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Significance 

 Mast seeding, boom and bust 
seed production, has rippling 
effects throughout forest food 
webs These variable seed crops 
rely on interannual differences  
in flower production and 
pollination. We hypothesized that 
fragmentation, an important 
aspect of global change in 
forests, alters seed production 
dynamics of masting trees 
because it increases pollen 
limitation. Our study uses 
long-term data to demonstrate 
that isolation disrupts the 
process of masting in oaks.  
Our study suggests that 
fragmentation can have 
profound effects on seed 
production dynamics and points 
to a line of mechanistic research 
linking pollen limitation and mast 
seeding. 

Masting, the production of variable and synchronous seed crops, is common among wind  
pollinated trees, and periodic pollen limitation is thought to be an important component  
of the process of masting. However, little is known either about the dynamics of mast 
seed production or pollen limitation in isolated trees. We tracked seed production of 
valley oak (Quercus lobata) over 11 years in a highly fragmented landscape in California’s  
Central Valley in which many trees lacked conspecific neighbors within 500 m. We 
found that oaks with closer neighbors produced more acorns on average than oaks with 
fewer neighbors. Consistent with theories linking mast seeding and pollination, the 
isolation effect was most apparent in the highest seed production years. While individual  
trees showed substantial interannual variation in seed production, we observed little 
synchrony in seed production among individuals compared to intact oak populations 
throughout California. Our results indicate that highly fragmented populations suffer 
signs of pollen limitation and do not produce synchronous seed crops. Fragmentation, 
alongside climate change, is a dimension of global change that interrupts the typical 
seed production dynamics of trees. 

masting   fragmentation   isolation   synchrony   quercus 

 Mast seeding, the production of seed crops with high interannual variability and synchrony  
among trees, is a common and important process in forests globally (1–3). Masting 
dynamics drive fluctuations in many animals that consume tree seeds (4) and can have 
large and often unexpected consequences on the dynamics of forest food webs (5, 6). At 
the same time, seed production dynamics set the stage for forest regeneration and can 
have large effects on how forests recover from disturbances such as fires (7–9). Masting 
behavior is typically tied to interannual variation in weather, fluctuations in the internal 
resources of trees, and pollen limitation (1, 10–13). 

 Pollen limitation is an important process in models of masting because it can synchronize  
reproduction among individuals within populations (14–16). Two models that explain mas-
ting behavior involve periodic pollen limitation. In the pollen coupling model, interannual  
variation in the seed production of individuals is caused by the accumulation and expenditure  
of resources, and reproduction becomes synchronized within a population because pollen  
limits seed production in years in which fewer individuals set flower (15). This hypothesis  
has accumulated empirical support in systems such as the perennial forb, Astragalus scaphoides 
that reproduces episodically and exhibits pollen limitation during years of crop failures,  
which are not necessarily tied to variation in environmental conditions (16, 17). The envi-
ronmental veto model suggests that seed production can be linked to pollination, but con-
trasts with the pollen coupling hypothesis by stating that environmental conditions  
periodically disrupt the processes of flowering, pollination, or seed development (1, 18).  
This hypothesis has support in systems such as oaks (genus Quercus) that pr oduce mast seed  
crops correlated with annual weather conditions promoting pollination (11, 13, 18, 19).  
Because pollen limitation increases when there are fewer individuals with which to mate,  
both hypotheses predict that seed production dynamics should be influenced by the density  
of conspecifics. Specifically, we expect that periodic pollen limitation should be greater for  
individuals with fewer nearby pollen donors. Both models of masting suggest that pollen  
limitation due to isolation could desynchronize seed production, resulting in trees that  
produce seed crops on their own schedule. In the pollen coupling model, this is because  
pollen limitation due to isolation may decouple the relationship between the investment in  
large flower crops and the amount of pollen received by another tree; and in the environ-
mental veto hypothesis, this may occur because pollen limitation due to isolation may limit  
seed production even in years in which environmental conditions allow it. 

F ragmentation causes pollen limitation in many plants (20), but there are no prior 
studies that explore how it affects masting dynamics. Indeed, while masting plants are 
disproportionately wind pollinated (21, 22), there are few studies demonstrating how 
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fragmentation or isolation affect pollen limitation in wind polli-
nated trees (23). However, there is evidence that such trees expe-
rience wind pollen limitation episodically, as would be expected 
based on two hypotheses linking mast seeding and pollination: 
the nonmutually exclusive, Pollen Coupling and Environmental 
Veto hypotheses (24–26). While there is clear evidence that 
wind-dispersed pollen can travel great distances (27, 28), there is 
also evidence that less dense stands of oaks growing in a savannah 
habitat produce fewer acorns, consistent with greater pollen lim-
itation with fewer neighboring conspecifics (29). Fragmentation 
is happening throughout forests globally, and its consequences for  
seed production are poorly understood. Highly fragmented land-
scapes offer a situation in which we can test how isolation affects 
long-term seed production dynamics of trees. 

 We conducted a long-term (11-year) survey of annual seed 
production of valley oaks (Quercus lobata ) in a highly fragmented 
agricultural landscape in the Central Valley of California. Valley 
oak, a California endemic, is one of the dominant tree species 
throughout low elevation habitats in the state. It is the only oak 
species common in the Central  Valley prior to 1900 where it grew 
along riparian corridors and in savannah habitats (30, 31). Since 
that time, agriculture has been the dominant land use in the 
Central Valley, and the historical distribution of valley oak has 
become highly fragmented, often with single trees or small groves 
persisting in isolation (Fig. 1 ). At the same time, valley oak is 
commonly planted in urban areas and conserved along agricultural  
margins (32), giving it a patchy distribution in which some trees 
are highly isolated while others grow as part of larger stands. Valley  
oak is a masting species, and its seed production dynamics have 
been studied extensively in natural stands of oaks throughout 
California (33–36). From that work, we know that valley oak 
produces episodic large acorn crops that are synchronous at both 
the population and at large spatial scales (33, 35). Annual weather  
and resource dynamics are both thought to influence masting 
dynamics because acorn crops are positively correlated with years 

with warm springs and negatively correlated with the prior year’s 
acorn crop (25, 37, 38). Pollination is strongly implicated in this 
process because valley oak is periodically pollen limited (24) and 
because warm springs result in more synchronous flowering (11). 
Despite this long history of research, nothing is known about seed  
production of valley oaks in highly fragmented landscapes.          

 We mapped oak trees in a 335-km2  area in California’s Central  
Valley and surveyed seed production of focal trees within the area  
chosen to span a gradient of isolation from conspecifics (Fig. 2 ). We  
used this dataset alongside concurrent measurements of acorn pro-
duction in ten intact valley oak stands throughout California to  
address three related questions. 1) How does isolation affect the  
seed production dynamics of valley oaks? 2) Does pollen limitation  
due to isolation limit seed production more during large reproduc-
tion years when other constraints on seed production are likely  
relaxed? 3) Does fragmentation reduce reproductive synchrony?           

Results 

Description of Oaks and Seed Production.  We mapped a total of 
2,231 valley oak trees in rural areas of Yolo County (Fig. 2) and 
inferred a density of 1.8 valley oaks * hectare−1 in urban areas. 
In rural areas, trees were patchily distributed along roads and in 
fields, field margins, near houses, and in small forest fragments. 
We observed a range of seed production among individual trees 
and among years, in which 2017 was notably a seed crop failure 
for most trees within the population (Fig. 3). 

How Does Isolation Affect the Seed Production Dynamics of 
Valley Oaks? Of the five measures of isolation, inverse distance 
to the nearest neighbor and squared inverse distance to the 
nearest neighbor were most predictive of long-term av erage 
seed production of valley oak trees (SI Appendix, Table S1). The 
explanatory power of these two variables was indistinguishable 
based on a criterion of ΔAIC < 2. Isolated oaks (those with a 

Fig. 1.     An isolated valley oak in an alfalfa field during the 2020 survey. Photo by Walt Koenig. 
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    Fig. 2. Locations of valley oaks in Yolo County, California, USA. Locations of 
valley oaks in rural landscapes were mapped manually, and within urban 
areas, we assumed an average density of 1.2 valley oaks/hectare. The 
base layer is from the U.S. Department of Agriculture National Agricultural 
Imagery Program (USDA 2012). Inset map shows position of fragmented 
population (blue triangle) and ten nonfragmented oak populations in which 
seed production dynamics were measured (black dots) within California. 

lower inverse distance to a nearest neighbor) had lower long-term  
average seed production than oaks with closer neighbors (β  = 13.1,  
F = 8.9, R2 = 0.29, P = 0.006). Long-term av erage seed production  
rapidly declined with a distance to the nearest neighbor at roughly  
100 m (inverse distance; Fig. 4). The coefficient of variation (CVi) 
of seed production was marginally greater in more isolated oaks 
with lower inverse distance to a nearest neighbor (β = −11.3, F1,18  
= 3.7, R2 = 0.17, P = 0.07). 

Does the Effect of Isolation Depend on Mast Seed Crop Years?  
The effect of isolation depended on the population- level average 
seed production of a given year (Table 1). In years of high average 
seed production, trees with close neighbors produced larger seed 
crops than isolated trees (β = 19.2, F = 13.1, R2 = 0.37, P = 0.002).  
However, in years of small average seed crops, the effect of isolation  
was less apparent and only marginally significant (β = 6.9, F = 
3.5, R2 = 0.13, P = 0.08). 

Does Fragmentation Reduce Reproductive Synchrony in Valley 
Oaks?  Trees within the fragmented Yolo population had a wide 
range of distances to nearest neighbors, ranging up to 1,240 m 
(SI Appendix, Fig. S1). In contrast, in one nonfragmented oak 
population (Hastings Natural History Reservation in central coastal  
California) with mapped oak individuals, the most isolated trees 
had nearest neighbors at 94 m (SI Appendix, Fig. S1). Consequently,  
in contrast to the fragmented population, we observed no effect 
of isolation on seed production in the nonfragmented site 
(SI Appendix, Fig. S2). Trees within the fragmented population 
produced seed crops that were not synchronous with one another,  
such that population- level synchrony of seed production (S) was 
substantially lower for the fragmented population than seed 
production in any other of 10 valley oak populations studied in 
California (Table 2). The isolated oaks (those lacking conspecific 
neighbors within 100 m) showed no significant cross- correlation 
in seed production (S = 0.02), while nonisolated trees showed 
weak synchrony (S = 0.21) over the study period. 

 We found no evidence to support the alternative hypothesis 
that low synchrony (S) of seed production in the fragmented pop-
ulation was due to greater geographic area of that population. 
Within the isolated population, distance between focal trees did 
not affect the cross-correlation in seed production dynamics 
(Mantel test; r = −0.05, P = 0.71), indicating that synchr ony was 
lacking based on both distant and nearby trees. Likewise, in non-
fragmented populations, reproductive synchrony was unrelated 
to the mean distance among oaks within a population, a measure 
of geographic area of the population (n = 10, r = −0.36, P =  0.28). 

 Because valley oaks in the fragmented population individually 
had exceptionally variable seed crops (CVi) but also had excep-
tionally low synchrony with one another (S), the population-level 
variability of seed production (CVp) was low but within the range  
of other valley oak populations. Likewise, long-term average seed 
production at the fragmented site was relatively low but within 
the range of other valley oak populations.   

Discussion 

 Global forests are changing rapidly in many different ways (39), 
but we have a limited understanding of how global change is 
affecting seed production dynamics (40, 41). Climate change, 
particularly increased summer temperature, has dampened varia-
bility of seed production in European beech forests (Fagus sylvatic), 
likely because trees are receiving warmer summer environmental 
cues for reproduction nearly every year (42, 43). In piñon pine 
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Fig. 3.     Annual acorn production of 24 focal oak trees in Yolo County, CA from 2013 through 2023. Green lines are isolated trees (distance to nearest conspecific 
neighbor >100 m), and blue lines are nonisolated trees. Dashed lines indicate missing data for 2014. Points are jittered slightly along the y- axis to better visualize 
time series. 

(Pinus edulis ), large-scale droughts have reduced reproduction and  
caused more variable reproduction in recent years (44,  45), a trend  
consistent with longitudinal patterns of other tree species (46). 
Our study suggests that fragmentation is an important aspect of 
global change that can have profound effects on seed production 
dynamics by not only reducing seed production but also by desyn-
chronizing seed crops within forest stands. 

 Our results are consistent with isolated trees in highly fragmented  
landscapes experiencing pollen limitation and therefore producing  
smaller seed crops on average than trees with closer neighbors. Until  
recently it was unknown whether oaks experienced pollen limita-
tion, because wind-borne pollen can travel great distances (23).  
However, more recent studies have experimentally demonstrated  
periodic pollen limitation in valley oak (24, 47)and Quercus ilex 
(26), suggesting a general phenomenon. 

P ollen limitation by isolation is also consistent with other lines  
of evidence in oak trees. Blue oak (Quercus douglasii) tr ees in  
low-density savannas produced smaller acorn crops than blue oaks  
in higher-density stands, though this pattern was only apparent in  
a population-wide high-reproduction year (29). The relevant dis-
tance that predicted acorn production in Knapp et  al.’s study was  
80 m, consistent with the distance from neighbors at which oaks  
in our study produced substantially lower long-term seed crops. 

 Estimates of the overall distance of pollen dispersal from oaks 
can be very large (48). However, estimates of effective pollination 
distances based on paternity estimates of offspring tend to be lower  

and more variable. In bur oak (Quercus macrocarpa ), the average 
pollination distance within the tree stand was 75 m (49), although  
a large number of pollination events occurred from outside of the 
stand, likely at considerable distances (27, 28, 50). Pollination 
distances in valley oak have similarly varied considerably among 
studies (51, 52). 
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 Isolation likely has other long-term effects on the genetic health  
and fitness of forest stands. For example, isolated stands of silver 
fir (Abies alba ) produce a lower portion of viable seeds than trees 
from nonisolated stands, consistent with lower genetic diversity 
of paternity (53). Additional research could help reconcile the 
observations that wind-borne pollen can travel great distances, 
but pollen limitation and loss of genetic diversity can still occur 
in oaks and other wind pollinated plants. Mechanisms such as 
female choice and selective abortion of ovules fertilized by com-
mon fathers could help rectify these seemingly paradoxical obser-
vations (54). 

 Our results are also consistent with hypotheses proposing that  
pollination is a key factor synchronizing reproduction in masting  
trees (1, 12, 15). In our study, nonisolated trees produced large  
seed crops predominantly in years when the population-level  
average seed production was also high. In contrast, isolated trees  
produced relatively small acorn crops in most years. A mecha-
nism that may be driving this pattern is periodic pollen limita-
tion of reproduction in nonisolated trees and consistent pollen  
limitation in isolated trees. In nonfragmented forest stands, seed  D
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Fig. 4.     A negative relationship between the distance to nearest neighbor 
and the average acorn production of valley oak trees in Yolo County, CA 
calculated over the five highest high population- level seed production years. 
No relationship was observed between distance to the nearest conspecific 
neighbor and acorn production in the 5 lowest population- level seed 
production years. The trend line is the best fit model of acorn production = 
1/distance to nearest conspecific. 

crop failures are highly synchronous, even when the years of  
highest reproduction vary considerably among individuals (55). 
Our study suggests that fragmentation may increase the chances  
of seed crop failure for isolated trees even in years when other  
trees produce a seed crop. This same process, where a decreased  
mean seed production corresponds to an increase in the number  
of complete crop failures for isolated trees, likely causes the  
apparent marginal increase in variability of seed production of  
individuals (CVi). 

P eriodic pollen limitation is often implicated as a mechanism 
of masting in oaks, predominantly as an “environmental veto” of 
seed production in years when environmental conditions do not 
favor pollination (11, 12, 18, 25). In valley oak, years of low seed 
production are correlated with spring weather that desynchronizes  
reproduction within oak populations (11), likely resulting in pol-
len limitation. Models suggest that coordinated pollination failure  
is necessary for reproduction in this system to be synchronous 
(25, 56), and pollen limitation is observed experimentally (24). 
Similarly, in Holm oak (Quercus ilex),  years of periodic pollen 
limitation correspond to years with long flowering periods and 
low seed crops (26). 

I n pedunculate oak (Quercus robur),  greater seed production
corresponds to years with greater aerial pollen collections (13, 57).  

 

However, the effects of pollen flow on seed production appear to 
be contingent on other factors as well, including the investment 
of trees in female flowers and environmental conditions (19). 
Pollination appears to be generally important for seed production 
dynamics in oaks; our results add fragmentation as a factor poten-
tially disrupting pollination dynamics. 

 As is often the case in heavily altered landscapes, fragmentation 
is not the only effect of human activity on oak woodlands at our 
study site. The study was conducted during a particularly dry 
5-year period (58). During these years, groundwater extraction 
lowered water tables throughout the Central Valley (59), and 
depletion of soil moisture led to subsequent die-offs of trees in 
surrounding areas (60). While this drought likely affected seed 
production at our site, it is unlikely to have disproportionately 
affected isolated trees or the fragmented population of oaks com-
pared to others, as the isolated oak trees were spread throughout 
the study area and interspersed with stands of nonisolated oaks.  

Conclusion 

I solated oaks in a fragmented landscape produced fewer and more  
variable acorn crops than nonisolated trees. We observed very low 
reproductive synchrony, one of the most important characteristics  
of mast seeding, among trees within the fragmented oak popula-
tion, whereas other oak populations in California produced syn-
chronous acorn crops over the same time frame. Our study 
suggests that fragmentation can result in large changes to the seed 
production dynamics of forests.  

Materials and Methods 

Study Site and Mapping Oaks.  We conducted the study in Yolo County,  
California. The study area was mostly agricultural fields with a variety of annual 
and orchard crops, and it also encompassed three urban areas: Davis, Woodland,  
and Knight’s Landing (Fig. 2). 

Within the study area, we identified the location of all rural trees using National  
Agricultural Imagery Program aerial imagery (61).  We then drove along public 
roads to identify rural trees that were valley oaks, using binoculars to identify trees  
embedded in agricultural areas. The overall density of oaks in rural areas was 0.07  
valley oaks hectare−1. In urban areas, we could not see all trees to determine the 
species, so we instead estimated the density of valley oaks in those areas based 
on the following information. Total tree density of the urban areas was estimated 
as 73 trees hectare−1, the average tree density in Sacramento, California (62). 
We then estimated the percentage of trees that were valley oaks (1.6%) as that 
percentage on city- owned properties in Woodland, CA, in a comprehensive list 
of tree plantings (63), resulting in a density of 1.2 valley oaks . hectare−1. We  
created randomly distributed point locations of valley oaks at this density in each 
of the three urban areas within the study area.  This approach assumes an even 
distribution of valley oaks in urban areas. 

From the total list of rural oak trees, we chose 12 individuals that were in the 
upper 10% of distance to a nearest neighbor (distance to nearest neighbor >100 
m), and then randomly drew 12 individuals from the remaining distribution of  
distance to nearest neighbor (<100 m). We replaced trees that were either inac-
cessible, whose nearest neighbor was an urban tree, or that was closer to the study  

Table  1.    ANOVA of interactive effects of isolation (inverse minimum distance to a conspecific) and annual 
population- level seed production on annual acorn production [acorns counted/30 s (log)] of individual valley oaks 

Predictor df Sum Sq F value P value 

Isolation 1 0.01 0.01 0.98 

Annual population-level seed production (APSP) 1 0.76 0.75 0.39 

Isolation*APSP 1 14.90 14.60 <0.0001 

Error 235 239.60 
df = degrees of freedom. 

PNAS  2026 Vol. 123 No. 20 e2533900123 https://doi.org/10.1073/pnas.2533900123 5 of 7 
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Table 2.    Comparison of Yolo County oaks with other populations of valley oak in CA 

Site Timeframe Mean kCVp CVp CVi S N Trees 

Yolo oaks (all) 2013–2023 0.65 0.48 0.56 1.93 0.12 24 

Yolo oaks (isolated) 2013–2023 0.26 0.67 0.9 2.46 0.02  9 

Yolo oaks (not isolated) 2013–2023 0.88 0.48 0.56 1.7 0.21 15 

Hastings 1980–2024 1.84 0.45 0.50 1.03 0.41 88 

Jasper 1989–2024 1.15 0.56 0.68 1.45 0.38 39 

Pozo 1989–2024 1.61 0.57 0.69 0.97 0.62 25 

Sedgwick 1994–2024 1.67 0.51 0.59 0.95 0.37 26 

Tower House 1994–2024 1.83 0.51 0.59 1.02 0.50 19 

Dye Creek 1994–2024 1.70 0.53 0.63 1.07 0.56 20 

Liebre Mountain 1999–2024 2.02 0.58 0.71 1.06 0.68 16 

Hopland 1999–2024 2.03 0.51 0.59 0.81 0.61 11 

Kaweah Oaks 1999–2024 0.76 0.76 1.15 2.05 0.36 32 

Sierra Foothills 2001–2024 1.80 0.54 0.63 0.77 0.50 18 
Isolate oaks were those whose nearest conspecific was >100 m. CVi = average coefficient of variation of individual tree seed production; S = population-level synchrony, CVp = population-
level coefficient of variation of seed production; kCVp = Kvålseth-standardized CVp; Mean = long-term mean seed production. 

boundary than any neighboring trees with others from the same distribution 
class. Three trees initially identified as “distant” were found,  within the first year 
of study, to have neighboring valley oaks closer than 100 m, resulting in a slight 
imbalance toward nonisolated trees. This resulted in 24 focal trees for the study.  
All mapping and geospatial analyses were conducted using qGIS v. 3.40.9 (64). 

Measuring Reproduction.  We assessed acorn crops of each focal tree in the 
fragmented population from 2013 to 2023, excluding 2014 because of logistical  
constraints, following the methods of Koenig et al. (65). Two observers positioned  
at different vantage points near a focal tree counted acorns for 15 s. Acorn counts 
were summed as the number of acorns counted per 30 s sample (66). We meas-
ured acorn crops of valley oaks at 10 additional sites throughout California using 
the same method of timed acorn counts (35). 
Statistical Analysis.  We calculated isolation for each focal valley oak in the 
fragmented population based on five alternative estimates.  These included 1) 
distance to nearest neighbor, 2) inverse distance to nearest neighbor, 3) squared 
inverse distance to nearest neighbor (the scalar of local pollen diffusion), 4) the 
summed inverse distance to all valley oaks in the study area, and 5) the average 
of the squared inverse distance to all valley oaks in the study area. Equations for 
the five estimates,  where D = distance to each of  the n valley oaks in the study 
area, were as follows: 

(1) MinimumDistance
˜

 D
° 
=M  minimum(D) 

(2) Inve 1 rseDistanceNearest = 
DM 

(3) SquaredInverseDistanceNearest = 1

D 2
M 

(4) SummedInverseDistance 
∑n 1

= 
i=1 Di 

(5) SummedSquaredInverseDistance 
∑n

= 1

i=1 D 2
i 

We calculated two summaries of seed production dynamics for each focal 
valley oak: the long- term mean of log- transformed acorn counts (long- term 
average) and the coefficient of variation of seed production of log- transformed 
acorn counts of individual trees (CVi). We assessed which metric of isolation was 
most associated with long-term seed pr oduction by comparing linear models in 
which each of the five isolation metrics predicted acorn production using Akaike 
information criterion (AIC; SI Appendix, Table S1). We then assessed the effect of  
inverse distance to nearest neighbor on long-term aver age seed production and 
CVi. We tested whether isolation disproportionately affected seed production in 
mast years using a linear model in which annual seed production of an individual  
tree (log- transformed) was predicted by the interaction between inverse distance  
to the nearest neighbor and the population-wide aver age of seed production for 
a given year. To tease apart the interaction between population- level seed crop 
size and isolation, we then separately assessed the effect of isolation on seed 
crops only considering the upper and lower 50% of seed production years.  We 
predicted that isolation would affect seed production disproportionately in large 

seed production years because pollen would still be limiting for isolated trees in 
years thought to have favorable pollination conditions. In poor seed production 
years, we expected that all trees would produce small seed crops irrespective of  
isolation. We conducted an identical analysis of the interactive effects of inverse 
distance to a nearest neighbor and population- level seed crop size for the one 
nonfragmented oak population (“Hastings”) for which we had mapped all mature  
valley oaks (SI Appendix, Fig. S3). 

We calculated population- wide estimates of seed production dynamics from 
the entire fragmented population, from only the most isolated of trees within 
that population (distance to nearest neighbor >100 m) and least isolated trees 
(distance to nearest neighbor <100 m), and from each of the 10 additional 
populations of valley oak trees surveyed throughout California.  We calculated 
the long- term average seed production as the average log- transformed acorn 
count of all trees in the population over all years of the study. We calculated the 
population- wide coefficient of variation of seed production (CVp) as the coefficient  
of variation of annual average log-tr ansformed acorn counts within the popula-
tion, and likewise calculated Kvålseth- standardized CV (kCV, 67) as a more robust 
measure of population- level variability.  We calculated the average individual- 
level coefficient of variation of seed production (CVi) as the average coefficient 
of variation of annual seed production (log-tr ansformed) for each tree in the 
population. Finally, we calculated the population-level synchr ony in reproduction  
(S) as the average Pearson’s correlation coefficient between seed production time  
series of each pair of valley oaks within each population. 

Because reproductive synchrony decreases with distance (35) and oak popula-
tions in the study differed in geographic size, we tested the alternative hypothesis  
that oak sites with larger area were less synchronous because they were spread 
over a larger area.  We first tested whether pairwise synchrony of reproduction 
decreased with distance between trees in the isolated population using a Mantel 
test. Then we tested, using Pearson’s correlations, whether nonfragmented pop-
ulations with greater average distances between oak trees had less synchronous 
reproduction.  We refer to results as significant at the α = 0.05 and marginally 
significant at α = 0.1. All statistics were calculated in R v. 4.4.1. (68). 

Data, Materials, and Software Availability. Seed crops spatial data have been  
deposited in U.S. Geological Survey Science Base (66). 
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