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Forests in California have changed dramatically during the 20th century. Shifts in forest structure including
densiﬁcation, declines in large trees and tree basal area have altered the function, productivity, and resilience of
modern day forests. Attributing these changes to speciﬁc drivers is increasingly important for eﬀective management of healthy and productive forests. Previous studies focus on climatic (temperature, precipitation, climatic water deﬁcit), disturbance (ﬁre), geomorphological (topography, soil types), and anthropogenic (logging,
ﬁre suppression) drivers, but few studies evaluate large scale change in forest structure across land ownership
type. In this paper, we investigate 20th century changes to forest structure across six land ownership classes in
California. We compare historical and contemporary forest structural data and ﬁnd that declines in large trees
and increases in forest density are consistent across the state. This pattern is most pronounced on private timberlands, which experience up to 400% regional increases in small tree (< 10.2 cm) density since 1930. All land
ownership classes experience declines in large trees, while private timberlands, national parks and wilderness
areas experience the most extreme change with an average loss of over 83% and 71% respectively. We conclude
that understanding patterns of change across land ownership is essential for targeting federal, state, and locally
speciﬁc policies that foster healthy and resilient forests for the future.

1. Introduction
Present-day forests in California are markedly diﬀerent from their
early 20th century counterparts. Numerous studies show changes in the
structure and composition of California’s forests by documenting shifts
towards more small and fewer large trees (Dolanc et al., 2013a; Lutz
et al., 2009; McIntyre et al., 2015); more structurally homogenous
stands (Maxwell et al., 2014); and changes in species composition
(McIntyre et al., 2015; Minnich et al., 1995; Taylor, 2000; van Mantgem
et al., 2013). These changes vary over space and time due to the interaction of biophysical and socio-ecological drivers. In California, large
tree decline has been attributed to increased temperatures, variable
precipitation, and water deﬁcit (Das et al., 2013; McIntyre et al., 2015;
van Mantgem et al., 2013, 2009), as well as historical and contemporary legacies of logging (Knapp et al., 2013; Laudenslayer and
Darr, 1990; McKelvey and Johnston, 1992; Beesley, 1996). Large scale
forest densiﬁcation, in part, is the result of nearly a century of widespread ﬁre suppression eﬀorts (Dolanc et al., 2014; 2013b; Lutz et al.,
2010; Minnich et al., 1995), with previously logged lands showing
greater densities than surrounding landscapes (Naﬁcy et al., 2010). The

lack of natural ﬁre and increasing forest density positively correlate
with a shift in species composition favoring shade-tolerant species
(Miller et al., 2012; Taylor and Skinner, 2003). Such legacies of logging
and forest ﬁre suppression have profound impacts that can persist for
decades after cessation, altering both the state of contemporary landscapes and inﬂuencing future trajectories of change (Perring et al.,
2016). These legacies are often speciﬁc to the land management practices of a given land owner at a speciﬁc time. Given the diﬃculty in
disentangling regional biophysical and socio-ecological drivers, an understanding of forest structure change across land ownership is needed.
Additionally, determining how long-term patterns of change vary
across ownerships is necessary to help target federal, state, and locally
speciﬁc management policies that foster healthier more resilient forests
for the future.
Land ownership has been used to understand the long-term eﬀects
of and variation in land management practices; especially when spatially explicit data on management practices are unavailable or incomplete. In agricultural landscapes for example, Lunt and Spooner
(2005) showed that land ownership is predictive of disturbance and
therefore can be used to better understand past, current, and future
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Eastern Sierra Nevada, Klamath Ranges, and South Coast Ranges. Very
few of our study plots occur on tribal lands, therefore NWBT is primarily illustrative of BLM lands.
PP land is scattered in the matrix of federal, state, and private
ownerships, generally representing hardwood woodlands and hardwood forests. SR lands in our study are primarily hardwood woodlands
within the greater San Francisco Bay Area. NPW areas are representative of National Parks and all federal agency owned wilderness.
These lands are primarily located in the Sierra Nevada region, as well as
the Southern Sierra and Transverse Ranges. Forest types in NPW are
primarily mixed conifer but also higher elevation Red Fir, Lodgepole
Pine, Jeﬀery Pine, and hardwood forest types. The spatial distribution
of ownership types expresses regional concentrations owing to
California’s complex land settlement history, therefore the patterns
represented in this study are reﬂective of diﬀerences across ownership
that are particular to the regions where the plots are located.

patterns of biodiversity in fragmented areas. In forested landscapes,
Turner et al. (1996) showed that property boundaries create quantiﬁable patterns of land use change and that the similarities in these
changes across ownerships are reﬂective of speciﬁc management goals.
They showed that while forests on private lands were more fragmented
than those on public lands, when areas had a common management
goal (e.g. active timber harvesting) forests displayed similar spatial
patterns.
Studies documenting changes in forest structure across land ownership at a large scale in California are rare. In this paper, we compared
historical 1930s Vegetation Type Mapping project (VTM) forest survey
plots with modern 2000s Forest Inventory and Analysis program (FIA)
forest inventory plots and examined changes in measures of forest
structure: stems per ha per size class (small, medium, large, and total)
and total basal area (m2/ha).
We assessed change over time in these variables across six California
land ownership classes: (1) Private Timberland (PT), (2) NonWilderness National Forest (NWNF), (3) Non-Wilderness Bureau of
Land Management and Tribal Lands (NWBT), (4) Private Protected
lands (PP), (5) State and Regional Parks (SR), and (6) National Parks
and Wilderness areas (NPW). We distinguished changes in stand density
and size class distributions across land ownership and investigated
diﬀerences in these measures between the six land ownership classes.
We address the following questions: (1) have the numbers and sizes of
trees changed signiﬁcantly over time across all six land ownership
classes; (2) how do changes in the number of trees per size class and
forest densiﬁcation vary by land ownership; and (3) do these patterns
suggest diﬀering land use legacies across ownership classes.

2.2. Data
2.2.1. Historical and contemporary forest inventory data
The Vegetation Type Mapping (VTM) project is a series of landscape
surveys conducted by the US Forest Service that covered ∼40% of
California between 1928 and 1940 that resulted in a large collection of
350 vegetation maps, 18,000 vegetation plots, over 3000 photographs
and ∼20,000 herbarium specimens (Wieslander, 1935). These data are
digitized and georeferenced (see Kelly et al., 2005; Kelly et al., 2016;
Kelly et al., 2017) and available for download via an open API and for
download (vtm.berkeley.edu). In this study, we use the vegetation plot
data, including geolocated information on numbers, diameter, and
species of trees as well as other ancillary environmental information
(e.g. elevation) associated with the marked plot location (Fig. 1a). The
VTM crews conducted complete inventories of all trees over 10.2 cm
diameter at breast height (DBH) within 20 m by 40 m (800 m2) rectangular plots. The trees were tallied by species into four individual size
classes: 10.2–30.4 cm, (4–12 in), 30.5–60.9 cm (12–24 in),
61.0–91.3 cm (24–36 in), and > 91.4 cm (> 36 in) (Kelly et al., 2005).
The VTM survey began in 1928, just after the beginning of large
scale forest ﬁre suppression across the state and in most areas before the
1940s and 1950s peak in forest harvesting. Today, the VTM collection
serves as one of the only comprehensive datasets describing the
California landscape in the early 20th century. Working with historical
datasets requires the acknowledgment and examination of challenges
such as plot geolocation error and potential bias. In the VTM dataset for
example, plot location is derived from original markings on historical
topographic maps and positional error is estimated to be ∼200 m (Kelly
et al., 2005) per plot which can aﬀect direct plot comparisons or plot
resurveys, especially in highly heterogeneous regions (Keeley, 2004).
The protocols behind VTM methods have raised questions about
biased sampling favoring undisturbed forests. However, there is no
evidence of bias suggested in the original VTM manual (Wieslander
et al., 1933), or in the sample plot distributions, yet there are competing
patterns of change when comparing FIA and VTM estimates to other
historical comparisons. Some studies using alternative comparison datasets or plot resurvey have shown similar patterns of declines in large
trees (e.g. Lydersen et al., 2013; van Mantgem et al., 2009) as the VTM
dataset, while other studies have shown declines in large trees on some
ownership classes but not on others, and increases in basal area across
types (Collins et al., 2017; Lydersen et al., 2013). These disparities are
diﬃcult to verify as the datasets in question are not directly comparable
but do require a cautionary approach to interpreting changes in large
trees and biomass. There is no record of intentional bias in the selection
of VTM plot locations the locations were chosen as representative
samples of vegetation types being mapped (Wieslander et al., 1933),
and have been shown to have a similar sampling densities across elevation and latitude as FIA plots which are determined randomly using a
grid system (Dolanc et al. 2013a). Despite these potential shortcomings,

2. Methods
2.1. Study area
Our study area includes the forests of the California ﬂoristic province including the Northwestern, Sierra Nevada, Central, and South
regions. This area has a Mediterranean climate of dry summers and wet
winters. Regional diﬀerences in climate and soil characteristics are
captured by geomorphic regions that are largely determined by the
mountain ranges that divide them. The six land ownership classes investigated cover a range of ecoregions and vegetation types and are also
representative of regional characteristics that correspond with spatial
patterns of ownership.
California is a complex mosaic of land ownership, with federal,
state, tribal, and local entities protecting and managing land. Nearly
150,000 km2 of forest are managed by distinct ownerships with varying
degrees of protection, production, and conversion of forests. 48% of
California’s forested lands (63,130 km2) are managed by the U.S. Forest
Service as National Forests, 51,395 km2 (39%) are managed as private
timberland encompassing both industrial and non-industrial private
forest land. Approximately 8095 km2 (6%) is set aside as forest reserves
and managed through Wilderness designation or as a National Park,
while various other private and public entities manage the remaining
∼8900 km2 (7%) (McIver et al., 2015).
PT includes both industrial and non-industrial forest lands, however
the majority of plots investigated in this study were on lands managed
for industrial timber. Generally, PTs are located on mixed conifer forests in the Northern Sierras, Klamath, and Cascade Ranges, and in the
Douglas Fir and Redwood forests of the North and Central Coasts
(Stewart et al., 2016), and tend to occur at lower elevations. NWNF
areas are also located extensively in mixed conifer forests, interspersed
with pockets of Red Fir, Eastside Pine, and Ponderosa Pine and extending into the hardwood forests and woodlands of the Central and
South Coast.
NWBT lands are distributed in the low elevations of the North Coast,
Mojave, Sierra, Central, and South Coast regions, and in our study area,
consist of primarily conifer forests and woodlands concentrated in the
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Fig. 1. Locations of historical and contemporary forest structure plot data for: (a) VTM (1930s–1940s); (b) FIA (2000–2010); and (c) comparison plots used in
analysis and spatial distribution of ownership classes. Map 1(c) shows ownership classes with an inset map of the Sierra Nevada region.

recent work ﬁnds utility in the VTM dataset (see references in Kelly
et al., 2016; Thorne and Le, 2016) and in comparing forest structure
and compositions between VTM and FIA datasets (Dolanc et al., 2013a;
McIntyre et al., 2015).
The contemporary FIA dataset is a national inventory program implemented by the U.S. Forest Service, which contains systematically
collected detailed monitoring data on forests in some regions since its
inception. Surveys included detailed data on species, size, tree condition, and other site factors (Smith, 2002). The 2001–2010 FIA protocol
uses circular subplots of 7.3 m (24 ft) radius where every tree greater
than > 12.7 cm (5 in) is measured, and within which a microplot
(2.1 m) is nested and information on stems > 2.5 cm (> 1.0 in) is collected (Bechtold and Patterson, 2005). This information is collected
across four subplots giving a total area of 672.45 m2. Locations are
distributed throughout California’s forested areas (Fig. 1b). Although
the FIA data collection protocols diﬀer from those used in the earlier
VTM surveys, explicit individual tree level information extracted from
the FIA dataset allows us to match the size classes determined in the
VTM protocol. Data on small trees (> 10.2 cm) from the FIA microplots
were added to match the minimum size class of the classes found in the
VTM dataset. Due to diﬀerences in the VTM and FIA plot sizes, we report accounts of tree numbers per hectare and basal area (m2/ha).
Other studies (e.g. McIntyre et al., 2015; Dolanc et al., 2013a) provide
further information for protocols associated with these data transformations.

Table 1
The datasets used to create the California land management layer. The
California Protected Area Database (CPAD) database was used as the base dataset, the other datasets listed were added to ﬁll in areas where CPAD does not
collect information.
Dataset

Reference

California Protected Area Database (CPAD)
Tribal lands

CPAD: http://www.calands.org
CPAD: http://www.calands.org/
data/related
BLM: https://www.blm.gov/ca/
gis/index.html
Cal Fire: ftp://ftp.ﬁre.ca.gov/forest

BLM grazing lands
Private Timberlands (non-industrial and
industrial)
Conservation Easements

CCED: http://www.calands.org/
cced

correspond with the highest densities of VTM plots locations. Other
areas experienced shifts in land use and tenure. For example, in the
North Coast commercial logging in redwood forests dominated the late
19th and early the 20th centuries yet subsequently many areas became
federally and locally protected. After the establishment of federally
protected forest and National Park lands many of California’s conservation lands were acquired through State Park designations in the
1930s (Santos et al., 2014). Therefore, the majority of the plots used in
the analysis are located on lands with relatively stable land tenure and
the changes to the forest within those boundaries are likely representative of the management legacies of the land owner.

2.2.2. Spatial depiction of California land ownership
We assembled several freely available datasets to develop a statewide spatial depiction of land ownership classes in California (Fig. 1c,
Table 1). We generated categorical descriptions of land management
based on ownership using the agency level distinction from the California Protected Area Database (CPAD) to aggregate parcels into six
land ownership classes that simplify the diversity of land ownership in
California (Table 2). Therefore, the names of the ownership classes may
represent multiple owners or distinctions (e.g. BLM includes Tribal
lands).
This depiction of California’s land ownership suggests a contemporary and static picture; parcel establishment dates and ownership
permanence can and have shifted over time within our study period of
1930–2010. However, many of the federal lands were established
during the turn of the 20th century. Designation of National Parks and
forest reserves between 1880 and 1920 largely protected forest and
mountainous landscapes (Santos et al., 2014). These newly protected
landscapes were also amongst the ﬁrst surveyed by the VTM crews and

2.3. Analysis
2.3.1. Plot comparison
We employ methodology from McIntyre et al. (2015) to calculate
measures per species by plot for each dataset (e.g. VTM and FIA): total
numbers of trees per ha, numbers of trees per ha within size class 1 (i.e.
small trees: 10.2–30.4 cm DBH), numbers of trees in size class 2 (i.e.
medium trees: 30.5–60.9 cm DBH), numbers of trees in sizes class 3
(61.0–91.3 cm DBH), numbers of trees per ha within size class 4
(> 91.4 cm DBH), and total basal area (m2/ha). Trees within size class
3 and 4 are combined to create a large tree category (> 61 cm DBH).
Per species measures were summed to represent totals by plot and
size class for each period and only plots with more than one tree were
used in the analysis. Each VTM and FIA comparison plot was assigned
an ownership class based on spatial overlap (Fig. 1c). Error in the VTM
and FIA plot locations (Waddell, 2013) can contribute to potential
139
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Table 2
Description of land ownership classes in California (several land owners can be aggregated into a single type), and relevant characteristics.
Land ownership class

Included Land classes

% of CA

Number of
unique plots

Average elevation
(m)

Average distance between
VTM and FIA plots (km)

Average polygon
size (km2)

NPW: National Parks and
Wilderness Areas
PP: Private Protected
SR: State and Regional Parks
NWBT: Non-Wilderness areas,
BLM, and Tribal
NWNF: Non-Wilderness areas and
National Forests
PT: Private Timberland

Wilderness areas, National Parks,
Fish and Wildlife Refuges
Conservation easements, NGO’s
State, City, County land
BLM land and grazing land, Tribal
lands
National Forest

17.7%

582

2211

3

23.4

2.4%
4.4%
17.7%

28
94
59

601
679
1290

2.5
2.5
2.5

0.9
0.93
13.9

15%

1186

1615

2.9

21.6

Non-Industrial Private Timber,
Industrial Private Timber

6.5%

94

1243

2.6

2.95

63.7%

2047

Total

and Ripley, 2017).

erroneous assignment of ownership classes, however the potential positional error of 0.2–1.6 km was much smaller than the average area
(5.25 km2) of individual polygons within ownership classes (Table 2),
and further compensated for by the scale of our analysis (Waddell,
2013). Plots where a land ownership description was unavailable were
removed from the analysis. We used elevational values derived from a
digital elevation model to group plots into 500 m elevation classes.
Using these classes, we reﬁned our plot comparison dataset to capture
plots that were assigned the same ownership class, elevational class,
and were within a 5 km distance threshold. To ensure that the plots
adhered to the independence assumptions of our statistical tests, multiple plot matches were evaluated. If the stratiﬁcation returned more
than one FIA plot matching the above criteria, the average of all corresponding plots was used. If a VTM plot matched with a single FIA
plot, the plot with the shortest distance was compared. Plot matches
were on average no more than 2.9 km apart. From an original dataset of
9388 VTM and 5198 FIA plots, our ﬁnal comparison dataset was 2047
VTM and 2047 FIA plots.

2.3.3. Change between ownership class
To assess how changes in the number of trees per size class and total
basal area vary by land ownership we used the diﬀerence between FIA
and VTM (i.e. FIA-VTM) variables at the plot level (as distinct from the
diﬀerence procedure discussed above in 2.3.2, which looks at diﬀerence
across the entire population using a bootstrapping method) per ownership class directly. The diﬀerence or change values for each of the ﬁve
variables followed a normal distribution, and so we ran an ANOVA to
compare the eﬀect of ownership on each variable as well as calculated
overall means and 95% conﬁdence intervals. Statistically signiﬁcant
diﬀerences between ownership types were determined for each of the
ﬁve change variables. We then ran post hoc Tukey tests on the signiﬁcant ANOVAs to compare speciﬁc diﬀerences between the ownership classes. This permitted us to determine if the change experienced
on one ownership class was signiﬁcantly diﬀerent from the change on
another class.
2.3.4. Spatial pattern of change across ownership class
Additionally, to visualize the spatial distribution of increase, decrease, and extreme change in the ﬁve variables we calculated the
overall mean of the change values of all plots within 20 km and 5 km
resolution grid cells. The 20 km resolution was chosen to be comparable
to results from McIntyre et al. (2015), and 5 km resolution represents
the maximum allowable distance between the comparison plots. The
ownership classes were also aggregated to 20 km and 5 km using the
majority method, which does lose granularity as small parcels are
subsumed by larger ones. Change values were classed using the Jenks
Natural Breaks algorithm, which uses the variance to maximize diﬀerences between classes and minimize diﬀerences within classes (Jenks,
1977). These classes were reported in terms of increase and decrease,
reﬂecting positive and negative change values. To highlight areas of
extreme change, we also classed the values by standard deviations,
where extreme change values are deﬁned as change that is three standard deviations from the mean.

2.3.2. Change over time
To assess if the numbers of trees within each size class (small,
medium, large, total) and total basal area changed signiﬁcantly over
time across all land ownership classes we conducted a Wilcox test (also
known as the Mann-Whitney U test, or Wilcoxon rank sum test). The
Wilcox test is a non-parametric analogue to the t-test often used to
detect a signiﬁcant diﬀerence in population means or medians (Fay and
Proschan, 2010). This interpretation of the test relies on the assumptions that the two populations are independent and have the same
shape and equal variance. However, the Wilcoxon-Mann-Whitney test is
still valid in situations where the homogeneity of variance assumption
is violated (Fay and Proschan, 2010), does not rely on the assumption
that the data follow a normal distribution and can be used on data with
extreme outliers (MacFarland and Yates, 2016), as was apparent in our
data. When the variance assumption is violated, rather than testing for
a diﬀerence in the medians, the hypothesis tests that a randomly selected value from one sample population will be greater than a randomly selected value from the second sample population. Using the two
populations (Time1 = VTM and Time2 = FIA), a diﬀerence in the population distributions is reﬂected as a “diﬀerence in location” or the
median of the diﬀerences between a VTM sample and a FIA sample (R
Core Team, 2013). To calculate the actual median diﬀerence between
the two periods we used a bootstrapping approach, generating 5000
iterations of the diﬀerences in the population medians from which we
took an overall median. We interpret the overall median diﬀerence
derived from the bootstrapping approach as the median value of change
over time in the populations between VTM and FIA within the ownership class. The Wilcox test and resultant p-value < 0.05 describe the
change between the FIA and VTM populations as signiﬁcantly diﬀerent.
All analyses were implemented with the R statistical software base
function wilcox.test (R Core Team, 2013), and the boot package (Canty

3. Results
3.1. Change over time
When viewed holistically (n = 2047 comparison plots), forest
structure across California has changed signiﬁcantly (Table 3). There
has been an increase in small trees, medium trees, total trees, and a
decline in large trees and TBA. However, critical diﬀerences across
ownership exist, forests on Private Timberlands, Non-Wilderness National Forests, and National Parks and Wilderness areas (i.e. PT, NWNF,
and NPW) showed more pronounced structural changes than do those
on State and Regional Parks, Private Protected, and Non-Wilderness
BLM and Tribal lands (SR, PP, and NWBT).
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Table 3
Summary statistics for stems/ha for small, medium, large, and total trees and the average m2/ha of total basal area for each ownership class and the average across
the whole dataset. We calculated change between FIA-VTM and report percent change. Median diﬀerences from are results from 5000 iterations comparing a median
value from FIA to a median value in VTM and generating a global median. Signiﬁcant p-values (from Wilcox) < 0.05 are shown in bold.
Small trees

Medium trees

Big trees

Total trees

>24 in dbh

Stems per hectare

Total basal area
m2/hectare

All areas (n = 2047)
VTM median
FIA median
% change
Median Diﬀerence (bootstrap)
P-value (Wilcox)

99.33
235.43
137.03
136.71
< 0.001

50.94
84.72
66.32
33.97
< 0.001

38.70
18.23
−52.90
−20.80
< 0.001

235.03
366.60
55.98
131.46
< 0.001

38.96
34.15
−12.33
−4.70
< 0.001

PT: Private Timberlands (n = 98)
VTM median
FIA median
% change (relative)
Median Diﬀerence (bootstrap)
P-value (Wilcox)

93.99
469.81
399.86
375.66
< 0.001

78.54
92.49
17.77
10.63
0.11

61.96
10.47
−83.11
−49.17
< 0.001

262.04
626.40
139.04
371.35
< 0.001

56.18
36.19
−35.58
−18.87
< 0.001

NWNF: Non-Wilderness and National Forest (n = 1186)
VTM median
90.29
FIA median
262.56
% change
190.80
Median Diﬀerence (bootstrap)
171.91
P-value (Wilcox)
< 0.001

49.48
91.16
84.23
42.50
< 0.001

38.70
18.53
−52.10
−20.40
< 0.001

216.63
407.55
88.14
191.62
< 0.001

38.25
35.85
−6.27
−2.40
0.002

NPW: National Parks and Wilderness (n = 582)
VTM median
FIA median
% change
Median Diﬀerence (bootstrap)
P-value (Wilcox)

66.53
84.72
27.34
19.28
< 0.001

57.63
16.51
−71.36
−33.56
< 0.001

273.15
318.35
16.55
48.99
< 0.001

50.24
35.91
−28.52
−14.42
< 0.001

NWBT: Non-Wilderness BLM and Tribal (n = 59)
VTM median
112.43
FIA median
147.24
% change
30.96
Median Diﬀerence (bootstrap)
28.96
P-value (Wilcox)
0.08

25.80
28.92
12.11
7.34
0.32

0.00a
0.00a
NA
0.00
NA

152.82
185.89
21.64
36.84
0.10

9.94
11.79
18.60
2.29
0.15

SR: State and Regional Parks (n = 94)
VTM median
FIA median
% change
Median Diﬀerence (bootstrap)
P-value (Wilcox)

196.34
172.12
−12.33
−29.11
0.29

63.89
67.89
6.27
3.95
0.99

0.00a
0.00a
NA
0.00
NA

321.33
262.55
−18.29
−58.30
0.15

21.94
17.42
−20.59
−4.49
0.02

PP: Private Protected (n = 28)
VTM median
FIA median
% change
Median Diﬀerence (bootstrap)
P-value (Wilcox)

141.47
217.93
54.04
74.90
0.09

39.27
39.00
−0.68
3.11
0.46

0.00a
0.00a
NA
0.00
NA

173.14
247.33
42.85
70.08
0.05

9.16
14.84
61.92
4.63
0.22

100.85
187.01
85.43
84.41
< 0.001

Mean values for these classes are as follows: SR (VTM: 19.26, FIA: 14.53), PP (VTM: 6.03, FIA: 4.81), NWBT (VTM: 5.56, FIA: 6.19).
a
Where the values are equal to zero, the majority of plots had zero stem per hectare counts. Wilcox tests were not run on zero values.

ha (Fig. 2). Signiﬁcant increases (up to 55%) in total numbers of trees
on the landscape were signiﬁcant on PT with a median diﬀerence of 371
trees per ha (139% increase); NWNF with a median increase of 191
trees per ha (88% increase); and NPW with a median increase of nearly
50 trees per ha (16% increase). PP and NWBT showed slight, but not
signiﬁcant gains in trees per ha.
Declines in large trees were generally reﬂected by corresponding
declines in total biomass as represented by total basal area (TBA m2/
ha) across ownership classes (Table 3 and Fig. 2). Across PT (35% TBA
decline), NPW (29% TBA decline), SR (21% TBA decline), and NWNF
(6% TBA decline) forests showed statistically signiﬁcant declines in
total basal area over the 20th century. Private Timberlands had the
largest median diﬀerence between the two-time periods with decreases
of 19 m2/ha (36%). NPW lost 14 m2/ha of basal area (29%), and NWNF
showed relatively small overall change losing 2 m2/ha (6%). Conversely, NWBT land experienced non-signiﬁcant gains in basal area (2
m2/ha) (Table 3).

PT, NWNF, and NPW represent the largest proportions of managed
land in California (Table 2), and these lands have lost signiﬁcant
numbers of large trees (> 61 cm DBH) over the 20th Century (Fig. 2).
PT showed the largest declines with a median diﬀerence of nearly 50
trees per ha from the 1930s (VTM) to 2010 (FIA), a change of over 83%
(Table 3). Rates of large tree declines on Private Timberlands were
followed by NPW with a median diﬀerence of over 30 trees per ha (71%
change) and then NWNF with a 20 tree per ha diﬀerence (52%). The
median diﬀerence on SR, PP, and NWBT land was negligible, as the
majority of the plots located on those lands had zero counts of large
trees.
Patterns of forest density, primarily driven by signiﬁcant increases
(up to ∼137%) in the counts of small trees (10.2–30 cm DBH) per ha
were consistent across the state except in SR (Table 3). Private Timberlands (PT) (gains of ∼399%), NWNF (gains of ∼190%), and NPW
(gains of ∼85%) had statistically signiﬁcant increases in small trees
(Table 3). Correspondingly, all ownership classes with the exception of
State and Regional Parks (SR) experienced increases in total trees per
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Fig. 2. Change in forest structure over time for: (a) total trees per ha; (b) large trees per ha; and (c) total basal area (m2/ha). Each plot shows the density distribution
of each time period for each ownership class. Signiﬁcant (p-value < 0.05) indicating dissimilar population distributions are shown with an ‘*’. Median values of VTM
distribution are dashed lines, median values of the FIA distribution are shown with dotted lines. Some plots at the ends of the distribution have been removed to show
the part of the distribution with the highest densities.

CI ± 25) and corresponding declines of −20 (95% CI ± 3) in TBA
(m2/ha) (Fig. 3).
Despite the constancy in overall patterns of forest densiﬁcation and
shifting tree size class distributions statewide, there are important differences in the amount and direction of change between ownership
class (Table 4). Changes in total trees and numbers of small and
medium trees per ha on NWNF lands are signiﬁcantly diﬀerent from
those changes on NPW lands, with NWNF lands experiencing greater
increases than NPW. However, NWNF and NPW have changed similarly
in terms of declining densities of large trees (Table 4). Changes in
NWNF and PT were signiﬁcantly diﬀerent from each other in terms of
small trees, large trees, and total trees, with PT changes in small trees

3.2. Change between ownership class
The direct change (FIA-VTM) across management type for total
trees, large trees, and TBA were signiﬁcant for PT, NWNF, and NPW
(Fig. 3). PT showed the largest average changes with an increase of 310
(95% CI ± 5) total trees/ha and average declines of −54 (95%
CI ± 15) in large trees/ha and −26 (95% CI ± 4) TBA (m2/ha). NWNF
also showed large average increases of 193 (95% CI ± 21) total trees/
ha with declines of −31 (95% CI ± 3) large tree/ha and −12 (95%
CI ± 3) TBA (m2/ha). Finally, NPW areas showed similar average
declines in large trees/ha (−37, 95% CI ± 5) as NWNF, but compared
to PT and NWF had lower average increases in total trees/ha (53, 95%

Fig. 3. Average direct change (FIA-VTM) in forest structure by plot and by ownership type for: (a) total trees per ha; (b) large trees per ha; and (c) total basal area
(m2/ha) with 95% conﬁdence intervals on change values.
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Table 4
Signiﬁcant diﬀerence in the change experienced by pairs of ownership class for each variable are demarcated by a “✓” where Tukey Honest Signiﬁcant Diﬀerence test
resulted in a P-value < 0.05; pairs that were not signiﬁcantly diﬀerent from each other show 0 signiﬁcant variables.
Management class comparison pair
PP-NWBT
PP-NWNF
SR-PP
PP-NPW
NWBT-NPW
PT-NPW
SR-NPW
NWNF-NWBT
SR-NWBT
PT-PP
NWNF-NPW
PT-NWBT
PT-NWNF
SR-PT
SR-NWNF

Small trees

Medium trees

Large trees

Total trees

✓
✓
✓
✓
✓
✓
✓
✓
✓
✓
✓

Total basal area

✓
✓

✓
✓

✓
✓

✓
✓

✓

✓
✓
✓
✓
✓

✓
✓
✓

✓
✓
✓

Number of signiﬁcant variables
0
0
0
1
2
2
2
2
2
2
3
3
3
3
4

(Fig. 4d). The spatial pattern of large tree declines largely reﬂected the
pattern of decline in total biomass across California (Fig. 4f), however,
patterns of TBA exhibited more local heterogeneity particularly in the
central coast. The central coast regions depicted strikingly diﬀerent
changes than the Sierra Nevada region, with average decreases in small,
medium and total trees in contrast to the increases found in the Sierra
Nevada region. These are predominantly SR lands, which showed nonsigniﬁcant changes across most measures (Fig. 2, Table 3). Extreme
changes (> 2.0 standard deviation decrease or increase in any measure
over the 20th century) are shown in Fig. 5. Extreme changes are scattered throughout the state, with some important local trends. The
timber production zones (PT) of the North Coast and Klamath Ranges
showed extreme increases (> 2.0 standard deviation from the mean) in
the number of small trees and total trees (shown in dark green in
Fig. 5b and e). Large tree decline was also most extreme in the higher

being signiﬁcantly diﬀerent than every other land ownership. Changes
on SR were consistently signiﬁcantly diﬀerent from other ownership
classes, except for PP which due to low samples size is not statistically
diﬀerent than most other ownership types (Table 4). NWBT was most
dissimilar in terms of large tree and total basal area decline to NPW,
NWNF, and PT (Table 4).
3.3. Spatial pattern of change across ownership class
Increases in small trees and in total trees were widespread
throughout the northern Sierra Nevada region, and more scattered
throughout the central coast and southern part of the state (Fig. 4b and
e). Patterns of medium tree change were variable across ownership
class and regions (Fig. 4c). Declines in large trees were widespread
throughout the state and pronounced in the Sierra Nevada region

Fig. 4. Change in forest structure measures at 20 km resolution for: (a) ownership class; (b) number of small trees per ha; (c) number of medium trees per ha; (d)
number of large trees per ha; (e) number of total trees per ha; and (f) total basal area (m2/ha). The insets of each map show the Sierra Nevada region at 5 km
resolution. Change is depicted as increase (> 0), and decrease (< 0).
143

Forest Ecology and Management 422 (2018) 137–146

K. Easterday et al.

Fig. 5. Extreme change in forest structure measures at 20 km resolution for: (a) ownership class; (b) number of small trees per ha; (c) number of medium trees per ha;
d) number of large trees per ha; (e) number of total trees per ha; and (f) total basal area (m2/ha). The insets of each map show the Sierra Nevada region at 5 km
resolution. Change is shown as deviations from the mean cell value, > 2.0 standard deviations from the mean is considered to be extreme change.

were on private timberlands, but timber harvesting alone does not explain why declines (71% loss) on relatively unlogged NPW are greater
than declines on variably logged NWNF (52% loss) and why losses on
NPW are not signiﬁcantly diﬀerent then losses on PT (Table 4).
Although an active legacy of timber harvesting may not play the
primary role in determining statewide patterns of large tree decline, it
might help to explain changes to forest density. Speciﬁcally, long term
studies of post-harvest forest recovery have shown that logged areas
have higher densities than corresponding undisturbed areas (GarciaFlorez et al., 2017; Naﬁcy et al., 2010). This is consistent with historical
logging practices of targeting large size classes (Bouldin, 1999; Knapp
et al., 2013). Large gaps created by the removal of one large tree allow
for several small trees to inﬁll the space left behind (Lydersen et al.,
2013). PT, which have been the most actively logged of the ownerships
presented here, on average have greater densities than their unlogged
or variably logged counterparts (i.e. NPW, NWNF) and showed substantially diﬀerent changes in numbers of small trees than all other land
ownership classes. However, depending on the scale of the study, logging history may not be the primary driver of densiﬁcation (Knapp
et al., 2013; Collins et al., 2017, Merschel et al., 2014), and local and
regional drivers maybe more explanatory. Regional diﬀerences in
ownership types may also play an explanatory role, for example patterns of small tree density on PT could be attributed to the fact that they
are largely located at lower elevations and are therefore potentially
more productive areas than higher elevation NWNF and NPW areas.
Beyond logging histories, diﬀerent ways in which ﬁre suppression
practices have been implemented also likely played a role in the differing magnitude of changes taking place, particularly on NPW lands
and NWNF. The National Park Service adopted a perspective of ﬁre as a
critical natural process, allowing wildﬁre to return to the landscape
under speciﬁc circumstances nearly a decade earlier than did the Forest
Service (Miller et al., 2012). Fire managed for natural resource beneﬁts
has taken place primarily in Wilderness areas and in many of the

elevation areas of the Sierra Nevada, and in the Non-Wilderness National Forest and Private Timberlands of the northern Klamath Ranges
(shown in purple in Fig. 5d).

4. Discussion
We report overall changes to forests statewide (increases in small
trees and total trees and decreases in large trees and total basal area)
that are similar to previous results (e.g. McIntyre et al., 2015), however
the changes we report uniquely vary across ownership class. For example, large trees declined by 83% on PT, by 71% on NPW, and by 52%
on NWNF. The consistency of large tree declines across diﬀering land
ownership class aligns with previous research pointing towards systematic inﬂuences of climatic drivers such as temperature and climatic
water deﬁcit (Das et al., 2013; Lutz et al., 2010; McIntyre et al., 2015)
as a primary driver of decline. The lack of variation in large tree decline
between PT and NPW is especially surprising given their conﬂicting
logging histories and directly contrast with previous studies that ﬁnd
logging as the primary driver of large tree decline (Knapp et al., 2013).
Timber harvesting took place in NWNF and in NPW areas before their
establishment, however nearly 95% of the total national timber harvest
came from private forests prior to World War II (Hirt, 1994). Increased
demand for timber between 1940 and 1960 caused by post-war
building led to extensive timber harvesting. Forest stands from private
forests and National Forests both contributed to this rapid increase in
harvesting. In the late 1940s, timber harvests on National Forests increased dramatically (Winters, 1950). More recently, timber production
in California has declined to pre-war averages of about 1.1 billion board
feet per year with private lands again producing nearly 95% of California’s timber (Stewart et al., 2016). Timber harvesting on PT has been
consistent since before WWII, whereas it has been variable on NWNF,
and relatively nonexistent on NPW. This consistency in timber harvesting on PT lands may explain why the largest declines in large trees
144

Forest Ecology and Management 422 (2018) 137–146

K. Easterday et al.

National Parks whereas ﬁre suppression is still common on other Forest
Service lands (Franklin and Agee, 2003; Stephens et al., 2016). Our data
showed smaller changes in the number of small trees on the landscape
and signiﬁcantly lower counts of total trees in NPW when compared to
NWNF and PT. On PT and NWNF, where immediate ﬁre suppression is
still common, signiﬁcant increases in small trees have contributed to
much denser forests overall. In previous studies, where burned and
unburned plots were studied with the goal of explicitly understanding
the eﬀect of ﬁre suppression, the largest increases in stem densities
occurred in unburned mid-elevation conifer forest where ﬁre suppression is argued to have the greatest impact (e.g. Fellows and Goulden,
2008) and which aligns with our results from the majority of PT and
NPW plots.
Understanding how forests have changed over long periods of time
is increasingly important for contemporary forest managers. Total
biomass and forest density measurements are commonly used and relatively simple proxies for forest function (e.g. productivity and diversity); they serve as key indicators of species habitat (Franklin et al.,
2002), and are increasingly used in carbon estimation (Balderas Torres
and Lovett, 2013; Brown et al., 1989). The forest structure measures we
assessed here (e.g. tree counts by size class and basal area) are simple
measures used to target silvicultural practices through existing mechanisms (e.g. thinning, controlled burns, fuel reductions, reseeding).
Furthermore, restoration projects, reforestation eﬀorts, and local
policies often use trees per area as a baseline or target for success
(Crowther et al., 2015). Many of these eﬀorts use historical estimates as
restoration targets (Alagona et al., 2012; Rhemtulla and Mladenoﬀ,
2007) yet in this era of both rapid anthropogenic change and potentially novel climatic regimes historical numbers may not be appropriate
baselines (Millar et al., 2007). Therefore, understanding how forest
structure changes across space and time, is altered by management, and
varies across ownership is important for setting appropriate targets.
Signiﬁcant increases in forest density and declining stand basal area
in California over the 20th century has resulted in forests that are
profoundly diﬀerent than they were 100 years ago. In recent decades
resilience has become the overarching framework of forest management, especially within public forests (Churchill et al., 2013; Millar
et al., 2007; Stephens et al., 2016). Widespread patterns of increasing
density reduce important structural and spatial patterns in forests including the distribution of large individual trees, open spaces, and
clusters of trees (Churchill et al., 2013; Lutz et al., 2013). As these
features are lost forests become increasingly susceptible and less resilient to catastrophic ﬁre, disease, and drought induced mortality
(Larson and Churchill, 2012; Lindenmayer et al., 2012; Lydersen et al.,
2013; Stephens et al., 2008).
Considering that patterns of forest densiﬁcation is consistent across
the state and across ownership type, large scale forest management
strategies that foster greater horizontal and vertical complexity merit
further attention. In heavily managed forests strategizing appropriate
post-harvest planting densities and expanding seedling genetic diversity
(Millar et al., 2007) could contribute to healthier and potentially more
resilient forests. Despite the complexity of forest thinning operations in
National Forests, National Parks and Wilderness areas, careful deliberation is needed when deciding to abandon these strategies (including
selective harvesting, thinning, and the use of prescribed ﬁre) since this
could cause an increase in competition for resources such as water, and
increase species vulnerability and species stress within a drier climate
(Linares et al., 2010). Increasing the amount and scope of management
eﬀorts that help to reduce density in forests may help trees survive to
become the large trees that we have lost over the last century.
Our work has shown important diﬀerences in forest change across
land ownership. However, it is important to note that some of this
variation could additionally be explained by patterns in regional climate, local diﬀerences in tree regeneration, growth, dispersal or disturbance regimes including ﬁre, pests, and disease that may co-vary
with ownership. A more nuanced explanation of these changes calls for

further investigation of the aggregating spatial unit (biophysical region,
county, land owner), a greater emphasis on collecting and analyzing
spatial information on past land use legacies, as well as understanding
the interactions between all likely explanatory factors.
5. Conclusions
Increased forest density and forest biomass declines over the last
century have resulted in profound structural change in the forests of
California. Evidence including historical resurveys and contemporary
comparisons demonstrate this trend both locally (Dolanc et al., 2013a;
Lydersen et al., 2013), and statewide (Fellows and Goulden, 2008;
McIntyre et al., 2015). Although these changes are consistent across
scales, attributing these patterns to speciﬁc drivers is complicated, and
a more nuanced understanding requires investigating land use legacies
in addition to climate, disturbance, and regional diﬀerences. We contribute to this discussion via our investigation into changes in forest
structure across diﬀering land ownerships. We compared historical and
contemporary forest inventory data and found that contemporary forests in California are denser and have less overall biomass (total basal
area) than their 1930s counterparts, and that this pattern is signiﬁcant
at a statewide scale. However, critical diﬀerences in forest structural
change across ownership exist. Forests on PT, NWNF, and NPW exhibit
consistent and more pronounced structural changes (loss of large trees
and basal area, increase in small trees and total trees) than those on SR,
PP, and NWBT.
Given that the magnitude and directionality of forest structure
change diﬀers across ownership class, we argue that land ownership, in
part helps explain variations in forest structure. There are also regional
diﬀerences in forest change (e.g. changes to Sierra Nevada and Central
Coast forests are sometimes opposite), and these areas have experienced diﬀerent management regimes over the 20th century. While we
do not explicitly test for such regional diﬀerences, we have demonstrated that understanding land ownership and management history is
crucial for understanding changing biomass across California, irrespective of region. To further our understanding, predictions, and
management of forest ecosystems, consideration of socio-ecological,
economic, and biophysical drivers is needed. Our work contributes to
the development of a more nuanced understanding of change in
California forests that incorporates climate, geomorphology, disturbance and management.
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