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Abstract: Conservation across human-dominated landscapes requires an understanding of the social and eco-
logical factors driving outcomes. Studies that link conservation outcomes to social and ecological factors have
examined temporally static patterns. However, there may be different social and ecological processes driving
increases and decreases in conservation outcomes that can only be revealed through temporal analyses. Through
a case study of the invasion of Falcataria moluccana in Hawaii, we examined the association of social factors
with increases and decreases in invader distributions over time and space. Over 7 years, rates of invader decrease
varied substantially (66-100%) relative to social factors, such as building value, whether land was privately or
publically owned, and primary residence by a homeowner, whereas rates of increase varied only slightly (<0.1-
3.6%) relative to such factors. These findings suggest that links between social factors and invasion in the study
system may be driven more by landowners controlling existing invasive species, rather than by landowners
preventing the spread of invasive species. We suggest that spatially explicit, time-dependent analyses provide a
more nuanced understanding of the way social factors influence conservation outcomes. Such an understanding
can help managers develop outreach programs and policies targeted at different types of landowners in human-
dominated landscapes.
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Uso de un Analisis Espacialmente Explicito y Dependiente del Tiempo para Entender como Influyen los Factores
Sociales sobre los Resultados de la Conservacion

Resumen: La conservacion dentro de los paisajes dominados por humanos requiere de un entendimiento de
los factores sociales y ecologicos que afectan los resultados. Los estudios que conectan los resultados de la
conservacion con los factores sociales y ecolégicos han examinado temporalmente los patrones estaticos. Sin
embargo, puede haber diferentes procesos sociales y ecologicos que produzcan un incremento o una disminucion
en los resultados de la conservacion, los cuales s6lo pueden ser revelados por medio de los anilisis temporales.
Examinamos la asociacion entre los factores sociales y el incremento y la disminucién de la distribucion de una
invasion en el tiempo y el espacio con el estudio de caso de la invasion de Falcataria moluccana en Hawai. A lo
largo de siete afos las tasas de disminucion de la invasion variaron considerablemente (66-100%) en relacion con
los factores sociales, como el valor de construccion, si la tierra era publica o privada, y si era la residencia principal
del propietario, mientras que las tasas de incremento variaron solamente un poco (<0.1-3.6%) en relacion con
dichos factores. Estos hallazgos sugieren que las conexiones entre los factores sociales y la invasion en el sistema
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de estudio podrian ser causados mas por los propietarios que controlan a las especies invasoras existentes en
lugar de ser causados por los propietarios que previenen la expansion de las especies invasoras. Sugerimos que
los analisis espacialmente explicitos y dependientes del tiempo proporcionan un entendimiento mas matizado de
como los factores sociales influyen sobre los resultados de la conservacion. Dicho entendimiento puede ayudar a
los administradores a desarrollar programas y politicas de compromiso con la comunidad enfocadas en diferentes
tipos de propietarios en los paisajes dominados por el humano.

Palabras Clave: cambio de uso de suelo, ecologia urbana, especie invasora, tierras privadas, teledeteccion
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Introduction

As urbanization increases globally, conservation pro-
grams increasingly seek to enhance biodiversity out-
comes across a diversity of land uses (Dearborn & Kark
2010; Goddard et al. 2010; Cook et al. 2012). In human-
dominated landscapes, the distribution of conservation
outcomes may vary by environmental factors that in-
fluence habitat quality and by social factors that influ-
ence landowner action (Hope et al. 2003; Kinzig et al.
2005; Beliare et al. 2016). Landowners may influence
conservation outcomes, for example, by planting native
plants, keeping cats indoors, removing invasive species,
or introducing invasive species (e.g., Reichard & White
2001; Goddard et al. 2010; Cook et al. 2012). The like-
lihood a landowner engages in these actions may vary
based on landownership characteristics (i.e., the so-
cioeconomic and property-specific characteristics of the
landowner) and community and regional characteristics
(Cook et al. 2012).

Given the potential for landowners to influence the
distribution of conservation outcomes (e.g., native and
invasive species distributions) across human-dominated
landscapes, researchers have examined links between so-
cial and environmental factors and species distributions
(e.g., Hope et al. 2003; Kinzig et al. 2005; Gulezian &
Nyberg 2010). They identified numerous social factors
associated with species distributions operating at scales
ranging from the individual property to the community,
such as family income, housing age, population density,
and public versus private ownership (Hope et al. 2003;
Decker et al. 2012). Their findings can inform conser-
vation planning by identifying the types of landown-
ers who or communities that are not achieving desired
conservation outcomes; managers may then target out-
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reach toward these specific groups (e.g., Metcalf et al.
2019).

The majority of existing studies have examined tem-
porally static patterns associated with conservation out-
comes in human-dominated landscapes (e.g., native or
invasive species distributions measured at one point with
social and ecological characteristics measured at that
same or a different point) (e.g., Hope et al. 2003; Decker
et al. 2012; Niemiec et al. 2018). The correlations be-
tween social factors and species distributions could be
due to different social processes driving increases or de-
creases in species distributions over time. Greater preva-
lence of native species on properties at a single point
could be due, for example, to landowners planting na-
tive plants or providing bird nesting boxes to increase
native species over time (Goddard et al. 2010). We refer
to these actions as transformative management because
they involve actively improving an area to achieve a de-
sired outcome (Table 1). Greater prevalence of native
species at a single point could also be due to landown-
ers preventing actions that would harm existing native
species. For example, landowners may keep cats indoors
or refrain from developing an area with existing wildlife
habitat (Goddard et al. 2010). Such actions would prevent
a decrease in native species populations on their property
over time. We refer to these actions as preventative man-
agement because they involve engaging in management
efforts to prevent change in an area (Table 1).

Lower prevalence of invasive species on properties at a
single point could be driven by preventative management
activities by landowners, such as cleaning vehicles and
gear (Sharp et al. 2017), not purchasing invasive plants
or plants that could carry invasive species (Reichard &
White 2001), or reducing disturbance (Vila & Ibanez
2011) to ensure that invasive, non-native species do not
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Table 1. How preventative and transformative management differentially influences losses or gains in native or invasive species over time.

Management type Native species distributions Invasive species distributions

Preventative prevent losses of preexisting native species prevent gains of invasive species (e.g., cleaning
(e.g., refraining from development and vehicles or gear or reducing disturbance to
keeping cats indoors) prevent the establishment of invaders)

Transformative alter habitat by increasing the number of alter habitat by reducing the number of existing

native species (e.g., planting native plants
and providing bird nesting boxes)

invasive species (e.g., treating preexisting
invasive plant infestations with herbicide)

establish on their property. Alternatively, lower preva-
lence of invasive species could be driven by landown-
ers taking action to remove existing invasive species,
for example, by applying pesticides or herbicides (Aslan
et al. 2009; Niemiec et al. 2016). Because managing ex-
isting invasive species involves altering the ecosystem
over time to achieve a desired outcome, these actions
are transformative management (Table 1). Thus, while
static analyses can help identify the types of landowners
associated with greater invasive species or fewer native
species who should be targeted in outreach and policy
efforts, such analyses cannot inform managers on the
types of behaviors (transformative vs. preventative) such
groups are failing to engage in.

We argue that spatially explicit, time-dependent
analyses could improve conservation planning and
management by revealing whether observed associa-
tions between social factors and species distributions
are due to variations in the extent of preventative or
transformative management. We define spatially explicit,
time-dependent analyses as studies linking social and
ecological factors with changes in species distributions
over space and time. Distinguishing between preventa-
tive and transformative management could inform the
development of more effective conservation plans by
revealing the types of behaviors (transformative vs. pre-
ventative management) that should be promoted through
outreach programs for different types of landowners.

Knowing the types of behaviors to focus on is particu-
larly important because motivating transformative versus
preventative management requires different approaches.
To effectively motivate behavior change, outreach pro-
grams should be designed to address the audience’s spe-
cific barriers and motivations associated with a particular
behavior (McKenzie-Mohr & Schultz 2014; McLeod et al.
2015). For example, landowners’ decisions to control
existing invasions (transformative management) may be
influenced by cost, knowledge of control techniques, and
perceptions of whether their neighbors will also control
invaders (e.g., Aslan et al. 2009; Epanchin-Niell et al.
2010; Niemiec et al. 2016). Landowners’ decisions to
engage in preventative management to stop the spread
of invaders may be influenced by their lack of knowl-
edge of effective actions and perceptions that the rec-
ommended actions will not make a difference or be too
difficult (Prinbeck et al. 2011). Reducing these barriers

through outreach programs and policies requires varied
approaches. For example, educational programs on man-
agement techniques, subsidies for supplies, and commu-
nity meetings to facilitate collaboration may motivate
transformative invasive species management (Niemiec
et al. 2019). Tools and infrastructure for cleaning equip-
ment, education programs discussing preventative behav-
ior, and enforcement of regulations regarding the spread
of invaders could help motivate preventative manage-
ment (Prinbeck et al. 2011; Sharp et al. 2017). Thus, by
clarifying whether links between social factors and con-
servation outcomes are driven by transformative or pre-
ventative management, results of spatially explicit, time-
dependent analyses can help managers devise outreach
programs and policies that may be needed for different
landowner groups.

To illustrate the utility of spatially explicit, time-
dependent analyses, we examined how net changes in
the distribution of a highly invasive tree, Falcataria
moluccana (FM), in Hawaii varied by landowner and by
environmental, ecological, and land-use characteristics
over 7 years. A nitrogen-fixing early-successional species,
FM is native to the Moluccas, New Guinea, New Britain,
and the Solomon Islands (Wagner et al. 1999). It was
first brought to Hawaii in the mid-1900s and has spread,
causing significant ecological and socioeconomic dam-
age (Hughes et al. 2011). It out-competes and replaces
native overstory tree species (Hughes & Denslow 2005),
supports other highly invasive species in its subcanopy
(Asner et al. 2008), and falls in high winds, causing
damage to infrastructure (Butler 2014). Due to FM’s sig-
nificant socioeconomic impacts, landowners in Hawaii
often try to reduce FM populations on their property
and in their community (Niemiec et al. 2016; Niemiec
et al. 2017). Changes in FM distributions may therefore
be influenced by a combination of landowner actions,
natural disturbance, land use, environmental mediating
factors, and propagule pressure.

Methods

We quantified changes in FM cover on approximately
40,000 ha of a human-dominated landscape in the
Puna District of Hawaii. We integrated spatially explicit
tax map key (TMK) data on land ownership with
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remote-sensing data on FM cover in 2009 and 2016.
We also incorporated spatially explicit data on climate,
topography, soil age, and land use.

The 2009 FM map was reproduced from Niemiec et al.
(2018). The map has a 2-m spatial resolution and was cre-
ated from Worldview-2 satellite imagery with supervised
maximum likelihood classification, extensive species-
specific ground-verification data, and manual postclas-
sification processing (Niemiec et al. 2018 & Supporting
Information).

We created a 2-m resolution map of 2016 FM cover
with data from the shortwave infrared imaging spectrom-
eter onboard the Arizona State University Global Airborne
Observatory (GAO), formerly the Carnegie Airborne Ob-
servatory (Asner et al. 2012; see Supporting Information
for more information on data collection and processing).
We used a biased support vector machine (BSVM) to
classify FM from the GAO data (Baldeck & Asner 2015;
Barbosa et al. 2016). For the BSVM training data set, we
identified 45 fully sunlit crowns of FM trees with Google
Earth, which led to 6794 FM training points. For the test-
ing data set, we used 20,000 random points (Baldeck &
Asner 2015). We tested the resulting 2016 map with field
observations of 50 points with FM and 50 points with-
out FM randomly generated from our model (Supporting
Information).

To create a 2009-2016 net change map for FM, we
resampled each of the 2-m resolution maps to 5-m resolu-
tion with nearest neighbor resampling for computational
efficiency (at 5-m resolution, land-ownership variables
were still accurately captured, whereas at coarser resolu-
tions the boundaries between smaller properties were
blurred). We gridded our study area into 16,030,786
5 x 5 m cells. We then took the difference between
the 2009 and 2016 maps to create a change map that
indicated areas of increase, decrease, and no change in
FM cover (Fig. 1). Both the 2009 and 2016 maps had high
overall accuracy (2009: sensitivity = 0.78, specificity =
0.94; 2016: sensitivity = 0.88, specificity = 0.94). Our
use of these individual maps in combination means the
change map may have lower accuracy than either the
2009 or 2016 maps in isolation. However, it is unlikely
that patterns in classification errors are correlated with
land ownership variables, given the complete indepen-
dence of the underlying change map data with the land
ownership variables.

To examine how changes in FM distribution varied by
land ownership, land use, environmental, and ecological
factors, we gathered spatially explicit data from Hawaii
County’s 2013 TMK records (publicly available from the
State of Hawaii Office of Planning) on the value of any
buildings on the land (indicator of landowner wealth), the
size of the property, whether the property was owned by
one of the ten landowners with the most property in the
study region, whether a tax reduction was applied due
to primary residence by a homeowner (i.e., homeowner
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exemption), and whether the land had a building G.e.,
home) or no building on it (indicator of absenteeism).
We gathered land-use data on agriculture, high-intensity
development, and low-intensity development from the
National Gap Analysis Program Land Cover Data 2011
(Homer et al. 2015). To calculate distance to a road, we
used the Hawaii County roads layer derived from the 2000
Census (State of Hawaii Office of Planning 2013). We
then calculated Euclidian distance to a road with ArcMap
version 10.0. We also obtained spatially explicit data on
elevation, cloud, and wind from the Climate of Hawai’i
website, University of Hawai’i at Manoa (Giambelluca
et al. 2014). We obtained soil ages from the Soil Survey
Geographic Database (NRCS 2006). We also created a
variable to measure the distance of an area to the clos-
est FM that was present in 2009 (indicator of propagule
pressure) with the Euclidian distance function in ArcMap
version 10.0 and the 2009 5-m ground-level resolution
FM map.

We projected each data layer to WGS 1984 UTM zone
5N and cropped each layer to have the same extent in
ArcMap version 10.0. For variables obtained as shapefiles,
such as all TMK land ownership data, we converted each
shapefile variable to a raster with the same projection,
grain size, and extent as the FM-change maps. For vari-
ables obtained as rasters, we used nearest neighbor re-
sampling to ensure that variables had the same grain size
and extent as FM-change maps. Once all variables had the
same grain size, projection, and extent, we exported val-
ues for each variable for each 5-m ground-level resolution
grid cell in the study area with the raster to points func-
tion in R version 3.2.1. For each binary land-ownership
and land-use variable, we calculated the unadjusted mean
FM decrease and increase for each level of the variable
(i.e., variable = 1 and variable = 0). For each continuous
variable, we calculated the unadjusted mean FM decrease
and increase for each quartile of the variable.

In addition to calculating unadjusted means, we used
a controlled sampling approach (Brodrick & Asner 2017)
to normalize for the distribution of key covariates that
might affect the distribution of FM (from Niemiec et al.
2018), including elevation, cloud cover, wind, distance
to road, and distance to 2009 FM (for increase val-
ues). To calculate controlled mean values, we divided
each covariate into quartiles and found the mean FM
canopy cover change (increase and decrease) within that
quartile. Reported controlled mean values are those of
all subsample means. Controlled means thus represent
mean increase or decrease by land-ownership and land-
use type with equal influence across elevation, cloud
cover, wind, distance to road, and distance to 2009 FM
throughout the study area. We did not conduct statis-
tical analyses to compare means because our data in-
cluded the full sample of FM change in the study area;
therefore, the means reported are the true population
means.
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One can differentiate between preventative and
transformative management by examining whether the
species of interest is present in the initial period. We
examined whether FM was detected in 2009 to deter-
mine the type of management that may be occurring.
An area without FM in 2009 (initial period) that had FM
in 2016 (final period) was an area where FM spread on
its own or with the help of humans from 2009 to 2016.
If humans did not engage in preventative management
or invader spread and establishment occurred indepen-
dent of human action or inaction, we expected patterns
of spread to not be correlated with landownership vari-
ables. If patterns of species spread were associated with
landownership variables, this was likely because certain
types of landowners engaged in preventative manage-
ment, whereas other groups did not.

509

Figure 1. Map of Falcataria
moluccana (FM) change
from 2009 to 2016 in the
Puna District of Hawaii
(red, increase in FM
distributions, blue, decrease
in FM distributions; yellow,
areas where FM remains
the same). Sources: ESRI,
DigitalGlobe, GeoEye,
EarthStar Geograpbic,
CNES/Aribus DS, USDA,
USGS, AeroGrid, IDN, and
the GIS User Community.

We assumed an area with FM in 2009 that did not
have FM in 2016 was an area where FM died due to
natural causes (e.g., blow over and old age) or landown-
ers engaged in effective transformative management (i.e.,
landowners controlled preexisting invader populations).
We expected patterns of natural die-off to correlate with
climatic and environmental conditions (which we con-
trolled for) but to occur independent of landowner-
ship variables. Thus, correlations between decreases and
landownership variables would likely be due to landown-
ers engaging (or not) in transformative management.
Although the total percent increase and decrease was
likely due to a combination of natural and human-related
causes, correlations between landownership variables
and increases and decreases would likely be due to pre-
ventative or transformative management.

Conservation Biology
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To examine socioecological processes driving preven-
tative and transformative management, we divided our
results into mean rates of decrease in areas with FM
in 2009 (n = 756,484) and mean rates of increase in
areas without FM in 2009 (z = 15,274,302). Mean rates
reported were calculated as the number of cells with a
decrease or increase divided by the number of cells with
or without FM in 2009.

Mean increase on
all other properties
0.022
0.022
0.021
0.023
0.022
0.022
0.022
0.022
0.022
0.022
0.025
0.022

Results

0.023
<0.001
0.024
0.019
0.016
0.028
0.036
0.004
0.012
0.004
0.019
0.020

Transformative Management

Falcataria moluccana cover decreased 75.03% from
2009 to 2016 in areas that had FM in 2009, a 10.7% an-
nual net decrease in FM canopy cover and a collective FM
canopy reduction of 283.8 ha. Controlled mean decreases
in FM cover ranged from 66.3% to 100% across prop-
erty ownership types (Table 2) (unadjusted means were
similar [Supporting Information]). The mean rate of FM
decrease was greater on private lands than government-
owned lands in the unadjusted (mean government =
0.612, mean private = 0.784) and controlled analyses
(mean government = 0.692, mean private = 0.789).
The Hawaii State Department of Land and Natural Re-
sources (DNLR)--the largest landowner with the largest
percentage of FM cover in 2009--and the Department
of Hawaiian Homelands (DHHL) had the lowest rates of
decrease in FM cover (controlled mean DNLR = 0.663,
controlled mean DHHL = 0.691). Mean decreases were
greatest on state Office of Hawaiian Affairs (OHA) lands
as well as lands owned by large private landowners (e.g.,
private utility company) (Table 2). These landowners,
particularly OHA, had relatively lower FM cover in 2009
(Table 2). Lands with homeowner exemption and lands
with a building present also had higher relative mean de-
creases in FM cover (Table 2). Mean decreases were low
on lands with low building values (indicator of landowner
wealth) and large properties (Table 3). Across land-use
types, mean decreases in FM cover were greatest on lands
with high-intensity development and lowest on agricul-
tural land (Table 4). The majority (90%) of decreases were
within 680 m of a road.

Mean increase on
landowner property

Mean decrease on
all other properties
0.786
0.752
0.749
0.747
0.747
0.750
0.756
0.751
0.751
0.751
0.731
0.746

0.663
1.000
0.806
0.809
0.920
0.691
0.703
0.959
0.791
0.972
0.827
0.855

Mean decrease on
landowner property

property (%)
16.531
0.005
6.086
1.990
1.987
2.343
4.731
0.580
0.717
0.057
24.831
6.181

2009 FM cover on

Study area
%
17.854
14.609
6.370
4.376
2.330
2.146
1.157
0.726
0.313
0.015
21.854
7.633

Preventative Management

Rates of FM decrease were 37 times greater than rates of
increase. There was a 2.05% net increase in FM from
2009 to 2016 in areas that did not have FM in 2009
(0.29% annual net increase and 156.65 ha of increase).
Mean rates of FM cover increase did not vary as much
as rates of decrease by land ownership and land use;
controlled mean rates of increase ranged from 1.2%
to 3.6% across all land-ownership and land-use types
(Table 2) (unadjusted were similar [Supporting Informa-
tion]), except on OHA, private-corporation, and private-

organization
Private corporation

County

Homelands
Private landowner, religious

variables
building present

Table 2. Mean probability of Falcataria moluccana (FM) decrease and increase* between 2009 and 2016 by land ownership variables controlled for elevation, wind, cloud, and distance to road.

*Decrease, number of cells with a decrease/total number of cells with FM in 2009; increase, number of cells with an increase/total number of cells without FM in 2009.

10 landowners with largest
area in study region

State Office of Hawaiian Affairs
Private educational trust
Private landowner (individual)
Private development company
State Department of Hawaiian
Private utility company
Additional land ownership
homeowner exemption

State-DLNR

Conservation Biology
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Table 3. Mean probability of Falcataria moluccana (FM) increase and decrease per cell* from 2009 to 2016 by property size and building value
controlled for elevation, wind, cloud, distance to 2009 FM (for decrease) and distance to road.

Ist quartile of property
size or building value

2nd quartile of property
size or building value

3rd quartile of property
size or building value

4th quartile of property
size or building value

Decrease
property size 0.780 0.802
building value 0.664 0.779
Increase
property size 0.023 0.020
building value 0.026 0.020

0.788 0.686
0.808 0.827
0.025 0.012
0.024 0.018

*Number of cells/total number of cells.

Table 4. Controlled mean probability of Falcataria moluccana (FM) decrease and increase per cell from 2009 to 2016 by land-use variable.

Mean for land-use Mean not for

Study area (%) 2009 FM in area (%) type land-use type

Increase

agriculture 8.709 10.450 0.029 0.022

high development 0.628 0.389 0.016 0.022

low development 8.841 8.195 0.018 0.023
Decrease

agriculture 8.709 10.450 0.775 0.750

high development 0.628 0.389 0.835 0.751

low development 8.841 8.195 0.812 0.747

utility owned lands, where FM cover was relatively low
in 2009 (Table 2). On these lands, controlled mean rates
of increase ranged from <0.10% to 0.40% (Table 2). The
mean rate of FM increase was slightly greater on private
lands than government-owned lands in the unadjusted
(mean government = 0.018, mean private = 0.022) and
controlled analyses (mean government = 0.019, mean
private = 0.023). Mean FM increase was slightly lower on
large properties (Table 3) and in areas with high-building-
value properties (Table 3). Increases were slightly lower
in high-intensity property developments (Table 4). The
majority (90%) of FM increases were within 200 m of an
FM tree, within 788 m of a road, and at lower elevations
(<242 m). Mean rates of increase were relatively consis-
tent across soil ages (mean increase for soils 0-200 years
= 0.02, 200-750 years = 0.023, 750-1500 years = 0.022,
1500-3000 years = 0.006, 5000-10,000 years = 0.021).

Discussion

We explored the utility of using spatially explicit, time-
dependent analyses to examine the socioecological fac-
tors associated with conservation outcomes in human-
dominated landscapes.

Case Study of FM Invasion

Previous studies link species distributions in human-
dominated landscapes to characteristics of landown-
ers and communities, such as absenteeism, landowner

wealth, presence of a homeowner’s association, public
versus private ownership, and ecological and environ-
mental factors (Hope et al. 2003; Kinzig et al. 2005;
Gulezian & Nyberg 2010; Decker et al. 2012; Lerman
et al. 2012; Niemiec et al. 2018). Although these studies
provide insight into the socioecological factors associated
with conservation outcomes, it is difficult to determine
the processes by which social factors influenced out-
comes. In the case of FM invasion in Hawaii, our spatially
explicit, time-dependent analyses suggest that transfor-
mative management (i.e., controlling existing invasions),
rather than preventative management (i.e., preventing
establishment of new invaders), may have led to many of
the observed associations between landownership char-
acteristics and invasion.

Falcataria moluccana canopy decrease over 7 years
varied substantially (66-100%) by land ownership. Al-
though some percentage of the observed decreases was
likely due to FM die-off from natural causes (covered
above), these causes were likely driven by climatic and
environmental variables, many of which we controlled
for. It is possible that some unaccounted-for climatic
and environmental drivers of natural die-off are associ-
ated with landownership variables, although we believe
this unlikely given the selected range of variables. Thus,
the large variation in decreases by landownership vari-
ables suggests that certain types of landowners are likely
engaging in transformative action to control existing
invasive species.

Mean rate of increase in invader cover varied only
slightly by most landownership and land-use classes

Conservation Biology
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(<0.1-3.6%). There are 3 primary explanations for a
lack of variation in increase. First, invader spread and
establishment could be reduced by landowner preven-
tative action, but few landowners engaged in such
preventative management efforts. Second, invader spread
and establishment occurred independent of human ac-
tion, so landowners could not effectively engage in
preventative management even if they tried. Third, all
landowners were equally engaging in effective preven-
tative management efforts throughout their property. Al-
though FM often spreads on its own through wind disper-
sal, FM seeds often establish in degraded soils that have
been disturbed by humans (Hughes & Denslow 2005).
Thus, while landowners may not be able to prevent seeds
from spreading, they could potentially help prevent the
establishment of FM by reducing disturbance and pulling
saplings. We therefore believe the second explanation
is unlikely. Furthermore, given the study area includes
a mosaic of public and private landownership with dif-
ferent incentives and capacity (Niemiec et al. 2016), we
believe the third explanation is much less plausible than
the first.

If the first explanation is correct, then while certain
types of landowners are engaging in transformative man-
agement actions to remove FM, these same landowners
may not be engaging in effective preventative actions
to stop increases of FM. This landowner focus on trans-
formative management to control existing FM may have
occurred in response to the damage caused by FM when
Tropical Storm Iselle affected the Puna District in 2014.
The storm caused thousands of FM trees to fall on homes,
roads, and powerlines, stranding many residents in their
homes for days. Many landowners responded by control-
ling, to the extent possible, the large FM trees on their
properties and in their neighborhoods that posed an im-
mediate threat to infrastructure (Niemiec et al. 2017).
The combination of damage from Iselle and landowner
management in response to this damage likely led to the
high rates of FM decrease in the study area. However, al-
though landowners may have been motivated after Iselle
to control the FM trees that threatened infrastructure,
it is possible they may not have been motivated to take
concurrent preventative management actions.

If this were the case, an increased focus on motivating
landowner engagement in preventative management to
stop the spread and establishment of invasive species may
be needed in forthcoming policy and outreach activities
in Hawaii. Act 13 (Senate Bill 464) allows landowners to
remove “nuisance” FM trees on neighboring private lands
that pose a hazard to human safety after consulting an
arborist and making reasonable attempts to contact the
property owner. Current regulations facilitate manage-
ment only if neighboring landowners contact the prop-
erty owner and do not incentivize limiting disturbance,
planting native species, or engaging in other actions to
prevent the establishment of invasive non-native species.
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Canopy cover decreases were more likely to occur
on properties of landowners with more capacity or in-
centive to engage in control efforts. For example, there
were substantial decreases in FM cover on land owned
by a private utility company, which has a financial in-
centive to control the tree due to its tendency to fall on
powerlines in high winds. Decreases were greater on
lands with homeowner tax exemption. This was perhaps
because homeowners living on their property have a
financial and personal incentive to protect their prop-
erty from damage caused by FM. Decreases were greater
on lands with a building, possibly because absentee
landowners who have no buildings on their property
have no incentive to control FM. Decreases were also
greater on lands owned by large private corporations and
on lands containing high-value buildings. These landown-
ers may be more prone to control existing FM because
they can afford removal. Removing a single FM tree in
close proximity to infrastructure requires a professional,
which can cost $2000-$10,000 per tree (F. Brewer,
personal communication). Thus, FM management may
present an environmental justice issue.

Our results therefore suggest the need for out-
reach programs and policies that can help low-income
landowners and others we identified with low capacity
and incentives engage in transformative management to
reduce existing FM populations. A static, cross-sectional
analysis linking invasion to low-income landowners (e.g.,
Niemiec et al. 2018) would not be able to facilitate
such a specific recommendation. This is because in
a static analysis, observed correlations between low-
income landowners and invasion could be the result of
low-income landowners being more likely to introduce
invasive species; less likely to engage in landscaping prac-
tices to prevent the establishment of invaders; or less
likely to engage in control of existing invasive species
that are already widespread. Our case study demonstrates
how longitudinal analysis can rule out the former 2 ex-
planations in favor of the latter, thus providing man-
agers with a specific set of behaviors they can target for
these populations.

A key limitation to our approach is that we used
landownership data from 1 year (2013) in the middle
of our study period. We therefore assumed that landown-
ership characteristics recorded in 2013 were consistent
throughout the study period. In reality, some characteris-
tics, such as homeowner exemption, may have changed
over time. Future studies are needed that link changes
in social factors with changes in species distributions
over time.

Research Agenda for Using Spatially Explicit
Time-Dependent Analysis

We argue that spatially explicit, time-dependent anal-
ysis can inform the development of more effective
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conservation plans by revealing the types of behaviors
(preventative vs. transformative) that should be pro-
moted through outreach programs for different types of
landowners. In addition to examining the socioecological
factors associated with invasive species distributions, our
approach could be adapted to examine the factors asso-
ciated with native species distributions and other biodi-
versity conservation outcomes (Table 1). For example,
spatially explicit, time-dependent analysis could reveal
the mechanisms underlying the previously observed link
between the presence of homeowner associations and in-
creased bird and plant diversity (Lerman et al. 2012). The
observed correlation could be due to homeowner asso-
ciations facilitating preventative management by limiting
the extent of development on a property or across a com-
munity. Alternatively, such a correlation could be due to
homeowner associations providing incentives or assis-
tance to landowners seeking to engage in transformative
management. As more studies adopt spatially explicit,
time-dependent analyses, the conservation community
may gain insight into whether there are broader trends
in how different social factors (e.g., income, homeown-
ership, community social capital, and property size) in-
fluence transformative versus preventative management.

Obtaining spatially and temporally explicit data on
conservation outcomes is increasingly possible through
advances in remote sensing (Asner et al. 2012) and
large-scale citizen science projects (Silvertown 2009).
We suggest that linking such data to social factors,
such as landownership, is a promising pathway forward
for conservation research and policy. From a theoret-
ical perspective, such analyses can clarify the mecha-
nisms by which social factors influence conservation
outcomes. From an applied perspective, such analyses
can help direct managers toward the types of behaviors
that should be promoted and thus the types of outreach
programs and policies that may be needed for different
landowner groups.
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