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Abstract The invasive shrub, Russian olive (Elae-
agnus augustifolia), is widely established within
riparian areas across North America and eastern
Europe. Limited information on its distribution and
invasion dynamics in northern regions has ham-
pered understanding and management efforts. Given
this lack of spatial and ecological information we
worked with local stakeholders and developed two
main objectives: (1) map the distribution of Russian
olive along the Powder River (Montana and Wyo-
ming, United States) as of 2020 with field data and
remote sensing; and (2) relate that distribution to
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environmental variables to understand its habitat suit-
ability and community/invasion dynamics. Field data
showed Russian olive has reached near equal canopy
cover (18.3%) to native Plains cottonwood (Populus
deltoides; 19.1%) and has a broader distribution. At
the watershed scale, we modeled Russian olive distri-
bution using field surveys, ocular sampling of aerial
imagery, and spectral variables from Sentinel-2 Mul-
tiSpectral Instrument using a random forest model
(RMSE=15.42, R*=0.64). A statistical model link-
ing the resulting Russian olive percent cover detec-
tion map to environmental variables for the entire
watershed indicated Russian olive cover increased
with flow accumulation and decreased with eleva-
tion, and was associated with poorer soil types. We
attribute the success of Russian olive to its broad
habitat suitability combined with changing hydro-
logic conditions favoring it over natives. The maps of
Russian olive cover along the Powder River and its
main tributaries in northern Wyoming and southern
Montana revealed regions of the watershed with high
and low cover, which can guide landscape-scale man-
agement prioritization. This study provides a repeat-
able Russian olive detection method due to the use of
Sentinel-2 imagery that is available worldwide and
provides insight into Russian olive’s ecological rela-
tionships and success with relevance for management
across areas with similar environmental conditions.

Keywords Russian olive - Eleagnus angustifolia -
Exotic invasion - Remote sensing - Riparian ecology
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Introduction

Rivers and floodplains, and their associated habitat
and biological diversity, are among the most endan-
gered ecosystems on Earth (Naiman and Decamps
1993; Costanza et al. 2014; Petsch et al. 2022).
Adding to this issue is the increasing encroachment
of the non-native invasive, Russian olive (Elae-
agnus angustifolia), a shrub/tree that has estab-
lished widely across North America and eastern
Europe, and is continuing to spread (Borsukevych
et al. 2023; Botta-Dukat Balogh 2008; Collette and
Pither 2015b; Katz and Shafroth 2003; Protopopova
et al. 2006). Like tamarisk (Tamarix), Russian olive
was introduced to the western United States (U.S.),
in the early twentieth century and has increased its
distribution in the last 40 years (Friedman et al.
2005; Reynolds and Cooper 2010). Studies have
shown Russian olive alters sediment dynamics
(David et al. 2017), nutrient cycling (Simons and
Seastedt 1999; Mineau et al. 2012) and community
composition (Katz and Shafroth 2003), outcompetes
native vegetation (Pearce and Smith 2001; Katz
et al. 2020), and promotes other nonnative species
cover (Reynolds and Cooper 2010). Russian olive is
a successful invader in the U.S. due to its high tol-
erance of dense shade and low-moisture conditions
compared to both native cottonwood and exotic
tamarisk (Reynolds and Cooper 2010). Cumula-
tively, these outcomes alter wildlife habitat (Knopf
and Olson 1984; Leatherman 2011), and its broad
habitat niche poses a threat to western U.S. rivers
and riparian vegetative composition, structure, and
function (Faanes and LeValley 1993; Pearce and
Smith 2001; Nagler et al. 2011; Collette and Pither
2015b; McShane et al. 2015; Bush et al. 2020;
Green and Grosholz 2021).

Riparian areas are especially vulnerable to non-
native plant invasions due to a combination of fac-
tors, including changes in land use, hydrology, and
sediment transport (Park et al. 2019; Thomaz 2022).
Floodplains are mosaics of water and resource vari-
ability, and as such, wetter areas of floodplains may
be more resistant to invasions whereas mesic patches
or time periods may be more favorable to invasion
(Tabacchi et al. 2000; Mikulova et al. 2020; Rood
et al. 2020). The abundance of invasives is often spa-
tially heterogeneous within floodplains, making man-
agement and species mapping challenging (Pattison
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et al. 2019), highlighting the need to understand inva-
sion dynamics at a range of spatial scales.

Studies are needed on the distribution, invasibility,
and spatial configurations of Russian olive in western
states’ riparian areas (Katz 2016; Perry et al. 2018;
Evangelista et al. 2018), particularly in northern
regions of the U.S. (Pearce and Smith 2001; McShane
et al. 2015; Evangelista et al. 2018). Field data, in
general, are often cumbersome and expensive to col-
lect at larger scales, making remote sensing a valu-
able solution to understanding invasive species distri-
butions across landscapes and watersheds. Previous
studies have modeled habitat suitability of Russian
olive at broad scales (North America: Collette and
Pither 2015a, b; national U.S.: Jarnevich et al. 2022;
western U.S.: Perry et al. 2022), which can be help-
ful in identifying areas potentially suitable for the
species. Detection models show where the species is
currently present, and doing so at a watershed scale is
useful for land managers needing to make decisions
on where to deploy various strategies as understand-
ing landscape context is critical for invasive species
management (e.g., Maestas et al. 2022). We are not
aware of any studies that have mapped Russian olive
canopy cover in a detection model within the U.S. at a
regional watershed scale appropriate for management.
Here we use the USGS Hydrologic Unit Code (HUC)
to define our study watershed. The HUC system is
used for data collection and management at the fed-
eral and state levels in the U.S., ranging from regional
scale (HUC 2-digit code) to local scale (HUC 12-digit
code).

Community members and ranchers along the Pow-
der River have voiced concerns over the increased
presence of Russian olive in recent decades (G. Gay,
personal communication, May 2021). Topics of inter-
est that were mentioned include habitat and landscape
alteration, interference with livestock management,
spread patterns, and potential management interven-
tions. Research questions were constructed collabo-
ratively with community members and our shared
objectives were to: (1) map the distribution of Rus-
sian olive along the Powder River with a combination
of field data and remote sensing in order to (2) relate
that distribution to environmental variables to under-
stand Russian olive habitat suitability and community
and invasion dynamics in the Powder River Basin,
U.S. We mapped the distribution of Russian olive
using freely available software such as Google Earth
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Engine and R Studio, and imagery from the National
Agricultural Imagery Program (NAIP) 2019, Senti-
nel-2 MultiSpectral Instrument, creating a method
that can be replicated in other areas with similar envi-
ronmental conditions.

Methods
Study area

The Powder River Basin, part of the Upper Missouri
River Watershed, originates in northern Wyoming,
draining north into Montana where it eventually flows
into the Yellowstone River downstream of Miles
City, Montana (Fig. 1). Located within the West-
Central Semiarid Prairie ecosystem and used mostly
for agriculture and ranching (Flores et al. 2001), the
Powder River Watershed has a mean annual tem-
perature of 8 C and mean annual precipitation is
15.48 cm (PRISM Climate Group 2004). The Pow-
der River has a ‘dual-peaked hydrograph’ with con-
tributions from both spring snow-melt and summer
rainfall (Whitlock et al. 2017), similar to the better-
studied Southwest U.S. rivers. The climate of the
study area is considered cold arid steppe, but also has
continentally-influenced warm summers (Koppen-
Geiger climate classification; Beck et al. 2018). For
this study, we delineate the watershed just upstream
of its confluence with the Yellowstone River (drain-
age area of 34,691 km?: just downstream of USGS
MTO06326500 near Locate, Montana). High-altitude
tributaries (Clear Creek, Crazy Woman Creek, South
Fork, and Middle Fork) drain into the lowlands at the
Montana-Wyoming state line. We defined the study
area as a 2000 m buffer adjacent to streams as defined
by USGS standardized flowlines (NHDPlus HUC6;
Terziotti and Archuleta 2020) inspected visually to
ensure the inclusion of any areas with woody vegeta-
tion (Fig. 1).

Remote sensing data and detecting russian olive
distribution

Model training data
To predict Russian olive percent cover across the

Powder River Basin, we created a spectral detec-
tion model for the year 2020. The model was trained

using two different data collection methods: (1) field
data and (2) ocular samples from NAIP 2019 aerial
imagery. Field data were collected in June 2021
(Fig. 1A). Ten meter radius plots were placed on tran-
sects (25 on the east bank and 17 on the west bank)
perpendicular to the river and about 50 m apart, for
a total of 276 plots (Fig. 1A). Within each plot, veg-
etation cover was estimated for each woody species,
including Russian olive, plains cottonwood (Populus
deltoides), and tamarisk (Tamarix ramosissima), and
height of the tallest woody plant was measured using
a survey rod or clinometer. Of the 276 field data plots,
185 contained Russian olive.

To increase the dataset size and spatial represen-
tation, we conducted randomized ocular image sam-
pling using NAIP 2019 true and false color imagery
following a similar sampling procedure as described
in (Woodward et al. 2018a, 2018b). NAIP 2019 false
color imagery was referenced to help with species
classification. We used Google Earth Engine (GEE)
to collect 10-m radial plots, matching the size of the
field plots. We visually determined the percentage of
Russian olive coverage present on a scale of 0-100%,
with 0% being no Russian olive present and 100%
being full Russian olive cover, within each 10-m
radial plot (Fig. 2). Prior to making formal observa-
tions, all five observers went through a calibration
process to train and reduce bias. Due to the rarity of
Russian olive in our random sample, we also oppor-
tunistically collected 478 additional plots with Rus-
sian olive. Most opportunistic aerial imagery ocular
sampling points fell along the Powder River between
Clear Creek and Crazy Woman Creek in Wyoming.

In preliminary model runs, low to moderate Rus-
sian olive cover was unrealistically predicted in
cropland areas, such as areas of Barley (Categori-
zation Code “21”), Winter Wheat (“24”), Alfalfa
(“36”), and Other Hay (“37”), so we created a
simple mask to remove most crops from the final
analysis. The mask was created using land cover
classifications from the 2020 USDA National Agri-
cultural Statistics Service Cropland Data Layer
(NASSCD; 2021). Land cover types where Rus-
sian olive is known to occur such as Shrubland
(NASSCD attribute code “152”), Grassland/Pasture
(“176), Woody Wetlands (“190”), and Herbaceous
Woodlands (“195”) were retained. Table S1.2 con-
tains a detailed list of land cover types that were
not masked from the final model. All NASSCD
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Fig. 1 A Study area (contorted black line) in the Powder River
Basin and five of its tributaries (blue), located in southeastern
Montana and northeastern Wyoming, U.S. The red highlighted
area depicts the region where field data were collected and the

agricultural land cover types from 0-61, 66-77,
and 204-254 were excluded from the Russian
olive model. The mask was also used to remove
the ocular samples to build the model on sampled
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canopy height model (CHM) extent. B Heat map showing the
density of 477 opportunistic ocular sample points. An addi-
tional 1,407 ocular points were randomly distributed across the
entire study area extent

points that did not fall within agricultural areas.
We built our model on 2160 points (1407 random
ocular samples, 477 opportunistic ocular samples,
276 field samples), 595 of which had Russian olive
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# Powder River

Fig. 2 A Distinguishing between Russian olive, cottonwood,
and herbaceous cover such as grass using NAIP 2019 imagery.
B A photograph of a Russian olive shrub (photo credit: Karissa

present (419 ocular samples; see Data Availability
section for data repository).

Random forest model

We created a mosaic of 2020 imagery from Coper-
nicus Sentinel-2 MultiSpectral Instrument Level-1C
data to cover the Powder River Basin study area,
obtained in GEE. We filtered images for those with
low cloud cover (<20-30%), then created a median
composite image for each relevant season—spring
(2020-04-01 to 2020-05-15), summer (2020-05-16
to 2020-07-31), and fall (2020-08-01 to 2020-09-
30)—to account for seasonal phenological variation
(Gorelick et al. 2017). Spectral bands and vegetation
indices were derived from the images, which included
a Normalized Difference Vegetation Index (NDVI),
Normalized Difference Moisture Index (NDMI), Nor-
malized Burn Ratio (NBR), Simple Ratio (SR), Tas-
seled Cap transformation, and others (Table S1.1).
The resulting Tasseled Cap brightness, greenness,
and wetness (BGW) indices, named for the features
they emphasize, improve vegetation classifications

Courtney). C A zoomed in photograph of Russian olive leaves
(photo credit: Karissa Courtney)

because they are sensitive to phenological changes
(Crist and Cicone 1984). We also differenced indices
between summer and spring and summer and fall to
capture seasonal variation of different species to aid
Russian olive detection (Evangelista et al. 2009).

We modeled Russian olive percent cover and eval-
uated predictor variable performance using the ‘ran-
domForest’ package in RStudio (Liaw et al. 2002)
using spectral bands and vegetation indices from
GEE. Our independent variable was Russian olive
percent cover and all 61 predictor variables are identi-
fied in Table S1.1. The number of trees (ntree) and
number of variables randomly sampled at each split
(mtry) were set to 1000 and 3, respectively (Liaw
et al. 2002). We valued a model with fewer predictor
variables and removed predictors that did not improve
the model to achieve better model performance and
greater interpretability (Evans et al. 2010). We first
ran a model using all predictor variables to evaluate
initial out-of-bag model performance using the R>
value and root mean squared error (RMSE), a stand-
ard measure of the magnitude of model error. We then
evaluated correlations between variables, removing

@ Springer
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one variable from pairs correlated by greater than 0.7
(Dormann et al. 2013), leaving us with 18 variables
after the initial run. With the remaining 18 uncor-
related variables, we ran 12 additional models using
backwards selection to remove the one or two varia-
bles with the lowest variable importance as measured
by the increase in mean squared error. Variables with
partial dependence plots that suggested the variable
contributed to over-fitting or had a weak relationship
were removed (Friedman 2001). The greater the R?
value and the smaller the RMSE, the better the model
performed. The final model had six variables. Finally,
we summarized the random forest model results by
5 km hexagon to show trends of Russian olive cover
across the study area.

Species composition and russian olive habitat
suitability at the watershed scale

Plot data collected along transects perpendicular
to the Powder River channel allowed for additional
insights when paired with lidar and topographic
data, particularly because a robust suite of woody
species was recorded in addition to Russian olive.
Topographic position index (TPI) was derived from
2016 lidar data (Ackerman 2016). TPI is a measure
of position by comparing elevation at a given point
to the mean elevation in a surrounding window
(Weiss 2001). In this case, a 100 cell (100 m) radius
was used and can be interpreted as position relative
to the detrended channel. We also derived a Canopy
Height Model (CHM), calculated as the digital terrain
model minus the digital surface model, calculated in
OpenTopography.org. We extracted mean TPI, CHM,
and distance from channel centerline to field plots to
investigate how these varied by species by consider-
ing variable distributions (i.e., boxpolots and basic
statistical moments and distributions) by dominant
plot species. Additionally, we used the complete
suite of species and cover data in a k-means group-
ing analysis that included distance from the channel
in ArcGIS Map. The k-means grouping method is an
unsupervised classification method where every point
is assigned a group based on their similarity (Davies
and Bouldin, 1979). The Pseudo F-Statistic was used
to determine how many groups to include in the final
analysis. This allowed inference regarding the spatial
relationships among Russian olive, cottonwood, and
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tamarisk, which was not possible in the watershed-
scale modeling.

Previous work (Nagler et al. 2011) describes fac-
tors at the continental to reach scale known to influ-
ence Russian olive distribution. Robust species cover
data for an entire watershed is rare. As such, here we
have a unique opportunity to bridge the reach and
continental scales (Nagler et al. 2011). At watershed
scales, surface and groundwater flow conditions, and
their regulation, are known to influence native and
invasive riparian species distributions across North
America (McShane et al. 2015). Surface flows have
declined through time in the Powder River, and the
aquifer has experienced increased drawdown. Nagler
et al. (2011) additionally outlines soil type as a likely
influencer on Russian olive distribution, although
Russian olive studies are lacking compared to bet-
ter-studied invasives, like tamarisk. In contrast, at
continental scales, habitat suitability models include
factors such as mean annual minimum temperature
(Friedman et al. 2005) and distance to surface water
(Jarnevich et al. 2011; Perry et al. 2022). In the con-
text of urban locations within Russian olive’s native
range in Iran, Karimian and Farashi (2021) found cli-
matic factors, soil, and lithology to be important in
predicting habitat suitability.

Here, we analyzed Russian olive percent cover
as a function of a robust suite of variables expected
to influence Russian olive distribution based on lit-
erature expectations. Datasets included annual mini-
mum, mean, and maximum temperature (PRISM),
slope-weighted solar radiation (PRISM), mean eleva-
tion (above NAVDS88 geoid model), precipitation-
weighted flow accumulation (precipitation from
PRISM; PRISM Climate Group 2004; ArcGIS Flow
Accumulation tool multiplied by PRISM value),
dominant land cover class (Perry et al. 2018; Dewitz
2021), dominant soil type (Nagler et al. 2011, 2018;
we used standard U.S. soil taxonomy (Web Soil Sur-
vey 2018; produced by the National Cooperative Soil
Survey), and depth to groundwater (surface elevation
minus groundwater elevation; Lopez-Iglesias et al.
2014). Correlations among datasets were calculated
in R (4.0.3) with the Raster package (Hijmans 2018).
Based on Spearman ranked correlations, variables
were included in candidate linear models predicting
Russian olive percent cover. We included combina-
tions of additive linear models (Im function in R),
excluding variables correlated with one another>0.7
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(see Data Availability section for data repository for
correlations and model development). We included
62 candidate models (Table S3.2) and selected mod-
els based on AIC (Akaike 1974) corrected for small
sample size (AICc; Mazerolle 2015). Models were
considered plausible if their AICc value compared
to the lowest AICc model (AAICc) was less than 3
(Richards 2005). Model results are presented using
the effects package (Fox and Weisberg 2018) where
a computed effect absorbs the lower-order terms mar-
ginal to the term in question, and averages over other
terms in the model.

Results
Russian olive distribution

The random forest model detected Russian olive
percent cover with an out-of-bag root mean square

Percent (%
Russian %til)ve

Fig. 3 Examples of random forest model predictions of per-
cent cover of Russian olive (20 m spatial resolution) alongside
corresponding aerial imagery. A1 Model results near Broadus,
Montana compared to (A2) NAIP 2019 imagery of the same

error (RMSE) of 15%, and R? of 0.64 across a range
of environments along the Powder River and tribu-
taries (Figs. 3, 4). In the end, the best-performing
model with the fewest number of variables used
six variables (listed in order from high to low
importance): fall tasseled cap greenness, fall tas-
seled cap brightness, tasseled cap brightness differ-
ence between the summer and spring, tasseled cap
brightness difference between the summer and fall,
spring tasseled cap wetness, and tasseled cap wet-
ness between the summer and spring. Russian olive
cover was generally highest (mean percent > 5.94%)
along the Powder River just north and south of the
Montana-Wyoming state line, along Clear Creek in
Wyoming, and toward the northernmost portions of
the Powder River (see Data Availability section for
data repository that includes the final model raster
output; Fig. 5). The maximum Russian olive cover
predicted by the random forest model was 95.55%
(Figs. 3, 4), while the maximum was 12.49% when
averaged across 5 km hexagons (Fig. 5).

area, showing Russian olive. B2 Model results downstream
of South Fork and Middle Fork compared to (B2) NAIP 2019
imagery of the same area. The arrow indicates Russian olive,
the silvery-green color

@ Springer
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Russian olive in relation to floodplain characteristics
Species occurrence and cover

In addition to the field data being used as training
points for the Random Forest model, they also pro-
vide a rich picture of other woody species present
in the measured plot In the field data. Russian olive
had a mean percent cover of 18.3% (std. dev. 21.4),
tamarisk 2.6% (std. dev. 8.4), and cottonwood 19.1%
(std. dev. 18.3). When the dominant species by plot
was considered, Russian olive was located closer to
the channel (Fig. 6A) compared to cottonwood. Tam-
arisk was restricted to near-channel distances com-
pared to Russian olive and cottonwood; however, it
had a small percent cover overall. Russian olive and
tamarisk were found over a wider range of TPI rela-
tive to cottonwood (Fig. 6B), which has very specific
requirements for regeneration (Mahoney and Rood
1998). Canopy Height (from CHM; Fig. 6C) showed
cottonwood heights were the highest followed by
Russian olive, with tamarisk rarely reaching beyond
a few meters high. Plots of small (<2 m) cottonwood
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Predicted Russian Olive % Cover

(indicative of recent recruitment) were notably absent
in the dataset.

We compared field data to remotely sensed pre-
dicted cover relationships to ensure we were ade-
quately capturing Russian olive riparian habitat
relationships. When compared to the field data,
the predicted presence of Russian olive by TPI
and CHM have similar values (median TPI value
of 0+0.3 m compared to 0.2+0.6 m for field com-
pared to predicted cover values; median CHM value
of 3.2+2.1 m compared to 3.1+1.8 m for field
compared to predicted cover values). This suggests
predicted cover and corresponding environmen-
tal relationships are adequately captured with the
remotely-sensed data, increasing our confidence in
additional watershed-scale interpretations.

Grouping analysis

Grouping (k-means) analysis showed three groups
(pseudo F-statistics 78.25; Table S2.1; Figure S2.2;
see Data Availability section for data repository),
with partial R? values ranging from 0.20 for percent
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Fig. 5 Percent Russian
olive cover per 5 km hexa-
gon summarizing the distri-
bution of percent Russian
olive cover over the study
area extent as predicted by
the random forest model
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Fig. 6 Species by A distance from channel and B topographic
position index (TPI). ELAN=Russian olive; PODE=cot-
tonwood and TARA =tamarisk. C Canopy height (CHM) by
species showing PODE was the tallest followed by ELAN.

cottonwood to 0.61 for bare ground. Group 1, at
mid-positions relative to the channel (mean 181.8 m
from channel; blue group), consisted of Russian olive
(18.9%) and cottonwood (27%) as the dominant spe-
cies with greatest bare ground (64.7%) and low-
est herbaceous cover (22%), whereas farthest (mean
226.7 m) from the channel, Group 2 (yellow group)
consisted of mostly cottonwood (19.7%) and less Rus-
sian olive (6.1%). Closest to the channel (Group 3;
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TARA-dominated plots were rarely taller than a few meters. D
Density plot of canopy height distribution by grouping analy-
sis, colored by group to match Fig. 7

mean 85.1 m), Russian olive was dominant (42.0%)
with tamarisk (10.2%) and lesser cottonwood (4.8%)
(Fig. 7; Table S2.1). Thus, all groups across the flood-
plain contained Russian olive, including in gallery
cottonwood areas as an understory beneath cotton-
wood (Group 2). In contrast, tamarisk had the high-
est cover near the channel (Group 3) but had a lower
percent cover overall. Cottonwood had a low percent
cover near the channel (Group 3), where cottonwood
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Fig. 7 Grouping analysis showed three groups, with Group 1
consisting of mixed cottonwood and Russian olive, along with
high bare ground a low herbaceous cover, in positions interme-
diate to the channel (blue group), Group 2 (yellow group) open

recruits would typically be expected because of its
life-history strategy (Karrenberg et al. 2002). The
CHM by group (Fig. 6D) showed the smallest plants
(~2 m) in Group 3 (closest to channel on bars), indi-
cating regeneration of this group (tamarisk and Rus-
sian olive dominated), additionally emphasizing lim-
ited recent cottonwood recruitment/regeneration.

Russian olive habitat suitability at the watershed
scale

We used mean summary values of Russian olive
cover data (Fig. 5) to investigate riparian habitat
environmental controls (weighted flow accumula-
tion, minimum temperature, maximum temperature,
elevation, topographic wetness index, land cover, soil
order, mean temperature, solar radiation, depth to
groundwater; see Table S3.1) on Russian olive cover
at the HUC 6-digit watershed scale. Of the variables
considered, elevation and solar radiation were both

gallery cottonwood forests with an understory of Russian olive,
and Group 3 (red group) dominated by Russian olive mixed
with tamarisk close to the channel

weakly and negatively correlated with percent cover
(r=-0.33 and —0.32, respectively; Table S3.1). Ele-
vation and solar radiation were, in turn, nearly per-
fectly correlated (r=0.96). Therefore, only elevation
or solar radiation was included in the same candidate
model. Similarly, elevation/solar radiation and depth
to groundwater were strongly correlated (r=0.75)
and thus were not included in the same candidate
model set. Using the AICc approach (Table S3.2), the
most probable final model (F-statistic: 10.38 on 7 and
414 degrees of freedom; R?*=0.14, p value: <0.001;
Table S3.3) predicted mean cover as a function of
precipitation-weighted flow accumulation, eleva-
tion, and soil type. Other probable models included
flow accumulation, elevation, soil type and either
mean, min, or max daily temperature. For soil types,
the large errors for both Mollisol and Alfisol suggest
they are not indicative of vegetation cover, leaving
mainly entisols and vertisols as controlling factors
based on correlations (Table S3.1). For parsimony,
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we discuss here the results from the lowest-AICc.
In this model, cover increased with flow accumula-
tion (Fig. 8A), decreased with increasing elevation
(Fig. 8B), and was present across a wide range of soil
types (Fig. 8C) with lower cover in nutrient-rich soil
(Mollisol) and indiscriminate across nutrient-poor
soil types (entisol, alfisol, inceptisol).

Discussion

Russian olive detection random forest model
performance and application

We mapped Russian olive cover across an entire river
basin, covering a large area and a range of environ-
ments. Seasonality had a large impact on our Russian
olive percent cover detection model performance,
with half of the final six predictor variables being sea-
sonal differences. All of the final variables were also
tasseled cap transformations. Fall tasseled cap green-
ness may have distinguished greener trees and shrubs
such as Russian olive from herbaceous vegetation
that has dried more by fall. Tasseled cap brightness is
likely differentiating foliage from the ground. Spring
tasseled cap wetness was the third most important
variable, and has been shown to differentiate various
tree types and stand densities (Dymond et al. 2002;
Jin and Sader 2005; Healey et al. 2005). This vari-
able may have helped to differentiate Russian olive
from other riparian trees and shrubs. The tasseled cap

indices and seasonal difference tasseled cap indices
captured Russian olive phenology effectively, separat-
ing leaf flush from senescence, as others have found
(Dymond et al. 2002; Evangelista et al. 2009). Other
studies have successfully applied Tasseled cap indices
in classifying forests (Dymond et al. 2002), detecting
forest disturbance (Healey et al. 2005), and monitor-
ing land cover changes (Allen et al. 2018), as a few
examples.

Overall our results should be interpreted with cau-
tion due to limited model performance. However, our
approach to mapping Russian olive distribution can
be applied to regions outside of the Powder River
with similar environmental conditions. This method
could be applied anywhere in the world due to the
Sentinel-2 imagery that we used. We believe that it
would work best in regions where tamarisk is not as
prevalent and areas with wide flood plains. Detection
models would perform more poorly in areas where
Russian olive is less abundant and occurs in smaller
patches, where the riparian corridor is too thin, and
when mixed with tamarisk as they can be difficult
to distinguish. Data on species cover to train models
could be collected in the field (more time consum-
ing/expensive but greater accuracy and detail) and/or
with high resolution imagery (such as NAIP 2019 in
this study). Relying on ocular sample points has the
benefit of allowing for iterative model testing and
targeted collection of additional training points that
would be much more difficult, time consuming, and
expensive with field data collection. This study draws
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Fig. 8 Results of the suitability model predicting mean cover
by environmental variables showing mean cover (A) increased
with precipitation-weighted flow accumulation (relative met-
ric), B decreased with increasing elevation, and C is indis-
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criminate across nutrient-poor soil types. Plots display 95-per-
cent point-wise confidence intervals for the fitted effects, using
error-bars for factors and bands for numeric predictors (Fox &
Weisberg 2018)
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on the strengths of field data for more detailed vegeta-
tion composition and structure information and sam-
pling of aerial imagery to efficiently sample a much
larger area.

Riparian community dynamics

Grouping analysis identified three main cover types,
primarily differentiated by the dominance of the three
main woody species, bare ground/herbaceous cover,
and relationship to floodplain structure. Tamarisk
was mainly restricted to the channel edge, whereas
cottonwood dominated forests at the most distant
locations from the current channel. Cottonwood dis-
tribution follows older channels as evidenced by
increasing ages as you move from the current channel
to older channel scars (Schook et al. 2017; Metzger
et al. 2020). The lack of mature cottonwood along
the current channel suggests something has changed,
such as dominance by exotics with aggressive growth
strategies that lead to outcompeting cottonwood at
younger growth stages, browsing pressure, or that
the hydrology has been shifted outside cottonwood’s
regeneration niche (Grubb 1977), or some combina-
tion of these. In the field, cottonwood seedlings were
numerous, but juvenile and mature age classes were
missing close to modern channels. In its place, Rus-
sian olive has already largely invaded the main stem
of the Powder River, especially in Montana (Fig. 5).
Russian olive was found throughout the floodplain
but dominated nearer the channel. The results are
consistent with previous studies, suggesting Russian
olive is dispersed well by seed and generally success-
ful where other species struggle or can outcompete
cottonwood seedlings through shade and drought
tolerance (Reynolds and Cooper 2010; Collette and
Pither 2015a, b). Russian olive is fairly shade toler-
ant, and thus was established under cottonwood can-
opy, although the reverse was not observed (Reynolds
and Cooper 2010; Collette and Pither 2015a, b). This
Russian olive establishment in the sub-canopy of cot-
tonwood stands could suppress cottonwood regenera-
tion, further limiting cottonwood recruitment in one
or two ways. Russian olive shading is likely to sup-
press cottonwood seedling regeneration along regu-
lated rivers or rivers with declining flows, as shown
by Lesica and Miles (1999). Second, while many cot-
tonwood species are capable of resprouting especially
when young (Gom and Rood 1999), and resprouting

has been shown as an important regeneration strategy
for disturbance resilience and recovery (Smith et al.
2009; Wonkka et al. 2018), shading and competition
with Russian olive will likely decrease this ability of
cottonwood (Lytle and Merritt 2004). Our Russian
olive detection maps likely underpredict sub-canopy
Russian olive and thus may under-represent the extent
of Russian olive impact on mature cottonwood stands.

The physiology of Russian olive is advantageous
for drier floodplain conditions. Russian olive also has
symbiotic relationships with both Frankia (an N-fix-
ing bacteria) and mycorrhiza, both of which help
make nutrients and water more available, resulting in
a higher tolerance of drier and nutrient poor condi-
tions. It is also a facultative phreatophyte, allowing
it to use water above the water table. Russian olive
is a ring-porous to semi-ring-porous species (Jansen
et al. 2000), meaning their water conducting vessels
are more limited to the most recent outer ring or few
rings (Umebayashi et al. 2010; Bush et al. 2010). This
gives the species an advantage in variable hydrologic
conditions and an advantage over ring-diffuse species
(e.g., cottonwood) in drier environments (Bader et al.
2022). Katz and Shafroth (2003) also noted several
adaptations to drought many other floodplain species
do not have: reflective silvery foliage, thick cuticle,
and sunken stomates, along with a tolerance to salin-
ity. Shiflett et al. (2017) describe Russian olive as
having an acquisitive strategy, with efficient light cap-
ture, utilization, and internal water movement.

Russian olive habitat suitability

In the U.S. Southwest, Russian olive distribution has
been shown to be controlled by climate, urban land
use, and planting at large scales (Nagler et al. 2011;
McShane et al. 2015; Perry et al. 2018), and by ele-
vation, distance from river, streamflow and peak
flow at local floodplain scales (Hoffman et al. 2008;
McShane et al. 2015; West et al. 2020). Here, we
bridged these gaps in scale, with similar results. We
found higher Russian olive densities in areas with
higher flow accumulation and lower elevations, with
an affinity for entisols over vertisols. Elevation was, in
turn, correlated with depth to groundwater and solar
radiation. These variables (depth to groundwater and
solar radiation) likely influence density distributions,
but because of the high correlations with elevation, it
is difficult to determine independently. Russian olive
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densities were highest at lower elevations, correlated
to decreased solar radiation and depths to groundwa-
ter. Literature suggests as a facultative phreatophyte,
Russian olive can survive without direct access to
groundwater, particularly when it has access to sur-
face water, which would be correlated to flow accu-
mulation used here, especially under conditions of
irrigation and related return flows, as experienced on
the Powder River.

Norton et al. (2014) assessed long-term trends
(1960-2011) of discharge characteristics within the
Missouri River watershed and concluded all com-
ponents of discharge (annual, monthly, and sea-
sonal) had decreased over the period considered. The
decreasing flow trends in the upper basin were con-
firmed by modeling (Wise et al. 2018). For the Pow-
der River specifically, the USGS Integrated Water
Availability Assessments Surface Water Flow Trends
in the Nation’s Streams and Rivers (Hodgkins et al.
2019; Dudley et al. 2020) shows a nonsignificant
downward trend in mean annual flow for the Powder
River at Locate. At the same time, the Fox-Hills-Hell
Creek aquifer in the Yellowstone River basin has
declined significantly (7.6 m near Terry, Montana) in
the last~35 years and has not changed with precipita-
tion inputs, indicating a management control (Whit-
lock et al. 2017). Declining flow and aquifer levels
are likely to have increased depths to the water table
within the Powder River basin during the same time
period that Russian olive has invaded. This has likely
impacted the distribution of Russian olive since its
growth is responsive to vapor pressure deficit and soil
temperature (Azmat et al. 2020) and light and water-
use dynamics are primary factors driving the growth
of a close relative, E. umbellata (Shiflett et al. 2017).

There is also evidence that climate has shifted
leading to lower overall flows, lower peak flows,
and a general drying of floodplains (Mikulova et al.
2020). Lower snowpack in the northern Rocky Moun-
tains has resulted in lower magnitude peak flows and
altered the timing of spring floods (Stewart et al.
2005; Pederson et al. 2010). Along with increased
irrigation and reservoir storage (Schook et al. 2016),
the result is slower channel migration and less chan-
nel expansion, and thus less point bar development
(Schook et al. 2017), the habitat required for cot-
tonwood regeneration (Mahoney and Rood 1998;
Benjankar et al. 2014). Schook et al. (2020) dem-
onstrated that cottonwood branch and tree mortality
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were highest and canopy vigor was lowest in dewa-
tered reaches along Snake Creek, Nevada, U.S. Cot-
tonwood die off has been observed in the U.S. South-
west in relation to reduced surface flow combined
with increased groundwater pumping (Shafroth et al.
2018). As Nagler et al. (2011) pointed out, stress-
tolerant species have moved into areas that are no
longer suitable for mesic native pioneer species. Both
Collette and Pither (2015a) and McShane et al. (2015)
related lower flood peaks to greater Russian olive
occurrence throughout the western U.S. Drought
generally enhances the invasion of exotics in aquatic-
terrestrial transition zones, partly because fewer flood
pulse events alter propagule pulses and environmen-
tal filters favorable to natives (Thomaz 2022). In the
field, dead stands of sandbar willow (Salix exigua)
and even tamarisk were observed, which may indicate
that shifting floodplain regimes could be underway
already.

Management considerations

We sought to help local ranchers and land managers
understand the current distribution of Russian olive.
Key interests that emerged from conversations about
Russian olive included potential management inter-
ventions, habitat and landscape alteration, interfer-
ence with livestock management, and potential spread
patterns. Our findings provide several considerations
for management of Russian olive in the Powder River
Basin. Russian olive detection maps should be inter-
preted as representing general patterns of Russian
olive distribution, but the fact that this is a model with
inaccuracies should be front-of-mind when applying
the maps. The maps capture trends in cover and thus
can inform distribution patterns across the Powder
River Basin, but when applied at specific sites or pro-
ject scales, ground surveys and observations of cover
are needed. We only map Russian olive for one year,
but repeating this mapping exercise for another year
would provide valuable information about rates and
patterns of Russian olive spread. This research did not
focus on all local concerns, such as habitat and land-
scape alteration and interference with livestock man-
agement, which future studies could further address.
Russian olive presents tradeoffs for livestock pro-
duction in the region. Negatively, Russian olive has
formed dense, thorny thickets which can limit travel
and access to water resources. Further, the dropping
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water table and channelization of the river, combined
with the loss in plant diversity of Russian olive stands
may reduce production and grazing value of the flood
plains. However, Russian olive can also be an impor-
tant forage resource, particularly during the seedling
stage (Pearce and Smith 2001) and in the spring to
mid-summer when cattle eat reproductive branch
leaves and fruits before seeds harden, providing nutri-
tional value during droughts and mid-summer when
other forage declines in nutrition (Klich et al. 2018).
Thus, the maps provided by this work can be used to
inform grazing planning, and our results suggest that
given cottonwood’s troubled status on the Powder
River and beyond, grazing managers should take note
of areas where cottonwoods are establishing and plan
their grazing to allow for these stands to mature.
With evidence that Russian olive invaded from
the north (Schook et al. 2017), we are confident that
temperatures are not currently limiting invasion suc-
cess. Indeed, Russian olive requires chilling for bud
break and germination (Nagler et al. 2011). Areas
with low Russian olive cover include the headwater
streams in the southern part of the study area, seem-
ingly because of low surface flow accumulation and
higher elevations, with higher elevations correlated
with solar radiation found by Karimian and Farashi
(2021) to be important in predicting Russian olive
in Iran. Russian olive can spread downstream by ice
and water transport and in any direction by wildlife
(Pearce and Smith 2001; Katz and Shafroth 2003;
Campbell and West 2022). With climate change lead-
ing to lower spring flood magnitudes, seed dispersal
by animals will be an important dispersal mechanism.
Thus, limiting dispersal of Russian olive to new areas
may be challenging or altogether infeasible. Monitor-
ing major storm events is important, as these events
can spread Russian olive and tamarisk and may be
the only potential colonization events for cotton-
wood. Cottonwood recruitment relies on both scour
events and appropriate flood conditions (Amlin and
Rood 2002; Karrenberg et al. 2002; Mahoney and
Rood 1998). However, as stated, spring flood events
are likely to decrease in the future and addition-
ally several flood events may be required for chan-
nel changes to occur on the Powder River (Gay et al.
1998), thus compounding the absence of conditions
required for cottonwood recruitment. There are sev-
eral stretches of the watershed with low Russian olive
cover (Fig. 5), and these areas should be the focus of

local land managers. Russian olive is extremely dif-
ficult to eradicate, especially once it is established in
dense stands (O’Meara et al. 2010). Therefore, target-
ing removal efforts in areas with little cover is likely
the most cost-effective option and may also reduce
risk of inadvertent effects such as increased erosion
(Reynolds et al. 2021). We, like others, recommend
early intervention as well as creating potential areas
of conservation or protection where Russian olive
has not invaded yet (O’Meara et al. 2010). From
Fig. 5, we recommend targeting the 0.00-1.13% and
1.13-2.28% areas (the lightest two colors) for moni-
toring and management. For the higher cover catego-
ries (Fig. 5), treatment would need to include more
invasive, expensive strategies (herbicide, manual
removal, etc.) (O’Meara et al. 2010). While the Rus-
sian olive maps in this study generally capture Rus-
sian olive distributions at a landscape scale, any sin-
gle location may have errors due to limited model
performance, like most single species detection prod-
ucts derived from remote sensing. Areas of particular
management importance or interest and areas shown
to have low cover should be further evaluated by field
observations because the model may fail to detect
small Russian olive trees or areas of very low cover at
early invasion stages.

Conclusion

As the fourth most frequent and fifth most abun-
dant riparian species of western U.S. rivers (Nagler
et al. 2011), Russian olive poses a threat to both the
diversity and function of these systems (Collette
and Pither 2015b). Based on this study and oth-
ers in the northern U.S. (Pearce and Smith 2001),
we expect the invasion of Russian olive to con-
tinue within the Powder River Basin and beyond
because of a combination of hydrological, biologi-
cal, and climatic factors favoring Russian olive at
the expense of native species. This study presents
a method for mapping Russian olive cover and then
uses a combination of maps, field data, and addi-
tional geospatial data to evaluate distribution pat-
terns across scales. This approach can be applied to
other landscapes outside of the U.S. and additional
plant invasions to understand community dynamics
and inform management. Our multi-scale, stake-
holder-driven, multi-disciplinary study provides key
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methodologies to assess the extent of Russian olive
invasion as well as insight into factors accounting
for Russian olive’s success.
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