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Abstract
To improve understanding of population structure, ecosystem relationships and predictive models of
human impact in cetaceans and other marine megafauna, we developed geneGIS, a suite of GIS tools
and a customized Arc Marine data model to facilitate visual exploration and spatial analyses of
individual-based records from DNA profiles and photo-identification records. We used the open source
programming language Python 2.7 and ArcGIS 10.1 software to create a user-friendly, menu-driven
toolbar linked to a Python Toolbox containing customized geoprocessing scripts. For ease of sharing
and installation, we compiled the geneGIS program into an ArcGIS Python Add-In, freely available for
download from the website http://genegis.org. We used the Lord-Castillo et al. (2009) Arc Marine data
model customization as the starting point for our work and retained nine key base Arc Marine classes.
We demonstrate the utility of geneGIS using an integrated database of more than 18,000 records of
humpback whales (Megaptera novaeangliae) in the North Pacific collected during the Structure of
Populations, Levels of Abundance and Status of Humpback Whales in the North Pacific (SPLASH)
program. These records represent more than 8,000 naturally marked individuals and 2,700 associated
DNA profiles, including 10 biparentally inherited microsatellite loci, maternally inherited mitochondrial
DNA, and genetic sex.

1 Introduction

Landscape genetics (or seascape genetics in the ocean) aims to study spatial ecolo-
gical processes by combining knowledge from population genetics, landscape ecology and
spatial analysis to quantify the influence of landscape features on population genetic struc-
ture (Manel et al. 2003; Storfer et al. 2007). Understanding the relationship between land-
scape and genetic connectivity can reveal new insights into biological processes and lead to
detecting, predicting and mitigating the effects of anthropogenic landscape modification
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and global climate change (Wagner et al. 2012). This knowledge can aid managers in conser-
vation measures by identifying barriers to gene flow or genetic diversity and provide alterna-
tive management scenarios to predict consequences to genetic variation and population
connectivity (Storfer et al. 2007). With the advent of global positioning system (GPS) tech-
nology, growing databases of spatially-explicit genetic data have opened novel analysis
opportunities including the development of geographic information system (GIS) software
packages such as the Landscape Genetics GIS Toolbox (Vandergast et al. 2011) and Land-
scape Genetics Toolbox (Etherington 2011) (see Table 1). Additional standalone software
such as GenGIS2 (Parks et al. 2013) and Wildbook (http://www.wildme.org/wildbook/) allow
for the integration of genetic data with digital maps to enhance geographic and/or ecolo-
gical data visualization (Table 1). Although these packages help to visualize various genetic
metrics across geographic space, none directly calculate genetic distance measures (e.g.
F-statistics) or provide estimates of kinship and relatedness while also allowing for the visua-
lization and spatial analysis of multiple records from known individuals, as is typical in the
field of marine mammal science.

Table 1 Summary of spatially-based landscape genetic software packages developed to help
analyze various genetic metrics in geographic space

Landscape Genetics
Software Package Analyses Performed GIS based?

Genetic Landscapes
GIS Toolbox

(Vandergast et al. 2011)

Creates raster surfaces of genetic
divergence and diversity for single
species (or genetic marker) and
summarizes multiple genetic divergence
or diversity rasters as average and
variance surfaces

Yes (ArcGIS 9.3+)

Landscape Genetics
Toolbox

(Etherington 2011)

Creates a polyline shapefile to visualize
genetic relatedness, conducts least-cost
modeling to measure landscape
connectivity, creates a matrix of pairwise
points separated by a known barrier
(either lines or landscape polygons)

Yes (ArcGIS 9.3+)

GenGIS 2
(Parks et al. 2013)

Integrates molecular biodiversity data with
digital maps and habitat parameters to
visualize geographic and ecological
factors that influence community
composition and function

No (basic mapping
capabilities,
supported
by GDAL and
R Project)

Wildbook
(http://www.wildme

.org/wildbook/)
Developed in parallel

with geneGIS

A web-accessible Java-based relational
database management framework
supporting capture-mark-recapture and
molecular ecology of marine megafauna.
Integrates photo-identification and
genetic records, some direct calculations
of F-statistics

No (basic mapping
using Google
Maps and export
functions)
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Many whale and dolphin species (cetaceans) are the focus of large-scale, long-term
field studies that include numerous spatially-explicit observations of recognizable indivi-
duals. Repeated sightings of known individuals over time can reveal information on site fide-
lity (e.g. Baker et al. 2013), habitat use (e.g. Rasmussen et al. 2007), life history parameters
(e.g. Ford et al. 2000), social organization (e.g. Baird and Whitehead 2000), distribution
(e.g. Dalla Rosa et al. 2012), abundance (e.g. Barlow et al. 2011), and population structure
(e.g. Baker et al. 1986, 1998, 2013). Such information is critical for protecting cetaceans and
their natural ecosystems from the cumulative and synergistic effects of habitat degradation,
fisheries, pollution, vessel traffic and global climate change (Reeves et al. 2003; Würsig et al.
2009).

Individual identity in cetaceans is typically determined by either photo-identification
or genetic analysis. Photo-identification uses 35-mm cameras with telephoto lenses to capture
distinct natural markings, color patterns, and scarring on an animal’s body and/or notches and
nicks along fins and fluke edges to identify individuals (Hammond et al. 1990). The photo-
graphs are reconciled to unique individuals and compiled into catalogs with associated data-
bases for analyses and future reference. The replacement of film cameras with high-resolution
digital cameras increased the accuracy, speed and efficiency of photo-identification techniques
(Markowitz et al. 2003). Alternatively, genetic analysis using non-lethal collection of tissue
samples (e.g. biopsy dart deployed via a crossbow or rifle, Noren and Mocklin 2012) from
animals in the wild and DNA markers are used to reveal a unique genetic identity (genotype
or DNA profile) for each individual. In addition to obtaining a genotype, samples can also be
used to determine population structure including kinship, prey preferences through stable
isotope analysis, contaminant loads, and hormonal indicators of physiological processes
(Noren and Mocklin 2012).

The number of records typically generated by the two approaches differs significan-
tly. Photo-identification, especially when using digital cameras, generates large numbers of
records (1,000s) because each time an individual is encountered there is an opportunity
for many photographs (and associated spatio-temporal information) to be added to a data-
base. Conversely, the number of genetic samples is typically far fewer because the genome of
an individual does not change. Sampling, therefore, only needs to occur once to capture an
individual’s genetic identity in a database. It is critical, however, that a genetic sample and
an associated identification photograph are collected simultaneously and recorded accurately
to ensure that the two forms of individual identity are correctly associated in the data-
base. Although linking the photographic and genetic databases via a common identity field is
possible, it is often challenging. The lack of integration between the two data sources may
be due to different research questions and subsequent data needs, permitting stipulations, or
a lack of computational tools available to handle such data. Yet, from an analytical perspec-
tive, the extension of an individual’s DNA profile to photo records where genetic data are
lacking and their subsequent integration into one large database would enrich the informa-
tion available that can be used for conservation and management decisions. Even when
reconciled into a single database, few tools exist that enable a researcher to visualize the
spatial pattern of such integrated data.

The Convention on Biological Diversity’s recent call to improve biodiversity by safeguard-
ing genetic diversity (CBD 2012) emphasizes the importance of its inclusion when planning
conservation measures. A population or species with greater genetic variation should have
higher resilience and be able to adapt to environmental changes and perturbations more
readily (Primack 2010). The enrichment of a database by the addition of genetic infor-
mation enables managers to factor in population structure and genetic diversity, and thus
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maximize species resilience, when developing conservation actions. But, how can we best
facilitate the exploration and visualization of spatial patterns of genetic variability in
individual-based, long-term cetacean studies? To address this question, we develop geneGIS, a
suite of GIS tools and a customized version of the Arc Marine data model (Wright et al. 2007)
for spatially-explicit genetic and photo-identification records to enable: (1) data visualization;
(2) spatial exploration, display and selection of data; (3) basic spatial analyses; (4) data extrac-
tion from relevant environmental layers; and (5) data export to specialized software packages
for molecular ecology. We use data from a three-year humpback whale study in the North
Pacific as our exemplar in the development and implementation of geneGIS. Although we
focus here on the use of geneGIS for cetaceans, we envision geneGIS will be a powerful plat-
form to enhance our understanding of population structure, ecosystem relationships and pre-
dictive models of human impact across species and ecosystems, while also contributing to the
development of landscape and seascape genetics (Miller 2005; Etherington 2011; Vandergast
et al. 2011; Parks et al. 2013).

2 Background Information

2.1 Humpback Whales of the North Pacific and the SPLASH Program

Humpback whales (Megaptera novaeangliae) occur in all major ocean basins and migrate
seasonally between high latitude feeding grounds and low latitude breeding grounds
(Johnson and Wolman 1984). Their coastal distribution enabled heavy exploitation by the
whaling industry for several centuries (Clapham 2009) and severe depletion led to an
endangered listing under the US Endangered Species Act of 1973 and endangered/vulnerable
status (1986–1990/1990–2008, respectively) by the World Conservation Union (Stevick et al.
2003; Reilly et al. 2008). In 1966, the International Whaling Commission banned commer-
cial humpback whale hunting in the North Pacific (Best 1993). Today, most studied popula-
tions are recovering (Barlow et al. 2011); however, their presence in coastal regions remains
a concern because these areas tend to be the most heavily populated and modified by
humans.

To better understand the abundance, distribution and population structure of humpback
whale populations in the entire North Pacific, a three-year international collaborative effort
including over 50 research groups and more than 400 researchers in 10 countries was con-
ducted from 2004–2006 (Calambokidis et al. 2008). The Structure of Populations, Levels of
Abundance and Status of Humpbacks (SPLASH) program targeted all known humpback
whale winter breeding and summer feeding grounds. The SPLASH program yielded 18,640
quality photo-identification images representing 7,940 unique individuals. A total of 5,669
tissue samples were also collected; 2,703 of these were genotyped to resolve 2,161 individuals.
Prior to beginning the geneGIS project, photographic and basic sample collection data
(photoSPLASH) were stored in a Microsoft Access relational database, which serves as the
primary data repository for the SPLASH program. In parallel development to geneGIS,
photoSPLASH is also adapted to an online catalog and database repository (http://
www.splashcatalog.org) hosted by Wildbook (http://www.wildme.org/wildbook), a Java-based
software framework supporting capture-mark-recapture studies of marine megafauna. The
SPLASH catalog allows users varying degrees of access to the photoSPLASH database
(depending on authorization level) to search, filter, query and export records of individual-
based humpback whale encounters made during the SPLASH project. Genetic analytical data
from samples collected during SPLASH (geneSPLASH) including sex, maternally inherited
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mitochondrial DNA (mtDNA) and 10 microsatellite loci were originally stored as tabular
spreadsheets in Microsoft Excel. Although separate, the databases share several common fields
including Occurrence ID (a point in time and space when one or more whales were observed),
Encounter ID (a point in time and space at which a photograph and/or tissue sample of an
individual was collected) and Individual ID (a unique number for each distinct individual
based on photograph or genotype).

During 2011–2012, photoSPLASH and geneSPLASH were merged into a single database
(hereafter referred to as SPLASH). The reconciliation extended the number of encounters to
include 781 new identifications from whales with no photo record and extended 1,002 diffe-
rent genotypes to 3,189 encounters that previously only had a photo record. This resulted in
7,335 total encounters (roughly 40% of the database) for 2,151 whales with a unique geno-
type. The large increase in the number of spatially-explicit encounters now extended with
genetic records provides an unprecedented opportunity to explore the spatial pattern of genetic
diversity of North Pacific humpback whales using GIS.

2.2 Conceptual Framework

The conceptual framework for geneGIS relies upon three key components – the location of
known individuals, the measured value of environmental variables at that location, and the
DNA profiles of these individuals (Figure 1). The configuration of these components and the
data available will determine the type of research questions that can be asked. For example,
data on individual location and seascape covariates can lead to questions concerning habitat
preference and habitat use. Individual location data combined with DNA profiles can be used
to study population structure, relatedness and kinship. Finally, DNA profiles in combination
with environmental variables can be used to focus on seascape genetics to determine how

Figure 1 The conceptual framework used to illustrate how data for known individual locations,
associated environmental variables, and DNA profiles can be integrated by the geneGIS initiative
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the seascape may impact population structure. The point at which these pieces merge is
geneGIS, an initiative that seeks to integrate spatially-explicit, individual-based data and
seascape variables to better understand the patterns and processes of genetic variability in the
marine environment.

2.3 Key Requirements

The success of the geneGIS initiative depends on several key requirements. To maximize
the number of potential users, we target molecular ecologists and marine mammal scientists
with little or no GIS background. Thus, tools must be easy to install and operate within
ArcGIS. geneGIS must also be able to work with the various data types and data storage
formats of our users. Most databases of genetic records are small (∼ 100s to 1,000 records)
and are stored in flat tabular formats such as Microsoft Excel spreadsheets. Data may consist
of letters (e.g. genetic sex – M: male, F: female, U: unknown or nucleotide sequence –
ATTGCAATGGCCTTA), numbers (e.g. microsatellite allele sizes – 122, 124), or alphanumeric
sequences (e.g. mtDNA haplotype codes – F2, A+, E2). Photo-identification databases typically
contain 1,000s of records and may or may not be stored in a relational database structure.
Therefore, geneGIS must be able to function with the unique data types of genetic data stored
in simple data tables and relational databases. For these reasons we chose a two pronged
approach, a suite of GIS tools designed to function with flat tables and relational databases,
plus an option to import data into a customized Arc Marine relational data model. The latter
provides an additional opportunity to store and manage data in a relational database frame-
work created specifically for marine data and can increase interoperability with other
relational databases such as Wildbook.

3 geneGIS Tools

3.1 Software Platform and Tool Architecture

We developed geneGIS tools using the open source programming language Python (version
2.7) and ArcGIS software (version 10.1). Although a commercial product, ArcGIS is well
known, widely used and considered the dominant platform used by GIS professionals (Roberts
et al. 2010). As part of its built-in capabilities, Python scripts can be written to create custom-
ized geoprocessing tools that are run using simple dialog windows. This makes tools accessible
to non-GIS experts and allows them to be combined with other standard ArcGIS tools for
more complex spatial analyses. Moreover, because Python is an open source language, it
allows GIS specialists to share and further customize scripts, a tradition that geneGIS builds
upon by also being open source.

We used two new ArcGIS features released with ArcGIS version 10.1 – the Python
toolbox and the Python add-in. A Python toolbox is a geoprocessing toolbox created entirely
in Python and can be edited in any editor. Unlike script tools in custom ArcToolboxes, which
are composed of three separate parts, a Python toolbox holds the parameter definitions, code
validation and the source code in a single location using Python classes. From a developer’s
perspective, the Python toolbox provides a more streamlined environment for tool creation.
Yet, from a user’s perspective, a Python toolbox and tools look and function like any other.

A Python add-in is a customization that interfaces with ArcGIS for Desktop (e.g. ArcMap)
to enable additional functionality for custom tasks. The add-in is created using a freely
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available Python Add-In Wizard and is comprised of a single zipped package (with .esriaddin
extension) containing a configuration XML file, the geoprocessing Python scripts, and any
additional resource files necessary for the add-in. Add-ins are easily installed by downloading
the add-in file to a user designated folder and double-clicking on the .ersiaddin icon.

For our purposes, these two new features enabled an interactive environment for the user
by developing a user-friendly menu driven toolbar that links to the Python toolbox containing
the geoprocessing scripts (Figure 2). By containing the entire geneGIS program within a
Python add-in, a non-GIS expert can easily download, install and use geneGIS with a few
mouse clicks.

3.2 Standard Input File

To aid non-GIS users in importing data into geneGIS, we developed a standardized input
file format, the Spatially Reference Genetic Data file or SRGD (Figure 3). The SRGD is a
comma separated value (CSV) file and specifies the minimum data requirements necessary to
use geneGIS. Based on expert opinion, we selected the most common data fields and formats

Figure 2 A diagram detailing the tool architecture of geneGIS. At its core are the customized
geoprocessing scripts written in Python that are stored within a Python toolbox. The Python toolbox
is then plugged into ArcGIS via a Python add-in to create a user-friendly, menu driven toolbar
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used by molecular ecologists for inclusion in the SRGD file. Any additional data deemed
necessary by the researcher (e.g. group size, behavior, etc.) may also be included. A complete
description of the SRGD input file format, a sample dataset (courtesy of Cascadia Research
Collective, http://www.cascadiaresearch.org) and tutorial are freely available for download
from the geneGIS website, http://genegis.org.

3.3 geneGIS Tools

At the time of this writing, geneGIS consists of 12 tools grouped into four categories (Import,
Export, Genetic Analysis and Geographic Analysis), plus a Help category that links to
geneGIS website resources (Table 2). A key goal of geneGIS is to allow novel ways of data
exploration through visualization, spatial selection, data extraction and basic analyses of
genetic data in relation to the marine environment. This information is critical during hypo-
thesis development for spatially-explicit analyses. We do not intend to duplicate the efforts of
other specialized software packages for molecular ecology such as GenAlEx (Peakall and
Smouse 2006, 2012), Genepop (Raymond and Rousset 1995; Rousset 2008), Alleles in Space
(Miller 2005), and SPAGeDi (Hardy and Vekemans 2002), but instead enable exploratory
analyses and data export in an appropriate format to those programs for further analyses. We
also offer data export as a Keyhole Markup Language (KML) file for use with software such as
Google Earth and a SRGD file format compatible for data upload into the Wildbook relational
database management framework. In addition, we provide two tools (Summarize Encounters,
Compare Encounters) invoked with buttons from the toolbar that allow the user to inter-
actively spatially select up to two different groups of points and provide some basic statistics
about that selection including the number of samples, the number of unique individuals and
the number of unique individuals common to both selections.

3.4 geneGIS Application Examples

We use the reconciled and extended SPLASH data to illustrate a series of applications using
the tools in geneGIS and ArcGIS to explore, develop and begin to answer spatially-explicit

Figure 3 An example of the SRGD.csv input file format for geneGIS. The individual-based photo and
genetic databases were merged and the genetic information extended to the photo encounters.
Columns A, B, and C represent fields considered to be identifiers and have the suffix _ID. Columns
J-O represent three biallelic microsatellite loci, two columns per locus, each with a L_ prefix. Indivi-
duals 1001 and 1005 have photo-only encounters; individual 1006 had a genetic-only encounter; and
individuals 1002–1004 have had their genetic information extended to their photo-only encounters
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research questions. Examples are broken down into the five current key functions of geneGIS:
(1) data visualization; (2) spatially explore, display and select data; (3) export data; (4) data
extraction from environmental layers; and (5) conduct basic spatial analyses.

3.4.1 Data Import and Data Visualization

The first step in any geneGIS application requires the import of georeferenced genetic data
into ArcGIS. SPLASH data are formatted to meet the SRGD file specifications (Figure 3)
and imported into a file geodatabase point feature class using the Import tool (Figure 4A).
To provide geographical context, a base map layer can be added (Figure 4B). Initial data
visualization provides the added benefit of quickly identifying and enabling the correction of
questionable coordinates such as whales sighted on land.

Figure 4A An example workflow using geneGIS – invoking the Import tool from the geneGIS toolbar
and the dialog box filled according to the descriptive help text to the right. The warning icon next to
the SRGD Input File provides a reminder that the microsatellite loci will be suffixed with an ‘_1’ or
‘_2’ when this tool is run
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3.4.2 Spatial Exploration, Data Selection and Data Export

These functions can assist with answering research questions such as: “Are humpback whale
populations in the Western Gulf of Alaska and Southeast Alaska genetically differentiated?”
Genetic differentiation between populations is a common question in molecular ecology;
however, it is often limited to researcher-defined populations based on a priori knowledge and
less often uses the specific spatial location of collected samples. To enhance the potential for
using spatial exploration rather than a priori divisions, geneGIS enables the user to inter-
actively spatially select points. Using the Summarize and Compare Encounter tools from the
geneGIS toolbar, one group of points (“populations”) is spatially selected and briefly summa-
rized for each area of interest (Figure 5A). Note, the text box reports on the total number
of encounters and total individuals, as well as individuals found in both spatial strata
(i.e. photo-ID resightings or genotypes recaptures). The Export to GenAlEx tool from the
Export menu is used to export the selected data as a single file composed of the two selected
populations to the text file input format required by GenAlEx v6.5 (Peakall and Smouse
2006, 2012) (Figure 5B). Additional analysis in GenAlEx, using mtDNA known to reflect
maternal migration traditions, indicates the two populations are significantly differentiated
(FST = 0.197, p < 0.01). To better illustrate this genetic differentiation, haplotype frequency pie
charts were created within Excel (Figure 5C). Data can also be exported using the Export to
Genepop tool and the output file meets the format requirements for Genepop (Raymond and
Rousset 1995; Rousset 2008). In both cases, exports to GenAlEx and Genepop allow for
microsatellite or mtDNA analyses of genetic differentiation.

An alternate analysis of genetic differentiation can be performed directly within ArcGIS
using the program SPAGeDi (Hardy and Vekemans 2002), although currently limited to
microsatellite data. In this instance, once the two spatial selections are completed, the standard
ArcGIS Merge tool is used to merge the selected data into one feature class. The Calculate
F-statistics tool from the Genetic Analysis menu invokes SPAGeDi to calculate F-statistics and
create an output tab delimited text file that is opened directly within ArcGIS (Figure 5D).

Figure 4B An example workflow for geneGIS – visualizing an output point feature class created
from all individuals encountered during the SPLASH program from 2004–2006. For geographic
context, the Esri Ocean Basemap (http://esriurl.com/obm, courtesy of Esri and its partners), is also
added
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3.4.3 Data Extraction from Environmental Layers

Data extraction can assist with exploring the relationship between environmental variables
and individual presence/absence to assist with answering research questions such as: “Within a
set of whales of known mtDNA haplotype is there any evidence of preference for particular

Figure 5A An example workflow using geneGIS – spatial selection using SPLASH data. Data are
spatially selected using the Summarize Encounter (top) and Compare Encounter (bottom) tools
on the geneGIS toolbar
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Figure 5B–C An example workflow in geneGIS – data export using SPLASH data. The Export to
GenAlEx tool can be used for additional genetic analyses (B); a test for genetic differentiation in
GenAlEx confirms the two “populations” are significantly differentiated based on mtDNA (C)
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depths?” In this instance, data from known individuals or mtDNA lineages can be mapped
with one or more environmental raster layers such as bathymetry (e.g. the GEBCO_08 Grid,
version 20100927, http://www.gebco.net) (Figure 6A). The Extract Raster Values tool from
the Geographic Analysis menu (or toolbar button) is used to extract cell values of the bathym-
etry layer for each sample point location of the input feature class (Figure 6B). Extracted

Figure 5D An example workflow in geneGIS – calculating F-statistics within ArcGIS using SPLASH
data. The alternate method involves merging the two selected “populations” using the standard
ArcGIS Merge tool followed by the Calculate F-statistics tool from the geneGIS toolbar to invoke
SPAGeDi to test for genetic differentiation based on microsatellite DNA
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values are recorded to a new field in the attribute table of the feature class. New fields are
named according to the raster layer used and prefixed with ‘R_’ (e.g. R_GEBCO). Using the
standard ArcGIS table export option, the extracted values can be further analyzed in Excel or
some other graphing software package to create a frequency histogram (Figure 6C). In this
example, the results from the data extraction suggest that the A- and E3 mtDNA haplotypes
occur more frequently at different modal depths, 110 m and 150 m, respectively.

Figure 6A An example workflow in geneGIS – Extract Raster Values from bathymetry using SPLASH
data. Individuals with known mtDNA haplotypes (A- top, E3 bottom) from the SPLASH data are
mapped over a bathymetric raster layer
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Figure 6B–C An example workflow in geneGIS using the Extract Raster Values tool with the SPLASH
data. (B)The Extract Raster Values tool is used to extract cell values from the raster (top and middle)
and record them into a new field named after the raster, R_GEBCO (bottom). (C) The data are
exported using ArcGIS’s table export option to enable further analysis in Excel or some other graph-
ing software package to create a frequency histogram. In this example, the results from the data
extraction suggest that the A- and E3 mtDNA haplotypes occur more frequently at different modal
depths, 110 m and 150 m, respectively
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3.4.4 Basic Spatial Analysis

Basic spatial analysis can assist with answering research questions such as: “How do the spa-
tial distributions of humpback whales with different mtDNA haplotypes vary within a
region?” The loading of genetic data into ArcGIS via geneGIS now provides the user with
additional opportunities to conduct further spatial analyses using the standard default tools
within ArcGIS Toolbox. For example, the Directional Distribution tool within the Spatial
Statistics toolbox summarizes the central tendency, dispersion and directional trends in both
the X and Y direction to visualize differences in the spatial distributions of the variable of
choice (Mitchell 2005). Using one standard deviation and the same mtDNA haplotypes from
above (A- and E3), the output polygons represent the location where 68% of whale encounters
occurred (Figure 7) and quickly enables the visualization of different haplotype distributions.

4 Arc Marine Customization

4.1 Brief Background

Wright and Goodchild (1997) challenged the predominantly terrestrial-based GIS community
to expand the capabilities of GIS to include the marine environment and the unique properties
of ocean data. Released a decade later, the Arc Marine data model provided a GIS framework
developed specifically for managing and mapping typical marine data types and conducting
complex spatial analyses in the oceans (Wright et al. 2007). The data model produces a
geodatabase resulting from the ability of the user to build validation rules, apply real-world
behavior to features, and combine or link them to tables using relationship classes (Wright
et al. 2007). Arc Marine is used worldwide by hundreds of researchers in marine ecology,
marine geology, and marine physics (Isenor and Spears 2013). In addition, because marine
research is so widely varied in the types of research conducted and the data required for that
research, Arc Marine provides a common structural template that researchers can customize
for their needs.

Lord-Castillo et al. (2009) provided one of the earliest Arc Marine customizations deve-
loped to map the movement and distribution of endangered whale species from satellite telem-
etry data. Keeping the core of the data model, this customization relies on three Arc Marine
base classes: (1) the Vehicle object class to model a moving instrument carrying platform
represented by the tagged animal; (2) the InstantaneousPoint feature class, subtype Location
Series to hold the spatial and temporal sequence of the Argos satellite locations; and (3) the
MarineEvent object class to enable dynamic sequencing of the time stamped animal movement
paths to create spatial locations (Lord-Castillo et al. 2009).

We use the Lord-Castillo et al. (2009) customization as the starting point for our custo-
mization for two reasons. First, the Lord-Castillo et al. (2009) structure already considers the
concept of an “individual”. Although the identity of the whale might be unknown relative to
the population, it can be used as a means to recognize the one-to-one relationship between a
whale and a satellite tag. Second, it provides the flexibility of merging the two customizations
together at some point in the future if satellite telemetry data are added to the reconciled
photo-identification and genetic databases.

4.2 Customization Specifics

To include individual-based genetic and photographic data within the Arc Marine framework,
we retain nine key Arc Marine classes and populate them as illustrated in Figure 8. The Cruise
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and SurveyInfo classes are preserved, containing information related to the specific cruise and
survey, while the MarineEvent class is used to record the Occurrence, a point in time and space
when one or more whales are observed (Figure 8A). Similar to Lord-Castillo et al. (2009), the
Vehicle class represents the animal, but is further specified as a known individual with an

Figure 7 An example of a basic spatial analysis available as a result of loading genetic data into
ArcGIS via geneGIS. Output from the Directional Distribution tool, a standard default tool from
ArcGIS within the Spatial Statistics toolbox, displays the spatial distribution trends for the A- (top)
and E3 (bottom) mtDNA haplotypes using one standard deviation ellipse
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assigned identity. The InstanteousPoint feature class subtype LocationSeries represents the
Encounter, a discrete point in time and space at which an individual is sampled, while the
MarineObjects class is used to define two Encounter Subtypes – PhotoID and SampleCollected
(Figure 8B). Depending on the Encounter subtype, the Measurement class is used to define the
type of SampleAnalysis conducted, while the MeasuredData and Parameter classes hold the
information related to the analyses outputs (e.g. sex, mtDNA haplotype, microsatellite alleles)
(Figure 8C).

4.3 SPLASH Implementation

The application of the Arc Marine customization for reconciled genetic and photo-identi-
fication SPLASH data is shown in Figure 9 and described here. During the three-year SPLASH
program, there were multiple research cruises. Each Cruise is given a unique identifier and
the table is populated with all relevant cruise information. During a single cruise, there are
multiple daily Surveys, each with its own identifier, and within each survey, whenever a
group of whales is sighted, there is an Occurrence and information about the group is rec-
orded (Figure 9A). An Occurrence may lead to a related Encounter when either of the two

Figure 8 Generalized diagram of an Arc Marine customization for individual-based genetic and
photo-identification data from cetaceans. Illustrations of how geneGIS data tables fit into Arc Marine
base classes for: (A) Cruise, Surveys and Occurrences, (B) Individuals and Encounters (PhotoID or
Samples) and (C) Measurements (SampleAnalysis, MeasuredData and Parameter). This
customization developed as part of the geneGIS initiative

geneGIS for Individual-Based Genetic Records 343

© 2014 John Wiley & Sons Ltd Transactions in GIS, 2014, 18(3)



Encounter Subtypes, PhotoID or SampleCollected, takes place (Figure 9B). The type of analy-
ses (SampleAnalysis) and the subsequent results (MeasuredData and Parameter) of the data
collected from the Encounter Subtypes (Figure 9C) provides the information necessary to
assign a unique Individual identity (Figure 9B). Figure 10A shows the data loaded into the
ArcMarine customization using the classes outlined above. Note that there is a single feature

Figure 9 A diagram of how individual-based genetic and photo-identification SPLASH data fit in the
customized geneGIS Arc Marine data model for (A) Cruise, Surveys and Occurrences; (B) Indiviudals
and Encounters; and (C) Measurements. Tables are related according to similar grey scale colored
data fields
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class (f_Encounter) while there are nine tables (denoted with a t_ ). Figure 10B shows the point
locations of humpback whales off Southeast Alaska and Northern British Columbia mapped
by spatial location (top), by sex (middle) and by mitochondrial haplotype (bottom) from the
geodatabase.

Figure 10 (A) SPLASH data loaded into the customized Arc Marine data model, showing one point
feature class (f_Encounter) and nine tables tailored to handle reconciled photo-identification and
genetic data associated with long-term cetacean studies. (B) ArcMap screen shots of humpback
whale encounters from SE Alaska and Northern British Columbia loaded into the geodatabase by
spatial location (top), by sex (middle) and by mtDNA haplotype (bottom). Basemap courtesy of Esri,
http://esriurl.com/obm, and its partners
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5 Visualizing the Spatial Distribution of Humpback Whale mtDNA Haplotypes

Genetic analyses using both mtDNA haplotypes and microsatellite loci reveal North Pacific
humpback whales have a complex population structure (Baker et al. 1998, 2013). Significant
genetic differentiation occurs among breeding and feeding grounds. Further, although hump-
back whales show strong site fidelity to both breeding and feeding grounds, there is greater
mtDNA haplotype diversity on some feeding grounds, suggesting that a very different popula-
tion structure occurs while whales are feeding compared to breeding (Baker et al. 2013). Such
findings have a number of important conservation implications, including the recognition that
protective measures based solely on the breeding grounds will not successfully capture the
species’ genetic diversity.

In the Gulf of Alaska, for example, mtDNA diversity is high and population boundaries
are not obvious, confounding conventional molecular ecology methods that require resear-
chers to define spatial strata a priori (Beebee and Rowe 2008; Baker et al. 2013). Conside-
ration of the spatial component, such as the distribution of individual animals across space
using explicit geographic coordinates, is relatively rare. By incorporating spatially-explicit
genetic data using geneGIS, the missing spatial component can be included. In addition, it
allows for further analyses that incorporate environmental data (e.g. sea surface temperature,
bathymetry, etc.) to explore the relationship between population divisions and the seascape.

Using geneGIS we build upon Section 3.4.3 to present one possible method using
spatially-explicit encounters of known individuals to explore the spatial distribution of
mtDNA haplotypes. SPLASH data following the SRGD.csv format are imported into ArcGIS
using the Import tool from the geneGIS toolbar. Although this data format includes the field
‘Region’ as a means to provide some locational information, this represents researcher-defined
strata and we purposely choose not to use it. Instead, we use the Summarize Encounter button
to spatially select the points located in the region of interest – Northern and Western Gulf
of Alaska. Whale encounters are mapped by haplotype to visually demonstrate the high diver-
sity of mtDNA haplotypes (Figure 11A). The Directional Distribution tool within the Spatial
Statistics toolbox is used to measure the orientation and direction of the haplotype distri-
butions. Of the 18 haplotypes recorded in this area, ellipses using one standard deviation for
nine (n ≥ 10) haplotypes are calculated (Figure 11B). Although the visual interpretation of
plotting the encounters by haplotype (Figure 11A) may provide a sense of orientation, the
standard deviation ellipse analysis makes the trend in haplotype distribution clear while also
using statistical calculation (Figure 11B) (Mitchell 2005). As a next step this information can
be combined with various environmental variables deemed important to humpback whales on
their foraging grounds to begin to answer spatially-explicit ecological questions related to
pattern and process.

6 Conclusions

geneGIS is the first suite of ArcGIS tools and the first customized Arc Marine data model to
incorporate and analyze individual-based genetic data in a seascape context. The suite of tools
in geneGIS provide novel methods of data visualization, spatial selection, data extraction and
spatial analyses to the field of molecular ecology, while the customization of the data model to
include these data types will provide the opportunity to link with other data sets and tools
created by the broader marine GIS community. The inclusion of the spatial component moves
the visualization and analyses of population structure data beyond traditional descriptive text
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and pie charts of haplotype/allele frequencies based on researcher-defined boundaries. In this
way, researchers are now better equipped to pose and answer questions using environmental
information relevant to the study species in geographic space, which will be increasingly
important as the marine environment continues to change due to anthropogenic modifications
and global climate change.

This process revealed three primary directions to help guide future development of GIS
tools for molecular ecology research. First, although we did not want to duplicate the efforts
of already existing analytical packages (e.g. GenAlEx, Genepop), providing the option to
calculate some of the more common genetic analyses (e.g. F-statistics for both microsatellite
and mitochondrial DNA, Mantel tests) directly within geneGIS reduces the need to move back
and forth between software packages and the need to learn additional applications. Second,

Figure 11 Screenshots of spatially selected humpback whale encounters, mapped by (A) mtDNA
haplotype and (B) calculated ellipses with one standard deviation showing the spatial distribution of
humpback whale haplotypes in the Northern and Western Gulf of Alaska
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there is a need to build upon the strengths of GIS and improve the accessibility of data visuali-
zation methods and spatial analyses available to non-GIS users. This could include developing
methods to calculate a continuous raster surface of relatedness/kinship (e.g. heat maps or
kernel distributions) across a landscape. Finally, although the user base we target is likely to
know what environmental variables to include, they may be unaware of how to acquire them.
Thus, it would be useful to include a method for improved access to relevant environmental
layers. One possibility would be to develop a button on the geneGIS toolbar that links the user
to some of the common websites where such data are available for download. Perhaps even
more useful might be to provide a direct link to the ArcGIS compatible Marine Geospatial
Ecology Tools (MGET) developed by Roberts et al. (2010) that provide easy-to-use, open-
source geoprocessing tools to access oceanographic data in addition to other forms of spatial
environmental analyses.

The customization of Arc Marine also revealed two areas worth considering for further
development of both this customization and the Arc Marine data model. First, because the
customization of Arc Marine brings a new user group to the GIS table, it would be useful to
develop a tool to enable easy data import into the geneGIS Arc Marine data model. Second,
the Arc Marine data model is based on an older data structure, the personal geodatabase, for
which a number of issues including file size limitations and stability have been identified.
Revising the Arc Marine data model to the now Esri recommended standard, a file
geodatabase, would resolve these issues and allow for a smoother interface between the Arc
Marine customization for genetic data and the geneGIS tools.

7 Availability

geneGIS is freely available for download from the website http://genegis.org. Source code is
hosted on Github (https://github.com/genegis/genegis). The geneGIS website contains an
online manual, installation instructions, a tutorial with sample data, conference presentations,
and a list of relevant literature.
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