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Abstract—Research efforts that synthesize historical and contemporary ecological data with modeling
approaches improve our understanding of the complex response of species, communities, and landscapes to
changing biophysical conditions through time and in space. Historical ecological data are particularly
important in this respect. There are remaining barriers that limit such data synthesis, and technological
improvements that make multiple diverse datasets more readily available for integration and synthesis are
needed. This paper presents one case study of the Wieslander Vegetation Type Mapping project in California
and highlights the importance of rescuing, digitizing and sharing historical datasets. We review the varied
ecological uses of the historical collection: the vegetation maps have been used to understand legacies of land
use change and plan for the future; the plot data have been used to examine changes to chaparral and forest
communities around the state and to predict community structure and shifts under a changing climate; the
photographs have been used to understand changing vegetation structure; and the voucher specimens in
combination with other specimen collections have been used for large scale distribution modeling efforts.
The digitization and sharing of the data via the web has broadened the scope and scale of the types of
analysis performed. Yet, additional research avenues can be pursued using multiple types of VIM data, and
by linking VIM data with contemporary data. The digital VIM collection is an example of a data
infrastructure that expands the potential of large scale research through the integration and synthesis of data
drawn from numerous data sources; its journey from analog to digital is a cautionary tale of the importance
of finding historical data, digitizing it with best practices, linking it with other datasets, and sharing it with
the research community.

Keywords—VTM; vegetation mapping; historical data; California; climate change; application programming
interface; API

The grand challenges that human societies face
globally—chiefly biodiversity loss, climate change
and conflicting land use—are at the intersection of
natural and social systems, and will require a
synthesis of past, present and projected future data
to understand their complex interactions and
mitigate the effects of rapid environmental change.
The synthesis of historical and contemporary
ecological data with predictive modeling
approaches is a powerful approach to understand

the complex response of species, communities, and
landscapes to changing biophysical conditions
through time and in space. Synthesis of historical
and current data can create new knowledge
through novel combinations of datasets and
modeling approaches (Krebs et al. 2001; Schulte
and Mladenoff 2001; Mladenoff et al. 2002; Peters
2010; Fox and Hendler 2011); can help guide
management and conservation by improving the
temporal transferability of predictive models

40



Biodiversity Informatics, 11, 2016, pp. 40-62

(Kittinger et al. 2013; Rapacciuolo et al. 2014a);
and can provide crucial information for adaptation
planning, policy, and management of natural
systems (Stein et al. 2010; Whipple et al. 2011;
Higgs et al. 2014).

While calls for digital infrastructures that
allow for interoperability between multiple
ecological data have been heard since at least the
mid 1990s (e.g., Michener et al. 1997), there are
remaining barriers that limit such data synthesis.
For most of the last century, ecological and
geographical databases were mostly disparate:
developed and maintained by individuals or small
academic groups, on focused areas, and
concentrated in time (Michener et al. 1997,
Frehner and Braendli 2006; Michener 2006). This
paradigm, while still prevalent, is poorly suited to
answer large multi-scale interdisciplinary questions
that require data synthesis, large data files, user
interactivity, dynamic and shared updates, and
collaboration between scientists and stakeholders
across social and ecological domains (Jones et al.
2006; Tenopir et al. 2011; Borgman 2012;
Hampton et al. 2013). What is needed are data
frameworks that facilitate these aspects of science
through novel developments in data curation and
integration that rely on web applications, open
standards, and application programming interfaces
(APIs) that make the interaction between scientist
and multiple diverse data archives as well as the
building of analytical tools via the web easier.
These technological improvements and
standardized protocols make multiple diverse and
large datasets more readily available for
integration, searching, visualization, and analysis
by researchers (Frehner and Braendli 2006; Peters
2010; Reichman et al. 2011; Borgman 2012).

By focusing on one valuable and, at times in
its history, vulnerable dataset, we highlight the
importance of data rescue, digitization and sharing
of historical datasets for environmental science.
We also make the case that data, open data
frameworks, modeling, and scientific collaboration
are critical for modern applied ecological
exploration in order to understand past flora and
land use, to search for mechanisms for decadal-
scale vegetation changes, and to predict and plan
for the future. We present a brief description of the
Wieslander Vegetation Type Mapping (VTM)
project and the digitization of its components, and
review the ways in which the VTM collection has

been used in ecological and geographical analysis.
We close with a discussion of its journey from
paper record to digital database and API as an
example of many of the critical themes facing
ecologists today: data, data sharing, data synthesis,
and modeling.

VTM: A CASE STUDY FROM CALIFORNIA

California provides a unique case study for
studying the interactions between climate, land
use, and the distribution and abundance of
populations and communities due to its diversity in
climate, biota, topography and land use and its
long tradition of natural history recording and
collection (Rapacciuolo et al. 2014b; Chornesky et
al. 2015). Moreover, the state is at the forefront in
a range of climate adaptation measures (Chornesky
et al. 2015). These complex and interacting socio-
ecological phenomena are evidenced in the current
landscape but result from historical processes (Solé
and Bascompte 2006). Future planning increasing-
ly requires syntheses of historical and contempo-
rary data as well as modeling approaches to
understand the complex nature of environmental
processes and the response of species, commu-
nities, and landscapes to changing biophysical
conditions through time and in space (Beck et al.
2012).

Although many important historical datasets
describing California vegetation exist, most exist
in analog form and in isolation. Small-scale county
maps of forest cover of the more heavily forested
portions of the counties in northern California
began to be made in the late 19" century (Colwell
1977; Keeler-Wolf 2007) and much of the Sierra
Nevada was mapped for forest cover in the first
decade of the 20" century by (Leiberg 1902).
However, for the most part, California lacked the
coverage provided in much of the midwestern and
eastern portions of the US by the General Land
Office surveys (Galatowitsch 1990; Schulte and
Mladenoff 2001). One exception to this is the
mapping collection we consider in this paper: the
Wieslander Vegetation Type Mapping (VTM)
collection, named after its director Albert
Wieslander. The VTM collection covered Cali-
fornia in the 1920s—1940s and has been described
as “the most important and comprehensive botani-
cal map of a large area ever undertaken anywhere
on the earth’s surface” (Kuchler 1967; Jepson et al.
2000) and the “most ambitious attempt ever made
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Figure 1. Examples of the components of the original VT
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to describe the complex vegetation of California”
(Critchfield 1971). The collection “remains to this
date the most exhaustive and detailed effort of
mapping vegetation in the state” (Keeler-Wolf
2007). The collection provides a detailed picture of
much of California land cover and vegetation in
the early 20th century, and it continues to
contribute to the study, characterization, and
understanding of historical, contemporary, and
future California landscapes.

Beginning in the 1920s, Albert Everett
Wieslander, an employee of the U.S. Forest
Service (USFS) California Forest and Range
Experiment Station located in Berkeley, began an
effort to map California’s wildlands (Colwell
1977). By the time World War II interrupted the
project, 40 million hectares had been visited,
covering most of the state’s natural areas exclusive
of the deserts and the larger agricultural areas
(Wieslander 1961; Colwell 1977). At the end of
the war, the project resumed soil-vegetation survey
maps (Griffin and Critchfield 1972), but relied on
aerial photography techniques. The priority of the
original VTM project was to draw detailed
vegetation type maps, but the mapping protocol
evolved over time with need. It soon added the
collection of detailed floristic (trees and shrubs)
and environmental data from plots with locations
recorded on USGS topographic quadrangles
(Wieslander 1986); black and white landscape
photographs and maps showing the vantage point
of the photographs; and herbarium specimens for
species recorded on the vegetation maps or in the
sample plots (Ertter 2000; Kelly et al. 2005). The
vegetation maps, plots, plot maps, photographs and
herbarium specimens are now curated at University
of California libraries and herbaria system.
However, over the 20" century, parts of the
collection have been at risk of loss. In his oral
history, Wieslander related how many of the
original vegetation maps were thrown away by the
University Press, and a few were rescued from
destruction by a concerned professor at UC
Berkeley (Wieslander 1986). In a second example,
in the 1990s the plot data collection was almost
discarded to create collection space until a
university librarian contacted a professor at
Berkeley and together they moved the paper
collection into the professor’s office (Norma
Kobzina, pers. comm.). Examples of the collection
are found in Figure 1; and more details of the

collection can be found several publications (Kelly
et al. 2005; Thorne et al. 2008; Thorne and Le in
press).

Vegetation maps
Based on direct field observations from
vantage points, dominant vegetation types were
mapped directly onto U.S. Geological Survey
(USGS) topographic quadrangles with a minimum
mapping unit (MMU) of 16 ha, and supplemented
by sample plots (described below). The vegetation
mapping scheme was driven by dominant
overstory vegetation and included vegetation
mosaics: complex vegetation conditions that
resulted from fire or other disturbances, and pure
and mixed stand conditions which were associated
with “natural plant associations” (Wieslander
1935b, a, 1961; Thorne and Le in press). The
mapped products include 215 maps with the major
vegetation types shown in different colors and
separated by ink lines printed on 7.5, 15°, and 30’
USGS topographic quadrangles (Colwell 1977,

Thorne and Le in press) (Figure 1).

Plot data and plot maps

The VTM crews visited over 18,000 VITM
plots statewide; these are concentrated along the
central and southern coastal ranges, and in the
Sierra Nevada Mountains. These plots were
surveyed as a check on the vegetation polygons,
and also to provide details on species composition,
size and stand density of trees and shrubs and
depth of leaf litter. Plots were rectangular (800 m’
in forests, 400 m’ in shrub and chaparral
communities), ran upslope and were divided into
milacre sampling units in which dominant species
and height characteristics were recorded. Trees
greater than 10 cm in diameter breast height within
10 m of either side of the centerline were tallied by
species and diameter class. In both forest and
understory plots, slope, soil characteristics, and
year of last burn were recorded (Wieslander 1935b,
a). The plots cover a gradient of vegetation types
and include data regarding tree stand structure
(number per diameter class), percent cover of
dominant overstory and understory vegetation by
species, soil type, parent material, leaf litter,
elevation, slope, aspect, parent material, and other
environmental variables. All plot data were stored
on paper data sheets and individual plots were
numbered according to map name, quad section
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Table 1. Scientific focus of reviewed VTM studies. Asterisks (*) indicate Ph.D. dissertations.

Focus N Items References
15 Plots:  Minnich 1978%; Minnich 1995; Bouldin 1999*; Goforth
and Minnich 2008; Fellows and Goulden 2008; Lutz et al.
Conifer forest / 2009; Lutz et al. 2010; Swanson et al. 2013; Dolanc et al.
mixed conifer forest 2013a; Dolanc et al. 2013b; Dolanc et al. 2014; Maxwell et
/ conifer trees al. 2014
Maps:  Walker 2000*
Photos:  Dodge 1975%*; Taylor 2000
Conifer and 1 Plots:  Mclntyre et al. 2015
hardwood forest Maps:  None
Photos:  None
9 Plots:
Minnich and Dezzani 1998; Franklin 2002; Franklin et al.
Shrubland / Maps: 2004; Keeley 2004; Taluto and Suding 2008; Syphard and
chaparral Plots & Franklin 2009
Ma Lippit et al. 2012; Cox et al. 2014
ps:  Bradbury 1974%*
Photos:  None
4 Plots:  Allen et al. 1991; Allen-Diaz and Holzman 1991;
Oaks / oak . .
Vayssieres et al. 2000; Conlisk et al. 2012
woodland /
rangelands Maps:  None
Photos:  None
5 Plots:  Syphard and Franklin 2010; Crimmins et al. 2011;
Vascular plants Dobrowski et al. 2011; Crimmins et al. 2013; Crimmins et
(including both tree Maps: al. 2014
and shrub) Photos:  None
None
6 Plots:  None
Land cover Maps:  Thorne et al. 2004; Thorne et al. 2008; Rubidge et al. 2011;
Thorne et al. 2013; Santos et al. 2014a; Santos et al. 2014b;
Photos:  None
1 Plots: None
Grasslands Maps:  Freunenberger et al. 1987
Photos:  None
3 Plots:  Kelly et al. 2008
Various Maps:  Preston et al. 2012; Davis and Sims 2013
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number and plot number. Individual plots locations
were denoted by 3.5 mm hollow circles stamped in
red ink on USGS topographic maps (editions of
1893-1920, reprinted in the 1930s) that had been
cut into sections and mounted on canvas for ease
of use in the field. There are about 150 15°
(1:62,500 scale) and 30° (1:125,000 scale) plot
maps (Figure 1).

Photographs and metadata

The VTM crews also captured about 3100
black and white landscape and stand scale
photographs (9.2 x 13.6 cm), taken during 1920—
1941. The location of origin of many of these
photographs are marked on USGS topographic
maps in red pen, with an arrow marking the
vantage point and view of the photo. The
photograph  captions typically includes a
description of the location and subject of the
photograph including relevant genus and species,
timber stand conditions, and examples of
cultivation, grazing, logging, mining and fire, and
quad name. The photographer, date of the
photograph, and occasionally township and range
are included (Figure 1).

Herbarium specimens

The VTM crews collected over 23,000
herbarium specimens as part of their efforts. A
primary motivation was to voucher specimens for
regional identification of taxa observed in plots
(Wieslander 1935b, a). The VTM specimens span
3157 taxa, representing 40% of the ~7600 plant
taxa recorded from California. Primary holdings
are at the University and Jepson Herbaria (UC
Berkeley), with duplicates housed at various
institutions, most notably at the University of
California Santa Cruz where VTM specimens
helped form the initial holdings of the herbarium.
The specimens are databased and georeferenced
but awaiting integration with other VITM data on
the vtm.berkeley.edu website.

VTM digitization process
The digitization of the vegetation maps, plots,
plot maps, photographs, and locations of herbarium
specimens was led by people in several groups in
the University of California. The digitizing of the
vegetation maps was led by James Thorne at UC
Davis over a 10-year period. This involved finding

many of them at various repositories and obtaining
the same edition topographic maps as the
vegetation maps were drawn on from university
libraries. These were digitized and converted to
GIS data. The photograph collection was almost
completely intact in the 2000s in the Marian
Koshland Biosciences Museum at UC Berkeley,
and were scanned and uploaded online. In 2014,
the efforts to georeference the photographs were
led by Michelle Koo of the Museum of Vertebrate
Zoology at UC Berkeley. The plot data cards and
the majority of the vegetation maps were
physically located in the 1990s in the laboratory of
Barbara Allen-Diaz at UC Berkeley, and her lab
led the digitization of the plot data. The plot maps
were physically also located in Dr. Allen-Diaz’ lab
and Maggi Kelly led the scanning and
georeferencing, and the linking of the map data
with the plot data. The herbaria specimens are
physically located in the Jepson Herbarium at UC
Berkeley, and georeferencing of the specimen
locations was led by Koo following DarwinCore
standards and best practices for georeferencing.
The collection parts were digitized and
georeferenced with similar protocols resulting in
digital shapefiles of polygons (vegetation maps) or
points (plots, photographs and specimens) linked
to respective databases. More details on the
digitization and georeferencing protocols can be
found in (Kelly et al. 2005; Thorne and Le in
press). Map georeferencing was done by a suite of
analysts using a collection of tie-points gathered
from the VTM maps and current USGS
topographic quadrangles. The relevant features for
each part of the collection (e.g. polygons for the
vegetation maps or points for the plots) were
transcribed manually from the digital version of
the respective map. Vegetation species codes from
vegetation maps and vegetation plot cards were
transcribed wusing the Manual of California
Vegetation Types (Sawyer and Keeler-Wolf 1995),
and the California Wildlife Habitat Relationships
Models (WHR) (Mayer and Laudenslayer 1988)
for land cover classifications. The locations of each
photograph depicted on an accompanying map
USGS topographic map were georeferenced by
measuring the distance and bearing of each marked
point from the known southwest corner and
calculating its location. Specimens were digitized
primarily to township, range and section centroids.
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Web stack and API development

All digital spatial VTM data are made
available in an open source web-mapping applica-
tion' developed with an entirely open source
software stack by UC Berkeley’s Geospatial Inno-
vation Facility. All VIM data are stored using
PostgreSQL, a relational database that supports the
storage of and analysis of geospatial vector data
through the PostGIS extension. The map interface
was built using Leaflet, a lightweight JavaScript
mapping library with Open Street Map providing
base layers (Figure 2). The website presents a user
interface for exploring, searching, aggregating, and
downloading the VTM data collection.

The VTM website was built using the Berkeley
Ecoinformatics Engine Application Programming
Interface (Ecoengine API’). A web API is an
application that serves machine-readable data and
functionality to applications that represent the data
to users. The Ecoengine API is a directory and
gateway to many diverse biological and environ-
mental collections at UC Berkeley, part of a recent
trend that makes use of digitized museum
collections for the study of anthropogenic loss of
biodiversity, climate change, and changes to
ecosystems (Pyke & Ehrlich 2010). The Ecoengine
API serves about 5 million records from museum
specimens, soil and pollen data, field station
records, sensor readings, as well as biophysical
base layers such as climate and land use and the
VTM data.

The VTM website accesses the VTM data
collection through three main Ecoengine API
resources: VIM photos, VIM plots and VIM
vegetation (Figure 2). For each resource, the user
can explore a map that shows geographic locations
of the resource and when the user clicks on a
feature, a pop up window displays greater detail
about the feature. Querying the Ecoengine API
retrieves this detail. The original vegetation maps
themselves display vibrant color schemes (Figure
1), but rather than try to replicate this variety
(although that might be possible in the future) the
polygons are rendered using a modification from
the USGS NLCD land cover color scheme (Fry et
al. 2008). All original VTM vegetation types were
cross-walked with California Wildlife Habitat
Relationships (CWHR) information.

" http://vtm.berkeley.edu.
2 https://ecoengine.berkeley.edu/.

USES OF THE VTM COLLECTION

We found 39 peer-reviewed journal articles
and 5 Ph.D. dissertations that discussed the use of
VTM vegetation maps, plots or photographs before
2016 using Google Scholar. Herbarium specimens
have been used in combination with other
numerous georeferenced specimens available
through the Consortia of California Herbaria to
assess the responses of different groups of plant
species across the entire flora of California to
temperature change (Loarie et al. 2008; Wolf et al.
2016). We did not evaluate reports or grey
literature. Of the documents reviewed, the majority
(n = 31) of studies focused on the VTM plot data,
12 used vegetation maps, and two used photo-
graphs. The majority of the studies focused on
forested landscapes (conifer or hardwood), but
many focused on shrublands or rangelands, or on
land use. Research using plot data completed after
data digitization in the mid-2000s (Kelly et al.
2005) generally focused on regional or statewide
analyses. A summary of the uses of VIM data is
provided in Table 1, with their study areas shown
in Figure 3.

Use of VTM data to develop vegetation
reference systems

The floristic detail found in the plot database
has been used since the 1940s to develop
Californian vegetation community classification
schemes in forests (Maxwell et al. 2014), chaparral
(Franklin 2002), oak and rangeland communities
(Allen et al. 1991; Allen-Diaz and Holzman 1991),
as well as general land cover classification
schemes (Thorne et al. 2004). More recently, the
plot data has been used to reconstruct past
reference conditions or to establish a historical
range of variability (HRV) for a particular time
period to target ecosystem restoration or landscape
management. For example, Maxwell et al. (2014)
used 399 VTM plots in conjunction with dendro-
ecological reconstructions in the Lake Tahoe Basin
area to reconstruct forest structure, forest fuels, and
fire regimes representing pre-settlement conditions
as an aid to current forest management. Herbarium
specimens helped establish baseline distributions
reference material for the distribution and identi-
fication of California trees and shrubs (McMinn
1951; Griffin and Critchfield 1972).
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20" century changes to vegetation communities

The VTM collection has been used recently to
understand the patterns and causes of changes in
vegetation structure over decadal scales. Authors
have examined shifts in abundance and composi-
tion, as well as decadal scale changes in the
elevational distribution of vegetation communities
(i.e. community shifts upslope or downslope). This
type of work is critical for predicting how
vegetation communities will respond to a changing
climate, as well as planning for community
resilience in the face of disturbances.

Changes to structure and composition of
California forests.—Comparison of the VTM plots
with current vegetation (using both relocated plots
and contemporary vegetation maps) revealed
consistent evidence of an increase in young-growth
and small-diameter trees across the state and
decreases in large trees (Minnich et al. 1995;
Fellows and Goulden 2008; Goforth and Minnich
2008; Lutz et al. 2009; Dolanc et al. 2013a, 2014;
Mclntyre et al. 2015), as well as changes in forest
composition (Minnich et al. 1995; Dolanc et al.
2013a; Mclntyre et al. 2015). Much of this
evidence of change in forest age structures derives
from resurveyed VIM plots (Table 1). Goforth and
Minnich (2008) resurveyed three VIM plots of
mixed conifer forest on Cuyamaca Mountain in the
Peninsular Range of southern California four years
after a stand replacing fire. They replicated
measurements at multiple sites around the expected
locations of the three original plots and covered
similar environ-mental conditions as described in
the original VTM plots. Their analysis showed
significant changes in forest composition, increases
in tree density, and decreases in stem diameter
over a 75-yr period. They augmented these results
with an analysis of repeat aerial photographs from
1928 and 1995 that also show significant increase
in canopy cover. Dolanc et al. (2013b) resurveyed
139 VTM plots in the subalpine zone of the Sierra
Nevada, and compared historical and modern
climatic conditions using two high-elevation
climate stations nearby. They found fewer larger
trees and increases in smaller size classes.

More evidence of increased tree density and
change to age structure has been found comparing
VTM data with modern plot data, typically
provided by the Forest Inventory and Analysis
(FIA) program (U.S. Forest Service 2016b) (Table
2). The primary objective of the FIA program is to

determine the extent, condition, volume, growth,
and use of trees on US forest land through repeated
and widespread sampling. Congress mandated the
FIA program in 1928, but it was not until 1999 that
collections on a network of plots began to be made
annually. Fellows and Goulden (2008) compared
269 VTM forest plots with 260 FIA plots from the
1990s to quantify changes in aboveground biomass
for California forests. They found that the size
structure of the forests changed dramatically in 70
years, with large increases in stem density driven
by increase in number of smaller trees and a net
loss of large trees, with a concordant decrease in
aboveground carbon stocks, estimated allometric-
cally. They attributed this change to fire suppres-
sion. Lutz et al. (2009) compared 655 VIM and
210 modern vegetation plots surveyed by National
Park Service field crews from 1988-1999 in
Yosemite National Park. They found that large-
diameter tree density in Yosemite declined by
24%, and declines were greatest in subalpine and
upper montane forests, and least in lower montane
forests. Dolanc et al. (2013a) examined changes in
abundance and composition across nine vegetation
types in northern Sierra Nevada using 4321 VIM
plots and 1000 modern FIA plots. Tree density was
significantly higher in the modern plots in eight of
nine vegetation types. They also found a shift in
dominance toward shade-tolerant conifers and
evergreen oaks. They attributed some of these
changes to fire suppression, although not all, as
alpine forests, which do not experience fire, also
showed increases in density. Dolanc et al. (2014)
conducted a similar study of the entire elevational
range of west-facing slopes in the Central and
South Sierra Nevada, further confirming signifi-
cant patterns of change in forest structure and
composition. McIntyre et al. (2015) used both
VTM plot data (n = 6,572) from the entire state,
and compared baselines in forest structure and
composition in oaks (Quercus) and pines (Pinus)
with those derived from FIA data (n = 1909).
They found declines in large trees in every
ecoregion of the state, but also found forest
composition has shifted toward increased
dominance by oaks relative to pines. They showed
that declines in large trees were more severe in
areas experiencing greater increases in climatic
water deficit since the 1930s.

Loss of shrub and chaparral communities.—
Shrublands are vegetation communities dominated
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by short evergreen woody shrubs with sclerophyll
leaves. These chaparral and sage scrub plant
communities, once dominant in southern
California, are now threatened by changing land
use, fire regimes, nitrogen deposition, and invasive
species. The VIM collection has played a large
role in understanding 20™ century changes to these
communities. The original priority of the VIM
project was the vegetation type maps and forest
cover, but the mapping protocol developed over
time to suit emerging needs. Around 1927, the
forest plot protocol was extended to include
information on shrub communities in response to
requests from southern California-based Forest
Service (Wieslander 1986).

The earliest examination of changes to
chaparral communities in San Diego County that
made use of the VIM plots is Bradbury (1974),
who resurveyed VIM plots 40 years after the
original VTM crews and found slight changes to
chaparral communities, most of which he related to
disturbance (Bradbury 1974; Franklin 2002).
Freudenberger et al. (1987) used VIM vegetation
maps as a guide to help interpret historical aerial
photography in a project examining the shifting
mosaic of grassland and shrubland in the Los
Angeles Basin over 50 years. Franklin et al. (2004)
resurveyed 649 plots to investigate the role of fire
in changes in species composition and cover in
chaparral communities in San Diego County. They
report a complex interplay between oak wood-
lands, chaparral communities and fire response.

More recent uses of the VTM collection
explore a range of disturbances driving the loss of
Southern California shrublands including fire,
invasive species and nitrogen deposition. Talluto
and Suding (2008) resampled 54 VTM shrub plots
in southern California and found strong evidence
of non-native grassland invasion at the expense of
coastal sage scrub. Grassland encroachment was
positively correlated with increased fire frequency
and, in areas with low fire frequencies, air pollu-
tion (likely nitrogen deposition). Lippitt et al.
(2013) investigated the role of fire in chaparral
community resilience in southern California. They
used the VTM maps and CALVEG (United States
Forest Service 2016a) to identify areas of chaparral
that experienced high frequency fires, finding that
the number of burns and decreases in mean fire
interval over time increased the chance for
alteration and type conversion of chemise

chaparral communities. Cox et al. (2014) used a
VTM vegetation map to examined the factors
leading to dynamics between coastal sage scrub
and grassland between 1930 and 2002. Nitrogen
deposition and fire were important to
understanding and predicting the recovery of the
coastal sage scrub system.

With the exception of Cox et al. (2014), these
studies relied on the relocation of VIM plots. Plot
relocation is known to be difficult (e.g. Minnich et
al. 1995), especially in shrublands (Keeley 2004).
However, there seems to be ample evidence of
successful relocation, particularly in efforts
focused over larger scales that incorporate larger
numbers of plots which reduce overall spatial
uncertainty (Kelly et al. 2008). Additionally, there
is evidence that relocation of VTM plots and FIA
data (e.g. Mclntyre et al. 2015) provide very
similar results (Dolanc et al. 2013b).

Range shifts in vegetation communities.—
Pioneering work to digitize, georeference and
attribute the countless vegetation type polygons
from the original VIM collection has enabled
analyses of shifts in vegetation classes over time
(Thorne and Le in press). For example, Thorne et
al. (Thorne et al. 2008) compared the digital VITM
vegetation maps to contemporary remote-sensing
products such as CALVEG; (Schwind and Gordon
2001) and found significant changes in vegetation
types in the Placerville quadrangle on the west
slope of the Sierra Nevada. They used the
California Wildlife Habitat Relationships (CWHR)
classes (Mayer and Laudenslayer 1988) as a cross-
walk between the two data types, and found
significant shifts in WHR classes. At lower
elevations below 700 m, annual grassland
expanded, and low elevation hardwoods and
conifers, particularly Blue Oak woodland and Blue
Oak-Foothill pine, contracted. At higher elevations
above 700 m, Ponderosa pine contracted while
montane hardwood, montane hardwood-conifer
and Douglas fir expanded.

A different approach was taken by Crimmins
et al. (2011), who examined the altitudinal distri-
butions of 64 Californian vascular plant species
using 13,746 VTM plots and modern FIA plots.
They used logistic regression to estimate species’
optimum elevations in each period and altitudinal
shifts were measured as the difference in optimum
elevation between periods. Contrary to the
expectation that species from lower elevations will
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shift upslope in response to warming (e.g. Kelly
and Goulden 2008; Lenoir et al. 2008), they found
that climate changes in California have resulted in
a significant downward shift in these species’
optimum elevations. They explain this downhill
shift by regional changes in climatic water balance.
Similarly, Dolanc et al. (2013b) who resampled
VTM plots in the Sierra Nevada in a study of forest
structure changes also found no evidence of
upslope shifts in vegetation communities: no
species move into or out of the study area when
comparing VTM plots with modern resurveys.

Use of VIM photography.—There are only
two published examples that highlight the use of
the VTM photographs to understand vegetation
change, and no recent examples. Wieslander
himself discussed the possibilities of using repeat
photography (Wieslander 1986). Dodge (1975)
used VTM photographs to study historical changes
in San Diego County vegetation, with mixed
results. He reported that most photographs in the
area were stand level rather than landscape view
inhibiting his ability to perform exact reshoots. He
compared vegetation changes evident from
rephotographing the general area of each photo-
graph and reported that vegetation increased in
density and large accumulation of dead material on
the ground in areas with no evidence of fires, and
in areas that experienced wildfires in the
intervening years there was near total destruction
of coniferous forests and extensive damage to oak
woodlands. Taylor (2000) had modest success in
relocating four 1925 photographs on Prospect Peak
in Lassen National Park; in three of them he found
evidence of increased forest density, as a result of
fire suppression.

Forecasting future change

The use of past and contemporary data to
understand biogeographic responses to recent
climate change is fundamental for improving our
predictions of likely future responses (Rapacciuolo
et al. 2014a). Several recent papers have used the
VTM plot data to gather representative samples of
species to parameterize current distributions as a
precursor to modeling future distributions. Lutz et
al. (2010) used data from 655 VTM plots to gather
representative tree species data for Yosemite
National Park. They correlated climatic water
deficit with past and current tree distribution and
projected tree distribution into the future using

standard climate scenarios. They suggest that
ongoing changes in forest structure and
composition can be related to changes in climate
water balance. While past increases in temperature
since the Little Ice Age have been offset by
increasing precipitation, projected future tempera-
ture increases coupled with likely decreases in
precipitation will increase water deficit, with
detrimental impacts on many species. They
showed projected future increases in water deficit
of 23% across all plots in Yosemite, which may
disproportionately affect Western white pine
(Pinus monticola) and Mountain hemlock (7suga
mertensiana).

Dolanc et al. (2013b) used VIM data for a
retrospective examination of climate related
changes to subalpine forests, and they commented
on the possible future changes to these commu-
nities. Their work examining changes in tree
abundance and composition in subalpine forests of
the Sierra Nevada did not find evidence of change
in the direction predicted by vegetation models
linked to future climate scenarios. They explain
this discrepancy by suggesting a possible lag
effect, whereby lower-elevation species may
eventually replace higher-elevation species, but
only after decades or even centuries.

Conlisk et al. (2012) used VTM plot data and
herbarium records with the species distribution
modeling algorithm Maxent (Phillips et al. 2006)
to find locations and carrying capacities of
metapopulation patches of Quercus engelmannii in
eastern San Diego County. They combined Maxent
models with a demographic model to determine the
population dynamics within and between these
patches in the future. They predicted the dramatic
reduction of suitable habitat for Q. engelmannii in
2100 under two climate scenarios, with suitable
habitat patches predicted to shrink in extent and
move to higher elevations.

Model assessment and validation

Species distribution models (SDM) correlate
environmental predictors such as climate and
topography to the known distribution of a species,
and can be used to generate spatial predictions of
the suitability or probability of presence for a
species given the predictors. The past decade has
seen an expansion in the types and sophistication
of species distribution modeling approaches that
can be used to forecast changes to species and
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communities based on locality data and baseline
conditions (Graham et al. 2004; Guisan and
Thuiller 2005; Guo et al. 2005; Elith et al. 2006;
Elith and Leathwick 2009). SDMs have many
challenges when forecasting species responses
under changing environments, including the
potential absence of a species-environment
equilibrium, the difficulty to account for dispersal
limitations,  biotic  interactions, phenotypic
plasticity and evolutionary changes, and the
incidence of novel environments outside the range
of conditions used to calibrate the models (Elith
and Leathwick 2009). Despite these obstacles,
SDMs have become an integral part of
conservation planning, resource management, and
land decision-making processes. In recent years,
the VIM plot data have been increasingly used in
SDM studies to provide temporally independent
data to validate model predictions and explore
some of the methodological nuances of these
models. Specifically, VTM data have been used to
evaluate model selection and methodology (single
vs. ensemble models, or model vs. model)
(Vayssiéres et al. 2000; Crimmins et al. 2013), to
assess model uncertainty over time and incorporate
spatial autocorrelation (e.g. Swanson et al. 2013),
to assess model transferability through time
(Syphard and Franklin 2009, 2010; Dobrowski et
al. 2011; Crimmins et al. 2014), to test how SDM
performance varies with species’ traits and
environmental predictors (Syphard & Franklin
2009, 2010), and to explore how SDMs can be
coupled with demographic models to forecast
population responses (Conlisk et al. 2012).

Linkage between vegetation and animal
distributions through time

Studies using the VIM data predominantly
examine change in vascular plant species.
However, a small but growing number of studies
have utilized VTM data to understand the impact
of long-term vegetation changes on animal
distributions. Rubidge et al. (2011) highlighted the
promise of using VTM maps with historical and
resurveyed Grinnell Resurvey Project transects® to
investigate drivers of change in alpine chipmunk
(Tamias alpinus) distributions. The detailed
descriptions found on the VTM maps allowed
vegetation polygons to be matched to California

? http://mvz.berkeley.edu/Grinnell/index.html.

Wildlife Habitat Relationships (CWHR) classes,
generating comparable historical and current
habitat maps for use in models of small mammal
distribution changes. Though Rubidge et al. (2011)
found only a limited effect of vegetation change on
small mammal range shifts compared to climate,
that study paved the way for the use of VIM maps
in this context. As a follow-up to that study, Santos
et al. (2014b) investigated the relationship between
species’ traits and habitat types using VIM maps
as historical habitat. The authors found that
omnivorous species responded in  greater
synchrony with shifts in their habitat types than
any other diet guild.

Preston et al. (2012) used VITM maps to
investigate the drivers of distribution patterns of an
endangered butterfly (Euphydryas editha quino).
The study used VTM maps to aid in the correlation
of local scale Quino checkerspot population
extinctions with human population growth and
land use change, while climate variables deter-
mined population distributions at the broader
regional scale.

The VTM maps have also been used to
understand proximate land use hazards associated
with commercially important species. Davis and
Sims (2013) analyzed the effect of land use change
and precipitation events over time on the
prevalence of landslides and gullies, which
contribute sediment to the San Pedro Creek
watershed in San Mateo County, a key habitat for
salmonids (Davis and Sims 2013).

Land use and land cover history
and urban planning

Many currently urban areas in California have
faced dramatic histories of land use and land cover
change as agricultural and natural areas adjacent to
cities have been encroached upon. The San
Francisco Bay Area exemplifies this complex
pattern of land cover change over the previous one
hundred and fifty years and is a mosaic of urban,
natural and agricultural land. Thorne et al. (2013)
examined the dynamics of urban growth and the
protection of open spaces—two often contentious
interests—using VTM maps and urban growth
models to predict how their dynamics under three
contrasting urban growth policy scenarios. The
authors determine that a historical trend of urban
expansion will likely continue into the future, with
new development converting an additional 43-53%
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of existing agricultural and grassland areas.
However, the growth policy enforced will have a
large effect on the overall impact of urban growth
on open space. Santos et al. (2014a) used VIM
vegetation maps to analyze the timeline of
conservation land acquisition in the San Francisco
Bay Area from 1850-2010. Describing the
evolution of these land acquisitions and the cover
types they protected, the authors found that the
network of Bay Area conservation lands was
highly representative of the diversity of land cover
types, encompassing 20% or more of each land
cover type in the region. The acquisition of land in
the 19" century followed what the authors termed
the “fill-in effect”: the purchase of fewer larger
properties while the contemporary network was
filled in through time by several smaller properties
consisting of underrepresented land cover types.

Scale of VTM studies

The geographic scope of study using VIM
data has grown over time, particularly after 2005
when much of the data became available in digital
form (Kelly et al. 2005) (Figure 4). Studies prior to
2000 were geographically focused and used small
numbers of plots (e.g. Minnich and Dezzani 1998;
Bouldin 1999). Kelly et al. (2008) were the first to
use the complete plot database (n = 18,000) in their
study focusing on accuracy assessment. Since the
release of the digitized dataset, a multitude of
regional scale projects focusing on the central
Sierra Nevada forests (Dobrowski et al. 2011;
Dolanc et al. 2013a; Dolanc et al. 2013b) and the
Sierra Nevada and the coastal ranges (Crimmins et
al. 2011; Crimmins et al. 2013; Crimmins et al.
2014) have been published, as well as studies
focusing on the state and using the complete plot
database (Fellows and Goulden 2008; Mclntyre et
al. 2015). Another perhaps unforeseen result of the
digitization process has been an alteration in the
way change is assessed using historical and current
data. Many authors have commented on difficulties
in re-locating individual plots (e.g. (e.g. Allen-Diaz
and Holzman 1991; Minnich et al. 1995; Walker
2000; Franklin 2002; Keeley 2004); and recent
efforts have focused less on relocation of
individual plots, and more on comparisons with
contemporary data (McIntyre et al. 2015).

With some exceptions, a similar trend is seen
in the use of vegetation maps: earlier work focused
on a single quadrangle (Bradbury 1974), while

more recent work is regional in scope (Thorne et
al. 2013; Santos et al. 2014a). This kind of scaling-
up of focus is only realistically possible with
digital infrastructures to make data discoverable,
searchable, and downloadable.

DISCUSSION

Historical ecological data is often required in
contemporary ecological analyses for understand-
ding patterns, establishing baselines and past
conditions, and detecting changes. These analyses
are crucial when we consider planning for possible
futures. As a case study, the VTM collection
reveals the promise of historical data for ecological
analysis. Here, we discuss prospects for increased
and integrated usage of the dataset; for novel
synergies with other data; and highlight through a
discussion of the VTM digitization process the
importance of open data frameworks for ecological
analysis.

Challenges with the use of historical data

The use of historical ecological data present at
least three types of challenges for the modern
researcher that result from field methods used at
the time of data collection, scientific terminology
and taxonomy, as well as errors introduced through
the digitization process. First, historical field
protocols are often different from contemporary
ones. The VTM crew used four size classes to bin
the diameter at breast height of trees recorded in
the plot data; modern Forest Inventory and
Analysis (FIA) data used many more. Comparisons
must deal with these differences, and manipulate
modern data to best compare with historical data
(sensu Dolanc et al. 2013a; Mclntyre et al. 2015).
In contrast, the VTM vegetation maps have a much
higher species detail than is provided on modern
land cover maps, which requires simplification of
the historical vegetation classes and cross-walking
of historical and modern classification schemes
prior to contemporary analyses (sensu Thorne et al.
2008; Thorne et al. 2013). Second, ecological
taxonomy has changed since the early 20th century
(Barbour et al. 2007), and confusion resulting from
species name changes can occur, and careful cross-
walking between historical and modern species
names is required. Third, as the historical data is
scanned, digitized, and georeferenced, error is
introduced. Best practices must be used to
minimize, estimate, and report the total spatial
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error in the final digital data product (Kelly et al.
2008). Such reported measures are critical to guide
researchers on the use of the VIM data (Thorne et
al. 2008).

Interactions between the academy
and the public sector

In addition to its use in academic research over
multiple decades, the VIM collection has had a
parallel track of use by government resource
agencies. The protocols developed by Wieslander
and his crew became the foundation for additional
surveys of California land including 4.6 million ha
of land covered by the State Cooperative Soil-
Vegetation surveys from 1947-1977 (Critchfield
1971; Thorne et al. 2007). These early surveys
paved the way for many of the contemporary
vegetation classification schemes used today in
California, including the Manual for California
Vegetation, the National Vegetation Classification
System, and the California Gap Analysis Program.
The CALVEG product, discussed in this paper,
had its origins with VTM protocols (Barbour et al.
2007). Wieslander’s belief in constructing “an all-
purpose map” that “would then be valuable for any
kind of management of wildland, for whatever
purpose” set the foundation for large scale
mapping and biological surveys even serving as
the impetus for the Forest Service’s “program of
mapping all the national forests” (Wieslander
1986). The value of comprehensive and detailed
vegetation surveys made apparent through the
work of Wieslander and his crew remain a key
component of agency mission statements and
objectives (e.g. Forest Service, National Park
Service, and California Native Plant Society). We
hope that the digitization and sharing of the VTM
data will continue to expand the reach of this
dataset in order to bridge traditional academic and
agency silos for advances in research and
conservation management practices.

Increased usage of the integrated dataset

The plot data in digital form haves been
available since 2008, but for the first time are
complete (or as complete as possible) vegetation
maps and georeferenced photographs are available,
and a revival in their integrated use should be
encouraged. It is our hope that the combined
collection made available via an API and website
will facilitate their use in a number of novel ways.

First, the georeferenced photographs are an
underused resource. Only two studies focus on the
photography collection (Dodge 1975; Taylor
2000), yet repeat photography can provide a clear
record of vegetation and landscape change. Only a
handful of the georeferenced photographs have
been retaken in modern times, yet these
photographic pairs provide compelling stories
about vegetation change (Figure 5a-f). Additional-
ly, these images provide a window into our past
and a sense of place: many of the VTM
photographs are not of grand landscapes or vistas,
but show the field data collection procedures used
by the crews, or forest management practices they
encountered in the early 20" century (Figure 5g-h).
Thus these images provide unexplored cultural
connections to our work and lives today (Higgs et
al. 2014).

Second, the plots provide data on structure and
composition of vegetation, but they also comment
on the terrain, soil types, fire and disturbances, and
other environmental variables found at each site.
These data might be mined for more nuanced
understanding of historical fire behavior (e.g.
Mclntyre et al. 2015) that complements other early
data sources of disturbances. Third, there is great
potential in the use of more than one VITM data
type at a time. There is only one published
example of research using more than one
component of the VIM dataset (Bradbury 1974),
yet researchers might consider the combined use of
plots and maps, or plots and photographs, or all of
the components of the collection. There are
numerous areas in the state where the three data
types coexist including the Sierra Nevada
Mountains (e.g. Figure 1), the Central Coastal
Ranges, the Transverse Ranges, and the San
Bernardino Mountains (Figure 3). The Central
Coast Ranges posses all components of VIM
collection, and remain under-examined.

New developments in data synthesis

We should also expect and encourage new
developments in data synthesis. Data synthesis
necessitates an extension of the data beyond its
original purpose, increasing the potential to
broaden the horizons of scientific inquiry and
expand the potential for discovery (Jones et al.
2006; Tenopir et al. 2011). The recent proliferation
in publicly available scientific data underscores the
need to better integrate and synthesize these
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Figure 5. Example of VTM photography. Examples a-f are pairs of VIM and contemporary images: French Lake in
the Tahoe National Forest in Nevada Co. taken by (a) N.H. French in June 1934, and (b) Joyce Gross in 2014;
Looking southwest from highway between Drytown and Amador in Amador Co. taken by (c¢) A.E. Wieslander in
May 1940, and (d) Joyce Gross in September 2013; and the site of what is now Lake Isabella in Kern Co., taken by
(e) LM. Correll in July 1927, and (f) Joyce Gross in June 2013. Examples g, h are examples of general interest
photographs: (g) an example of a local mill and redwood lumber products cut from redwood second growth in Santa
Cruz Co.; and (h) topographic mapping crew on Orleans Mountain, in Siskiyou Co.
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datasets if they are to be effectively used in
addressing issues such as climate and land cover
and land use change which both span spatial and
temporal dimensions (Tingley and Beissinger
2009). Many of the studies reviewed here employ
data synthesis between historical VIM and modern
vegetation data (e.g., FIA, CalVeg) to discuss
change both qualitatively and quantitatively in
vegetation structure (e.g. Goforth and Minnich
2008; Dolanc et al. 2013b), composition (e.g.
Minnich et al. 1995), and abundance (e.g. Fellows
and Goulden 2008; Table 2). There are additional
datasets and approaches that might be used. The
VTM database can be linked to much of the
ecological data collected at UC Berkeley, among
them about 5M records from museum specimen,
soil and pollen data, field station records, sensor
readings, as well as biophysical base layers such as
climate and land use (Figure 2). There is great
potential in these data synergies to further expand
the scope and scale of VTM analysis. For example,
first, synergies between genome sequencing of
biological specimens with historical and future
vegetation allow us to move beyond single species
vegetation type analysis and understand the
dynamic nature of ecological communities
(Rubidge et al. 2011; Preston et al. 2012; Bi et al.
2013). Second, more can be done using historical
vegetation data with current and future climates
using new species distribution models. For
example, the floristic detail found in both the maps
and plot data might be used to look at historical
ranges of important taxa. Third, there has been a
significant focus on interactions between fire and
vegetation in the VTM scholarship for example in
conifer forest (Dodge 1975; Minnich 1978; Taylor
2000; Fellows and Goulden 2008; Goforth and
Minnich 2008) and shrubland communities (Frank-
lin et al. 2004; Talluto and Suding 2008; Lippitt et
al. 2013). Mclntyre et al. (2015) used VIM field
notes to identify plots with recent fires and were
able to detect coarse differences in tree density in
multiple size classes between burned and unburned
plots within the VTM data and across time in
comparisons of burned and unburned FIA plots.
More might be done to examine historical
vegetation structure and pattern in modern mega
fires such as the Rim fire. Conditions influencing
fire overlap, fire severity and fire regimes might be
explored through synthesis with contemporary fire
data (Collins et al. 2007, 2009).

Open data frameworks

The multiple recent discussions in the
scientific community around open, transparent, and
reproducible science (Jones et al. 2006; Wolkovich
et al. 2012) have fostered technological advances
in more flexible and user friendly data storage and
documentation systems that incentivize researchers
to enter, store, and make datasets available to the
broader community. Such participation has
engendered a need for a more transparent system
of data collection and distribution. Contemporary
large-scale citizen science efforts promote and
alleviate some issues of data transparency and
sharing by promoting open data collection,
distribution, and assessment (Kearns et al. 2003;
Kelly et al. 2012). Technological advances in
computer science have increased our ability to
query, visualize and use large heterogeneous
collections in meaningful ways (Baird 2010; Fox
and Hendler 2011; Reichman et al. 2011; Hampton
et al. 2013). New web applications such as APIs
linked to structured ecological databases allow the
rapid generation of maps, charts, timelines, graphs,
word clouds, search interfaces, RSS feeds, and
many others capabilities (Fox and Hendler 2011).

The voyage from paper to API

Although focused on a single dataset, the VIM
collection’s voyage from paper archive to API can
be seen as a cautionary tale about the importance
of finding, archiving, and sharing historical
ecological datasets that should resonate more
broadly. Despite being well-known and well-
documented, in the decades since its creation, the
VTM collection has faced the possibility on
several  occasions of partial  destruction
(Wieslander 1986). Even today, locations of
portions of the collection remain unknown. Thus,
its journey from analog to digital is exemplary of a
number of important themes facing the scientific
community today: the importance of finding and
rescuing historical or “dark™ data; the need for best
practices and standards for data digitization
including uncertainty estimation and error control;
the value of spatial data visualization and web-
based portals for data sharing; the priority in
modeling of data fusion and analytical integration;
and the critical role of data infrastructures such as
APIs for sharing scientific data. Other important
detailed records of past biological, ecological,
agricultural, and management conditions may exist
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across the state of California in paper archives,
historical imagery, and/or physical biological
specimens. These hidden “dark archives” are
currently invisible to researchers, but with the kind
of focused work described here, become
invaluable.

CONCLUSIONS

There is ample evidence that the rescuing,
digitizing, and sharing of historical ecological data
is an important scientific endeavor. These data
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. A. Everett
Wieslander anticipated many modern uses of the
VTM data in 1935. He wrote that it provided: 1) a
partial explanation of the current (as of 1930s)
distribution of vegetation types and dominant
species; 2) a better understanding of vegetation
changes that have occurred in the past, those now
in progress, or those to be expected to occur in the
future; and 3) further contributions to the
knowledge of the values of certain plants and
vegetation types as indicators of particular soil and
climatic conditions (Wieslander 1935b). He was
perceptive in this analysis, but did not anticipate all
of the uses of the data. The maps, plot data, and
photographs have been used in isolation or paired
with contemporary data to great effect to study
California’s historical flora and land use, for
documenting and finding mechanisms for decadal-
scale vegetation changes, and for predicting and
planning for California’s future.

The digitization and sharing of the VTM
collection has expanded the scope and scale of
possible analyses. Any analyses larger than a
single or few quads were impossible when the
analog data were scattered around the state in
libraries and research collections; or when plot or
map data required laborious digitization. Currently,
most papers using VTM plot data explore the full
complement of scale and detail. Yet there is more
that can be done. Researchers might also use more
of the vegetation map data, as well as the
georeferenced photographs; they might embark on
modeling that fuses data from more than one part
of the collection, and synthesizes data from other
sources. Additionally, we hope more researchers
will explore the connections between vegetation
change and other biological signals of change such

as isotopic signatures derived from spatially
coincident animal specimens (e.g. Rubidge et al.
2011; Bi et al. 2013).

Finally, we want to highlight the increasingly
critical role of data structures that foster scientific
sharing and collaboration, such as APIs, especially
in their capacity to link at-risk historical data with
contemporary ecological data. The digital VIM
collection is an example of a web-based data
framework that expands the potential of large-scale
research through the integration and synthesis of
data drawn from numerous data sources. We
suggest here that the potential linkages and multi-
disciplinary connections waiting to be made with
the use of the collection are numerous and
important.

Understanding past, present, and future
interrelationships between flora, fauna, land use,
society, and climate is of paramount importance in
ecology. The VTM dataset serves as a valuable and
underutilized resource in this regard. The digital
and shared data are an expansive historical
reference that continues to provide exciting
avenues for the modern geographer and ecologist
to create connections between diverse datasets to
tell the story of a region’s ecological past and
better inform the future.
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