doi:10.1890/12-0940.1)
5. Koenig WD, Knops JMH. 1998 Scale of mast-seeding and tree-ring growth. Nature 396, 225–226. (doi:10.1038/24293)
6. Isagi Y, Sugimura K, Sumida A, Ito H. 1997 How does masting happen and synchronize? J. Theor. Biol. 187, 231–239. (doi:10.1006/jtbi.1997.0442)
7. Crone EE, Rapp JM. 2014 Resource depletion, pollen coupling, and the ecology of mast seeding. Ann. NY. Acad. Sci. 1322, 21–34. (doi:10.1111/nyas.12465)

5

royalsocietypublishing.org/journal/rsbl 
Biol. Lett. 21: 20250608

Downloaded from http://royalsocietypublishing.org/rsbl/article-pdf/doi/10.1098/rsbl.2025.0608/4416922/rsbl.2025.0608.pdf
by UC Berkeley (University of California) user
on 10 December 2025

http://dx.doi.org/10.1038/s41477-019-0549-y
http://dx.doi.org/10.1146/annurev.ecolsys.33.020602.095433
http://dx.doi.org/10.1146/annurev.es.07.110176.002023
http://dx.doi.org/10.1890/12-0940.1
http://dx.doi.org/10.1038/24293
http://dx.doi.org/10.1006/jtbi.1997.0442
http://dx.doi.org/10.1111/nyas.12465


8. Abe T, Tachiki Y, Kon H, Nagasaka A, Onodera K, Minamino K, Han Q, Satake A. 2016 Parameterisation and validation of a resource budget model for masting using spatiotemporal
flowering data of individual trees. Ecol. Lett. 19, 1129–1139. (doi:10.1111/ele.12651)

9. Satake A, Iwasa Y. 2000 Pollen coupling of forest trees: forming synchronized and periodic reproduction out of chaos. J. Theor. Biol. 203, 63–84. (doi:10.1006/jtbi.1999.1066)
10. Satake A, Iwasa Y. 2002 Spatially limited pollen exchange and a long-range synchronization of trees. Ecology 83, 993–1005. (doi:10.1890/0012-9658(2002)083[0993:slpeaa]2.0.co;

2)
11. Satake A, Iwasa Y. 2002 The synchronized and intermittent reproduction of forest trees is mediated by the Moran effect, only in association with pollen coupling. J. Ecol. 90, 830–

838. (doi:10.1046/j.1365-2745.2002.00721.x)
12. Pesendorfer MB, Koenig WD, Pearse IS, Knops JMH, Funk KA. 2016 Individual resource limitation combined with population‐wide pollen availability drives masting in the valley oak

(Quercus lobata). J. Ecol. 104, 637–645. (doi:10.1111/1365-2745.12554)
13. Monks A, Monks JM, Tanentzap AJ. 2016 Resource limitation underlying multiple masting models makes mast seeding sensitive to future climate change. New Phytol. 210, 419–

430. (doi:10.1111/nph.13817)
14. Bogdziewicz M et al. 2020 From theory to experiments for testing the proximate mechanisms of mast seeding: an agenda for an experimental ecology. Ecol. Lett. 23, 210–220. (doi:

10.1111/ele.13442)
15. Pearse IS, Koenig WD, Kelly D. 2016 Mechanisms of mast seeding: resources, weather, cues, and selection. New Phytol. 212, 546–562. (doi:10.1111/nph.14114)
16. Kelly D, Szymkowiak J, Hacket-Pain A, Bogdziewicz M. 2025 Fine-tuning mast seeding: as resources accumulate, plants become more sensitive to weather cues. New Phytol. 246,

1975–1985. (doi:10.1111/nph.70092)
17. Le Roncé I, Dardevet E, Venner S, Schönbeck L, Gessler A, Chuine I, Limousin JM. 2023 Reproduction alternation in trees: testing the resource depletion hypothesis using

experimental fruit removal in Quercus ilex. Tree Physiol. 43, 952–964. (doi:10.1093/treephys/tpad025)
18. Kelly D. 2020 Nutrient scarcity cannot cause mast seeding. Nat. Plants 6, 760–762. (doi:10.1038/s41477-020-0702-7)
19. Han Q, Kabeya D, Iio A, Inagaki Y, Kakubari Y. 2014 Nitrogen storage dynamics are affected by masting events in Fagus crenata. Oecologia 174, 679–687. (doi:10.1007/s00442-013-

2824-3)
20. Hoch G, Siegwolf RTW, Keel SG, Körner C, Han Q. 2013 Fruit production in three masting tree species does not rely on stored carbon reserves. Oecologia 171, 653–662. (doi:10.1007/

s00442-012-2579-2)
21. Miyazaki Y et al. 2014 Nitrogen as a key regulator of flowering in Fagus crenata: understanding the physiological mechanism of masting by gene expression analysis. Ecol. Lett. 17,

1299–1309. (doi:10.1111/ele.12338)
22. Ichie T, Igarashi S, Yoshida S, Kenzo T, Masaki T, Tayasu I. 2013 Are stored carbohydrates necessary for seed production in temperate deciduous trees? J. Ecol. 101, 525–531. (doi:10.

1111/1365-2745.12038)
23. Fernández-Martínez M et al. 2020 Reply to: Nutrient scarcity cannot cause mast seeding. Nat. Plants 6, 763–765. (doi:10.1038/s41477-020-0703-6)
24. Griffin JR, Critchfield WB. 1972 The distribution of forest trees in California. Research Paper PSW-82. Berkeley, CA: Pacific Southwest Forest and Range Experiment Station. See https://

www.fs.usda.gov/psw/publications/documents/psw_rp082/psw_rp082.pdf.
25. Koenig WD, Knops JMH, Carmen WJ, Stanback MT, Mumme RL. 1994 Estimating acorn crops using visual surveys. Can. J. For. Res. 24, 2105–2112. (doi:10.1139/x94-270)
26. Koenig WD, Mumme RL, Carmen WJ, Stanback MT. 1994 Acorn production by oaks in central coastal California: variation within and among years. Ecology 75, 99–109.
27. Crawley MJ. 2007 The R book. Chichester, UK: John Wiley and Sons.
28. Qiu T et al. 2023 Masting is uncommon in trees that depend on mutualist dispersers in the context of global climate and fertility gradients. Nat. Plants 9, 1044–1056. (doi:10.1038/

s41477-023-01446-5)
29. Lobry JR, Bel‐Venner M, Bogdziewicz M, Hacket‐Pain A, Venner S. 2023 The CV is dead, long live the CV! Methods Ecol. Evol. 14, 2780–2786. (doi:10.1111/2041-210x.14197)
30. Heath JP. 2006 Quantifying temporal variability in population abundances. Oikos 115, 573–581. (doi:10.1111/j.2006.0030-1299.15067.x)
31. Bogdziewicz M et al. 2023 How to measure mast seeding? New Phytol. 239, 830–838. (doi:10.1111/nph.18984)
32. Bogdziewicz M et al. 2024 Evolutionary ecology of masting: mechanisms, models, and climate change. Trends Ecol. Evol. 39, 851–862. (doi:10.1016/j.tree.2024.05.006)
33. Clark JS, Nunes C, Tomasek B. 2019 Foodwebs based on unreliable foundations: spatiotemporal masting merged with consumer movement, storage, and diet. Ecol. Monogr. 89,

e01381. (doi:10.1002/ecm.1381)
34. Sardans J, Rivas-Ubach A, Peñuelas J. 2012 The C:N:P stoichiometry of organisms and ecosystems in a changing world: a review and perspectives. Perspect. Plant Ecol. Evol. Syst. 14,

33–47. (doi:10.1016/j.ppees.2011.08.002)
35. Güsewell S. 2004 N : P ratios in terrestrial plants: variation and functional significance. New Phytol. 164, 243–266. (doi:10.1111/j.1469-8137.2004.01192.x)
36. Knops JMH, Koenig WD, Carmen WJ. 2007 Negative correlation does not imply a tradeoff between growth and reproduction in California oaks. Proc. Natl Acad. Sci. USA 104, 16982–

16985. (doi:10.1073/pnas.0704251104)
37. Waring RH, Cleary BD. 1967 Plant moisture stress: evaluation by pressure bomb. Science 155, 1248–1254. (doi:10.1126/science.155.3767.1248)
38. Knops JMH, Koenig WD. 1994 Water use strategies of five sympatric species of Quercus in central coastal California. Madroño 41, 290–301. https://www.jstor.org/stable/41425032
39. Knops JMH, Koenig WD. 2000 Annual variation in xylem water potential in California oaks. Madroño 47, 106–108. https://www.jstor.org/stable/41425352
40. Knops JMH. 1994 The influence of epiphytic lichens on the nutrient cycling of an oak woodland. PhD thesis, Arizona State University, Tempe, AZ.
41. AOAC. 2006 AOAC Official Method 972.43. Microchemical determination of carbon, hydrogen, and nitrogen automated method. In Official methods of analysis of AOAC International,

18th edn. Gaithersburg, MD: AOAC International.
42. Meyer GA, Keliher PN. 1992 An overview of analysis by inductively coupled plasma-atomic emission spectrometry. In Inductively coupled plasmas in analytical atomic spectrometry

(eds A Montaser, DW Golightly), pp. 473–516. New York, NY: VCH Publishers.
43. Sah RN, Miller RO. 1992 Spontaneous reaction for acid dissolution of biological tissues in closed vessels. Anal. Chem. 64, 230–233.
44. Fox J, Weisberg S. 2019 An R companion to appied regression, 3rd edn. Thousand Oaks, CA: Sage.
45. R Core Team. 2024 R: a language and environment for statistical computing. Vienna, Austria: R Foundation for Statistical computing. See https://www.R-project.org/.
46. Koenig WD. 2021 A brief history of masting research. Phil. Trans. R. Soc. B 376, 20200423. (doi:10.1098/rstb.2020.0423)
47. Miyazaki Y. 2013 Dynamics of internal carbon resources during masting behavior in trees. Ecol. Res. 28, 143–150. (doi:10.1007/s11284-011-0892-6)
48. Han Q, Kabeya D. 2017 Recent developments in understanding mast seeding in relation to dynamics of carbon and nitrogen resources in temperate trees. Ecol. Res. 32, 771–778.

(doi:10.1007/s11284-017-1494-8)
49. Le Roncé I, Toïgo M, Dardevet E, Venner S, Limousin JM, Chuine I. 2020 Resource manipulation through experimental defoliation has legacy effects on allocation to reproductive and

vegetative organs in Quercus ilex. Ann. Bot. 126, 1165–1179. (doi:10.1093/aob/mcaa137)

6

royalsocietypublishing.org/journal/rsbl 
Biol. Lett. 21: 20250608

Downloaded from http://royalsocietypublishing.org/rsbl/article-pdf/doi/10.1098/rsbl.2025.0608/4416922/rsbl.2025.0608.pdf
by UC Berkeley (University of California) user
on 10 December 2025

http://dx.doi.org/10.1111/ele.12651
http://dx.doi.org/10.1006/jtbi.1999.1066
http://dx.doi.org/10.1890/0012-9658(2002)083[0993:slpeaa]2.0.co;2
http://dx.doi.org/10.1890/0012-9658(2002)083[0993:slpeaa]2.0.co;2
http://dx.doi.org/10.1046/j.1365-2745.2002.00721.x
http://dx.doi.org/10.1111/1365-2745.12554
http://dx.doi.org/10.1111/nph.13817
http://dx.doi.org/10.1111/ele.13442
http://dx.doi.org/10.1111/nph.14114
http://dx.doi.org/10.1111/nph.70092
http://dx.doi.org/10.1093/treephys/tpad025
http://dx.doi.org/10.1038/s41477-020-0702-7
http://dx.doi.org/10.1007/s00442-013-2824-3
http://dx.doi.org/10.1007/s00442-013-2824-3
http://dx.doi.org/10.1007/s00442-012-2579-2
http://dx.doi.org/10.1007/s00442-012-2579-2
http://dx.doi.org/10.1111/ele.12338
http://dx.doi.org/10.1111/1365-2745.12038
http://dx.doi.org/10.1111/1365-2745.12038
http://dx.doi.org/10.1038/s41477-020-0703-6
https://www.fs.usda.gov/psw/publications/documents/psw_rp082/psw_rp082.pdf
https://www.fs.usda.gov/psw/publications/documents/psw_rp082/psw_rp082.pdf
http://dx.doi.org/10.1139/x94-270
http://dx.doi.org/10.1038/s41477-023-01446-5
http://dx.doi.org/10.1038/s41477-023-01446-5
http://dx.doi.org/10.1111/2041-210x.14197
http://dx.doi.org/10.1111/j.2006.0030-1299.15067.x
http://dx.doi.org/10.1111/nph.18984
http://dx.doi.org/10.1016/j.tree.2024.05.006
http://dx.doi.org/10.1002/ecm.1381
http://dx.doi.org/10.1016/j.ppees.2011.08.002
http://dx.doi.org/10.1111/j.1469-8137.2004.01192.x
http://dx.doi.org/10.1073/pnas.0704251104
http://dx.doi.org/10.1126/science.155.3767.1248
https://www.jstor.org/stable/41425032
https://www.jstor.org/stable/41425352
https://www.R-project.org/
http://dx.doi.org/10.1098/rstb.2020.0423
http://dx.doi.org/10.1007/s11284-011-0892-6
http://dx.doi.org/10.1007/s11284-017-1494-8
http://dx.doi.org/10.1093/aob/mcaa137


50. Santos‐del‐Blanco L, Climent J. 2014 Costs of female reproduction in a conifer tree: a whole‐tree level assessment. J. Ecol. 102, 1310–1317. (doi:10.1111/1365-2745.12283)
51. Koenig W, Carmen W, Mumme R et al. 2025 Data from: Does nutrient scarcity lead to greater variability in seed production? The case of the California valley oak Quercus lobata.

Dryad Digital Repository. (doi:10.5061/dryad.7wm37pw6p)

7

royalsocietypublishing.org/journal/rsbl 
Biol. Lett. 21: 20250608

Downloaded from http://royalsocietypublishing.org/rsbl/article-pdf/doi/10.1098/rsbl.2025.0608/4416922/rsbl.2025.0608.pdf
by UC Berkeley (University of California) user
on 10 December 2025

http://dx.doi.org/10.1111/1365-2745.12283
http://dx.doi.org/10.5061/dryad.7wm37pw6p

	Does nutrient scarcity lead to greater variability in seed production? The case of the California valley oak Quercus lobata
	1. Introduction
	2. Methods
	3. Results
	4. Discussion


