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ABSTRACT

 

Oak woodlands and savannas are key defining landscapes in the California Floristic
Province, making up almost a quarter of the region’s forests and woodlands. Two
endemic Californian oak species, valley oak (

 

Quercus lobata

 

 Neé) and blue oak (

 

Quercus
douglasii

 

 Hook. & Arn.), are widely considered at risk of decline from persistent
recruitment failures in the last century. However, decades of research have produced
no definitive conclusion about the existence, extent, or causes of this ‘regeneration
problem’. Underlying causes of perceived recruitment failure are unclear and could
include drivers at distribution-wide to local scales including climate and atmospheric
changes, habitat fragmentation, altered herbivore populations, changing fire regimes,
exotic plant and animal invasions, livestock grazing, and soil conditions altered by
past land uses. We performed meta-analyses of existing stand-scale data from the
published and grey literatures on seedling and sapling recruitment in blue and valley
oaks throughout each of their distributions. We sought to evaluate whether distribution-
wide regeneration ‘problems’ exist for either species and to assess what factors
correlate with distribution-wide recruitment patterns. Nearly 80% of sites surveyed
for blue oaks but fewer than 50% of sites surveyed for valley oaks contained some
evidence of seedling or sapling recruitment. A majority of sites surveyed for both
species appear to have insufficient recruitment to replace adult populations,
though further demographic work would be required to quantify minimum replace-
ment recruitment rates. Reserve sites were seven times more likely than non-reserve
sites to contain valley oak populations with evidence of recruitment. Blue oak
recruitment patterns were weakly related to climate and geographical factors and
strongly variable at subregional scales. We suggest several lines of additional research
that could fill gaps in the existing literature and clarify the patterns emerging from
this analysis.
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INTRODUCTION

 

Oak woodlands and savannas are key defining landscapes in the

California Floristic Province, making up almost a quarter of

the region’s forests and woodlands (Payette, 1987; Pavlik 

 

et al

 

.,

1991). Nine species of tree-sized oaks, most of them regional

endemics, dominate these landscapes, providing food and

habitat to birds, insects, mammals, reptiles, and native understorey

plants (Pavlik 

 

et al

 

., 1991; Ratliff 

 

et al

 

., 1991; Bartolome 

 

et al

 

.,

1994). Oak-dominated landscapes in California also provide

significant ecosystem services through watershed protection

and provision of livestock forage, recreation, open space, and

aesthetic values (Pavlik 

 

et al

 

., 1991).

California’s oak landscapes are now threatened on multiple

fronts. Habitat conversion is reported to have reduced California

oak woodlands nearly 50% from their original extent of 10–12

million acres (Bolsinger, 1988). The arrival and spread in recent

years of sudden oak death syndrome (SODS), an exotic pathogen

to which some California oak species are highly susceptible, have

already led to significant mortality in some counties. Finally

– and most mysteriously – some of California’s oak species are

thought to suffer from long-term recruitment declines that could

threaten the maintenance of current densities even in protected

and disease-free populations (Sudworth, 1908; Jepson, 1910;

Lang, 1988). A notable absence of seedlings or saplings has been

reported for oak landscapes throughout the state (Lang, 1988;
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Tyler 

 

et al

 

., 2006). As the mature oaks on these landscapes

senesce, widespread concern exists that they will not be replaced

(Tyler 

 

et al

 

., 2006).

The two species identified by land managers and resource

professionals as at risk from widespread recruitment declines are

valley oak (

 

Quercus lobata

 

 Neé) and blue oak (

 

Quercus douglasii

 

Hook. & Arn.), both endemic to California (Lang, 1988).

Decades of research, however, have produced no definitive

conclusion about the existence or extent of the California oak

‘regeneration problem’ (Tyler 

 

et al

 

., 2006). The underlying causes

of perceived recruitment failure are unclear and could include

drivers at distribution-wide to local scales including climate

and atmospheric changes, habitat fragmentation, altered herbivore

populations, changing fire regimes, exotic plant and animal

invasions, livestock grazing, and soil conditions altered by

past land uses (Tyler 

 

et al

 

., 2006). A comprehensive review of oak

research in California (Tyler 

 

et al

 

., 2006) stresses the difficulty of

drawing overall conclusions from the many published short-term,

site-specific studies of oaks about whether and why California

faces an oak regeneration problem. A review by Tyler 

 

et al

 

. (2006)

also emphasizes the need for studies that focus on recruitment

factors at large spatial scales and long time scales.

To begin to address this need, we undertook a region-wide

meta-analysis of stand-scale data on seedling and sapling

recruitment in blue and valley oaks. Our goals were (1) to evaluate

whether a distribution-wide (regional scale) regeneration ‘problem’

exists for either species, and (2) to assess whether regional

patterns of regeneration success and failure are predicted by

a suite of selected, local- to regional-scale, climate, geographical,

and anthropogenic (land use) variables. We were particularly

interested in whether patterns of regeneration success or failure

correspond to distribution-wide gradients in temperature and

precipitation. Blue and valley oaks are sensitive to climate in

various life stages, particularly as seedlings and saplings. For

example, seedlings and saplings of both species experience higher

mortality and lower growth with increasing water stress and

growing season soil moisture deficits (Gordon 

 

et al

 

., 1989;

Gordon & Rice, 1993; Tyler 

 

et al

 

., 2006). Recent work using

climate envelope modelling and regional climate model projec-

tions to predict future species distributions in California

indicates that large geographical shifts could occur in the distribu-

tion of blue and valley oaks (Kueppers 

 

et al

 

., 2005). We hypothesized

that current patterns of regeneration failure might correspond to

predicted, future patterns of range loss under continued climate

change.

 

METHODS

Data acquisition

 

We performed an exhaustive search of published and ‘grey’

(agency) literature through (1) Biosis and Web of Science searches

using the terms ‘blue oak’, ‘valley oak’, ‘

 

Quercus douglasii

 

’, and

‘

 

Quercus lobata

 

’; (2) bibliographies and references requested

from agencies, researchers, and managers working with these

species; and (3) recursive scanning of literature cited sections of

all papers and reports we obtained. We included all surveys of

naturally occurring stands containing 

 

Q. lobata

 

 or 

 

Q. douglasii

 

in which data on sub-adult trees were systematically collected.

We used information reported in the manuscripts along with

124,000 scale USGS topographical quadrangle maps of the state

of California to identify with as much precision as possible

the geographical location of each surveyed stand. Some surveys

could only be located at a coarse (e.g. county-level) scale, while

other locations could be pinpointed precisely. Data from two

studies were excluded from GIS analysis (but not overall statistics)

because they reported only data aggregated across multiple

survey sites with broad geographical distribution (Muick &

Bartolome, 1987; Standiford 

 

et al

 

., 1997). Data from one

additional study were excluded from GIS analysis (but not

overall statistics) because it did not distinguish between seedlings

and saplings (Callaway, 1992).

 

Mapping and spatial analyses

 

We used ArcView GIS 3.2a to spatially extract topographical and

climatic averages for each survey site identified in our literature

search. We plotted the locations (in latitude and longitude) of all

sites as polygons in ArcView GIS on a USGS topographical

quadrangle base map of California. We then identified the mean,

maximum, and minimum latitude and longitude for each

polygon using an 

 



 

 program created in ArcView 3.2a. We

overlaid 30-m-resolution digital elevation models (DEMs, US

Geological Survey) on survey site polygons to identify the

mean elevation of each site. USGS DEM tiles were converted

from SDTS format to ArcInfo GRID formats for processing in

Arcview. After all the required DEM tiles were converted to the

ESRI format, they were merged into one ArcInfo GRID and

smoothed using a nearest-neighbour algorithm so that the

elevations would produce a more continuous surface. The final

GRID was reprojected from UTM into the Teale–Albers projection.

All mapping was conducted using the Teale–Albers projection.

Although this process introduced a small degree of distortion, it

did not shift geographical values enough to affect our analyses.

We also used recent, published maps to identify whether each

survey site is located in a reserve, with reserve defined broadly to

include all national, state, county, local and private parks,

refuges, and biological preserves or stations.

We chose mean January and July temperatures and mean

annual rainfall as climate variables to include in an analysis of

potential determinants of regeneration success. January and July

temperatures were selected to capture the coldest and warmest

extended periods typical of a site, while annual precipitation was

included as an indicator of moisture availability and (with July

temperature) drought severity. We excluded April mean temper-

atures, thought to correspond with acorn crop size; and summer

precipitation, corresponding to drought severity, because of (1)

limited evidence that changes in propagule production or avail-

ability have occurred that might contribute to recent regenera-

tion failure in blue or valley oaks [but see (Borchert 

 

et al

 

., 1989;

Knapp 

 

et al

 

., 2001)]; and (2) a lack of independence from other

climate variables included in the analysis. To identify mean
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climate values for each site, we overlaid raster datasets of historical

mean climate for California from 1961 to 1990 (PRISM,

Spatial Climatic Analysis Service) with 2 km-cell resolution. We

extracted mean precipitation for the period between 1961 and

1990 for each of the study sites. In addition, we extracted mean

temperature of each month (12 total datasets) for this same time

period for the same study sites.

 

Survey data

 

Published surveys varied widely in their definitions of seedlings

and saplings, which were typically based on height and/or stem

diameter. Any measure of size is a crude indicator at best of age in

California oaks because of great age variability among trees of a

given size; oaks less than 1.5 m tall can be several decades or only

a few years old (McClaran, 1986; pers. obs.). Nevertheless, we

preserved the distinction between seedlings and saplings where

possible to preserve the available resolution from stand surveys

about younger and older recruits. We recorded available informa-

tion about all size classes defined by each study. Definitions of

seedlings and saplings varied widely among studies, with signifi-

cant overlap between some studies’ definitions of seedlings and

other studies’ definitions of saplings. In most cases, we accepted

source definitions of seedlings and saplings as presented in the

literature even though this yielded a wide range of sizes for each

category (Table 1). In three cases, sapling data were reclassified

as seedlings because the source paper’s definition of saplings fell

entirely within the range of sizes defined as seedlings by other

sources. Based on the same reasoning, sapling data were reclassified

as adult tree data and seedling data were reclassified as sapling

data in one case each. The final set of seedling size definitions

included individuals with maximum heights ranging from 10 to

175 cm. In only two cases were individuals over 60 cm classified

as seedlings, but in both they were lumped together with all

individuals down to small heights precluding their reclassifica-

tion as sapling data. Maximum diameter ranges for seedlings

ranged from 1 to 2.5 cm across studies, maximum sapling height

ranged from 30.5 to 300 cm. Maximum sapling diameter ranged

from 9 to 19 cm. Many studies did not provide quantitative

definitions of these age/size classes. In these cases, we relied on

the source paper’s unspecified breakdown of data into named

groups.

Most studies did not provide sufficient information to convert

seedling and sapling presence data into per-area or per-adult

tree measures of recruitment density. Our analyses therefore are

based on presence/absence data by site for seedlings and saplings

of each species. Where possible, we extracted or computed

quantitative measures and report them, but the number of sites

with quantitative recruitment data was too small for statistical

analysis.

 

Statistical analysis

 

We used stepwise logistic regression appropriate for presence/

absence-type data to evaluate the contributions of 10 independent

variables (IVs) to explaining variation in regeneration success

among sites (Hughes 

 

et al

 

., 2002). Our 10 IVs included: reserve

status (binary yes/no), year of study, total area surveyed, latitude,

longitude (which increases toward the east in this region), eleva-

tion, distance to coast, mean annual precipitation, mean January

temperature, and mean July temperature. We analysed relation-

ships separately for six dependent variables: presence of blue oak

seedlings, blue oak saplings, blue oak recruits (seedlings or

saplings), valley oak seedlings, valley oak saplings, and valley oak

recruits, respectively. In each analysis, we included only locations

that were surveyed for the target dependent variable.

The regression approach that we used involved three steps:

(1) We examined correlations among IVs for all sites using

Pearson correlation. For ‘reserve’, the only categorical IV, we

regressed reserve on each of the IVs using a logistic model.

(2) We performed univariate logistic regressions of the target

dependent variable on each IV to examine percentage variation

explained by each IV and establish the order in which IVs would

be added to the multivariate model. (3) We performed forward

stepwise logistic regression, adding IVs beginning with the

highest F/lowest 

 

P

 

-value obtained in the univariate regressions of

step 2. With each addition of an IV, we checked all IVs in the

model and discarded those no longer contributing significantly

(

 

P = 

 

0.15 cut-off to add IVs). We used 2*[LL(

 

n

 

)-LL(0)] to evaluate

the overall significance of each model, where LL is the log-likelihood

of the model with the final 

 

n

 

 IVs vs. the constant-only (no IVs)

model (Zar, 1996). ‘Reserve’ and all dependent variables were

coded as dummy variables for all analyses. All statistical analyses

were performed using 

 



 

 10.2 (Systat Software Inc., San Jose,

CA, USA). For analysis of valley oak seedlings, we omitted the IV

‘area’ because it was available for only a small subset of cases.

 

RESULTS

 

We found 54 discrete locations surveyed for blue and/or valley

oak regeneration in the literature (Table 2, Fig. 1). Of these, 37

sites were surveyed for blue oak regeneration (37 surveyed

for seedlings, 28 surveyed for saplings) and 27 for valley oak

regeneration. Eighteen of 27 cases that surveyed valley oak

regeneration contained sufficient geographical information to be

included in our analysis (18 surveyed for seedlings, five surveyed

for saplings), making the available sample size rather small for

drawing inferences about spatial patterns. Blue oak survey sites

were well distributed throughout the species’ range (Fig. 1b).

Valley oak survey sites were concentrated along the coast, with

Table 1 Size ranges of recruits classified as seedlings or sapling 
across studies. All reported size-based definitions were based on 
maximum diameter or height for each category. Studies measured 
diameters variably as basal, breast height, or unspecified height.

Category

Maximum 

diameter range (cm)

Maximum height 

range(cm)

Seedling 1–2.5 10–175

Sapling 9–19 30.5–300
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Table 2

 

Sites surveyed for the presence of regenerating blue and/or valley oaks in California, USA. See Fig. 1 for mapped locations. Spp, species; V, valley oak; B, blue oak. Filled circles indicate presence 
of seedlings (seedl) or saplings (sapl) in the surveyed area; blank spaces indicate absence. Area indicates total area surveyed for oaks at site (ha). See text for details.

 

Map ID Location Spp

Valley oak Blue oak

Area Reserve SourceSeedl sapl Seedl Sapl

1 Chew’s Ridge V • 1.2 N Griffin 1976

2 Bear Trap V • 1.2 N Griffin 1976

3 Poison Oak Hill V 1.2 Y Griffin 1976

4 Palo Escrito Peak V 1.2 N Griffin 1976

5 Upper San Antonio Drainage high V • 4.8/100 adults, 1.7/ha 1.2 N Griffin 1976

6 Upper San Antonio Drainage low V 1.2 N Griffin 1976

7 Upper Nacimiento River Drainage V 1.2 • Griffin 1976

8 Plaskett Ridge V 1.2 • Griffin 1976

9 Carmel Valley V,B • 0.4/ha • 14.1/100 adults, 11.8/ha 242 Mix White (1966)

10 Jasper Ridge Biological Preserve V,B • 20/100 adults • 20/100 adults • 158/100 adults • 222/100 adults N/A Y Franco (1976)

11 Stanford Linear Accelerator V,B N Franco (1976)

12 Priest Valley V,B • 0.29/ha • 7.1/ha 10.4 N Holzman 1993

13 Napa V,B • 9.9 N Holzman 1993

Hastings Reserve V,B • 5.4/ha • 458.9/ha* • 0.56 Y Callaway (1992)

Sedgwick Reserve V,B • 70.8/ha* • 0.48 Y Callaway (1992)

14 Cheseboro Canyon V N/A Y Thomas 1987

15 Malibu Creek State Park V • N/A Y Thomas 1987

16 Paramount Ranch V N/A Y Thomas 1987

17 Rancho Sierra Vista V N/A Y Thomas 1987

18 Bobelaine Audubon Sanctuary V • 229/ha • 74.5/ha 2.0 Y Knudsen 1984

19 Wantrup Wildlife Sanctuary B • • 10.5/100 adults, 16.7/ha 49.4 Y Swiecki 

 

et al

 

. 1993

20 Black Butte Lake B 49.4 Y Swiecki 

 

et al

 

. 1993

21 Pinnacles National Monument B • • 4.7/100 adults, 3.3/ha 48.9 Y Swiecki 

 

et al

 

. 1993

22 Sierra Foothills Research & Extension Center B • • 1.5/100 adults, 2.4/ha 49.9 Y Swiecki 

 

et al

 

. 1993

23 Hopland Field Station B 49.4 Y Swiecki 

 

et al

 

. 1993

24 Sequoia National Park B • • 0.25/100 adults, 0.38/ha 49.4 Y Swiecki 

 

et al

 

. 1993

25 Dye Creek Preserve B • • 0.48/100 adults, 0.55/ha 49.4 N Swiecki 

 

et al

 

. 1993

26 Pardee Reservoir B • • 0.37/100 adults, 0.14/ha 49.4 N Swiecki 

 

et al

 

. 1993

27 Pozo B • • 0.24/100 adults, 0.32/ha 49.4 N Swiecki 

 

et al

 

. 1993

28 Lake San Antonio B • 0.38/100 adults, 0.38/ha 49.4 Y Swiecki 

 

et al

 

. 1993

29 Hensley Lake B 49.4 N Swiecki 

 

et al

 

. 1993

30 Henry Coe State Park B • 0.09/100 adults, 0.02/ha 49.4 Y Swiecki 

 

et al

 

. 1993

31 Mt. Diablo State Park B • • 0.054/100 adults, 0.081/ha 49.4 Y Swiecki 

 

et al

 

. 1993

32 California Hot Springs B • 0.095/100 adults, 0.12/ha 49.4 N Swiecki 

 

et al

 

. 1993

33 Jamestown B • • 1.2/100 adults, 0.69/ha 49.4 N Swiecki 

 

et al

 

. 1993

34 Wantrup Wildlife Sanctuary B • 0.99 Y Swiecki 

 

et al

 

. 1990
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35 Black Butte Lake B • 0.49 Y Swiecki 

 

et al

 

. 1990

36 Smartsville B • 9.9 N Holzman 1993

37 Redding B • 10.9 N Holzman 1993

38 Miranda Pine Mountain upper B • 68.4/100 adults, 108.3/ha • 18.4/100 adults, 29.2/ha 0.48 N Harvey 1989

39 Miranda Pine Mountain lower B • 126.7/100 adults, 2946/ha • 5.81/100 adults, 135.1/ha 0.037 N Harvey 1989

40 Agua Escondido B • 6.3/100 adults, 8.0/ha • 1 N Harvey 1989

41 American Canyon B • 9.1/100 adults, 29.3/ha • 0.41 N Harvey 1989

42† Buckeye B • 10.8/ha 1.5 Y McClaran (1986)

43† Shepard Saddle B • 1.5 Y McClaran (1986)

44† Elliot Ranch B • 1.5 N McClaran (1986)

45† Stout Ranch B • 1.5 N McClaran (1986)

46† Shannon Ranch B • 1.5 N McClaran (1986)

47 UC Foothill Range Field Station B 9.9 Y Kay (1987)

48 Academy B 0.12 Y Anderson 1984

49 Annadel State Park oak B 0.07 Y Anderson 1984

50 Annadel State Park mixed B 0.07 Y Anderson 1984

51 Warm Springs Dam A B 0.05 N Anderson 1984

52 Warm Springs Dam B B 0.07 N Anderson 1984

53 Sonoma Valley Regional Park N B • 296/ha • 40.9/ha 0.12 Y Anderson 1984

54 Sonoma Valley Regional Park S B • 1143/ha • 23.2/ha 0.12 Y Anderson 1984

*Seedlings and saplings were not distinguished in this study. †These five cases were considered a single site for spatial analyses.

Map ID Location Spp

Valley oak Blue oak

Area Reserve SourceSeedl sapl Seedl Sapl

 

Table 2

 

Continued
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Figure 1 Species distributions (grey shading) and locations surveyed for presence of sub-adults (numbers) of (a) valley oak (Quercus lobata) and (b) blue oak (Quercus douglasii) in California, USA. 
See Table 2 for survey location details.
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only three of 18 sites located east of California’s interior coastal

mountain ranges and only one site in the Central Valley (Fig. 1a).

Valley oak regeneration data therefore are lacking from large

portions of its distribution in and around the Central Valley and

in north-western California.

Fewer than half of the sites surveyed for valley oak contained

seedlings or saplings (Table 3). Many more sites contained

seedlings than saplings, suggesting a regeneration barrier not

only to germinating and establishing seedlings but also to

maturing young trees. In contrast, a large majority (79%) of blue

oak survey sites contained regenerating seedlings or saplings,

with similar frequencies of occurrence across sites for seedlings

and saplings (Table 3).

The high proportion of sites with blue oak regeneration could

mask problems of sufficient regeneration within sites. Of 15

sites for which blue oak sapling: adult ratio data are available,

the median value is 0.012 (mean 0.19). Blue oak seedling: adult

ratios also averaged below one (mean 0.85) for the six sites

with such data, all of which were in the Coast Range. In valley

oaks, the mean recruit: adult ratio at the two sites for which data

were available was 0.12 (Table 2).

 

Factors associated with regeneration success and failure

 

Blue oak

 

In univariate logistic regressions, year of survey, longitude, and

elevation were all significantly and positively associated with the

presence of blue oak regeneration, and annual precipitation

negatively associated with it, when seedling and sapling data were

combined (uncorrected 

 

P

 

 < 0.05; Fig. 3, Table 5). The marginally

significant negative association of latitude with regeneration

presence when seedling and sapling data were combined became

significant in an analysis of sapling data only. Year of survey was

the only factor significantly associated with blue oak seedling

regeneration presence.

For multiple regression analysis of blue oak regeneration

probability, we first discarded latitude and longitude because

(1) both were highly correlated with elevation and precipitation

(Table 4), (2) elevation and precipitation had significant effects

on the probability of regeneration in univariate analyses, and

(3) elevation and precipitation relate more directly to ecological

mechanisms potentially affecting recruitment than do latitude

and longitude (Table 5). The resulting multifactor model for all

blue oak regeneration (seedlings and saplings together) included

annual precipitation, elevation, and year of survey (Table 6).

Though the overall model was significant (

 

P < 

 

0.01), individual

IVs were not statistically significant (

 

P 

 

> 0.10). We then ran the

stepwise regression with latitude and longitude included.

The resulting multifactor model for all blue oak regeneration

was also significant (

 

P < 

 

0.01) and included elevation and year

of survey, but longitude replaced annual precipitation. Once

again, individual factors were not statistically significant

(

 

P 

 

> 0.10).

 

Valley oak

 

When seedling and sapling data were treated together, reserve

sites were seven times more likely than non-reserve sites to contain

Table 3 Surveyed sites in California providing information about the 
presence of regenerating seedlings and saplings (see text for details). 
This sample includes data from additional sites that could not be 
located with enough precision to include them in spatial analyses.

Species Category

Number of 

sites surveyed

Number with 

regeneration

% with 

regeneration

Blue oak Seedlings 48 35 73%

Saplings 39 28 72%

Either 48 38 79%

Valley oak Seedlings 29 13 45%

Saplings 14 4 29%

Either 29 14 48%

Table 4 Relationships among the independent variables used to meta-analyse published surveys of California oak regeneration. Values for the 
first nine variables are two-tailed Pearson correlations. Values for the binary variable ‘Reserve’ are mean odds ratios.

Variable Year Area Longitude Latitude Elevation Annual ppt

Mean 

January temp

Mean 

July temp

Distance 

to coast

Year 1.000

Area 0.010 1.000

Longitude 0.038 0.002 1.000

Latitude 0.233 0.005 –0.648*** 1.000

Elevation –0.152 0.013 0.587*** –0.617*** 1.000

Precipitation (ppt) –0.058 –0.147 –0.494* 0.571*** –0.072 1.000

January temperature –0.107 –0.085 –0.308 0.009 –0.600*** –0.259 1.000

July temperature 0.367 –0.079 0.229 0.392 –0.429+ –0.193 0.292 1.000

Distance to coast 0.347 0.122 0.481* 0.345 0.073 0.047 –0.594** 0.560**

Reserve 0.99 1.00 0.64* 1.39+ 1.00 1.00 0.98 0.98 1.13

+P < 0.10, *P < 0.05, and ***P < 0.001.
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valley oak recruits (

 

P < 

 

0.10, Table 5). Reserve status was the only

variable influencing the probability of valley oak regeneration, so

multiple regressions were not performed.

 

DISCUSSION

Is there a regeneration problem?

 

At least some regeneration is present at approximately half of all

sites for valley oaks and at most sites for blue oaks, based on

size-class evidence. Size is a fairly poor indicator of age in oaks,

with individuals in classes defined as seedlings anywhere from a

few years to several decades old (McClaran, 1986). Nevertheless,

presence or absence of very small individuals provides a good

indication of successful regeneration – or lack of it – on the

coarsely resolved time scale of recent decades. This suggests that

not all populations are experiencing total failure. Overall, the

statewide status of blue oaks appears better than that of valley

oaks. However, it is difficult to draw strong conclusions from

only presence/absence data.

Inspection of quantitative recruitment data (number of

recruits per adult tree or per area) available for some sites is more

troubling. Only two sites statewide for blue oak (out of 18 reporting

this type of data) and zero sites (out of two) for valley oak are

reported to have recruit:adult ratios greater than one. Of 15 sites

specifically reporting sapling: adult data for blue oak saplings, 11

sites (~75%) report fewer than one sapling per 10 adult trees and

seven sites (~50%) report fewer than one sapling per 100 adult

trees. This size class, with definitions of saplings that typically

include a 2- to 10-cm diameter range and/or a 30- to 150-cm height

range, likely includes trees representing two or more decades of

recruitment history, depending on site. Assuming that adult trees

typically live fewer than 1000 years, figures in the range of

0.1–0.01 saplings per adult tree suggest that population-level

replacement is not occurring at a majority of sites. Strongly episodic

recruitment patterns could produce long-term population

replacement with seedling:adult ratios temporarily below one,

but low sapling:adult ratios indicate long-term (decadal scale)

recruitment scarcity. The possibility that low recruit: adult ratios

reflect chance sampling during a lull between region-wide, episodic

recruitment events is relatively low given that studies used for

this analysis span approximately 30 years of sampling dates. Most

studies, however, did not provide per-area or per-adult tree

measures of recruitment density, making it difficult to draw precise

conclusions about regeneration status at these sites or at the scale

of the region. More, quantitative sampling at existing sites and in

new stand surveys is critical to assess the probability of population-

level replacement at sites with at least some regeneration.

 

Are distribution-wide factors driving regeneration 
failure?

 

Our findings for both valley and blue oaks are consistent with

previous, multi-site surveys of blue oak regeneration that suggest

regeneration is shaped by site-specific, local factors as well as

regional-scale factors (Muick & Bartolome, 1987; Swiecki 

 

et al

 

.,

Table 5 Relationships between independent variables (IVs) and presence of oak regeneration. Values are mean odds ratios, which indicate the 
multiplicative factor by which the probability of regeneration changes with a unit increase in the IV. Values in parentheses indicate the total 
number of survey sites included in each analysis. +P < 0.10, *P < 0.05, and **P < 0.01.

Variable All

Blue oak

Valley 

All

Oak 

SeedlingsSeedlings Saplings

Year 1.11* (37) 1.15* (37) 1.08 (28) 0.95 (18) 1.02 (18)

Area 1.00 (35) 1.00 (35) 1.00 (26) 1.00 (12) 1.00 (12)

Longitude 3.61* (37) 1.65 (37) 4.26** (28) 0.76 (18) 0.84 (18)

Latitude 0.56+ (37) 0.84 (37) 0.42* (28) 1.38 (18) 1.35 (18)

Elevation (m) 1.01* (37) 1.00 (37) 1.005* (28) 1.00 (17) 1.00 (17)

Precipitation (cm) 0.97* (37) 0.98 (37) 0.96* (28) 1.01 (18) 1.01 (18)

January temperature 0.62 (37) 0.74 (37) 0.50 (28) 0.72 (18) 0.76 (18)

July temperature 1.01 (37) 1.13 (37) 0.87 (28) 0.83 (18) 0.94 (18)

Distance to coast (km) 1.76 (37) 1.88 (37) 1.65 (28) 2.35 (18) 2.03 (18)

Reserve 0.80 (33) 0.86 (33) 0.78 (24) 7.00+ (18) 4.37 (18)

Table 6 Multiple logit regression results for probability of blue oak 
regeneration (seedling or sapling). See Table 5 for explanation of 
odds ratios.

Parameter Odds ratio

95% confidence 

bounds

Final 

P-valueUpper Lower

Precipitation(cm) 0.974 1.019 0.932 0.256

Elevation (m) 1.007 1.015 0.998 0.117

Year 1.110 1.281 0.962 0.153

Full model 2*[LL(N)-LL(0)] = 12.512 Df = 3 0.006
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1997). Our analyses did not identify strong regional-scale

patterns in regeneration for either species. For valley oaks, only

reserve status – a local factor – was significantly related to regenera-

tion status. Despite our broad, inclusive definition of reserves,

reserve sites were seven times more likely than non-reserve sites

to include regenerating valley oaks (Table 5). It is not clear what

to attribute this striking result to, as the reserves included in

this study vary in land use, grazing, and fire histories and in the

invasive and native mammals they harbour. This issue clearly

deserves further investigation. We speculate that despite their

varied histories, reserve areas are likely to have experienced less

historical clearing, tillage, and intensive land-use. Stand densities

of valley oaks may therefore be greater in reserve areas and soil

conditions may be more conducive to recruitment.

For blue oaks, although models including precipitation and

elevation, or longitude and elevation (regional-scale factors)

were significant, no individual factor within either model was

significantly related to regeneration status.

Nevertheless, regional-scale factors could play some role in

shaping regeneration outcomes for either species. First, available

sample sizes of data are small for robust detection of spatial

patterns. Data for valley oaks are simply too scarce and poorly

distributed to draw firm conclusions about the roles of most

factors, regional-scale or otherwise. Data for blue oaks are

somewhat better. The positive relationship we detected between

blue oak regeneration and elevation is consistent with a previous

study suggesting that declining moisture stress at higher elevations

in arid southern California facilitate blue oak regeneration

(Standiford et al., 1997). The weak negative relationship we

found between blue oak regeneration and precipitation,

however, is not consistent with either the observational or the

experimental literature. Available experimental evidence suggests

that if anything, increased moisture inputs increase growth and

survival of oak recruits (Welker & Menke, 1990; Bernhardt &

Swiecki 1997). The relationship could reflect a correlation between

precipitation and local-scale factors beyond the scope of this

study such as productivity and shading by competitors known to

reduce seedling success in experimental settings (Adams et al.,

1992; Gordon & Rice, 1993; Koukoura & Menke, 1995). It is also

possible that decoupling winter precipitation (which influences

productivity) from summer precipitation (which influences

seedling survival of the annual drought period) would yield a

Figure 2 Reported presences (filled circles) 
and absences (open circles) of valley oak (left 
panel) and blue oak (right panel) seedlings 
and saplings.
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clearer picture of the complex relationships between moisture

and oak recruitment.

A visual inspection of our mapped regeneration data indicates

that sites lacking regeneration are for the most part spatially

interspersed with sites containing seedlings or saplings for both

species (Fig. 2), with presences and absences occurring in nearby

sites in a small number of cases. This spatial interspersion, together

with an absence of significant relationships between climatic

variables and regeneration patterns in our analysis, leads us to

conclude that climate change’s role, if it plays one, is not detectable

either because of small sample size or because its effects have yet

to become strongly apparent.

In the case of blue oaks, our ability to detect distribution-

wide spatial patterns is strongly influenced by a concentration of

regeneration absences in one small area in the northern Coast

Range (Figs 2 and 1b: sites 13, 19, 23, 34, 48, 49, 50–54). Interest-

ingly, this cluster of blue oak regeneration absences is immediately

adjacent to a cluster of presences to the east. The cluster of

absences follows an interstate highway corridor (I-101) through

the increasingly developed and densely populated northern

San Francisco Bay Area, while the regeneration presences extend

across two less-developed adjacent ridgelines and valleys farther

away from major highways or urban areas. Further investigation

of these areas of the state might shed light on the roles of local

factors such as land use, fire management, and herbivore density

in shaping regeneration success.

The last significant factor in our analysis of blue oaks was year

of survey. This result could reflect at least two possible causes.

First, the increasing likelihood of finding blue oak regeneration

in more recent surveys could reflect changes in survey techniques.

The two earliest studies, conducted in 1963 and 1964 (White,

1966; Kay, 1987), used the largest individual plot sizes – 48,400

and 98,800 m2, respectively, an order of magnitude larger than

the plots searched in most other surveys. An additional study

conducted relatively early, in 1976, also searched two entire

survey areas as single plots (Franco, 1976). These approaches

could lend themselves to less thorough searching for small,

hard-to-find seedlings and produce the observed pattern of

fewer sites with seedlings in earlier years. Second, the positive

relationship between year and blue oak regeneration could also

reflect improving conditions since the middle of the twentieth

century, such as changes in livestock grazing management

practices.

Directions for future research

Our analysis suggests that blue and valley oak species are not

regenerating enough for replacement in large portions of their

global distribution and that these failures are not clearly related

to regional-scale drivers. Additional research could greatly clarify

these findings. First, a small proportion of the overall distribu-

tion of valley oaks in California appears to have been surveyed to

date for evidence of regeneration. Sampling efforts have been

concentrated almost entirely in the southern and central coasts,

with almost no data about stands in the Central Valley, Sierra

Nevada foothills and northern coast. A more thorough series of

stand surveys across the entire distribution of valley oaks could

likely identify additional drivers beyond reserve status. Second,

while local-scale drivers appear to play some role in oak recruit-

ment patterns, more detailed experiments across recruitment

gradients need to be conducted to understand what these drivers

are as well as to reveal mechanisms underlying the roles of

factors like reserve status for valley oaks regeneration. Third,

more extensive, quantitative seedling and sapling density or

recruit:adult ratio data combined with population modelling

could help to clarify whether and where recruitment, even if it is

assumed to be highly episodic, is sufficient to maintain existing

populations of blue and valley oaks in California. Finally,

regeneration requires recruitment to exceed mortality in the long

term; more data are needed on mortality rates of adults and

saplings if we are to understand how much seedling and sapling

recruitment is sufficient to replace dying individuals.
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