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Abstract

Historical legacies shape contemporary forests and woodlands: a study of California
landscapes integrating historical and modern ecological data

by
Kelly J Easterday
Doctor of Philosophy in Environmental Science, Policy and Management
University of California, Berkeley

Professor Maggi Kelly, Chair

Global changes in climate and increased anthropogenic activity are fundamentally
reshaping the structure and function of ecosystems across scales. The velocity, scale,
and intensity of human impact are irrefutable, yet quantifying the effects of
anthropogenic activities in relation to natural ecosystem dynamics can be difficult.
Understanding the interaction between human activities and landscape change is of
paramount importance, especially as anthropogenic driven land cover conversion and
disturbances threaten ecosystem biodiversity and natural resources. Our approaches to
natural resource management are challenged when environmental outcomes are
embedded in complex socio-ecological systems characterized by profound uncertainties
and interactive. Interdisciplinary approaches are thus needed to adequately address
contemporary environmental problems and evaluate interactions between biophysical
and socio-ecological drivers of change.

The research presented in this dissertation has two broad research foci. First, | explore
the linkages between human activity and landscape change in the context of California
forests and woodlands. | draw on historical and contemporary forest inventory data and
investigate more than a century of landscape transformations in California to
understand the drivers of change that influence today’s landscape. By studying the
changes in forest and woodland distribution and structure across California, | review the
often under-evaluated broad scale influence of socio-ecological factors such as land
ownership and land management in contributing to forest densification and landscape
change. Second, my work contributes to the discussion of technical issues of data
availability and data aggregation when historical data are used in modern ecological
analysis and combined with contemporary data. My research links historical and
contemporary empirical data through data science approaches in data digitization, data
aggregation, data sharing, spatial modeling, and species distribution modeling in order
to increase the scope and potential of historical data to answer complex environmental
problems. At the core of this work is one valuable and recently digitized historical
ecological data collection: the California Vegetation Type Mapping (VTM) Project.



My second chapter is motivated by several recent studies that report climate (i.e.
climate water deficit (CWD)) as the primary mechanism of large tree decline and
change in forest structure in California in the 20th century. Reflecting on these studies
and other conflicting opinions of primary drivers of change, | found very few studies that
guantify the impact of land ownership and land management on the quantities of large
trees and other characteristics of forest structure. 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. Thus, in Chapter Two, | explicitly investigate 20~ century changes in forest
structure across six ownership classes in California. In comparing historical and
contemporary forest structural data | found that declines in large trees and increases in
small tree density were consistent across the state, irrespective of ownership
boundaries. However, there were important differences in the magnitude of this change.
In particular, this pattern is most pronounced on private timberlands which experience
up to 400% regional increases in small tree density since 1930. Nearly all land
ownership classes experience declines in large trees however, private timberland, and
National Park/Wilderness areas experience a significant reduction of 83% and 73%
respectively.

In Chapter Three, | investigate the effects of urban development on changes to the
distribution of oak species in California. First, by modeling historical patterns of richness
for eight oak species using historical map and plot data from the California Vegetation
Type Mapping (VTM) collection | examine spatial intersections between hot spots of
historical oak richness and modern urban and conservation land. | found that impacts
from development and conservation vary by both species and richness. At the state
level, the impact of urban development on oaks has been small within the areas of the
highest oak richness but areas of high oak richness are also poorly conserved.

In the first two chapters, | discuss the relationship between social and biophysical
drivers of landscape change. This kind of understanding of long-term patterns of change
requires data availability and the ability to re-use data. Following from these, Chapter 4
discusses preserving history's place in the growing data landscape, | review three
approaches to sharing historical data from field stations using principles from data
science. To encourage greater use of historical data across scientific disciplines it is
vital to make data findable, accessible, interoperable, and reusable (e.g. the FAIR
principles). This summary of three important data collections emerging from the
University of California showcase the potential for their use in research and encourages
similar ventures that use common archival, geospatial, and data science practices to
shepherd historical data out of file drawers and into the contemporary digital data
landscape.
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Chapter 1 Introduction

Global changes in climate (Parmesan and Yohe 2003) and increased anthropogenic
activity (Foley et al. 2005) are fundamentally reshaping the structure and function of
ecosystems across scales. The velocity, scale, and intensity of human impact are
irrefutable, yet quantifying the effects of anthropogenic activities in relation to natural
ecosystem dynamics can be difficult. Understanding the interaction between human
activities and landscape change is of paramount importance, especially as
anthropogenic driven land cover conversion and disturbance threaten ecosystem
biodiversity and natural resources (Foley et al. 2005). Our approaches to natural
resource management are therefore challenged when environmental outcomes are
embedded in complex socio-ecological systems characterized by profound
uncertainties, interactive effects, and positive feedback loops (Liu et al. 2007; J. Dearing
et al. 2010; Millar, Stephenson, and Stephens 2007). Interdisciplinary approaches are
thus needed to adequately address contemporary environmental problems and evaluate
interactions between biophysical and socio-ecological drivers of change (Ostrom 2009;
Liu et al. 2007). Understanding and anticipating the outcomes of these dynamics is
made difficult by the large number of processes operating over various spatial and
temporal scales (Liu et al. 2007), as well as the spatiotemporal mismatch between
ecosystem dynamics and data availability (Cadenasso, Pickett, and Grove 2006).
Isolating the effects of anthropogenic disturbance from natural ecological mechanisms
is not trivial, and a considerable amount of literature has been dedicated to this
challenge (e.g. J. A. Dearing et al. 2006; Nelson et al. 2006; Fukami and Wardle 2005;
Seidl, Schelhaas, and Lexer 2011; Jackson et al. 2009).

Despite such recent advances, understanding the spatio-temporal interactions
between socio-ecological and biophysical drivers is crucial for predicting future
landscape dynamics, informing conservation planning, and understanding change in
ecosystem function at timescales relevant to society (Svenning and Sandel 2013). In
this context, historical data have become increasingly important for investigating long-
term processes, documenting rare or extreme events, analyzing ecosystem response to
contrasting cultural regimes, and providing key insights into current ecosystem
structure, function and response times (Foster 2000). Historical data and a long-term
perspective therefore provide three key functions: 1) they elongate the temporal scale of
potential scientific inquiry to include otherwise irretrievable past environments; 2) they
provide a contextual foundation from which to assess change; and 3) they situate the
study of the environment in a wider disciplinary context (Swetnam, Allen, and
Betancourt 1999). Legacies of historical land-use have been studied broadly in both
aquatic (Allan 2004; Harding et al. 1998) and terrestrial (Petit, Hu, and Dick 2008;
Hermy and Verheyen 2007) ecosystems. The mechanisms of anthropogenic impact are
varied, and range from urbanization, agricultural expansion, logging, to the modification
of disturbance regimes (e.g. fire) (Perring et al. 2016; Foster et al. 2003), among other
drivers. These historical legacies create measurable impacts on the landscape long
after their direct impact, requiring an integrated approach that leverages historical
frameworks as well as contemporary tools and techniques to fully understand current
landscapes.

In a time of unprecedented climate change, predicting the resilience of
ecosystems in the face of future environmental change can be aided by understanding
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the range of environmental variation that systems have experienced in the past
(Landres, Morgan, and Swanson 1999) and determining the environmental conditions
under which those ecosystems arose (Jackson and Overpeck 2000; Jackson 2006).
The combination of historical and contemporary data has played a major role in the
development of our understanding of ecosystems and ecosystem process in California.
In ecosystems with dynamics that play out on long time scales, such as forests,
understanding process and interacting drivers of change necessitates a long-term
perspective.

In California forests, fragmentation, widespread increases in tree morbidity, shifts
in species distribution, composition, and the densification of stand structure have been
attributed to several mechanisms including climate change-related temperature
increases and declining water availability (Das et al. 2013; Mclintyre et al. 2015; J. Lutz,
van Wagtendonk, and Franklin 2010); as well as to historical management practices
such as fire suppression and logging (Knapp et al. 2013; Laudenslayer and Darr 1990;
McKelvey and Johnston 1992; Beesley 1996), and more contemporary patterns of land
cover change through rapid urbanization (Radeloff et al. 2005). As forests account for
more than half of the world's terrestrial productivity, linking the mechanism of change
with a specific impact is integral to enhanced understanding of biogeochemical cycling,
regional climate, disturbance regimes, species diversity, ecosystem management, and
the response of trees and forests to future changes (Caspersen et al. 2000;
Lindenmayer, Laurance, and Franklin 2012; Stephens et al. 2018). It has also long been
argued that enhanced understanding of historical and anticipated changes in forested
systems is central to designing and implementing resource management policies and
ensuring ecosystem resilience (Whitlock et al. 2017; Millar, Stephenson, and Stephens
2007).

The research presented in this dissertation has two broad research foci. First, |
explore the linkages between human activity and landscape change in the context of
California forests and woodlands. | draw on historical and contemporary forest inventory
data and investigate more than a century of landscape transformations in California to
understand the drivers of change that influence today’s landscape. By studying the
changes in forest and woodland distribution and structure across California, | review the
often under evaluated broad scale influence of socio-ecological factors such as land
ownership and land management in contributing to forest densification and landscape
change. Second, my work contributes to the discussion of technical issues of data
availability and data aggregation when historical data are used in modern ecological
analysis and combined with contemporary data. My research links historical and
contemporary empirical data through data science approaches in data digitization, data
aggregation, data sharing, spatial modeling, and species distribution modeling in order
to increase the scope and potential of historic data to answer complex environmental
problems. At the core of this work is one valuable and recently digitized historical
ecological data collection: the California Vegetation Type Mapping (VTM) Project.

1 The Vegetation Type Mapping (VTM) Project and the use of historical data

My dissertation relies on a comprehensive statewide vegetation survey from the 1930s
known as the Wieslander or California Vegetation Type Mapping project (VTM). This
survey, led by Albert Wieslander of the U.S Forest Service was a nearly 30-year effort
to map forested and vegetated areas of the state. The endevour resulted in a collection
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of maps depicting dominant vegetation types; plot scale information on floristic
characteristics including frequency counts of species diameter, height, and site
characteristics; landscape photographs; and herbarium specimens (A. E. Wieslander
1935; Kelly et al. 2016; Thorne and Le 2016; Kelly et al. 2017). Each chapter within this
dissertation relies on some element of this collection; Chapter 2 focuses on the use of
over 9,000 VTM plots to evaluate a century of change in forest structure by ownership;
Chapter 3 uses over 85,000 species occurrence records from both vegetation plots and
vegetation maps to examine the interaction of urbanization and woodlands with a focus
on oak species diversity; and Chapter 4 uses the VTM as a case study to explore best
practices for digitizing historical data and making it available for scientific use.

The VTM data and project have a storied legacy that have resulted in
contributions to the fields of forest ecology and management (e.g. J. A. Lutz, van
Wagtendonk, and Franklin 2009), fire ecology (e.g. Lippitt et al. 2013), vegetation
mapping and classification (e.g. Allen-Diaz et al. 1989), ecological modeling (e.g.
Dobrowski et al. 2011), conservation biology (e.g. Rubidge et al. 2011), remote sensing
(e.g. Wieslander and Wilson 1942), and landscape and urban planning (e.g. Santos et
al. 2014). Several comparisons of 1930’s VTM inventories and maps have concentrated
on the Sierra Nevada, documenting dramatic changes in the distribution of vegetation
types over the last 70-80 years (Bouldin 1999; Thorne and Le 2016; Dolanc, Thorne,
and Safford 2013; Dolanc et al. 2013). These reports have shown increased dominance
of shade-tolerant conifers (especially Fir species) and increase in hardwood dominated
forests, loss of blue oak woodland and yellow pine forest and the expansion of
subalpine trees into previously unvegetated snowpack areas. Other comparisons have
revealed consistent evidence of an increase in young small-diameter trees across the
state and decreases in large trees (Minnich et al. 1995; Fellows and Goulden 2008;
Goforth and Minnich 2008; Dolanc, Thorne, and Safford 2013; Mclintyre et al. 2015; J.
A. Lutz, van Wagtendonk, and Franklin 2009). Linking mechanisms to these changes
has been complicated even with the reliance on a common historical dataset, with the
majority of the studies (~20/39) attributing these changes, regionally, to the alteration of
fire regimes and changes in climate.

Working with historical data 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, Allen-Diaz, and Kobzina 2005) per
plot which can affect direct plot comparisons or plot re-surveys, especially in highly
heterogeneous regions (Keeley 2004). VTM sampling protocols also have raised
guestions about bias towards sampling undisturbed forests. There is no evidence of
bias suggested in the original VTM manual (A. Wieslander 1935) or in the protocol of
selecting plot locations to be representative of vegetation types being mapped (A. E.
Wieslander 1935), or in the plot distributions (Dolanc et al. 2013). However, there are
competing patterns when comparing contemporary forest structure data (as provided in
the USFS Forest Inventory and Analysis (FIA) dataset) and VTM. Some studies using
alternative comparison data (e.g. 1911 Leiberg data) show similar declines in large
trees (e.g. Lydersen et al. 2013; van Mantgem et al. 2009), whereas others have shown
declines in large trees on some ownership classes but not on others, and contrasting
increases in basal area (Collins et al. 2017; Lydersen et al. 2013). These disparities are
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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 and suggest
that these patterns and their driving mechanisms maybe scale and region dependent.

2 Land ownership and urbanization as mechanisms of change

Our understanding of the long-term dynamics of landscape change is complicated by
the direct and indirect effects between both natural and anthropogenic drivers
(Cadenasso, Pickett, and Grove 2006), the variation in the spatiotemporal influence of
each driver and their interactive effects on the ecosystem. The fields of remote sensing
and spatial data science have contributed to our understanding of the spatial patterning,
scale, and intensity of landscape change (Green, Kempka, and Lackey 1994; W. Turner
et al. 2003; M. G. Turner 2005) over the last half century, but our understanding of
multiple interacting drivers and their consequences increasingly relies on the
spatiotemporal reach of historical, socio-political, socio-ecological, and biophysical
datasets. More than just dense time series imagery, an evaluation and attribution of the
mechanisms of landscape change requires a socio-ecological context.

Generally the academic community attributes patterns of denser forests with
more smaller and fewer larger trees and a shift in species composition favoring shade
tolerance to three main drivers: 1) climate (Mclintyre et al. 2015; Dolanc, Thorne, and
Safford 2013; Taylor 2000), 2) fire or lack thereof (Parsons and DeBenedetti 1979;
Collins, Everett, and Stephens 2011), and 3) land management including resource
extraction by logging (Kaufmann, Regan, and Brown 2000; Naficy et al. 2010; Knapp et
al. 2013). However, land ownership institutions play an important role in how land-use
decisions translate to land cover (M. G. Turner, Wear, and Flamm 1996; Steen-Adams
et al. 2015). Understanding differing patterns of change across a range of landowners
(private, state, regional, and federal) is useful scale for the development of actionable
management and regulatory policies. In Chapter 2 | assess patterns of forest
densification and large tree decline across six land ownership types in California. By
comparing Vegetation Type Mapping (VTM) project data from the 1930s with
contemporary data from 2010 Forest Inventory and Analysis plots | build upon a
sizeable set of literature using this dataset to describe change over time in California
forests, and contribute to the discussion by adding an alternative perspective to what
might explain contemporary patterns in forest structure.

The analysis provides a depiction of how the numbers and size distribution of
trees have changed over the 20" century across six land ownership types and
management regimes. | assessed the difference between historical and current forest
structure, finding that patterns of forest densification and declines in large trees and
basal area are generally consistent across ownership. However, the magnitude of
change varies with the greatest densification occurring on Private Timberlands and the
greatest loss in large trees on Private Timberlands and unexpectedly in National Parks
and Wilderness areas, suggesting that at least at a statewide scale, patterns of land
ownership do not explain large tree declines.

Another important driver of landscape change in California is urbanization
(Sleeter et al. 2013). Rapid urbanization has heightened concern globally over potential
losses of biodiversity and ecosystem services. However, sustainable planning initiatives
in conjunction with ecological knowledge can help sustain biodiversity and reduce
landscape fragmentation in urban environments. Despite this potential there has been
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limited adoption and integration of ecological data and methods into the urban planning
process. In Chapter 3 | argue that the adoption of historical data in conjunction with
modern data science workflows such as species distribution modelling techniques are
invaluable in locating hot spots of species richness, understanding where critical
habitats and species have been lost, and in providing evidence and incentive to recover
what was lost and preserve what still exists. In this chapter, | assessed historical
hotspots of oak richness at a statewide scale. Using the plot and map species
occurrence records from the 1930s VTM dataset | was able to generate a robust
species distribution model to assess historical hotspots of oak richness. Using these
probability distributions, | investigated the overlap of predicted areas of historical oak
richness with contemporary urban and protected areas to determine regions where land
use patterns (urban, protected) either preserved or removed oak woodlands. | found
that about a fifth of the area previously containing an oak species in the past is now
urban, nearly 20% of the modeled historical range of both Coast Live oak and
Engelmann oak is now under the modern urban footprint.

3 History’s place in the data landscape

Our ability to understand long term ecosystem trajectories and dynamics and distinguish
between drivers of change relies on data availability. Through burgeoning technological
developments in sensor networks and mobile data collection platforms, we are able to
capture change dynamics in both ecological processes and in our social networks at
both fine and coarse scales (Hampton et al. 2013). The data streams these platforms
create are immense and only a fraction of what is captured is actually analyzed and
turned into information (Hampton et al. 2013). Despite the potential and capabilities of
these new platforms, they only include a limited time frame of information - primarily
since the 1970s - and do not capture the scope of our anthropogenic legacy and impact.
Disciplines generally concentrate on specific time periods. For example, ecology
focuses on the immediate past (i.e. 200 years), paleoecology takes a longer temporal
viewpoint (across geologic timescales), and ecological informatics and data science
concentrate on the most recent decades of data, because that is what is most common
and available in a machine-readable format. The disconnect between the temporal foci
of these disciplines creates a need for collaboration in order to quantify and understand
long term ecosystem dynamics and evaluate the drivers and impacts of land cover
change.

The lack of spatially coincident and temporally continuous data available to
researchers makes inquiry into landscape patterns and change challenging. Therefore,
preserving historical data is essential to preserving our ability to ask complex ecological
guestions. However, simply preserving data does ensure its use, data preservation
must follow simple principles in order to be used in synthetic or transdisciplinary
research: data must also be findable, accessible, interoperable, and re-usable. In
Chapter 4, | use three case studies that illuminate different but equally valuable
approaches to moving data from analog to digital or from the field to the cloud and
discuss the steps needed to allow future scientist access to the past. In this discussion |
highlight what is currently a gap in data analysis and interdisciplinary discourse, in that
historical dark data is underrepresented in the current digital ecological data landscape
and is therefore underutilized and can serve a transformative role if stewarded into the
21st century.
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In conclusion, Chapter 5 summarizes the key findings of my dissertation as they
relate to the two core research foci: 1) the linkages between human activity and
landscape change in the context of land ownership, urbanization, and changes to the
distribution and structure of California’s forests and woodlands, and 2) the technical
issues of data availability and data aggregation when historical data are used in modern
ecological analysis and combined with contemporary data.
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Chapter 2: Land ownership and 20th century changes to forest
structure in California

This article has previously been published and is reproduced here with kind permission from co-authors
and the Graduate Division

Easterday, Kelly, Patrick Mcintyre, and Maggi Kelly. 2018. “Land Ownership and 20th Century Changes
to Forest Structure in California.” Forest Ecology and Management 422 (August): 137—46.

Abstract

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.

Keywords
Forest structure, forest change, land management, land ownership, California, Vegetation Type Mapping
(VTM)
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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; Mclntyre 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
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 (m? /ha).

We assessed change over time in these variables across six California land
ownership classes: (1) Private Timberland (PT), (2) NonWilderness National Forest
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(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 Methods

2.1 StudyArea

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 km? 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 km?) are managed by the U.S. Forest
Service as National Forests, 51,395 km? (39%) are managed as private timberland
encompassing both industrial and non-industrial private forest land. Approximately 8095
km? (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 km? (7%) (Mclver 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 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
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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.

22 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.
1la). The VTM crews conducted complete inventories of all trees over 10.2 cm diameter
at breast height (DBH) within 20 m by 40 m (800m?) 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 similar sampling densities across elevation and
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latitude as FIA plots which are determined randomly using a grid system (Dolanc et al.
2013a). Despite these potential shortcomings, 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).

VTM Plots FIA Plots

Figure 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.

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 m?2.
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 (m?/ha). Other studies (e.g. McIntyre et al.,
2015; Dolanc et al., 2013a) provide further information for protocols associated with
these data transformations.

222 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
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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 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.

Dataset Reference

California Protected Area Database (CPAD) CPAD: http://www.calands.org

Tribal lands CPAD: http://www.calands.org/
data/related

BLM grazing lands BLM: https://www.blm.gov/ca/
gis/index.html

Private Timberlands (non-industrial and Cal Fire: ftp://ftp.fire.ca.gov/forest

industrial)

Conservation Easements CCED: http://www.calands.org/

cced

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.

2.3  Analysis

2.3.1 Plot comparison

We employ methodology from Mclintyre 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
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total basal area (m? /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 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 km?) 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.

Land ownership class Included Land classes % of CA  Number of Average elevation  Average distance between ~ Average polygon
unique plots (m) VIM and FIA plots (km) size (km®)

NPW: National Parks and Wilderness areas, National Parks, 17.7% 582 2211 3 234
Wilderness Areas Fish and Wildlife Refuges

PP: Private Protected Conservation easements, NGO's 2.4% 28 601 25 0.9

SR: State and Regional Parks State, City, County land 4.4% 94 679 25 0.93

NWBT: Non-Wilderness areas, BLM land and grazing land, Tribal ~ 17.7% 59 1290 25 139
BLM, and Tribal lands

NWNEF: Non-Wilderness areas and  National Forest 15% 1186 1615 29 21.6
National Forests

PT: Private Timberland Non-Industrial Private Timber, 6.5% 94 1243 2.6 2.95

Industrial Private Timber
Total 63.7% 2047

Table 2 Description of land ownership classes in California (several land owners can be aggregated into
a single type), and relevant characteristics

2.32 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
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(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 (Timel = 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 and Ripley, 2017).
Finally, we assessed the change in the mean count per plot of the most common
species across ownership class.

233 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.

2.34 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 Mclintyre 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.
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3 Results

3.1 Changeovertime

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).

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 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 m? / 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 m? /ha (36%).
NPW lost 14 m? /ha of basal area (29%), and NWNF showed relatively small overall
change losing 2 m? /ha (6%). Conversely, NWBT land experienced non-significant gains
in basal area (2 m? /ha /ha) (Table 3).

With the exception of SR and PP lands, which show contradictory patterns with
increase in Pinus species (P.monticola,P.ponderosa,)and decline in Quercus species
most other ownership types experience a decrease in most Pinus species, while
Quercus species increase and decrease depending on land owner and species (Figure
Al ,Table Al). Average counts of Q. chryolepis increases across most ownership types
except for SR and PP with largest increases on PT. Counts of Q. lobata decline across
all types, expect for NPW. Mean counts of Q. wislizeni increase across all types except
for PT. Mean counts of Q. agrifolia decline everywhere except for PT. P. sabinia
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decreases on all ownership types, P. ponderosa decreases on all except for PP. Most
types show increase in average P.menziesii counts. Also, increased mean counts of
U.californica, and L. densiflorus occurred across management types.

NWBT NWNF
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Figure 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.
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Table 3 Summary statistics for stems/ha for small, medium, large, and total trees and the average m#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 5,000
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 | Bigtrees | Total trees | Total basal area
stems per hectare m?/hectare
All areas (n = 2,047

VTM median 99.33 50.94 38.70 235.03 38.96

FIA median 235.43 84.72 18.23 366.60 34.15

% change 137.03 66.32 -52.90 55.98 -12.33

Median Difference (bootstrap) 136.71 33.97 -20.80 131.46 -4.70
P-value (Wilcox) <0.001 <0.001 <0.001 < 0.001 < 0.001

PT: Private Timberlands (n = 98)

VTM median 93.99 78.54 61.96 262.04 56.18

FIA median 469.81 92.49 10.47 626.40 36.19

% change (relative) 399.86 17.77 -83.11 139.04 -35.58

Median Difference (bootstrap) 375.66 10.63 -49.17 371.35 -18.87
P-value (Wilcox) <0.001 0.11 <0.001 < 0.001 < 0.001

NWNF: Non-Wilderness and National Forest (n = 1,186)

VTM median 90.29 49.48 38.70 216.63 38.25

FIA median 262.56 91.16 18.53 407.55 35.85

% change 190.80 84.23 -52.10 88.14 -6.27

Median Difference (bootstrap) 171.91 42.50 -20.40 191.62 -2.40
P-value (Wilcox) <0.001 <0.001 <0.001 < 0.001 0.002

NPW: National Parks and Wilderness (n = 582)

VTM median 100.85 66.53 57.63 273.15 50.24

FIA median 187.01 84.72 16.51 318.35 35.91

% change 85.43 27.34 -71.36 16.55 -28.52

Median Difference (bootstrap) 84.41 19.28 -33.56 48.99 -14.42
P-value (Wilcox) < 0.001 < 0.001 <0.001 < 0.001 < 0.001

NWBT: Non-Wilderness BLM and Tribal (n =59)

VTM median 112.43 25.80 0.00* 152.82 9.94

FIA median 147.24 28.92 0.00* 185.89 11.79

% change 30.96 12.11 NA 21.64 18.60

Median Difference (bootstrap) 28.96 7.34 0.00 36.84 2.29

P-value (Wilcox) 0.08 0.32 NA 0.10 0.15

SR: State and Regional Parks (n = 94)

VTM median 196.34 63.89 0.00* 321.33 21.94

FIA median 172.12 67.89 0.00* 262.55 17.42

% change -12.33 6.27 NA -18.29 -20.59

Median Difference (bootstrap) -29.11 3.95 0.00 -58.30 -4.49

P-value (Wilcox) 0.29 0.99 NA 0.15 0.02

PP: Private Protected (n = 28)

VTM median 141.47 39.27 0.00* 173.14 9.16

FIA median 217.93 39.00 0.00* 247.33 14.84

% change 54.04 -0.68 NA 42.85 61.92

Median Difference (bootstrap) 74.90 3.11 0.00 70.08 4.63

P-value (Wilcox) 0.09 0.46 NA 0.05 0.22

*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.

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).
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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 (m? /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 (m? /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%CI £
25) and corresponding declines of =20 (95% CI + 3) in TBA (m? /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
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).

a. NPW NWBT NWNF
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Figure 3 Average direct change (FIA-VTM) in forest structure by plot and by management type for: a)
total trees per ha; b) large trees per ha; and c) total basal area (m?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 “ v 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 Small Medium Large Total ;2;" Number of significant
Pair trees trees trees trees variables
area

PP-NWBT 0
PP-NWNF 0
SR-PP 0
PP-NPW v 1
NWBT-NPW v v 5
PT-NPW N4 v 5
SR-NPW v v 2
NWNF-NWBT v N4 5
SR-NWBT v v 5
PT-PP v v v >
NWNF-NPW v v v v 3
PT-NWBT N4 N4 v 3
PT-NWNF v v Ng 3
SR-PT v v v 3
SR-NWNF v v v v 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. 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
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). An
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alternative view of this change along a spectrum of ownership for use or conservation
can be found in the appendix (Figure A2 and A3).

Change 4 Change
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Figure 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; €) number of total
trees per ha; and f) total basal area (m?ha). The insets of each map show the Sierra Nevada region at 5

km resolution. Change is depicted as increase (> 0) and decrease (< 0).
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Figure 5 Extreme change in forest structure measures at 20 km resolution for: a) ownership class; b)
number of small trees per ha; ¢) 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 (m?/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.

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 Il (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 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 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.
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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
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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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Figure Al Difference in average frequency count of species per plot by ownership type over time. VTM in
dark grey, FIA in light grey.
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Species NPW PT NWNF NWBT PP SR

Pinus jeffreyi -20% 22% -1% -65% 40% -61%
Pinus lambertiana -40% -36% -30% 17% NA -50%
Pinus monophylla -3% 1% -20% -19% 20% -34%
Pinus monticola -19% 158% -21% NA NA 93%
Pinus ponderosa -35% -29% -5% -51% 69% -67%
Pinus sabiniana -60% -26% -7% -39% -41% -40%
Pinus attenuata -51% NA -51% -76% NA 0%
Pinus coulteri -69% NA -61% NA -20% -79%
Pseudotsuga menziesii 14% 44% 52% 35% -32% 3%
Quercus agrifolia -62% 137% -43% -58% -50% -32%
Quercus chrysolepis 26% 85% 55% 34% -25% -19%
Quercus douglasii -12% 243% -5% 47% -13% -13%
Quercus kelloggii -23% 14% 15% 29% -63% -59%
Quercus lobata 60% -35% -64% -76% -71% -40%
Quercus wislizeni 4% -30% 90% 71% 8% 118%
Sequoia sempervirens 20% 63% -9% NA NA -63%
Lithocarpus densiflorus 124% 179% 22% NA 500% 102%
Umbellularia californica 43% 349% 72% 347% 89% -39%
Calocedrus decurrens 52% 33% 81% 115% NA 27%

Table Al Percent difference in average frequency of species per plot by ownership type, decreased
frequency highlighted in red, increased frequency highlighted in green. Increases of S.sempervirens on
PT and NPW are particularly unexpected.
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Figure A2. Decreases in forest structure measures at 20 km resolution shown with a 2-dimensional (from
protected to intense use and from small to large change) diverging color scheme: a) total basal area; b)
number of small trees per ha; ¢) number of medium trees per ha; d) number of large trees per ha; €) number
of total trees per ha. The insets of each map show the Sierra Nevada at 5 km resolution. NPW and PP
categories are shown in blue, NWBT and SR are represented in Gray, and PT and NF are shown in red.
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Chapter 3: Assessing threats and conservation status of historical
centers of Oak richness in California

This article has previously been published and is reproduced here with kind permission from co-authors
and the Graduate Division

Easterday, Kelly Jane, Patrick J. McIntyre, James H. Thorne, Maria J. Santos, and Maggi Kelly. 2016.
“Assessing Threats and Conservation Status of Historical Centers of Oak Richness in California.” Urban
Planning 1 (4): 65-78.

Abstract

Oak trees are emblematic of California landscapes, serving as keystone cultural and
ecological species and as indicators of natural biological diversity. As historically
undeveloped landscapes are increasingly converted to urban environments, endemic
oak woodland extent is reduced, which underscores the importance of strategic
placement and reintroduction of oaks and woodland landscape for the maintenance of
biodiversity and reduction of habitat fragmentation. This paper investigated the effects
of human urban development on oak species in California by first modeling historical
patterns of richness for eight oak tree species using historical map and plot data from
the California Vegetation Type Mapping (VTM) collection. We then examined spatial
intersections between hot spots of historical oak richness and modern urban and
conservation lands and found that impacts from development and conservation vary by
both species and richness. Our findings suggest that the impact of urban development
on oaks has been small within the areas of highest oak richness but that areas of
highest oak richness are also poorly conserved. Third, we argue that current policy
measures are inadequate to conserve oak woodlands and suggest regions to prioritize
acquisition of conservation lands as well as examine urban regions where previous
centers of oak richness were lost as potential frontiers for oak reintroduction. We argue
that urban planning could benefit from the adoption of historical data and modern
species distribution modelling techniques primarily used in natural resources and
conservation fields to better locate hot spots of species richness, understand where
habitats and species have been lost historically and use this evidence as incentive to
recover what was lost and preserve what still exists. This adoption of historical data and
modern techniques would then serve as a paradigm shift in the way urban planners
recognize, quantify, and use landscape history in modern built environments.

Keywords

Quercus; species distribution models; urban planning; vegetation type mapping
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1 Introduction

Urban areas serve as important landscapes for a wide range of species. However, the
rapid spread of urban development has heightened concern globally over potential
losses in biodiversity and ecosystem services generated through landscape conversion.
Sustainable planning initiatives in conjunction with ecological knowledge can help
sustain biodiversity and reduce landscape fragmentation in urban environments. Calls
for the integration of landscape ecology principles, natural resource conservation, and
landscape history into urban planning have increased. In conjunction, the types of tools
and data normally reserved for ecological analysis have begun to be used in the
planning arena. The blending of principles from landscape ecology, urban planning
data, and geospatial modelling tools represent a paradigm shift in the way we
recognize, quantify, and use landscape history in planning our modern built
environments. Current and future sustainable urban planning practices in both
developed and undeveloped areas require detailed information on past landscapes.
However, historical information is often spatially discontinuous and may require
statistical extrapolation to fill in gaps and create regional descriptions. The use of
species distribution modeling (SDM), also called environmental niche modeling (ENM),
is common in the conservation and ecological restoration communities, but these tools
have been underutilized in the urban planning arena. These models generate regional
scale descriptions of past vegetation communities or taxa distributions and may offer
critical information in sustainable planning processes that seek to reintroduce natural
vegetation to already urbanized areas or to avoid substantially altering existing natural
environment.

Oaks and oak woodlands are emblematic of California landscapes. They occupy
about 13% of the state or 4 million ha in diverse canopy mixtures of eight primary tree
species of the genus Quercus: coast live oak (Q. agrifolia), black oak (Q. kelloggii),
valley oak (Q. lobata), blue oak (Q. douglasii), Oregon white oak (Q. garryana),
Engelmann oak (Q. engelmannii), canyon live oak (Q. chrysolepis), and interior live oak
(Q. wislizeni). Oak woodlands are defined by the presence of native oak species within
a Mediterranean climate system (Pavlik, Muick, Johnson, & Popper, 1991). In California,
tree density and canopy cover vary widely, and woodland appearance ranges from
open savanna with widely dispersed trees and understory dominated by Mediterranean
annual grasses to dense oak dominated forests (Barbour, Keeler-Wolf, & Schoenherr,
2007). These ecosystems play important roles for wildlife, insects, fungi and lichens
(Grivet, Sork, Westfall, & Davis, 2008) while the oaks themselves provide critical
ecosystem services, their large canopies creating microclimates and regulating air
guality and their root systems providing stability and water filtration (Marafion, Ibafiez,
AnayaRomero, Mufioz-Rojas, & Pérez-Ramos, 2012; Standiford & Huntsinger, 2012).

Oaks and oak woodlands are deeply rooted in California’s history. Native
Americans used and managed them extensively, deriving food and commodities from
oak products (Anderson, 2005). Through the setting of seasonal fires Native Americans
retained the quality of oak woodland habitat for game species while curbing pests and
disease. Despite the cultural and ecological importance of oaks, the history and practice
of converting oak woodlands is lengthy (Bartolome et al., 2002). Lower elevation
woodlands, such as the valley oak woodlands of the fertile central valley, were
converted to intensive agriculture while the woodlands in the surrounding foothills were
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historically used for extensive livestock grazing and fire wood production. Since the
1940’s it is estimated that California has lost 5,000 km? of oak woodland to three main
drivers: development, range clearing, and agriculture (Gaman & Firman, 2006,
Kueppers, Snyder, Sloan, Zavaleta, & Fulfrost, 2005; Pavlik et al., 1991).

In this paper we focus on one of these drivers, urban development, which is
projected to threaten 3,000 km? (~one quarter) of the remaining oak woodlands before
2040. California has one of the most rapidly growing human populations and this rate is
accelerating (California Department of Finance, 2013; Medvitz & Sokolow, 1995). Over
80% of hardwood lands in California are privately owned (California Fire and Resource
Assessment Program, 2010), changing land use in the form of subdivisions has fostered
expansion of the urbansuburban footprint (Huntsinger, Buttolph, & Hopkinson, 1997;
Huntsinger & Fortmann, 1990). The urban interface with oak woodlands, once confined
to the major population centers (San Francisco Bay, Sacramento, the Los Angeles
basin), now extends throughout the entire state. Historical ecologists have
reconstructed historical distributions and landscapes by extracting mapped and textual
data from archives using these products in planning urban and working landscapes
(Beller, Downs, Grossinger, Orr, & Salomon, 2015; Grossinger, Striplen, Askevold,
Brewster, & Beller, 2007). For example, photographs, maps, and data originally
captured for purposes such as taxation or land surveying have become useful data
sources in reconstructing historical vegetation conditions (Grossinger et al., 2007; Stein
et al., 2010; Whipple, Grossinger, & Davis, 2011).

In addition to mining historical archives, detailed distribution maps of past
vegetation conditions are predicted using species distribution modeling (Schussman,
Geiger, Mau-Crimmins, & Ward, 2006).SDMs are inferential models that develop
relationships between species presence (and sometimes absence) and the key
environmental variables that define an environmental niche,and use that relationship to
map the niche across space (Graham, Ferrier, Huettman, Moritz, & Peterson, 2004;
Keenan, Maria Serra, Lloret, Ninyerola, & Sabate, 2011; Peterson, 2011). The niche,
often defined primarily with climatic variables, generates a probability surface of a
species occurrence based on the ranges of the climatic variables where a species is
known to exist and where those ranges exist in a given space. There are critiques
related to these models (e.g. bias in time, assumption of climatic equilibrium, sensitivity
to spatial scale), but they can effectively serve regional conservation goals. Given
limited species locality information, these models help fill in the gaps of probable
species occurrence and generate reasonable regional descriptions of a species
distribution based on the input variables. SDMs have traditionally been used in natural
resource, conservation, and ecological fields to reconstruct historical habitats and
examine climate change impacts (Kueppers et al., 2005; Schussman et al., 2006;
Warren, Wright, Seifert, & Shaffer, 2014), to map biotic invasions and disease spread
(Kelly, Guo, Liu, & Shaari, 2007; Vaclavik & Meentemeyer, 2009), to examine bio-
richness and speciation mechanisms (Graham et al., 2004; Rushton, Omerod, & Kerby,
2004), and to inform conservation and species management priorities (Kelly, Fonseca,
& Whitfield, 2001; Raxworthy et al., 2003; Zhang et al., 2012). Yet their use in urban
settings for planning remains limited (Milanovich, Peterman, Barrett, & Hopton, 2012).

In this paper, we argue that urban planning can benefit from a deeper
understanding of past distributions of important landscape features, such as vegetation
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communities and key taxa; the use of historical data and species distribution modeling
can aid in protection, guide in planning and management, and lend insight to future
distributions given recent climate variability and landscape change.

In this paper, we use a digitized collection of historical vegetation data from a
broad-scale California plant community survey from 1920-1930 to map historical oak
tree species richness. We then use oak tree occurrence data to model oak richness
across California focusing on eight dominant oak species (excluding data on shrub oaks
and rare hybrid taxa); coast live oak (Q. agrifolia), black oak (Q. kelloggii), valley oak (Q.
lobata), blue oak (Q. douglasii), Oregon white oak (Q. garryana), Engelmann oak (Q
engelmannii), canyon live oak (Q. chrysolepis), and interior live oak (Q. wislizenii). We
present results in map form for individual species and as overlays conveying oak
richness (historical oak “hot spots”). We then analyze how areas of historical oak
richness (hot spots) juxtapose current patterns of urban lands and conservation areas
and comment on potential opportunities for the reintroduction of lost habitat as well as
current areas of potential protection. We use species richness, a known measure of
biological diversity—to represent hot spots where several species of oaks overlap.
Historical oak richness or oak hot spots describe potential regional biodiversity hot spots
that may represent ecological transition zones—areas where species range margins
overlap—that constitute a favorable environment for species persistence or adaptation.
Regional biodiversity hot spots—as defined in terms of numbers of species—are often
conservation priorities that serve as a cost-effective way to preserve the greatest
number of species. Using this historical dataset, we are motivated by two questions: (1)
where have areas of modeled historical oak richness been lost due to land conversion
to urban uses; and (2) to what extent have conservation lands been able to preserve
areas of historical oak richness.

1.1  Historical vegetation data: The Vegetation Type Mapping collection

During the 1920 and 1930s, Vegetation Type Mapping (VTM) crews surveyed 16 million
ha (40%) of California’s wildlands. They collected vegetation information at over 18,000
plots, produced detailed maps of dominant vegetation for over 100,000 km?, gathered
over 23,000 herbarium specimens, and took over 3,000 photographs depicting
California vegetation and landscapes (Colwell, 1977; Ertter, 2000; Kelly, Allen-Diaz, &
Kobzina, 2005; Kelly, Ueda, & Allen-Diaz, 2008; Wieslander, 1935). Parts of the
collection: maps, plot data, and photographs have been used separately, primarily to
investigate drivers of change, including climate and fire, and of changes in forest and
chaparral communities around the state (Kelly et al., 2016). In this paper we use both
the digitized georeferenced plot data (Kelly et al., 2005; Kelly et al., 2008), and digitized
georeferenced polygons from the VTM vegetation maps (Thorne, Kelsey, Honig, &
Morgan, 2006; Thorne, Santos, & Bjorkman, 2013) to develop distribution models for
these oak species. We did not use the VTM georeferenced herbarium specimens to
avoid potential duplication. To our knowledge this is the first effort to use both the maps
and plot data in conjunction with modern species distribution modelling methods to
create a comprehensive historical distribution of taxa. This effort thereby increases the
sample size of occurrence records usually gained from the use of georeferenced
herbarium specimens alone.
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2 Methods
2.1 Historical Oak data

Figure 1 Locations of a) VTM vegetation maps and b) VTM vegetation plots in California.

Location data for eight Quercus species was extracted from VTM using digitized
vegetation maps and plot data (Kelly et al., 2005). The ~18,000 VTM plots although
concentrated primarily along the Sierra Nevada mountain range and the central and
southern coastal ranges (Figure 1) were surveyed across a gradient of vegetation types.
The records contain data regarding tree stand structure (number per diameter class),
percent cover of dominant vegetation by species, soil type, parent material, leaf litter,
elevation, slope, aspect, parent material, and other environmental variables. The VTM
vegetation map dataset consists of hand drawn polygons covering over 100,000 km? in
which species comprising 20% or greater of the visual cover of a stand were recorded.

We generated the oak species occurrences used for distribution modeling by
obtaining the centroids of polygons in which oaks were recorded as a dominant species.
Although the exact extent of the vegetation polygons maybe imprecise as they were
hand drawn and distinguished through visual interpretation from nearby vantage points,
the use of polygon centroid is likely to reduce the error in the overall sample from
inexact locality placement. We removed duplicate localities from map and plot datasets
for the same species. We then examined potential outliers and inconsistencies with
visual and overlay methods (Hijmans, Schreuder, De la Cruz, & Guarino, 1999). The
total sample size for each species is listed in Table 1. It is important to note that these
localities were confirmed presence of oak species and do not necessarily constitute the
species entire range or environmental niche. The presence data were limited in scope
to the extent of the original VTM surveys leaving out large portions of the Central Valley,
North Coast, and Mojave. Additionally, the assembled occurrence data may
underestimate potential occurrences within mixed stands due to the 20% cover
threshold for reporting species. Despite the potential shortcomings of this dataset the
VTM survey coverage is the most comprehensive and detailed historical survey of
vegetation available for California.
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Table 1 VTM dataset sample sizes used in species distribution modeling for eight California oak species.

Species Common name Plot locality records Map locality records  Total
Q. agrifolia Coast Live Oak 1,653 18,966 20,619
Q. chrysolepis Canyon Live Oak 1,594 12,484 14,078
Q. douglassii Blue Oak 1,732 14,826 16,558
Q. engelmannii Engelmann Oak 61 555 616
Q. garryana Oregon White Oak 169 952 1,121
Q. kelloggii California Black Oak 3,126 13,413 16,539
Q. lobata Valley Oak 601 3,777 4,378
Q. wislizeni Interior Live Oak 2,677 9,356 12,033
Total 11,613 74,329 85,942

2.2 Distribution modeling

We use a reduced set of 30-year average (1960—1990) bioclimatic (“Bioclim”) (Hijmans,
Cameron, Parra, Jones, & Jarvis, 2005) variables at~1km spatial resolution to model
the historical distribution of eight oak species. These climatic variables are commonly
used to model distributions based on specimens collected from across the 20th century.
As this study did not involve predictions across multiple time periods, we opted to use
the Bioclim data as it is the most widely used global climate dataset and has benefits in
terms of replicability and access. To reduce problems associated with extensive
collinearity of predictor variables we examine pairwise correlations among the 19
standard Bioclim variables across California and selected a single variable from pairs
with a greater than 0.85 correlation coefficient (Pearson et al., 2006). We used 8
variables: mean diurnal temp range (Bio2), isothermality (Bio3), maximum temperature
in the warmest month (Bio5), minimum temperature in the coldest month (Bio6),
temperature annual range (Bio7), mean temperature in the wettest quarter (Bio8),
annual precipitation (Bio12), and precipitation seasonality (Biol15).

We constructed and assessed the distribution models using Maxent v3.01 called
from the R 3.03 statistical environment (R Development Core Team, 2013) using the
Dismo package (Hijmans, Phillips, Leathwick, & Elith, 2012). Background (pseudo-
absence) data were generated by randomly sampling 10,000 points from the full area of
VTM plot and map sampling (Figure 1). We used a k-fold sampling (with k = 4 or 25%)
of the occurrence data for each oak species to partition the data into testing and training
data, with each round of modeling containing 75% training and 25% testing data. We
then assessed model fit using the AUC (area under curve) statistic, which evaluates the
performance of model as a series of tradeoffs between true positives and false positives
(Fielding & Bell, 1997). AUC values range from 0— 1 with a value of 0.5 representing a
model with prediction probabilities close to random, and values greater than 0.5 signify
a model with a greater power to predict areas of high suitability in locations of known
species presence (Phillips, Anderson, & Schapire, 2006). Using the AUC statistic, we
confirmed how well the distribution predicted by our model matched the distribution from
a sample of the historical occurrences. We used the maximum sensitivity plus specificity
threshold to convert each modeled result from continuous probability scores (e.g. 0—
100%) to binary predicted/not-predicted scores (e.g. 0 and 1). This threshold has
performed well in a recent evaluation of presence-only threshold methods (Liu, White, &
Newell, 2013). We then used this threshold to create individual surfaces that articulated
the high probability range of each oak species given the climatic variables. Finally, we
summed the eight binary predictions/surfaces for each species to generate a map of
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modeled historical oak richness for California. Historical oak richness or oak hot spots
describes regions where there is spatial coincidence in the modeled ranges of individual
oak species. Since these models are based on climatic variables alone the modeled
areas of oak richness represent areas of historical climate that were highly suitable for
an overlapping number of oak species. Low historical oak richness is represented as
single species of oak, moderate represents 2-5 overlapping species ranges, and high
represents 6 or more overlapping species ranges.

2.3  Areasof oak threat and conservation

We examined modeled hot spots of historical oak richness as they juxtapose with
current urban areas and with protected areas in California using an overlay analysis of
the binary maps of modeled historical oak species distributions and statewide spatial
layers depicting current urban and protected areas. We used two current statewide
products that depict urban footprints and protected areas. The urban footprint, derived
from the 2010 decennial census, is useful for analyzing urban growth and associated
impacts (U.S. Census Bureau, 2014). The California Protected Areas Database (CPAD,
2013) database tracks public, conservation and trust land ownership representing the
most complete publicly available representation of conservation lands for the state of
California. Both were provided by the U.S. government data portal: http://www.data.gov.

3 Results

Species distribution model support (AUC) ranged from 0.83 for Q. chrysolepis to 0.98
for Q. engelmannii (Table 2). The mapped binary results for individual oak species are
shown in Figure 2, along with a statewide view of modeled historical oak richness.
Areas of high historical oak richness (six or more oak species) include: a) the North
Coast Ranges, b) the South Coast Ranges, c) the Sierra Foothill Belt, d) the Transverse
Ranges including the Tehachapi Mountains, and e) the Peninsular Ranges (Figure 2).

We overlaid the map of modeled historical oak richness on the current urban
footprint and the current conserved lands and found that impacts from development and
conservation vary by species and richness. Impacts from urban development have been
relatively small (~5.5% of the land) within the areas of high oak richness (Table 3),
however 17% of the historical distributions of individual oak species are found in current
urban areas. Coast live oaks (Q. agrifolia) and Engelmann oaks (Q. engelmannii) are
the most disproportionately affected; with~19% of each modeled range now under the
modern urban footprint. Additionally, the ranges of valley oak (Q. lobata), blue oak (Q.
douglasii), and Oregon white oak (Q. garryana) may be underrepresented in these
models due to the lack of VTM survey coverage in these species normal ranges which
include the Central Valley and the North Coast.

Areas of moderate historical oak richness (2-5 oak species) have some
protection on conservation lands ranging from 27 to 39% of their predicted historical
distribution. Four oak species have approximately half of their modeled historical range
on current protected lands (Q. chrysolepis, Q. garryana, Q. kelloggii, and Q. wislizeni).
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Table 2 AUC values from each species distribution model of eight California oak species, and threshold
values using the Maximum Sensitivity and Specificity method for binary predictions of presence and
absence

Species Area Under Curve Maximum Sensitivity +
P (AUC) Specificity Threshold
Q. agrifolia 0.887 0.42
Q. chrysolepis 0.831 0.43
Q. douglassii 0.842 0.48
Q. engelmannii 0.987 0.17
Q. garryana 0.947 0.33
Q. kelloggii 0.869 0.44
Q. lobata 0.865 0.42
Q. wislizeni 0.853 0.45

Modeled Number of Historical-Oak Sﬁcie |
0O 1 2 3 4 5 6 7

Q. wislizeni
Figure 2 Modeled Number of Historical Oak Species: a) North Coast Range; b) South Central Coast

Range, c) Sierra Nevada Foothills, d) Transverse Ranges including the Tehachapi Mountains, and e)
Peninsular Ranges. Individual binary maps of eight modeled oak distributions are also shown.
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However, hot spots of historical oak richness (6 or more oak species) currently have low
representation in conserved lands. Of the mapped areas identified as supporting
suitable habitat for seven oak taxa: 4% fall within areas developed since 1930, and 13%
fall within lands with current conservation protection. For the conservation of high oak
richness these regions would be high priority areas for conservation land acquisition.

A visual comparison of areas of modeled historical oak distribution with urban
areas and parks, public, conservation and trust ownership lands are found in Figure 3.
We focus on three urbanizing areas of the state: a) the San Francisco Bay Area, b) the
Sacramento/Sierra Foothills area, and the c) Los Angeles area; as well as two areas
that have high richness and recent conservation: d) the inner Coast Ranges of Napa
and Lake Counties, and e) the Tehachapi Mountains. Despite the fact that current urban
areas do not occur in areas of high historical oak richness, there is considerable spatial
juxtaposition of current urban footprint and areas of moderate historical oak richness (2—
5 species) in large urban areas across the state. In the San Francisco Bay Area (Figure
3a), a 3,490 km? region covering ten counties, 918 km2 (26.3%) of single species
range, 2,556 km? (73.3%) of moderate species richness (2-5 oak species), and 10 km?
(0.3%) of Quercus hot spots have been converted to urban areas. This region of the
state is a matrix of intermixed parkland and urban area: the cities of Contra Costa and
Alameda on the east side of the San Francisco Bay area surround the biologically rich
area of Mt. Diablo. In the southern San Francisco Bay area, the rapid expansion
between the San Jose urban area and Morgan Hill is encroaching on an area rich in oak
species richness.

In the Sacramento and Sierra Foothills area (Figure 3b), a 1,630 km? region
covering five counties, 241 km? (14.8%) of single species range, 1,293 km? (79.3%) of
moderate species (2-5 oak species) richness, and 2.9 km? (0.2%) of Quercus hot spots
have been converted to urban areas. The Sierra Foothills are a rich area for oak
species and are increasingly threatened with urban and exurban expansion particularly
along the Interstate 80 and Highway 50, shown as the twin arms of urbanization located
east from the city of Sacramento in Figure 3b. There are few large parks or open space
lands in this Foothill Belt (150—900 m in elevation) to help conserve oak richness most
federally owned lands in the Sierra Nevada are located in the mixed Conifer belt and
higher (above 900 m). In both of these areas urban expansion has affected the
moderate (2-5 oak species) richness class the most.

In the Los Angeles area (Figure 3c), a 9,169 km2 region covering five counties,
4,219 km2 (46.0%) of single species range and 1,113 km2 (12.1%) of moderate species
(2-5 oak species) richness have been converted to urban areas. No high Quercus
richness areas were converted to urban areas. Oak habitat extends south from the
Transverse Ranges and rings the mountains surrounding the Los Angeles Basin (Fig.
3c) and Peninsular Ranges to the border with Mexico. This is an area of active urban
growth; however, there are considerable large extant open space areas (primarily
federal lands) to serve as preserves.

The inner Coast Ranges of Napa and Lake Counties in northern California
(Figure 3d) and the Tehachapi mountains of southern California (Figure 3e) are areas of
high oak richness that have recently significantly increased their conservation of oak
diversity. In 2015 the area identified with high oak richness in Napa and Lake counties
was proclaimed as a new National Monument (Berryessa Snow Mountain) and in 2010
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the purchase of 62,000 acres of Tejon Ranch, located in the Techachapis was
approved.

Table 3 Modeled historical oak richness. Area supporting oaks predicted to occur based on species
distribution models, by number of oak tree species richness and individual oak species, and the
percentage found within urban or protected areas

Species Total km? % in Urbanized Areas % in Protected Areas
Q. agrifolia 58,597.8 18.62 26.61

Q. chrysolepis 88,543.9 0.92 54.88

Q. douglassii 83,423.5 5.07 17.18

Q. engelmannii 9,373.6 18.99 32.49

Q. garryana 43,882.6 0.75 50.18

Q. kelloggii 68,182.2 1.57 47.25

Q. lobata 76,616.5 8.27 19.50

Q. wislizeni 46,606.0 4.42 51.80
252::?(5; of Description Total km? % in Urbanized Areas % in Protected Areas
1 Low 39,775.7 16.86 32.91

2 59,748.6 7.57 32.85

3 62,484.7 4.02 38.57

4 Moderate 20,924.4 3.03 39.35

5 9,114.3 2.66 27.81

6 High 2,533.2 1.45 24.66

7 959.5 4.03 13.11

4 Discussion

Reconstructing historical distributions and patterns of richness is critical to our
understanding of current landscapes, in addition this knowledge provides the foundation
for thoughtful and informed management, protection, restoration, and planning
decisions (Rhemtulla & Mladenoff, 2007). The history of a landscape or the historical
distribution of a species does not establish a linear path for the future, but rather,
provides a foundation of understanding (White & Walker, 1997), and gives context to
the trajectories of species and landscapes (Foster et al., 2003). Urban planning
principles urge the integration of elements from the surrounding flora, fauna, and
topography in building sustainable landscapes (McHarg, 1971; Steiner, 2008).
Therefore, integrating historical landscape ecological research with disciplines that
investigate and modify the built environment such as planning provides a pathway for
directing future landscape change. Understanding and mapping historical distributions
of natural vegetation types, as well as using historical data in modern modeling provides
opportunity for ecologically and historically based decision making, planning, and policy
direction. As human population increases, planning projects increasingly modify current
infrastructure and existing structures. Therefore, knowledge of past landscape history
could provide critical inspiration for regreening cities and re-connecting them with their
past. Many of California’s urban areas were constructed in landscapes historically rich
in oak woodlands: this disappearance of oaks within the urban landscape has since
motivated plans to return oaks even within heavily urbanized areas (Grossinger et al.,
2007; Whipple et al., 2011). The utility of historical data to drive environmental niche
models, generating past species distributions and reconstructions of vegetation
communities is an unexplored theme in urban planning. This study of using a single
historical dataset (VTM) to provide historical distributions of one taxon is just one
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example of the capabilities and value-added information that rich biogeographic data
can lend to urban planning. We argue that the lack of understanding of past landscapes
and important vegetation communities is a potential oversight within urban planning that
is easily remedied through the use of the techniques and data presented in this paper
and strengthened with other rich biogeographic datasets available for the state (see
Table 4). By linking the past with the present through the use of modeling techniques
we carry invaluable ecosystem and human health services into our modern urban
environments.

Highways
Interstate
Other

| Modeled Number of Historic (5ak Spgcies
[T [ T

01 2 3 45 6 7

Figure 3 Areas of historical Quercus richness mapped with current urban and protected areas, with a
focus on juxtaposition of historical richness and urban areas: a) San Francisco Bay Area, b)
Sacramento/Sierra Foothills, c) Los Angeles; as well as areas where historical oak richness are not near
protected areas: d) Napa/Sonoma/Mendocino Counties and e) Tehachapi mountains.

Through the development of environmental niche models, we have found that
California oaks have been greatly impacted by urban development and this is likely to
continue. Historical land use change, such as widespread clearing of blue oaks during
‘rangeland improvement” programs (Bolsinger, 1988), and current and future loss of
habitat for urban and ex-urban expansion, will further fragment intact oak woodlands,
eroding the sustainability of the oak woodland ecosystem and its associated products
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and ecological services, including wildlife habitat provision (Hilty & Merenlender, 2004),
genetic richness, and evolutionary potential (Grivet et al., 2008). The Sierra Foothills
region (Figure 2c) of the state is an example of these complicated interactions with
urban and suburban growth predicted to double by 2020 at great consequence to
forests and rangelands (Theobald, 2005). Urban growth in this area has extended into
rural areas through rapid development of low density housing, increasing competing
interests in the urban/wildlife interface, challenging fire management in these arid
ecosystems, and illustrating the complex relationship between natural resource
management and urban development encountered across the state (Byrd, Rissman, &
Merenlender, 2009). Historical species richness and distribution data such as presented
may serve to highlight areas where developmental pressures are encroaching upon
high oak richness, prompting further investigation.

Table 4 List of the most comprehensive biodiversity databases for California with reference to the type of
data they hold, the number of specimens reported at the time (11/2016) and their extent. These databases
provide historical and current species occurrence information that can be used to construct species
distribution models. Note that some records are redundant and may be housed in multiple databases.

Database Data Number of Extent
specimens/localities

Global Biodiversity Information Facility Plants and Animals 624,423,832 Global

(GBIF) http://mwww.gbif.org

California Natural Diversity Database Plants and Animals- 86,000 California

(CNDDB) rare species only

https://www.wildlife.ca.gov/Data/CNDDB

HOLOS-Berkeley Ecoinformatics Engine* Plants, Animals, >3 million Primarily

https://holos.berkeley.edu Maps California

GAP Animals only 1,480 species United

http://gapanalysis.usgs.gov/species States

Vertnet Animals only 80 million Global

http://vertnet.org

Biodiversity Information Serving Our Nation Plants and Animals  >100 million United

(BISON) States

https://bison.usgs.gov

INaturalist Plants and Animals 3,173,095 Global

http://www.inaturalist.org

CalFlora Plants only >1 million California

https://www.calflora.org

Consortium of California Herbaria (CCH) Plants only >2 million Primarily

http://ucjeps.berkeley.edu/consortium California

iDigBio Plants and Animals 73,192,805 Global

https://www.idigbio.org
* |ocality information used in this paper was sourced from HOLOS-Berkeley Ecoinformatics Engine

Oaks, in particular are emblematic of California landscapes and serve as
keystone cultural and ecological species providing ecosystem services through the
provisioning of shade, soil stabilization, air and water quality regulation, food and shelter
for animals, as well as providing aesthetics linked to increased property value. As more
historical landscapes are being lost to increased urbanization and climatic pressures are
projected to reduce species ranges (Kueppers et al., 2005), it is critical to maintain
species diversity and reduce habitat fragmentation by making our built and natural
environments more cohesive through the strategic placement and reintroduction of
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important habitats and species, such as oaks. Through the use of historical data and
modeling the integration of lost landscape features starts from a more informed position.
Current efforts (e.g. Grossinger et al., 2007; Whipple et al., 2011) in the California Bay
Area serve as an example of how coordinated efforts between local open space
councils, local stewards, and urban planning officials can led to “re-oaking” (Grossinger
et al., 2012, Grossinger & Beller, 2011): the reintroduction of oak woodland landscapes
and of native oaks to the urban forest canopy. Future efforts in urban planning would
also benefit from the use of historical data and modeling to locate hot spots of species
richness, understand where habitats and species have been lost historically, and use
this evidence as incentive to recover what was lost and preserve what still exists.

Understanding past distributions as we have done in this paper is a critical step
in the development of future models that address the impacts of a changing climate.
Future climate models for California show trends of increasing temperatures, creating
longer summers and shorter, warmer winters, with less snowpack retention and
therefore a diminishing water source to last through the longer, drier summers (Cayan,
Luers, Hanemann, & Franco, 2006; Luers, Cayan, Franco, Hanemann, & Croes, 2006;
Thorne, Boynton, Flint, & Flint, 2015). Expected increasing temperatures will likely
exacerbate existing ecological problems from pests and diseases (Cayan et al., 2006;
Luers et al., 2006). Diseases such as Armillaria, Hypoxylon (root rot) and Phytophthora
ramorum (commonly known as “sudden oak death”) are expected to more easily infect
drought-stressed trees (California Fire and Resource Assessment Program, 2010;
Cayan et al., 2006; Luers et al., 2006). P. ramorum, which can rapidly kill coast live oak
(Q. agrifolia) and California black oak (Q. kelloggii), among other species, has already
been confirmed in 14 counties in the state of California (California Oak Mortality Task
Force).

Policy measures to protect oaks and oak woodlands might be a way to conserve
areas of oak richness, but measures are complicated by the fact that the majority of
oak-dominated woodlands in the state (>80%) are located on private lands (Davis et al.,
1998; Pavlik et al., 1991; Santos & Thorne, 2010; Standiford & Bartolome, 1997).
Further, the notion of oak woodlands as a traditional working landscape historically
reduced their value in the eyes of the conservation community possibly delaying
formalized protection until the 1970’s (Cox & Underwood, 2011; Santos, Watt, & Pincetl,
2014). However, following this formalization of protection, the decentralized structure to
statewide conservation and protection of oak woodlands, including the lack of statewide
information on patterns of oak distribution and richness, has left the responsibility to
protect and regulate oaks unclear.

The environmental consequences of inconsistent policy may have detrimental
effects on the distribution of oak woodland communities. Since many of the oak hot
spots identified span administrative and county boundaries, the need for a statewide
mandate and clear delegation of protection and regulation authority is essential in
developing a regional approach to conservation of oaks and oak woodland habitat.
Although local policies may be inconstant county to county, they are still critical to
developing a multi-scalar approach to conservation of oaks from individuals to
landscape. Local strategies of conservation such as land acquisition in the form of land
trusts and conservation easements (Merenlender, Huntsinger, Guthey, & Fairfax, 2004)
and open space designation, would benefit from the mapping of past, current, and
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future oak distribution and richness. For instance, areas of modeled historical oak
richness—the North Coast Ranges, the South Coast Ranges, the Sierra Foothill Belt,
the Transverse Ranges, and the Interior Coast Ranges are important repositories for
plant species endemism (Grivet et al., 2008; Thorne, Viers, Price, & Stoms, 2009), and
are critical conservation areas for oak woodlands that could be looked at more closely
for incorporation under conservation easements open space designations, or planning
that incorporates oaks and woodland habitat into new communities. Making transparent
the locations of hot spots of richness gives strength and reasoning to local initiatives
and could potentially initiate consistent statewide policy.

5 Conclusions

In this paper, we combined modeled data from a historical dataset with modern data on
urban and protected areas, to provide a base for understanding the pressure of
development on the distribution and richness of oak species. Areas of modeled
historical oak richness were compared to the current footprint of urban areas and
current conserved lands. We found that about a fifth of the area that previously
contained a single oak species in the past is now urban with nearly 20% of the modeled
historical range of both coast live oaks and Engelmann oaks now under the modern
urban footprint. Areas of moderate historical oak richness have some protection on
conservation lands but have been disproportionally affected by urban areas. Four oak
species (Q. chrysolepis, Q. garryana, Q. kelloggii, and Q. wislizeni) are moderately
protected, with around half of their modeled range currently on conservation lands. Hot
spots of high oak richness (e.g. six Quercusspecies) currently have low proportional
representation in conserved lands with only 13% of the modeled range within current
conservation protection. Plans for protecting oak woodlands in California are
complicated by policy, which can be local in scale, and fragmented with no uniting
statewide mandate. Many of the areas of high historical oak richness span
administrative boundaries, and thus are difficult to manage by policy measures alone.
We therefore encourage the use of historical data to encourage and guide protection of
these landscapes in the form of policy and regulations, and to help in planning for future
urban greening efforts resurrecting oak habitat that sits waiting beneath modern
sidewalks.
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Chapter 4: From the field to the cloud: a review of three approaches
to sharing historical data from field stations using principles from
data science

Abstract

Historical data play an important role in our understanding of environmental change and
ecosystem dynamics. By elongating the temporal scale of scientific inquiry, historical
data reveal insights into the dynamic nature of ecosystems over long time periods that
might otherwise be unavailable. However, most historical data has yet to make a full
contribution, remaining ‘dark’ and out of reach to the broader scientific community. This
article responds to several calls stressing the importance of historical materials from
field research and urges their preservation and accessibility. Despite the importance of
historical data collections, few standards have emerged to integrate historical dark data
into the larger digital data landscape. To encourage greater use of historical data across
scientific disciplines it is vital to make data findable, accessible, interoperable, and
reusable (e.g. the FAIR principles). In this paper we discuss the potential of historical
dark data to contribute to the modern digital ecological data landscape. We do this by
focusing on three cases from the University of California field and research stations and
the groups that have worked to make historical dark data discoverable. Despite the
common goal of maximizing the potential use of these data collections, each case and
the methods employed are unique, and showcase varying levels of success in achieving
the FAIR principles and shepherding historical data into the 21st century.

Keywords

dark data, data science, historical data, field stations, open data
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1 Introduction

Scientific research increasingly highlights large datasets for their transformative
potential in solving enduring and complex problems, leading one recent analysis to
declare data the “world's most valuable resource”(Fosso Wamba et al., 2015; Hampton
et al., 2013; The Economist, 2017). Large “born digital” data from modern data streams
have increased the scope of environmental inquiry. Within the last two decades,
advances in computing, databases, sensing technologies, cloud-based services, social
media, and mobile data collection (among other things) have ushered in an era of ‘big
data’ characterized by a previously unimaginable volume, variety, and velocity of
incoming data streams (Gandomi and Haider, 2015). While ‘big data’ have garnered
deserved attention, data generated from individual projects in small volumes at local
scales (also called the ‘long tail of science’) (Hampton et al., 2013; Heidorn, 2008;
Wallis et al., 2013) and ‘dark data’ including both unstructured and unused digital data
collected during routine business and research (Ferguson et al., 2014; Hampton et al.,
2013; Wallis et al., 2013) as well as analog, unarchived, non-machine readable
historical data - also known as legacy, or heritage data (Birgi and Gimmi, 2007;
Salmond et al., 2012), have not. Such datasets are the foundations on which big data is
often built (Ferguson et al., 2014) and represent a large portion of the data landscape
that is currently underutilized but has recognized potential (Bi et al., 2013; Eitzel et al.,
2016; Kelly et al., 2016; Michener and Jones, 2012). This paper responds to the need
for new theory and methods to move what we call historical dark data - unarchived, non-
digital legacy data - from file drawers to the cloud in order to realize its full value,
potential, and become an integral part of the digital data landscape. Historical dark data
includes unarchived physical data collections such as accumulated reports, field notes,
journals, biological specimens, correspondence, and artifacts.

These materials have three important roles. They: 1) elongate the temporal scale
of potential scientific inquiry to include otherwise irretrievable past environments, 2)
provide a contextual foundation from which to assess change, and 3) situate the study
of the environment in a wider disciplinary context. However, non-digital formats,
decentralized physical location and variable condition of the data collections create
barriers to productive scientific use and put important data at risk of disposal and loss.
Several calls have stressed the importance of these types of materials and their
preservation, but few standards have emerged to shed light on historical data. To
encourage greater use of historical data across scientific disciplines and ensure a future
for our past it is important to make these collections findable, accessible, interoperable,
and reusable (FAIR) (Wilkinson et al., 2016).

In this paper, we focus on historical environmental data collected in the field at
research stations or research properties. These kinds of physical data collections are
common - the result of a century of business-as-usual research and daily operations
that focused on forestry, ecology and agriculture. We review three University of
California (UC) projects that digitize and share historical data collections and evaluate
the collections’ journey out of the dark and into the larger digital data ecosystem with
respect to the FAIR principles. These case studies reveal that historical data are
complex, requiring diverse approaches to preservation and dissemination, but they also
reveal that such efforts can be invaluable to the environmental sciences.
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1.1  Datastewardship using FAIR principles

The synthesis of historical and contemporary ecological data with predictive models can
be a powerful approach to investigate the complex response of species, communities,
and landscapes to changing biophysical conditions in time and space (Kelly et al.,
2016). Scientists tackling complex socio-ecological questions regularly deal with large
collections of heterogeneous data and recognize that principles from data science can
help them in their work (Hampton et al., 2013; Lowndes et al., 2017; Morrison et al.,
2017; Peters et al., 2014a; Wilson et al., 2017; Wolkovich et al., 2012). Principles for
reproducible data science, such as transparency, reusability, collaboration, and
communication (Lowndes et al., 2017; Pedersen et al., 2007) can streamline projects
and make science more efficient. Data sharing is a fundamental part of these efforts.
Effective data management and sharing are key for data integration, knowledge
discovery, and continued use (Wilkinson et al., 2016). The current landscape of
scientific data can be fragmented - developed and maintained by individuals or small
academic groups, on focused areas, and concentrated in time (Kelly et al., 2016;
Michener, 2006; Michener et al., 1997; Waide et al., 2017) - precluding efficient use.

The FAIR (Findable, Accessible, Interoperable, and Reusable) framework is one
of several recent efforts to establish best practices and principles for effective data
management by the global research community (Wilkinson et al., 2016). Guidelines for
long term data stewardship are not new, but their adoption in practice can be ad hoc
(Borgman et al., 2015; Michener and Brunt, 2009). FAIR principles serve as umbrella
concepts for goal setting and evaluating success that may translate across institutional,
educational, disciplinary, and technological barriers. Findable requires that data and/or
metadata should be uniquely and persistently identified, indexed, and described in detail
so that they may be discovered by potential researchers. For data to become accessible
once found, they need to be published using standard, free, and open protocols. Using
standard data formats and ontologies in this process makes data interoperable. Finally,
data need to be reusable, so ensuring that data provenance is preserved and well
documented for the next user is critical. Data projects that fulfill all FAIR principles are
expected to have the most potential for use by new studies, in transdisciplinary
research, and are therefore are highly valuable to science.

We believe the FAIR principles promote digital resilience (Wright, 2016) by
fostering forward thinking approaches to data archiving, sharing, and use. FAIR can be
conceptualized as a road map (Figure 1) with each step elevating the potential and
value of data across a spectrum of dark unstructured collections that fulfill no FAIR
principles to “open data” that fulfill FAIR (Ferguson et al., 2014). As dark data transition
out of file drawers and into digital structures it increases the variety and volume of data
that is readily available and for integration into scientific workflows, thereby expanding
the temporal data record and increasing its potential reach. Achieving FAIR principles
will enable the use of historical data in conjunction with contemporary data (Kelly et al.,
2016), in transdisciplinary research (Beller et al., 2017; Michener, 2015), and in
synthesis or meta-analysis (Wallis et al., 2013). This framework is useful in context of
historical dark data because the principles are flexible, and even partial fulfilment can
yield success and contribute towards increased use, potential and value of historical
data in science. However, as we discuss in the following case studies, achieving FAIR
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principles is difficult and costly requiring long-term investment, stewardship, and
expertise.

variety
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Figure 1 Conceptual diagram of the FAIR roadmap for dark data: each curve represents a step toward
increasing the value and potential of dark data for science.

1.2 Thecurrent ecological data landscape

The current landscape of ecological data is complex and evolving (key U.S. players are
summarized in Figure 2). Within this landscape, science and synthesis centers
(NASA, NCEAS, LTER, NEON, NCALM, and SESYNC) serve as the institutional leads
in developing standards in file formats, protocols, tools; and by creating partnerships
across institutions or groups that lead to data aggregation or increase the potential for
integration (Michener et al., 2011; Rodrigo et al., 2013). These centers work to
synthesize and collect heterogeneous environmental data from multiple sources
including field observations and experiments as well as sensor networks. Data from
these centers have been used to study a wide range of environmental phenomena—
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including land use change, invasive species, phenology, aquatic environments,
atmospheric processes, and ecosystem dynamics—Ilargely since the 1970s. These
centers have largely succeeded at using and re-using diverse datasets by linking them
through standardized metadata and centralized repositories, some of which are created
by the centers themselves (Jones et al., 2006), but the coverage of their data often
misses key historical events that shaped contemporary ecosystems before 1970
(Alagona et al., 2012).

Recent and numerous efforts to make data discoverable and interoperable has
resulted in several types of data repositories. First among these are the recent
proliferation of domain-specific data repositories, especially for biological specimens
and associated data that use taxonomically-specific language, protocols, and standards.
These repositories range from taxon-specific (e.g. VertNet) to taxonomically broad (e.g.
GBIF) and include many museum and herbarium records. Data include digitized
physical specimens; records of species occurrence, abundance, tolerances; and insight
on various other environmental conditions derived from the digitization of field
notebooks and journals. Institution-or collection-focused field notebook digitization
efforts, such as field notebooks from UC Berkeley libraries
(http://ecoreader.berkeley.edu/) or Zooniverse Notes from Nature
(https://www.notesfromnature.org/), have shown the potential of crowdsourcing
platforms to integrate historical dark data into the digital data landscape through
transcription.

Generalist repositories exist on a spectrum of centralized or decentralized
models of data aggregation (Franklin et al., 2017), some serve as a data warehouse
collating data from disparate institutions and partners while others collect metadata and
finding aids to point to the original location of the data but do not store the data itself.
Generalist repositories include university-based efforts (e.g. Harvard’s Dataverse,
Berkeley’s HOLOS); government sponsored national spatial data portals or
clearinghouses (e.g. National Map, DataOne) (Crompvoets et al., 2004; Maguire and
Longley, 2005; Tait, 2005); and proprietary portals (e.g. ESRI’s Living Atlas of the
World). Generalist repositories are not unique to ecological, biological, and
environmental data, and ecological data and materials often exist in generalist
repositories that ecologist may be unaware of (e.g. Digital Public Library of America)
(Waide et al., 2017). Allied data repositories may establish even greater
interconnections using an Application Programming Interface (API), thus, creating
gateways to larger data landscapes. APIs are applications that serve machine-readable
data and functionality to applications that represent the data to users.

Data registries (e.g. Registry of Research Data Repositories and FairSharing)
serve as guides to help users find appropriate data. Registries provide global indexes of
research data repositories, allowing users to search, find, or connect with groups that
may have similar data (Pampel et al., 2013). Several scientific journals that require data
deposition upon submission (e.g. Nature, Science, PNAS) also guide researchers by
listing supported discipline-specific and generalist repositories. Registries foster
interconnectivity and potentially reduce redundancy in the creation of new repositories,
experiments, and data collections.
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Finally, we identify emergent participatory or citizen science data repositories
driven by massive public data collection efforts. These include biodiversity databases
(e.g. iNaturalist.org) and other distributed and public efforts to document changing
climates (e.g. IceWatch). Data from these non-traditional and volunteered collective
efforts have already enhanced scientific learning in numerous cases (Connors et al.,
2012; Dickinson et al., 2012, 2010; Kearns et al., 2003) and will play a growing role in
ecological data collection, sharing, and use. This evolving ecological data landscape (or
Uber network (Michener, 2015; Peters et al., 2014b)) encourages data discovery,
integration, and reuse. Sharing data is a public good that is generated by mutual
commitment to scientific principles (Hampton et al., 2013; Michener, 2015; Reichman et
al., 2011; Wallis et al., 2013). The value of data and metadata repositories is in their
capability to help make collections of data FAIR. However, the growth and success of
these repositories has tended to overlook vital elements (and indeed the majority) of the
data landscape that were not born digital and are not yet FAIR (Jones et al., 2006).
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Figure 2 The digital ecological data landscape is comprised of science and synthesis centers, citizen
science data repositories, generalist repositories, domain specific repositories, and data repository
registries.
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1.3  Growingthe datalandscape with historical collections

With the exception of domain specific repositories for biodiversity collections and
field notebooks, historical data are disproportionately underrepresented in modern
ecological repositories leaving temporal gaps in the scientific record (McClenachan et
al., 2015; Szabd and Hédl, 2011; Zu Ermgassen et al., 2012). Despite the consensus
that historical data are necessary, these types of data are often underutilized in practice
(Magurran et al., 2010; Szabd, 2010) due to the difficulty integrating non-digital
historical data in routine research. Ecological research using historical data have
demonstrated success in modelling the impact of climate change on species abundance
and distribution (Lavoie, 2013; Pyke and Ehrlich, 2010; Shaffer et al., 1998; Tingley and
Beissinger, 2009), cataloguing drastic changes in forest structure, composition, and
distribution (Easterday et al., 2016; Kelly et al., 2016; Petit et al., 2008), contextualizing
evolutionary processes (Holmes et al., 2016), documenting the spread of infectious
disease (Bradley et al., 2014; DiEuliis et al., 2016; Suarez and Tsutsui, 2004), and
extending our knowledge of species lineages (Bi et al., 2013). Growing the reach of
studies like these will likely depend on dispersed efforts by the many stewards and
potential users of historical data.

Projects hoping to digitize and publish historical data face an overwhelming
variety of platforms, technologies, standards, and protocols with few available
guidelines. Historical data, due to their analog, unstructured nature, defy classic data
deposition methods and require specific approaches that go largely undocumented. The
development of protocols to make this type of data FAIR are vitally needed, since any
data without redundant and varied storage methods face heightened risk of permanent
loss (Elizabeth Griffin, 2015). Historical data emanating from distributed small research
collections are often confronted with a lack of logical physical and digital storage
options. This conflict forefronts the choice of either fitting the data to the needs of an
existing infrastructure (like the repositories above) or developing a structure that fits the
needs of the data. This choice is also constrained by current science funding structures
that incentivize and value the creation of new repositories and data over the curation
and integration of older ones.

2 Case studies of historical data preservation at University of California research
centers

The University of California (UC) has been a leader in ecological, natural resource, and

agricultural field research since the early 20. century (Chornesky et al., 2015;

Rapacciuolo et al., 2017, 2014). We provide three case studies of projects attempting to

recover historical dark from the University using different methods and approaches to

digitization.

The first data collection comes from nine Research and Extension Centers
(RECs) of the UC Division of Agriculture and Natural Resources (ANR) which cover
over 5,000 ha of California’s Central Valley, Sierra Foothills, and Pacific Coast. Since
1912, ANR RECs have hosted research generating important discoveries across
agricultural and ecological disciplines (Downing, 2016; White, 2017) (Figure 3). The
second data collection comes from the UC Natural Reserve System (NRS), the largest
university-administered network of research reserves and field stations in the world
(Fiedler et al., 2013). The earliest NRS site was founded in 1937, and the NRS now
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manages 39 sites (covering over 303,500 ha) for field research, conservation, teaching,
and public outreach. These sites represent nearly every major California bioregion, from
the Channel Islands to the High Sierra, and from the Northwest Forest to the Mojave
Desert (Figure 4). The third data collection is the California Vegetation Type Map (VTM)
Project, which developed from a partnership between UC Berkeley and the U.S. Forest
Service (USFS) California Forest and Range Experiment Station (now Southwest
Research Station). The VTM Project mapped nearly 40 million hectares of the state's
natural areas in the 1930’s (Colwell, 1977; Wieslander, 1961). The full VTM collection
includes detailed vegetation maps, floristic and environmental plot data, landscape
photographs, maps showing photographer vantage point and record locations, and
herbarium specimens for species recorded on vegetation maps and sample plots
(Figure 5).
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Figure 3 Panel of images from the REC project: (a) example of an original research report; (b) Web
mapping platform providing access to the original scanned PDF documents, searchable by REC, keywords,
and date; (c) example of image from an original research report showing a fuel reduction experiment; (d)
timeline visualization of researchers and topics conducted on Hopland REC; (e) visualization of keywords
extracted from research reports screenshot of the interactive website
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Figure 4 Panel of images from the NRS project: (a) damaged photographic prints at Sweeney Granite
Mountains Desert Research Center; (b) historical climate data. Administrative records with land use data
from Boyd Deep Canyon Desert Research Center; (e) maps from the UC San Diego NRS campus office;
and (f) a sample records collection description on the NRSHAP website.
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Figure 5 Examples of the components of the VTM collection: (a) plot card recording floristic species; (b)
herbarium specimen (Arctostaphylos morroensis, San Luis Obispo Co.); (c) a landscape photograph San
Antonio River, Monterey Co. 1938; (d) vegetation type map (Placer Co.); and (e) the digital representation
(vtm.berkeley.edu) of maps, plots, and photographs, showing part of Lake Tahoe. In (e) the background
colors represent different vegetation types, red dots are plot locations, and black icons are photograph
locations.
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These three case studies exemplify the data-related problems and opportunities
of long-term sites for place-based learning (Alagona and Paulson, 2018). Because of
their unique initiatives as centers of science and experimentation, these sites and
projects can provide qualitative and quantitative information on human-natural
interactions for over a century (Erb et al., 2016; Watson et al., 2014). However, each of
these places are sites where valuable data are dark due to lack of infrastructure,
incentive, and investment (National Research Council et al., 2014). The three case
studies examined take different approaches to digitizing distributed datasets: one data-
driven and led by ecologists and geographers, one metadata-focused and led by
historians and archivists, and one object-driven and led by administrators and data
scientists. While the approaches taken in digitization were different for each project,
determined by expertise and project goal, all of the data within these collections were at
risk of loss or destruction; at risk of staying dark. In this way, these cases exemplify
varying levels of success in achieving data interoperability and moving the data
collection out of the dark and into the modern digital data landscape.

2.1 Case Study 1: Creating an object-based digital collection

2.1.1 Background and need

The ANR RECs project originated out of a pressing need to digitize routine research
documents (annual reports, project proposals, and annual project summaries) prior to
their physical destruction. Each REC had accumulated large volumes of these
documents, and the need for space drove a rapid preservation effort, in which all
documents were scanned.

212 Methods

During the project, a single staff member traveled to each REC and used a digital
scanner to digitize all available paper documents (total 3,152) as PDF files. Each one of
these documents was stored in a SQL relational database (a database that implements
a structured query language to manage the data within it) and given a unique article
number, title, coordinates associated with the REC it was retrieved from, year, and URL
of the digital document. To make these documents findable to the broader research
community, an interactive web application using the ESRI (ESRI ArcGIS Desktop, 2017)
web application stack was created (http://igis.ucanr.edu/Infobase/InfobaseExplorer/).
The interactive map-based user interface enabled a spatial representation of the entire
document repository and allows for simple queries of information within the database.
The web application displayed and made the documents discoverable and allowed
users to find and download scanned PDFs.

The documents were scanned using a Fuijitsu fi-6140Zdj scanner at 300 dpi
(Figure 3a) and run through Adobe Acrobat Professional 11.0 optical character
recognition (OCR) tools. The resulting extracted character string was also stored in the
database. OCR enables the conversion of images of typed, handwritten, or printed text
into machine-readable format text (Holley, 2009) enabling search, storage, display and
analysis. The project improved upon the original OCR with an automated workflow by
testing several programmatic options on an initial site (Hopland REC, n=564
documents).
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The project chose a machine learning (ML) approach, using a series of Natural
Language Processing (NLP) tools to extract information on key people, organizations,
topics, and scientific keywords from the scanned documents. NLP is an area of
computer science focused on training computers to process large collections of written
texts. This project developed a machine learning pipeline using NLP techniques to
interpret the scanned documents when trained with common subject matter libraries of
agricultural, biological and ecological text. We investigated several tools to improve our
ability to extract information from the documents including Ocular , a tool that uses
unsupervised learning methods to recognize text from scanned historical documents
including opaque text (Berg-Kirkpatrick et al., 2013), and Tesseract, a Google-funded
open-source OCR system. Tesseract yielded better results compared to baseline OCR
text. The output text strings were analyzed with Alchemy, a NLP tool based on IBM's
artificial intelligence Watson machine, which uses deep machine learning algorithms to
analyze massive amounts of structured and unstructured content. Critical information
(e.g. keywords, organizations, people, and scientific topics) from the processed OCR
strings were extracted and visualized by year and document type using the D3
javascript library.

213 Datauses

This project has primarily served internal, custodial goals, and although there has been
little external use of the data, the project was able to mine the preserved documents to
capture key data on researchers, research projects, scientific concepts, and keywords
over a 60-year period at Hopland REC through the ML process described above. For
example, we were able to extract a summary of researchers and research conducted at
Hopland annually from 1951- present (e.g. “animal science”, “pasture forage”, “spring
fertilizer application”, “herbage production”, “biodiversity”). This kind of information,
derived automatically from scanned documents, can assist future researchers to find
related data for their own projects. This information is also valuable for tracking and
understanding the evolution of research and science at the RECs and the intensity,
scope, scale, and frequency of management actions taken at each site. Documenting
past research and management treatments is needed to understand implications for
ongoing and future research projects. Making data findable and accessible to the
broader research community would greatly increase the success of this preservation
effort and now that it is digitally captured can be ingested into existing repositories with

a wider reach such as the Biodiversity Heritage Library.
2.2 Case Study 2: Creating a digital metadata archive

22.1 Background and need

The UC Natural Reserve System History and Archive Project (NRSHAP) represents an
initial effort to preserve the historical materials of the NRS and promote their use for
research and education in both science and history. NRSHAP operated for 7 years
(2011-2017) with funding from the National Science Foundation and UC to identify,
index, preserve, and promote historical records held on or pertaining to the NRS.
NRSHAP was led by historians and archivists who adapted standard archival protocols
to non-traditional sites (Society of American Archivists, 2013; The University of Chicago,

2006; Young, 2006). The NRS field station historical datasets come in diverse formats
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(Figure 4) therefore, the goal of the project was to provide enough information about the
existing records that potential researchers may identify data types and provide for their
own use of the materials on site rather than develop individualized digitization
workflows. The outcome was a digital metadata archive. Metadata is commonly defined
as “data about data” and can be used to locate, describe, and retain data provenance.
NRSHAP is a unique document archiving project because of its spatial coverage
including 39 field stations and reserves, 8 campus offices, one system-wide
administrative office, several independent archives, and personal collections across the
state of California.

222 Methods

NRSHAP developed a multi-step data-preservation method for field stations and other
remote or dispersed organizations/sites with potential archives. Initially, NRSHAP
distributed questionnaires to all site contacts to assess the scope of potential historical
records. this questionnaire was followed by extensive research into the known history of
the NRS and its sites. NRSHAP teams travelled to each site and conducted a records
inventory following established archival methods (Society of American Archivists, 2013;
The University of Chicago, 2006; Young, 2006).

The inventory was divided into either “active records”—still in use for the regular
operation of the station— and “inactive records”—no longer used but still of value. The
inactive records were then grouped into collections and information on the physical
location, the creators, date, physical material types, the arrangement (by subject,
chronological) and the physical description of the size of the collection (e.g. linear feet)
was tagged and used to create an archival collection description or “finding aid”
following established standards (Society of American Archivists, 2013). This information
was documented in a database and published online
(http://archives.nrs.ucsb.edu/content/research) creating a metadata archive. However,
not all records pertaining to the NRS existed on site, and throughout the years various
material types and collections were sent to various institutions. NRSHAP researchers
identified other collections relating to the NRS history that were held in other archives
(e.g. Bancroft Library); affiliate organization offices such as State Parks; and the
personal offices and homes of past staff and researchers and linked to these existing
collections. Therefore, published descriptions of the field station archives may also
sometimes be found on existing archival networks and search engines, such as the
Online Archive of California or Archivegrid. NRSHAP made recommendations to station
managers regarding the best means of preserving and promoting their historical
collections. Preparing for this involved meeting with potential institutions and
repositories across California regarding their interest in acquiring and managing NRS
materials. Finally, NRSHAP developed a plan for regular review of metadata accuracy,
document health (if still held on site), and ongoing off-site research for relevant
collections.

223 Datauses

When NRSHAP began, the project was on the cusp of a broader awakening among
scientific researchers and field station managers to the potential of historical documents
or dark data. Along the way we encountered lots of support and encouragement from
people invested in the NRS system, but many also expected the effort to involve
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digitization of the records themselves. Historians have used archives as their primary
data method for almost two hundred years, but archival research methodologies are
mostly project-specific and have never been standardized or fully articulated. Potential
data users should not see this as a hindrance, but an opportunity, since archival
methods are flexible and can be adapted for inclusion in projects involving other types
of data collection and analysis. Morrison et al. (2017) argue that these kinds of
connections will be necessary for the future of ecology. NRSHAP bridged
epistemological and methodological divides across disciplines to create new
opportunities for more robust research and collaborations. Metadata archives hold great
potential for data reuse. Projects that reuse dark historical data are effectively collecting
new, unknown data because these are not part of existing records, and they are able to
collect that data in an environment that we need to understand but which is gone from
us—the past. However, the success of field station metadata archives will inevitably rely
on targeted and continued efforts promoting use of the archive itself and educating
those on best practices once it has been created.

NRSHAP affiliates have promoted use of the metadata archive by speaking at
NRS system-wide meetings and academic conferences, using the website as a
teaching tool in undergraduate classes, and conducting their own research projects.
NRSHAP has attracted interest from researchers across the UC system and is already
being used by one, ongoing international collaborative research project.

2.3 Case Study 3: Creating a completely digitized data collection

23.1 Background and need

The Wieslander Vegetation Type Mapping (VTM) collection, named after director Albert
Wieslander, was an exhaustive and detailed effort to map California land cover in the
early 20th century. During the 1920-30s, VTM crews surveyed 16 million ha (40%) of
California’s wildlands. They collected vegetation information at over 18,000 plots,
produced detailed maps of dominant vegetation for over 100,000 km?, gathered over
23,000 herbarium specimens, and took over 3,000 photographs (Colwell, 1977; Kelly et
al., 2016). Until recently, the full collection was distributed throughout libraries and labs
statewide. Significant, and partly unknown, portions of the collection were lost to
custodial needs and competing collections’ demand on space (Kelly et al., 2016). Overt
risk of loss, combined with the tremendous depth of content, provided the impetus for
many individual digitization efforts across the state, which eventually combined in the
early 21st century (Kelly et al., 2016).

232 Methods

The digitization of the vegetation maps, plots, plot maps, photographs, and locations of
herbarium specimens took place over a decade, in several UC labs and libraries
including the Marian Koshland Biosciences Library and the Museum of Vertebrate
Zoology (MVZ). Linework from the vegetation maps was manually digitized and polygon
values linked to a spatial database; plot data were transcribed manually and joined to
plot locations which were manually digitized from plot location maps; photographs were
scanned and where possible attributed with a geographic location; and herbarium
specimens were georeferenced using analog accompanying information (Kelly et al.,
2017, 2016, 2008).
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All digital VTM data (geographic, ecological, and photographic) were stored using
PostgreSQL, a relational database that supports the storage, analysis, and transfer of
geospatial vector data through a PostGIS extension (Kelly et al., 2016). The data itself
is downloadable as standard text and spatial data formats that can be used in numerous
GIS and statistical software packages. An interactive web map interface was built for
exploring, searching, aggregating, and downloading the VTM data collection using
Leaflet (a JavaScript mapping library for web mapping) and Open Street Map base
layers. The VTM website was built using the HOLOS API from which the VTM data is
linked to the structured digital database and allows for analysis of raw data, integration
with contemporary data, as well as rapid interaction and visualization (Dolanc et al.,
2013; Easterday et al., 2016; Mcintyre et al., 2015; Thorne et al., 2008).

233 Datauses

The VTM data has been used since the mid-20th century, and its digitization has
increased the scope and scale of the types of analysis performed(Kelly et al.,

2016). The vegetation data found in the plot database have been used to develop
vegetation classification schemes and to examine changes to chaparral and forest
communities around the state enabling prediction of community structure and shifts
under a changing climate. The vegetation maps have been used to document regional
changes in vegetation communities, to investigate legacies of land use change, and to
support land planning.

3 Discussion

31 Evaluation of cases with FAIR principles

These three cases provide different protocols for data digitization, and we evaluate
them here with respect to the FAIR principles and summarized our findings in Table 1.
The REC collections of historical research documents were completely digitized via
scanning and OCR and made available via the web. These data “objects” were findable
as text and text strings through simple database web searches. Several machine
learning (ML) algorithms were used to reconstruct context and make the data
accessible, however, the digitization process did not result in interoperable or reusable
data because the data remained unstructured. The major advantage of this approach
was speed: the complete collection of physical records can be made digital with limited
technical skill and made available to a broader audience.

NRSHAP focused on making physical objects findable through metadata, and
accessible as the metadata contained essential instructions for finding the data. The
data itself remained on site in curated and semi-curated collections. The major limitation
of the metadata archive approach is the limited access to the data itself. The data can
now be discovered but requires further investment to use. The VTM project provides an
example of a completely digitized data collection that reaches all the benchmarks of the
FAIR standard. Data is findable and accessible through links from several data
repositories, through an API and as part of a larger data landscape supported by
HOLQOS; data is interoperable as it is stored in standard spatial data file formats that can
be used easily in most common spatial analysis and statistical software with updated
nomenclature to be readily used in conjunction with contemporary species and
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vegetation codes; and data is reusable because the digitization methodology and data
provenance are fully documented.

Table 1 Evaluation of three case studies according to FAIR data management principles; = successful;
= partially successful; and X = not successful.

FAIR
Principle

UC REC

NRSHAP

VTM

Findable

Accessible

Interoperable

Re-usable

v/ Information preserved
as digital objects; and
available via web.

Not listed in any
general repository. ML
algorithms used to mine

text.

X Data
remains unstructured. No
external access to OCR
output.

X Data still unstructured.
Captured only objects, not
context.

v/ Archive captures
metadata and physical
location of data collection.

Archive is publicly
available online and
contains instructions for
further research into any of
the dispersed collections

X No effort made to
update or migrate data into
contemporary digital
format. Metadata formats
not compatible with other
generalist repositories

Original order, context,
and media format of
records is preserved

v/ Findable through links
to other data repositories,
and API.

v Linked to API via
Holos, and part of a larger
data landscape.

v Data is stored in
standard GIS file
formats that can be used
easily in spatial analysis.
Updated to current
taxonomy and linked with
common standardized
vegetation classifications.

v Data is fully digitized,
available for download.
Context and data provence
preserved.

Analysis of these case studies finds that FAIR is a valuable tool for data
preservation planning and evaluation, though not all projects will accomplish FAIR fully.
Making datasets findable and accessible, alone, creates awareness, but is often
insufficient to ensure data reuse and longevity. All of these projects faced challenges,
yet they all ultimately increased the potential and value of the datasets through their
efforts. For example, in our first case, some success was achieved in resurrecting
critical components of the historic scientific record at the RECs, and this information
was shared via a web application. However, the workflow in extracting value-added
information from the documents was not without flaw and most of the information
therefore remains unstructured in a hon-machine-readable format. Efforts that span the
entire FAIR process require diverse skill sets and multidisciplinary teams with some
combination of computer scientists, data scientists, ecologists, historians, librarians,
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land managers, and web developers working together. Indeed, all our cases required
input from multidisciplinary teams. When the FAIR process is completed, data can be
used in unexpected ways, making valuable, transdisciplinary analysis possible (Kelly et
al., 2016). In the case of VTM, there was a documented increase in the scope and scale
of research conducted with the dataset once it was made digitally available (Kelly et al.,
2016).

However, since there is often a time lag between digitizing, sharing, and use of a
data collection, management requires long term stewardship. Each approach dealt with
collections of heterogeneous materials that did not readily fit into existing repositories.
Rather than separating the collections, individualized databases were created to host
and make the materials accessible. In this way dark data from small projects gained
recognition and use amongst the immediate research community, but the reach remains
limited (Van Noorden, 2013). Potentially mirroring key parts of a collection- such as field
notebooks or biological specimens- that have readily recognized repositories can
increase this reach but this risks loss of data provenance and potentially reduces the
use of other materials from the same collection. Balancing these risks requires careful
planning.

Not all collections lend themselves to traditional data digitization. As shown in the
case of NRSHAP, the metadata archive approach works well for field stations because
it is designed for geographically remote or distributed data collections; it provides for
either internal hosting or third-party data-management options as appropriate; it serves
both data promotion and long-term data management; and it does not usually require
reorganization of documents. The metadata archive approach focuses on the kind of
information that both outside researchers and station staff need to be able to reuse
existing historical datasets. It does not require the archivist to know or anticipate the
character or media format of future scientific reuses. Further, some speculate that
physical archives are the best way to save information, since physical materials (even
under threat of pests, mold, paper acids, and natural disaster) have a much longer shelf
life than any known digital forums, and they will remain legible to human eyes long after
advancing computer technologies make current digital information obsolete (Clement et
al., 2013; Klein, 2008; Scott, 2007; Wright, 2014). However, redundant collections of
both physical and digital renditions are best practice. And finally, automated approaches
to digitization do not always save time in the long run, since considerable human
intelligence might be required to ensure data is fully interoperable and reusable. As
demonstrated in the ANR case, historic documents can be difficult to digitize
meaningfully. Uneven typesets, faded ink, and handwriting all pose common and
serious obstacles to automated information retrieval.

The FAIR principles provide flexible guidelines for the stewardship of
heterogeneous data types, yet do not address the need to first make historical data
digitally discoverable. Sharing examples of how historical dark data is made digital, and
then FAIR will lead to an exchange of successful protocols that may lead to eventual
standards. Developing standards and ontologies is paramount to the interoperability and
reuse of all data (Jones et al., 2006), but is largely lacking for historical dark data.
Adopting contemporary data science standards, such as FAIR, for historical data will
help to integrate historical and contemporary data, but the high standards of “open data”
should not preclude preservation of historical data. Primarily, the first two principles -

78


https://paperpile.com/c/qFe4Qz/w37nT
https://paperpile.com/c/qFe4Qz/w37nT
https://paperpile.com/c/qFe4Qz/w37nT
https://paperpile.com/c/qFe4Qz/w37nT
https://paperpile.com/c/qFe4Qz/KQ30O
https://paperpile.com/c/qFe4Qz/Rx6lA+A7zMv+boa3j+wwH9X
https://paperpile.com/c/qFe4Qz/Rx6lA+A7zMv+boa3j+wwH9X
https://paperpile.com/c/qFe4Qz/dJm05

findable and accessible should have scalar and adaptive rules that are relative to the
project's goals, the different stages in which data are created, and to the overarching
goal of creating maximum potential use. For example, none of the projects succeeded
in assigning the collections persistent identifiers (PIs) including Digital Object Identifiers
(DOIs) or Archival Resource Keys (ARKSs) that would make them findable the way FAIR
is defined. Each of these projects understood that FAIR must be relative to the quality of
data, the resources at hand, the projects goal, and the communities’ standards. These
three case studies made their collections more findable and accessible to their
immediate research communities including those presently most interested in using and
reusing the data, yet each given the time and resources would open these data
collections to a much broader research community and create potential for further
discovery.

4 Conclusions

Comprehending the temporal and human dynamics of ecosystems is a central
challenge of science in the Anthropocene (Safford et al., 2012; Robin and Steffen,
2007). This requires synthesis and sharing of transdisciplinary, heterogeneous datasets
over long time periods and large spatial scales (Kelly et al., 2016; Lowndes et al., 2017).
Within the last half century, the increasingly large streams of data from sensor
networks, mobile technology, and remote sensing has created both opportunities, “big
data” (Gandomi and Haider, 2015), and challenges, “data deluge” (Hampton et al.,
2013; Porter et al., 2012), establishing the need for better data science workflows and
training across most disciplines. Often overlooked in this discussion are the large
majority of scientific data that are created by small research groups with limited
resources for data planning and management (Hampton et al., 2013). The majority of
scientific data potentially available for future research and synthesis never make it into a
discoverable repository and remain inaccessible to the broader community (Heidorn,
2008). Without proper incentive, support, or standards in place to consistently capture
data and make it accessible, it often goes “dark” - limiting the scope and potential of
scientific research.

Historical data are vital to current ecological research: they provide benchmarks
from which to compare change, they can be linked to modern ecological data to create
new knowledge, and they can be modeled to help predict future changes and validate
models. We argue that these data are “dark” until they are effectively digitized and
made discoverable to a wider audience. In the strictest definition, dark data is
unstructured, untagged and untapped data that is created through routine activities yet
has not been analyzed or processed. Dark data is increasingly recognized in business
and economics as vulnerable, underutilized, and valuable (Heidorn, 2008), and we
argue that the same is true of historical data for science.

Achieving successful sharing of historical data can be difficult and time
consuming, since these collections are often analog, unstructured, and physically
distributed. Our review of three novel approaches to digitizing historical field data
showcase some of these challenges. We evaluated each approach with respect to the
FAIR principles (findable, accessible, interoperable and reusable) (Wilkinson et al.,
2016), and revealed both the value of the framework and its limitations in practice. The
most effective digitization projects demand lots of human, technical, and capital
resources. Making datasets findable and accessible is a necessary first step to creating
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demand, but not sufficient to ensure data reuse and longevity. Second, efforts that span
the entire FAIR process require diverse skill sets and transdisciplinary work often with
some combination of land stewards, ecologists, historians, librarians, archivist, data
scientists, computer scientists, and web developers working together.

An encouraging antidote to the challenges facing those working to digitize
historical data can be the foresight provided by leaders of early 20- century field data
collection. Joseph Grinnell, founder of MVZ and a preeminent field scientist of the day,
wrote of his own preservation efforts: “After the lapse of many years, possibly a century,
the student of the future will have access to the original record of faunal conditions in
California” (Grinnell, 1910). Potential use of Grinnell’s and others’ data only grows as
technologies increase to repurpose the data to answer questions unimagined at the
time of their collection (Morrison et al., 2017).

We, as a global scientific community, have the responsibility to continue to shed
light on historical data through digitization, adding scientific knowledge, strengthening
cultural heritage, and increasing public good. Moving data from file drawers to the cloud
will require a transdisciplinary exchange of tools, technology, and methodologies at the
intersection of data science, history, ecology, and ecoinformatics. Field research and
research reserves are not only major producers and repositories of scientific data, but
also can be key agents in making data shareable for researchers and the public. Thus,
field stations, research reserves, and field data projects are critical nodes in the nexus
of big and dark data: enlarging and enriching a growing data landscape. Going forward
capturing the intellectual infrastructure from these sites will require systematic
investment, strategy, and leadership to preserve and maintain ecological records for
future generations. Envisioning a future for historical data will also require an exchange
of tools, technology, methodology, and transdisciplinary work at the intersection of data
science, history, ecology, and ecoinformatics, and is a vision that if achieved ensures
that future generations have access to the past.
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Chapter 5: Conclusions and future research directions

The goal of this dissertation was twofold: 1) to explore the linkages between human
activity and landscape change in the context of land ownership, urbanization, and
changes to the distribution and structure of California’s forests and woodlands, and 2) to
understand and evaluate the technical issues of data availability and data aggregation
when historical data are used in conjunction with contemporary empirical data in
modern ecological analysis. The challenges for natural resource management and
planning in the 21« century are complex and require both a long-term perspective and
the evaluation of multiple contributing mechanisms across a socio-ecological context to
generate robust policy and management mandates. In California, both forest and
woodland ecosystems provide a number of functions that are critical in sustaining
economic markets, livelihoods, critical ecosystem processes. Thus understanding,
modeling, predicting, and managing these ecosystems to be resilient under future
change is critical across several fronts and requires an integrated long-term
perspective.

Chapter Two is motivated by several recent studies (Mcintyre et al. 2015; J. a.
Lutz, van Wagtendonk, and Franklin 2010; Flint et al. 2013) that reported climate (i.e.
climate water deficit (CWD)) as the primary mechanism of large tree decline and
changes in forest structure in California in the 20th century. Reflecting on these studies
and other conflicting opinions of primary drivers of change, | found that very few studies
have quantified the impact of land ownership and land management on the quantities of
large trees and other characteristics of forest structure. 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. Thus, in Chapter Two | explicitly investigated 20~ century changes in forest
structure across six ownership classes in California. In comparing historical and
contemporary forest structural data | found that declines in large trees and increases in
small tree density were consistent across the state, irrespective of ownership
boundaries. However, there were important differences in the magnitude of this change.
In particular, this pattern is most pronounced on private timberlands which experience
up to 400% regional increases in small tree density since 1930. Nearly all land
ownership classes experience declines in large trees, however private timberland and
National Park/Wilderness areas experience a significant reduction of 83% and 73%
respectively.

Understanding how forests have changed over long periods of time is
increasingly important for contemporary forest managers. Forests are long lived
ecosystems, that to be understood, modeled, predicted, managed, or preserved require
spatially coincident long-term data. 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, Stephenson, and Stephens 2007; Scott L.
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; James A. Lutz et al.
2013). As these features are lost forests become increasingly susceptible and less
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resilient to catastrophic fire, disease, and drought induced mortality(Larson and
Churchill 2012; Lindenmayer, Laurance, and Franklin 2012; Lydersen et al. 2013; S. L.
Stephens, Fry, and Franco-Vizcaino 2008) . Comparing nearly a century of forest
change across land ownership types that are reflective of differing land management
strategies is a significant opportunity to explore how land use legacies result in
contemporary forest structural patterns. Understanding this range in variation across
ownership types is critical when developing restoration efforts, which are often guided
by historical forest conditions. The lines between natural and anthropogenic
disturbances are often vague and it is not clear, in terms of forest change, if these
disturbances should be managed or treated differently. However, landscape level
analyses that can help prioritize areas of extreme change for where forest restoration
efforts can be administered at a scale that is directed towards specific entities may help
encourage management contributing to large scale forest resilience. In this study |
concluded that understanding patterns of change across ownership is essential for
targeting federal, state, and locally specific policies that foster healthy and resilient
forests for the future.

One of the key challenges for California ecosystems in the 21« century will be
encouraging sustainable development and growth. The maintenance of ecosystem
structures and processes in urban ecosystems will be critical for biodiversity and
encourage ecological resilience. Oaks and oak woodlands have played a foundational
role in California’s history and ecosystem functioning serving as a keystone ecological
species supporting hundreds of terrestrial vertebrate species, insects, plants (George,
Roach, and Eastburn, n.d.) and as critical components of urban landscapes
sequestering carbon, reducing urban heat island effects, increasing soil and nutrient
retention and improving water quality, among others (Whipple, Grossinger, and Davis
2011). In Chapter Three | investigated the effects of urban development on changes to
the distribution of oak species in California. First, by modeling historical patterns of
richness for eight oak species using historical map and plot data from the California
Vegetation Type Mapping (VTM) collection | examined spatial intersections between hot
spots of historical oak richness and modern urban and conservation lands. | found that
impacts from development and conservation vary by both species and richness. At the
state level, impact of urban development on oaks has been small within the areas of the
highest oak richness but that areas of highest oak richness are also poorly conserved.

| argue that inconsistencies in current policy measures have led to fragmented
conservation efforts and suggest regions to prioritize conservation as well as examine
urban regions where previous centers of oak richness were lost as potential frontiers for
oak reintroduction. As more historical landscapes are being lost to increased
urbanization and climatic pressures are projected to reduce species ranges (Kueppers
et al. 2005), it is critical to maintain species diversity and reduce habitat fragmentation
by making our built and natural environments more cohesive through the strategic
placement and reintroduction of important habitats and species. Using historical data in
modern species distribution modeling techniques can lead to robust examinations of
where habitats and species have been lost historically and can also be used as
evidence to incentivize restoration and recovery in areas of loss and to encourage
preservation of what still exists. Adopting perspectives from historical ecology and
methods like species distribution modeling that have primarily been using in ecological,
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natural resource, and conservation fields within sustainable urban planning
infrastructures may serve as a paradigm shift in the way urban planners recognize,
guantify, and integrate landscape history in modern built environments.

In a time of rapid global change in climate and land use, the era of the
Anthropocene has proven to be one without parallel. Concepts like “novel ecosystems”
characterize this era placing it firmly outside any historic analog (Williams and Jackson
2007). Despite its uniqueness, quantify the effects of anthropogenic activities in relation
to natural ecosystem dynamics can be difficult, even while the velocity, scale, and
intensity of our impact is undeniable. This difficulty is driven by time lags in relation to
impact and effect that is captured differently across ecosystems (Jackson and Blois
2015). As no-analog conditions persist, the more a long and continuous perspective
becomes critical. However, despite their importance, historical data are
disproportionately underrepresented in modern ecological repositories, leaving temporal
gaps in the scientific record (Szab6 and Hédl 2011; McClenachan et al. 2015; Jackson
and Blois 2015). In Chapter 4, | review three approaches to sharing historical data from
field stations using principles from data science. To encourage greater use of historical
data across scientific disciplines it is vital to make data findable, accessible,
interoperable, and reusable (e.g. the FAIR principles) (Wilkinson et al. 2016). Future
research that encourages and capitalizes on expansion of historical data in the modern
digital data landscape is critical. In contemporary ecological research history is still of
paramount importance even while some argue that the use of history as a reference can
be misleading in a time of rapid change (Simon 2017). As long as we acknowledge the
bias and temporality of the historical data we use it can provide explanation, context,
and provide point in time measurements to collectively assess long term dynamics even
in times of rapid change (Hobbs et al. 2014). This summary of three important data
collections emerging from the University of California showcase the potential for their
use in research and encourages similar ventures that use common archival, geospatial,
and data science practices to shepherd historical data out of file drawers and into the
contemporary digital data landscape.

In the first two chapters | have discussed the relationship between social and
biophysical drivers of landscape change. This kind of understanding of long term
patterns of change requires data availability and the ability to re-use data. Following
from these, Chapter 3 discusses preserving history's place in the growing data
landscape and the opportunity for transdisciplinary connection and innovation.
Preserving history is a challenge that no single discipline can be responsible for
because it is fundamental to science writ large and as such will require the synergy of
people, data, and tools to be critically evaluated and integrated.

1.1  Future Research Directions

Nearly a century of fire suppression and drier climates have contributed to the increased
connectivity and density of fuel loads in several regions throughout the state. These
changes in forest structure, composition, and distribution coupled with extended fire
seasons have contributed to the occurrence of uncharacteristically large high severity
wildfires in recent years (Wimberly and Liu 2014; Keeley and Syphard 2016). In Chapter
2 | found that several papers were focusing on climate related contributions to several of
these patterns, and so | focused on management, finding that land ownership does play
some role in describing patterns of forest structure but that it is likely only one piece of
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the puzzle. | suggested that future research directions that explicitly combine climate,
fire, and land management and explore their respective contribution to long-term
changes in forest distribution, structure, and composition is necessary for the
management of complex socio-ecological systems.

In Chapter 3 | focused on sustainable urban planning through the integration of
historical data with modern data and using more contemporary methods and tools to
analyze historical data. Chapter 4 also contributes to this discussion by calling for
increased data digitization and sharing of historical data to increase 1) the temporal
scale of potential scientific inquiry to include otherwise irretrievable past environments;
2) provide a contextual foundation from which to assess change; and 3) situate the
study of the environment in a wider disciplinary context (Swetnam, Allen, and
Betancourt 1999). These foci link back to some of the issues discussed in Chapters 2 &
3: specifically, that historical data and requisite long-term perspectives offer an
integrated understanding of change that can illuminate causality and temporality (Szabé
2010). The main historical dataset discussed in this dissertation, VTM, was conducted
in the 1930s but was never fully digitized or widely used in ecological research until the
early 2000s (Kelly et al. 2016).

The general workflow developed for the VTM project (e.g., scanning analog
material, georeferencing, estimation of error, creation of digital database, visualization,
and serving of data available on the WEB API) is generalizable to other historical data
collections and their use in analysis. In working with historical data, generating robust
assessments of change and dynamics can be difficult due to gaps and bias within the
data record. Therefore, best practice when analyzing historical data is to identify several
overlapping (spatial and temporal) sources to fill in the record and enumerate the
variability and spectrum of change dynamics or risk drawing rare, extreme, or
incomplete conclusions from limited datasets (Szab6 and Hédl 2011; Gimmi and
Bugmann 2013). To this end, and especially for understanding the interactions between
fire, climate, and land management legacies on contemporary California ecosystems,
the VTM dataset is only the beginning. The VTM project was the foundational effort of
another statewide vegetation and soil survey, the State Cooperative Soil-Vegetation
Survey of California (SVS) (1949-1979) (Colwell 1975), that follows from the scope and
time period of the VTM surveys and has to our knowledge not been digitized and may
add to the understanding of California flora in the post-war period. Further, timber and
vegetation surveys from John Leiberg, George Sudworth, and others pre-date the VTM
surveys and extend our knowledge of Sierra Nevada vegetation, timber potential, and
forest harvesting operations back to 1890 (Rojas 2004; Leiberg 1902; Sudworth 1900;
Keeler-Wolf 2012).

Through some of my dissertation work | used common geospatial techniques
(scanning, georeferencing, and digitizing) to preserve these materials and make them
available for future research exploring mechanisms of change in California ecosystems.
These three datasets, The Leiberg-Sudworth, VTM, and SVS once fully digitized will
connect a nearly complete spatio-temporal (1890-1970) record of California’s vegetation
and timberlands that can then be combined with modern remote sensing imagery and
contemporary empirical data, further elongating the spatiotemporal record of data
availability for scientific inquiry. These datasets will be increasingly important as new
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tools and methods become available to capitalize on their potential for asking complex
socio-ecological questions through space and time.

In California, as human populations and development expand, and the climate
changes, the tension between urban and wildland systems will grow, and we
increasingly need a better understanding of the spatio-temporal interactions and
feedbacks between climate, fire, and management on natural systems to help plan for
future resilient landscapes. Investigations of diverse drivers of change on landscapes
are necessarily conducted in a spatial framework, using multi-scale spatial data, and
require long-term perspectives. This means that historical spatial ecological data have
become increasingly important for analysis and are being used in ecology to elongate
the temporal scale of analysis, to provide context from which to assess change, and
broaden the disciplinary scope of analysis. My dissertation contributes to this body of
work by providing new insights into a century of changes to California’s forests and
woodlands and provides novel insights into the technical protocols needed when
historical data are digitized and used in conjunction with contemporary empirical data in
modern ecological analysis.
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