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Abstract 
We evaluated the effectiveness of natural color aerial photography as a tool to improve detection, monitoring, and mapping of 
sulfur cinquefoil (Potentilla recta L.) infestations. Sulfur cinquefoil is an exotic perennial plant invading interior Pacific 
Northwest rangelands. Because sulfur cinquefoil produces distinctive pale yellow flowers, we timed aerial photography for early 
July, when the plant was at peak bloom. Photography was collected at 3 spatial scales (1:3 000, 1:6 000, and 1:12 000). A grid 
with 250-m spacing was superimposed over photographs of the entire study area using geographic information systems. At each 
grid intersection point (n = 80), we visually analyzed the photographs within a 404.7-m2 (0.1 acre) circular plot, recorded 
sulfur cinquefoil presence, and estimated sulfur cinquefoil percent cover. Sample points on the grid were then located in the field 
using a global positioning system. Field data collected at each point included sulfur cinquefoil presence, percent cover, and stem 
density; and total vegetation composition and percent cover by life form. Results indicate that the accuracy of detecting sulfur 
cinquefoil increased from small to large scale. At the 1:3 000 scale, sulfur cinquefoil presence was correctly identified in 76.9% 
of the sites, whereas at the 1:6 000 and 1:12 000 scales, infestations were identified in 67.9% and 59.1% of the sites, 
respectively. Low-density infestations (< 1 % cover) were detected at all scales. Accuracy of percent cover estimates ranged from 
33.8% to 38.0% across scales. Although tree canopy hindered detection, our results indicate that aerial photography can be 
used to detect sulfur cinquefoil infestations in open forests and rangelands in the Intermountain West. 

Resumen 
Evaluamos la efectividad de la fotografia airea de color natural como una herramienta para mejorar la deteccion, monitoreo y 
mapeo de las infestaciones del "Sulfur cinquefoil" (Potentilla recta L.) la cual es una planta perenne exotica que esta invadiendo 
10s pastizales interiores de la region noroeste del Pacifico. Debido a que el "Sulfur cinquefoil" produce flores de color amarillo 
phlido que es distintivo, programamos la fotografia para inicios de Julio, cuando la planta esta el mkximo de floracion. La 
fotografia se colect6 a tres escalas espaciales (1:3 000, 1:6 000, 1:12 000). Una cuadricula con espaciamiento de 250-m entre 
puntos se sobrepuso en las fotografias del Area total de estudio usando sistemas de informacibn geogrhfica. En cada punto de 
intersection de la cuadricula (n = 80), analizamos visualmente las fotografias dentro de una parcela circular de 0.1-aere, 
registrando la presencia de "Sulfur cinquefoil" y estimamos el porcentaje de cobertura de esta especie. Los puntos de la muestra 
en la cuadricula fueron localizados en el campo usando un sistema de posicionamiento global. Los datos de campo colectados en 
cada punto incluyeron la presencia de "Sulfur cinquefoil", el porcentaje de cobertura, la densidad de tallos, la cornposicion total 
de la vegetaci6n y el porcentaje de cobertura por forma de vida. Los resultados indican que la certeza de detectar el "Sulfur 
cinquefoil" aumento de la escala pequefia a la grande. En la escala de 1:3 000 la presencia de "Sulfur cinquefoil" fue identificada 
correctamente en el 76.9% de 10s sitios, mientras que en las escalas de 1:6 000 y 1:12 000 las infestaciones fueron identificadas 
en 67.9% y 59.1% de 10s sitios, respectivamente. Las infestaciones de baja densidad (< 1% cobertura) fueron detectadas en 
todas las escalas. La certeza de las estimaciones del porcentaje de cobertura vari6 de 33.8%-38.0% a travits de todas las escalas. 
Aunque la copa de 10s iirboles interfirieron la deteccion, nuestros resultados indican que la fotografia aQea puede ser usada para 
detectar las infestaciones de "Sulfur cinquefoil" en bosques abiertos y pastizales del oeste intermontaiioso. 
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INTRODUCTION 

Sulfur cinquefoil (Potentilla recta L.) was introduced to North 
America before 1900. In eastern North America, sulfur 
cinquefoil is a minor agricultural weed (Werner and Soule 
1976). However, in the drier climates of interior northwestern 
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North America, it has broad ecological amplitude, forms dense 
populations, and is considered a threat to  native plant 
communities (Rice 1991, 1993, 1999; Rice et al. 1994). 
Currently, the extent of sulfur cinquefoil is not well known, 
and improved methods are needed for detection and mapping 
to aid in management efforts. 

The value of remote sensing for rangeland assessment is well 
established. However, aerial photography has been used with 
limited success to  detect invasive plants (Driscoll and Coleman 
1974; Carneggie et al. 1983; Tueller 1989; Driscoll et al. 1997; 
Anderson et al. 1999; Everitt et al. 2001). We evaluated the use 
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Figure 1. Aerial photographs of a meadow infested with sulfur cinquefoil at all scales (1.3 000, 1.6 000, and 1:12 000). 

of natural color aerial photography at 3 spatial scales to detect 
sulfur cinquefoil infestations in open forest and grassland plant 
communities in northeastern Oregon. Our objectives were 1) to 
evaluate aerial photography effectiveness in detecting and 
estimating percent cover of sulfur cinquefoil; 2) to determine 
the minimum percent cover of sulfur cinquefoil detected at each 
flight scale; and 3) to assess this detection method as a tool for 
resource managers. 

MATERIALS AND METHODS 

Aerial Photography 
Natural color photography was collected at 3 scales (1:3 000, 
1:6 000, and 1:12 000) along a 6.5-km strip within the Wenaha 
State Wildlife Area near Troy, Oregon (Fig. 1). The study area is 
characterized by a matrix of abandoned agricultural fields, 
ponderosa pine (Pinus ponderosa P. & C. Lawson) stands, and 
bunchgrass (Pseudoroegneria spicata (Pursh) A. Love, Poa 
secunda J. Presl, Festuca idahoensis Elmer) plant communities. 
Elevation ranges from 900 to 1 150 m within the study area. 
Flights were conducted during the first week in July 2002, when 
sulfur cinquefoil was anticipated to be at peak bloom and its 
distinctive pale yellow flowers contrasted best with surrounding 
vegetation. To validate the expected peak bloom period, we 
monitored sulfur cinquefoil phenology at 3 sites located within 
the flight line from mid June to late July. Each phenology site 
had 5 randomly placed, permanently marked 1-m2 quadrats 
where we determined peak bloom by comparing relative bloom 
cover of sulfur cinquefoil in each quadrat during 7 weeks. 

Photo Interpretation 
Aerial photographs (10 x 10 in) were scanned at 600 dots per 
inch, orthorectified, and mosaiced by using postprocessed 
ground control points that were collected with a real-time 
differential global positioning system (DGPS; ERDAS 1997, 
Trimble 2002). Sample locations with 250-m spacing were 
placed over photographs at each scale within the 6.5-km strip. 
This resulted in 80 sample points for photo interpretation for 
the 1:12 000 and 1:6 000 scales and 64 sample points for the 
1:3 000 scale. Three photo interpreters recorded sulfur cinque- 
foil presence or absence and estimated percent cover at each 
sample point. They were shown photographs in advance that 

had verified areas of sulfur cinquefoil infestations with which to 
make comparisons. Each sample point was a circular area of 
404.7 m2 (0.1 acre). This size was chosen because it is 
considered a standard minimum detection area for the 
1:12 000 scale. Percent cover was grouped into 9 cover classes 
(O%, I%,  1%-5%, 5%-25%, 25%-50%, 50%-75%, 75%- 
95 %, 95 %-99 % ,100 % ) commonly used in vegetation analysis 
(McCune and Grace 2002). All photo interpreters examined the 
photographs starting with the smallest scale (1:12 000) and 
ending with the largest scale (1:3 000) to prevent possible 
biased results between scales. 

Field Sampling 
Using real-time DGPS, we navigated to each sample point in the 
study area and delineated the circular plot boundary with 
flagging. For each plot, percent cover of sulfur cinquefoil and 
tree canopy cover were assigned to 1 of 9 cover classes (Ox, 
I%,  1%-5%, 5%-25%, 25%-50%, 50%-75%, 75%-95%, 
95%-99%, 100%). In addition, 12 quadrats measuring 1 m2 
were systematically placed throughout each plot. Percent cover 
for sulfur cinquefoil and other vegetation life form categories 
(i.e., forbs, grasses, shrubs, and trees) was recorded and, if 
present, the number of sulfur cinquefoil stems was counted. 

Data Analysis 
Each photo interpreter's (observer's) classification accuracy was 
assessed at each scale (Story and Congalton 1986; Congalton 
1991; Fitzgerald and Lees 1994). Data were assembled into 
classification error matrices by observer and scale comparing 
observer interpretations to field-sampled reference data at each 
site. Overall accuracy was calculated as a percentage of the 
sample sites that were correctly classified (Story and Congalton 
1986; Congalton 1991). An additional 2 accuracies were 
calculated for each classification category: 1) producer's accu- 
racy, which identifies the likelihood that a ground-truthed site is 
correctly classified; and 2) user's accuracy, which identifies the 
likelihood that the photo-interpreted result truly represents that 
category in the field (Story and Congalton 1986; Congalton 
1991). Two groups of error matrices were created to analyze 
the photo interpreters' accuracy of estimating presence and 
absence of sulfur cinquefoil, and sulfur cinquefoil percent cover. 
Sulfur cinquefoil cover classes > 5% were merged for the 
analysis because of low sample sizes. 
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Table 1. Number of plots sampled in each sulfur cinquefoil cover class 
in northeastern Oregon (n = 79). 

Sulfur cinquefoil cover class (%) Number of sample sites 

Summary statistics were used to evaluate relationships of 
sulfur cinquefoil cover and tree canopy cover with correctly 
detecting the presence of sulfur cinquefoil (SAS 2000). All 
categories with tree canopy cover > 50% were combined 
because there were few plots. 

One plot was dropped from all analyses because a DGPS 
malfunction resulted in a loss of sample point location data. 

RESULTS 

Table 2. Classification accuracies for photo interpretations of sulfur 
cinquefoil absence or presence at all scales, and mean classification 
accuracies of the 3 interpretations. 

Overall accuracy (%) 

Scale 1 :3 000 1.6 000 1:12 000 

Observer 1 69.4 
Observer 2 80.6 
Observer 3 80.6 
Mean 76.9 

Producer's accuracy, absent (%) User's accuracy, absent ('10) 

Scale 1 :3 000 1 :6 000 1 :I 2 000 Scale 1 :3 000 1 :6 000 1 :12 000 

Observer 1 84.6 85.0 95.0 Observer 1 39.3 37.8 39.6 
Observer 2 38.5 50.0 75.0 Observer 2 55.6 50.0 36.6 
Observer 3 46.2 40.0 90.0 Observer 3 54.5 38.1 34.6 
Mean 56.4 58.3 86.7 Mean 49.8 42.0 36.9 

Producer's accuracy, present (%) User's accuracy, present (%) 

Scale 1 :3 000 1 :6 000 1 :12 000 Scale 1 :3 000 1 :6 000 1:12 000 

Field Data Observer 1 65.3 52.5 50.8 Observer 1 94.1 91.2 96.8 
Sulfur cinquefoil was found in 74.7% of our sampled plots (59 Ob~erver 2 91.8 83.1 55.9 Observer 2 84.9 83.1 86.8 
of 79 plots). Percent cover of sulfur cinquefoil ranged from Observer 3 89.8 78.0 42.4 Observer 3 86.3 79.3 92.6 
< 1% to 50%-75% cover; 82.3% of the plots (n = 65) had Mean 82.3 71.2 49.7 Mean 88.4 84.5 92.1 
I 5% sulfur cinquefoil cover (Table 1). Infestations were found 
under tree canopy; however, areas without tree overstory had 
the greatest densities of sulfur cinquefoil. Of the sites without 
tree canopy cover, 80.8% (n = 21) were infested with sulfur 
cinquefoil and the maximum stem density recorded was 154 
stems m-2 (mean = 29 stems mP2). On sites with > 50% tree 
canopy cover, 50% (n = 4) were infested and the maximum 
sulfur cinquefoil stem density was 1 stem m-2 (mean = 1 stem 
m-2). 

Photo Interpretation 
Photo interpreters were able to detect sulfur cinquefoil at all 3 
scales of photography (Table 2; Fig. 2). The mean overall 
accuracy for the 3 photo interpreters to correctly detect sulfur 
cinquefoil presence or absence was 76.9% at the 1:3 000 scale, 
67.9% at the 1:6 000 scale, and 59.1 % at the 1:12 000 scale 
(Fig. 2). Mean overall accuracy increased approximately 10% 
for each scale, resulting in an 18% increase in our detection 
capability from the smallest to largest scales. In addition, the 
mean producer's accuracy for sites with sulfur cinquefoil 
present increased from 49.7% to 82.3% from the smallest to 
largest scales. Despite the trend in increasing accuracy with 
increasing scale, we were more likely to have a false-positive 
result at larger scales than at smaller scales (Fig. 2). For the 
1:12 000 scale, we correctly identified 86.7% of the sites that 
did not contain sulfur cinquefoil, whereas at the 1:6 000 and 
1:3 000 scales, we correctly identified only 58.3% and 56.4% 
of these sites, respectively (mean producer's accuracy for sites 
with no sulfur cinquefoil; Table 2). 

As sulfur cinquefoil cover increased, we had a greater 
probability of detecting its presence (Fig. 3). However, new or 
small infestations (< 1 % cover) were detected in 73.8% of the 
sites at the 1:3 000 scale, 57.1% of the sites at the 1:6 000 
scale, and 41.0% of the sites at the 1:12 000 scale. 

Tree canopy cover affected our ability to detect sulfur cinque- 
foil infestations at all scales (Fig. 4). At the 1:12 000 scale, correct 
detection of sulfur cinquefoil presence decreased from 61.9% 
with zero canopy cover to 41.7% with > 50% canopy cover. 
Correct detection of sulfur cinquefoil using the 1:6 000 scale 
decreased substantially from 87.3% with zero canopy cover to 
33.3% with > 50% canopy cover. Similarly, for the 1:3 000 
scale, there was a reduction in correct detection from 84.1 % with 
zero canopy cover to 50% with > 50% canopy cover. 

The mean overall accuracy of sulfur cinquefoil cover 
estimates ranged from 33.8% to 38.0% among the scales 

1 :3,000 1 :6,000 1 :12,000 
Scale 

False Positive1 
~ i s s e d ~  

s Correct ~ b s e n t ~  

Correct present4 

Figure 2. Mean accuracy of 3 photo interpreters in determining sulfur 
cinquefoil presence in aerial photographs taken at 3 scales. 'percent of 
sites classified as having sulfur cinquefoil present when it was not. 
2~ercent of sites classified as having sulfur cinquefoil absent when it was 
present. 3~ercent of sites correctly classified as having sulfur cinquefoil 
absent. 4~ercent of sites correctly classified as having sulfur cinquefoil 
present. 
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Sulfur cinquefoil cover (% ) 

Figure 3. Correctly detected sulfur cinquefoil presence (mean values) by 
photo interpreters for 5 sulfur cinquefoil cover classes at 3 photography 
scales. ' n  = 35, 10, 9, 4, 1 for < I % ,  1%-5%, 5%-25%, 25%-50%, 
and 50%-75% cover classes, respectively. 2n = 28, 9, 9, 2, 1 for < I%, 
1%-5%, 5%-25%, 25%-50%, and 50%-75% cover classes, 
respectively. 

(Table 3).  As indicated by the accuracies, observers were unable 
to provide an accurate classification of cover, regardless of 
cover class. 

DISCUSSION 

This study addresses a critical question central to exotic plant 
invasion of rangelands: How can managers accurately and cost 
effectively inventory and monitor nonnative invasive plants 
across large landscapes? Owing to limited financial and 
personnel resources to sample, inventory, and monitor large 
areas, the development of methods such as remote sensing to 
detect invasive species is needed. Although previous studies 
report mixed success with using remote sensing (Carneggie 
et al. 1983; Johnson 1999; Lass et al. 2002; Ramsey et al. 
2002), our results indicate that 1) natural color aerial photog- 
raphy can be used to identify sulfur cinquefoil infestations, 

Tree canopy cow- (% ) 

Figure 4. Correctly detected sulfur cinquefoil presence (mean values) by 
photo interpreters for 6 tree canopy cover classes at 3 photography 
scales. ' n  = 21, 8, 8, 1 I ,  7,  4 for 0%, < 1 %, 1 %-5%' 5%-25%, 25%- 
50%, and > 50% cover classes, respectively. * n  = 21, 7, 6, 9, 4, 2 for 
0, < I % ,  1%-5%, 5%-25%' 25%-50%, and ~ 5 0 %  cover classes, 
respectively. 

Table 3. Classification accuracies for photo interpretations of percent 
sulfur cinquefoil cover at all scales and mean classification accuracies of 
the 3 interpretations. 

Overall accuracy (%) 

Scale 1 :3 000 1 :6 000 1:12 000 

Observer 1 40.3 
Observer 2 33.9 
Observer 3 33.9 
Mean 36.0 

Producer's accuracy, 0% (%) User's accuracy, 0% (%) 

Scale 1:3 000 1:6 000 1:12 000 Scale 1:3 000 1:6 000 1 :12 000 

Observer 1 84.6 85.0 95.0 Observer 1 39.3 37.8 39.6 
Observer 2 38.5 50.0 75.0 Observer 2 55.6 50.0 36.6 
Observer 3 46.2 40.0 90.0 Observer 3 54.6 38.1 34.6 
Mean 56.4 58.3 86.7 Mean 49.8 42.0 36.9 

Producer's accuracy, 1 % (%) User's accuracy, 1 % ('10) 

Scale 1:3 000 1:6 000 1:12 000 Scale 1:3 000 1 :6 000 1 :12 000 

Observer 1 39.3 17.1 25.7 Observer 1 50.0 37.5 69.2 
Observer 2 28.6 22.9 28.6 Observer 2 47.1 40.0 66.7 
Observer 3 10.7 5.7 2.9 Observer 3 60.0 22.2 50.0 
Mean 26.2 15.2 19.0 Mean 52.4 33.2 62.0 

Producer's accuracy, 1 %-5% (%) User's accuracy, 1 %-5% (%) 

Scale 1 :3 000 1 :6 000 1 :I 2 000 Scale 1 :3 000 1 :6 000 1 :12 000 

Observer 1 22.2 40.0 30.0 Observer 1 18.2 40.0 23.1 
Observer 2 11.1 30.0 30.0 Observer 2 6.3 17.7 25.0 
Observer 3 55.6 30.0 0.0 Observer 3 20.8 14.3 0.0 
Mean 29.6 33.3 20.0 Mean 15.1 24.0 16.0 

Producer's accuracy, > 5% (%) User's accuracy, > 5% (O/O) 

Scale 1:3 000 1:6 000 1:12 000 Scale 1:3 000 1:6 000 1:12 000 
- - 

Observer 1 8.3 35.7 14.3 Observer 1 100.0 62.5 40.0 

Observer 2 58.3 50.0 21.4 Observer 2 35.0 31.8 27.3 
Observer 3 58.3 50.0 50.0 Observer 3 31.8 25.0 41.2 
Mean 41.7 45.2 28.6 Mean 55.6 39.8 36.2 

even at low densities; 2) sulfur cinquefoil is more easily de- 
tected in large-scale photos than in small-scale photos, although 
sulfur cinquefoil was readily detected at all scales; 3) aerial 
photography is not reliable for accurately determining percent 
cover of infestations, but by further generalizing sulfur cinque- 
foil cover classes, broad estimates of percent cover may be 
obtained; and 4) tree canopy cover inhibits detection, and 
therefore aerial photography use is most effective in grassland 
communities or open forests. 

The user's accuracy is a gauge to inform us how confident we 
can be in the classifications made. However, given that our 
main objective for this study was to assess the ability to detect 
sulfur cinquefoil by using aerial photography, the overall and 
producer's accuracies were key in our analysis of the classifi- 
cation accuracy assessment. 

The decrease in producer's accuracy for sulfur cinquefoil 
absence from smallest to largest scale (i.e., more false positives) 
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may be due to the changes in texture and color between 
photography scales. The photography detail at the 1:12 000 
scale is obviously less than at the 1:6 000 and 1:3 000 scales, and 
may not cause the photo interpreters to falsely classify similarly 
colored vegetation as sulfur cinquefoil as often. 

The range of accuracy among observers is relatively large 
compared with the range across scales. For example, the pro- 
ducer's accuracy for sites with sulfur cinquefoil present has 
a range of 26.5% for the 1:3 000 scale, 30.6% for the 1:6 000 
scale, and 13.5 % for the 1: 12 000 scale, which is considerable 
relative to the range of mean values across scales of 32.6% (Table 
2). Similarly, the range among observers for the producer's 
accuracy for sites with sulfur cinquefoil absent is 46.1 % for the 
1:3 000 scale, 45.0% for the 1:6 000 scale, 20.0% for the 
1:12 000 scale, and 30.2% across scales (Table 2). The ranges 
among observers for the overall accuracy and the user's accuracy 
are less than the producer's accuracy but so are the ranges across 
scales for each, suggesting the trend is consistent in all of the 
accuracy groups. These results indicate an opportunity to 
improve the detection method by decreasing interobserver 
variability. This may be done by using more observer training 
sites with known sulfur cinquefoil cover to standardize estimates. 

Two additional challenges may limit the widespread use of 
this methodology. First, aerial photographs must be taken during 
peak bloom to maximize sulfur cinquefoil detection, which 
requires observing plant phenology during the same season of 
scheduled photography. Second, in some areas there may be 
other plant species with similarly colored flowers that could 
confuse interpreters. In the Pacific Northwest, buckwheat 
(Eriogonum spp.) and lupine (Lupinus spp.) with yellow flowers 
could potentially cause interpretation errors. 

Our approach may be particularly valuable to land managers 
seeking to assess sulfur cinquefoil invasions across large or 
inaccessible areas. We believe it may be feasible to capitalize on 
existing aerial surveys and pho~ographs to detect sulfur cinque- 
foil populations. For example, the US Department of Agriculture 
(USDA) Forest Service and the Oregon Department of Forestry 
conduct regular flights for resource applications, many of which 
occur when sulfur cinquefoil is flowering. Moreover, the USDA 
Forest Service regularly collects Aerial Resource Photography by 
using natural color aerial photography at 1:12 000 scale, which 
may provide a valuable data source. We suggest that land 
managers consider 1) the size of the area being surveyed; 2) 
anticipated infestation densities; 3) project scope; and 4) avail- 
able funding before determining what scale of photography to 
use. The 1:3 000 scale is most accurate overall, but for managers 
primarily interested in identifying major infestations over large 
areas, the 1:12 000 scale may be more appropriate and still 
provide > 70% detection of infestations that have > 25% sulfur 
cinquefoil cover. 

Our approach represents a relatively easy to implement and 
highly accurate method for detecting sulfur cinquefoil. Because 
nonnative invasive plants are easiest to control when populations 
are small, land managers reap substantial financial and work- 
force benefits from using cost-effective and reliable detection and 
monitoring methods. Based on our success in detecting sulfur 
cinquefoil, we plan to extend the scope of our work. Future study 
will determine the feasibility of delineating sulfur cinquefoil 
infestations in our study site and the nearby Wenaha-Tucannon 
Wilderness Area on the Umatilla National Forest. 
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