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Abstract: Environmental factors often limit plant establishment and survival through increased
seedling mortality. Understanding plant growth and the causes of mortality can be helpful in de-
veloping solutions that enhance seeding success and improve restoration monitoring. The purpose
of our research was to assess the efficacy of time lapse and motion sensing cameras for monitoring
seedling height, density, and fate. We conducted this study in a salt desert shrub community in
northwest Utah, USA. In spring 2017, we placed 28 cameras in fenced and unfenced plots seeded
with bottlebrush squirreltail and collected hourly images of the seedlings” development for the ini-
tial four months post-seeding. The seedling attributes were recorded in-field and compared with
camera images to determine accuracy and reliability. We found that the optimal period for captur-
ing imagery occurred near the sun’s zenith when shadows were minimized. We were able to detect
both the timing of the plant emergence, plant height, density, growth rate, and seedling death. The
average seedling height and density were underestimated by 14% and 30% between the camera and
field estimates, respectively. We recognize that it could be beneficial to adjust for the effect of the
date. The reduced seedling density improved the measurement accuracy through a lower visual
obscurity. Managers can utilize remote cameras to effectively measure vegetation that can provide

an insight into environmental influences.

Keywords: remote camera; rangelands; restoration ecology; herbivory; monitoring; bottlebrush
squirreltail

1. Introduction

Rangelands account for more than 50% of the terrestrial land surface area and include
areas which support biodiversity and provide important ecological services [1]. The hu-
man uses of rangelands are varied, extensive, and can lead to degraded conditions and
shifts in vegetation structure, such as a reduction in the abundance, diversity, and vigor
of native species [2,3]. Degraded rangelands often promote the colonization and domi-
nance of invasive annual species [4-7]. In contrast to plant communities dominated by
perennial vegetation, annual invasive weeds can impair ecosystems by altering fire re-
gimes, exposing surface soils that promote wind and water erosion, and alter plant com-
munity composition and successional pathways [8-10]. Additionally, degraded plant
communities support a poorer forage quality and cover for wildlife and reduced animal
diversity [11]. These influences have been associated with diminished biosphere integrity
which is currently at risk worldwide [12].

In an effort to increase biotic integrity, improve plant community function, and re-
duce fire risk, land managers regularly reseed degraded rangelands using perennial
grasses, forbs, and shrubs that protect soils, provide forage for wildlife and livestock, and
increase ecological resilience [9]. Annually, more than 100 million USD are spent in an
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effort to restore degraded rangelands worldwide [13-15], however, these efforts have his-
torically experienced low rates of success [9,13,16]. Different methods are needed to better
monitor and assess reseeding efforts that can lead to a better restoration success, improved
ecosystem function, and extensive cost savings [9,13,14].

Technological advances are integral for improving restoration success through an in-
creased understanding of seed ecology and a recognition of limitations in plant establish-
ment. Developing improved monitoring techniques for characterizing demographic
stages, including seed germination, seedling emergence, seedling establishment, and sur-
vival to an adult plant, will increase our understanding of limitations to revegetation suc-
cess [17-20]. An effective restoration is typically correlated with plant establishment in
response to environmental variability (i.e., climate, herbivory, soils, and invasive species).
Monitoring these characteristics requires frequent site visits to quantify the numbers of
seedlings (density), the rate of plant growth, and seedling survival. Restoration monitor-
ing is often challenging because of field—travel logistics, a limited amount of time, and a
lack of resource availability decreases the frequency that samples can be collected. This
may be especially difficult in remote study areas or sites with a poor access. Current mon-
itoring methods can provide valuable information but are generally on a limited temporal
scale. Methods that can record a greater detail of what transpires in reseeded areas will
increase our ability to monitor restoration efforts. Remote sensing technologies are widely
accepted and applied across scientific and professional disciplines, where they reduce the
time and effort required to collect vegetation data with a greater data resolution [21-23].

Remote sensing technology has been widely developed for natural resource manage-
ment applied at broad spatial scales, such as classifying landscape vegetation types or
creating digital elevation models [24-26]. There are increasing opportunities to expand
the use of remotely sensed data at multiple spatial and temporal scales, including agricul-
tural and wildland seedling monitoring [23,27]. A recent development in remote sensing
is the use of remote camera technology, also referred to as trail cameras, game cameras,
or camera traps. These devices were developed to be a non-invasive sensor that acquires
imagery using timed, motion detection, and infrared-sensing capabilities [28,29]. Re-
source managers use these cameras to monitor disturbance and vegetation change that
often affect rangeland resource availability and ecological services [30,31]. The use of re-
mote cameras for research has varied widely and includes applications such as the esti-
mation of tiger densities in India [32], monitoring wildlife interactions with feral horses at
water sources in the Great Basin [33], determining watering sites selected by chukar [34],
and monitoring invasive rodents and rodent granivory [35,36]. Compared to wildlife
monitoring, literature describing the use of remote cameras for monitoring vegetation is
limited, however, this technology is currently being applied to improve vegetation detec-
tion, monitoring, and habitat assessment [30,37,38].

There have been significant advancements in camera technology since their first use
to quantify vegetation characteristics in the 1920s, when an apparatus for photographing
vegetation quadrats was developed [39-42]. A prominent development in vegetation
monitoring has been the incorporation of high-resolution image acquisition acquired from
a variety of sensors and platforms, such as unmanned aerial systems (UAS) [43-47]. These
methods have been demonstrated to be accurate for measuring mature plants in both
rangeland and agricultural settings [23,46—49]. The photographic monitoring of vegeta-
tion is currently used for measuring plant canopy covers, species composition, plant
health, and changes in the plant community or individual plants over time for mature
individuals [50-54]. The use of photogrammetry in seedling research is much more lim-
ited and focuses mainly on large seedlings in precision agriculture and forestry or meas-
uring seedling characteristics in a lab setting with specialized equipment [27,55-59].

The purpose of this study was to determine the efficacy of using commercially avail-
able camera traps to detect small seedling characteristics including vegetation height,
seedling density and the variability in density over time which is associated with plant
growth and herbivory, and the timing and cause of seedling mortality at a fine scale. We
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evaluated the use of remote cameras to measure seedling physical characteristics and spe-
cific causes of mortality while simultaneously obtaining frequent data that minimizes the
amount of time required to collect these data in the field. To accomplish this, we compared
the data collected from high-resolution cameras with field-based measurements and eval-
uated the efficacy and limitations of remote cameras to accurately quantify vegetation
growth and detect the causes of mortality. We also assessed the appropriate sensor types
(camera), optional camera settings, and the appropriate positioning of the sensor for op-
timal data capture.

2. Materials and Methods
2.1. Study Site Description

This study was conducted at two locations, Murray’s Mesa (41.036394°N,
-112.979465°W) and Arctic Road (41.078425°N, -112.927195°W), on the Utah Test and
Training Range (UTTR) located in the West Desert of Utah, United States. This military-
managed land is in a relatively low precipitation area of the semi-arid Great Basin Region,
receiving approximately 258 mm of precipitation annually [60]. Murray’s Mesa is located
at a 1399 m elevation with a <4% slope. We determined through Brigham Young Univer-
sity’s Environmental Analytical Lab (Provo, UT, USA) that the top 15 cm of soil contained
37.4% of silt, 22.4% of clay, and 40.2% of sand with a pH of 7.8 and 1.3% of organic matter.
The Arctic Road site is located at a 1338 m elevation with a <4% slope and soil containing
47 4% of silt, 26.4% of clay, and 26.2% of sand with a pH of 7.6 and 2.7% of organic matter.
Both sites consist of a degraded salt desert shrub community. Remnant native perennial
plants include Sarcobatus vermiculatus (Hook.) Torr. (greasewood), Atriplex confertifolia
(Torr. & Frem.) S. Watson (shadscale), Artemisia spinescens D.C. Eaton (bud sagebrush),
Elymus elymoides (Raf.) Swezey (bottlebrush squirreltail), and Achnatherum hymenoides
(Roemer & J.A. Schultes) Barkworth. Within these communities, military activity has con-
tributed to an increased fire frequency and the invasion of annual grasses and forbs in-
cluding Bromus tectorum L. (cheatgrass), Halogeton glomeratus (Bieb.) C.A. Mey (halogeton),
Salsola iberica (Sennen & Pau) Botsch. (Russian thistle), and Sisymbrium altissimum L. (tum-
ble mustard). A revegetation from seed with a mix of native and introduced species was
attempted at the Arctic Road site in 2016 with very little success, and at the Murray’s Mesa
site in 2017 with a limited plant establishment.

2.2. Study Design

We installed 28 Reconyx PC900 (Reconyx, Holmen, WI, USA) remotely triggered
cameras at each study plot for a total of 28 study plots. This model of camera was selected
because of its factory-installed weatherproof protection, ability to be programmed for
both time-lapse and motion-triggered image acquisition, and common use in wildlife re-
search. We modified the focal range of these cameras to capture images at a close range
(<60 cm). We placed 14 cameras at each site, arranged in a randomized split-plot design
for a total of seven replications. Half of the plots were fenced to exclude herbivores. Each
plot was hand-seeded on 27 May with E. elymoides in four 75 cm rows placed perpendic-
ular to the camera position. The first row was oriented 35 cm from the camera, and the
rows were spaced 20 cm apart to ensure the visibility of individual rows on each image
(Figure 1). The rows were marked on each end with a wood dowel to help in locating and
counting the seedlings both in the field and on images. Each row was seeded at a 0.5 cm
depth with 50 pure live seeds, totaling 200 seeds per plot. Due to the dry climate at the
study sites (~258 mm precipitation annually) [47], we watered the plots daily to ensure a
sufficient soil moisture for seed germination and seedling emergence. One plot was se-
lected at each site to monitor the soil moisture from 0 to 10 cm depths using Decagon MPS-
6 dielectric water potential sensors (Meter Group Inc., Pullman, WA, USA). The plots were
brought to the field capacity (=33 kPa, 0.301 g of water 1 g soil!) three days after planting
and were maintained at 250% of field capacity until all the plots reached a 50% emergence.
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Upon reaching a 50% emergence, watering was reduced to only twice per week and com-
pletely discontinued five weeks after planting.

Figure 1. Photo of the plot setup with camera on left and seedlings in four rows marked by wooden
dowels in the center. An unfenced plot is observed in the foreground, and a fenced plot in the back-
ground. This photograph was taken at the Murray’s Mesa site located on the Utah Test and Training
Range (UTTR), Utah.

We placed cameras in each plot 10 cm above the soil surface and angled forward 15°.
Keeping the cameras at this slightly elevated height reduced the amount of dust that col-
lected on the lens and allowed for multiple rows to be visible in the camera’s field of view.
If cameras were kept level with the soil surface, the first row of seedlings would have
blocked the seedlings in the rows behind it. Additionally, our preliminary work indicated
that it was difficult to detect seedlings if the cameras were placed at nadir (directly above
seedlings) because the plant surface area that was visible was much less than if viewed at
an oblique perspective. The camera focal length was factory adjusted to 61 cm. The cam-
eras were programmed to capture one photo every hour from 8 AM to 7 PM (approximate
light hours) daily. The cameras were also set to trigger with changes in infrared heat
(caused by motion), taking three photos per trigger, with a wait period of 15 s between
the triggers (Figure 2). The plots were cleared of weeds and the camera lenses were
cleaned to maintain the visibility of the seedlings throughout the sample period.

In the field, we physically measured the seedling height and density every 2-3 days
between 10 June-5 July 2017, for a total of 11 measurements. We then collected a final
measurement for both characteristics on 19 September 2017. The seedling density and av-
erage height were measured in each plot by counting the number of seedlings per row
and measuring the height of each seedling in each row. These measurements were taken
in the field at the same time that an image was collected from a remotely placed camera,
ensuring that the two measurements could reliably be compared.
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Figure 2. An example of timed (left) and motion triggered (right) images obtained from a camera
trap that were analyzed for seedling height and herbivory.

After all images were collected, the seedling height and density were manually ex-
tracted from the images on a computer monitor by counting the number of seedlings per
row in the images and using a ruler to measure the seedling height on the screen. Since
the photographs put the seedlings on a one-dimensional image, the seedlings farther back
in the image appear smaller than the seedlings closer to the camera and calibration sam-
ples were necessary to extract the seedling height. To account for the seedling size distor-
tion in the images and the fact that we had to calibrate the image height measurements,
we randomly selected 3 image collection dates to compare the extracted height measure-
ments of the seedlings in the images to the physical measurements that were taken in the
field at the exact same time as the image was collected. The average seedling height of the
in-field measurements was divided by the on-screen extracted average seedling height
from the matching image to create a ratio (calibration sample field height + calibration
sample image height = calibration ratio) that could then be used to calibrate the image
seedling height measurements using the following calculations: image height x calibration
ratio = corrected image height. The corrected image height was used to compare to the
field measured height for our analysis.

Motion-triggered images were collected continuously from 27 May to 20 September,
2017. Animals were identified as accurately as possible from the images, usually to the
level of the genus, and when possible, to the species. Images of the seedlings from before,
during, and after the animals were detected and were used to determine whether the an-
imal was grazing or otherwise damaging the seedlings and how many seedlings had been
damaged. The causes of damage to the plants were quantified by tracking individual
plants and documenting when entire plants or parts of plants failed to occur in subsequent
images. If images showed a herbivore consuming part or all of the plant, or if the plant
was missing all or part of its vegetation directly after a herbivore was foraging at the plant,
it was classified as a herbivory event for that animal. If no herbivore was detected when
a plant was partially or wholly removed, it was classified as an unknown herbivory. If a
seedling was otherwise damaged by being buried or trampled, it was labeled accordingly.

Our ability to accurately use data collected in the field and using remote cameras was
dependent on several conditions which included (1) the proper camera settings, (2) the
correct positioning of the camera, (3) establishing unobstructed conditions, and (4) devel-
oping strategies for working through the challenges that we encountered, including bal-
ancing the need for detail with managing large quantities of data collected, collecting dif-
ferent datasets with the same sensor (e.g., motion triggered images and time-lapse images
from the same camera), and determining the correct interval for checking and cleaning
sensors. The time required for data collection was also an important consideration when
comparing the field data to the remote camera data, and we compared the time spent in
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the field collecting data to the time required for a remote camera setup, maintenance, and
a post-collection analysis of images. Based on these assessments, we created a decision
flow chart to inform users on the optimal camera settings for an improved reliability and
an assessment of the nuances of the data collection and image analysis for acquiring accu-
rate plant growth and survival data. We divided this decision-making approach into 6
main categories: (1) the primary focus of the study, (2) size/scale of the study subject, (3)
primary features of the subjects to be studied/measured, (4) plot setup, (5) camera settings,
and (6) camera maintenance.

2.3. Analysis

We compared the seedling density and average seedling height between our images
and in-field measurements. We analyzed the overall accuracy of the seedling density and
average seedling height from the images and identified the factors that affected the meas-
urement accuracy using a mixed model analysis of variance in SAS® (SAS Institute Inc.,
Cary, NC, USA), with a = 0.05. The factors included in the model for the seedling height
included the date, row order from the camera, fencing, and the interaction of the fencing
and the date. We performed the same analysis for the seedling density including the date,
row order from the camera, fencing, and the interaction of the date with the fencing and
row. After adjusting for these factors, we used a mixed model analysis of variance to de-
termine whether the time of day affected the measurement accuracy from the images. To
determine the accuracy of the cameras in detecting herbivory, we calculated the frequency
of herbivory events for each herbivore, and included a category for an unknown cause of
herbivory.

3. Results
3.1. Average Height

The average seedling height measured from the imagery was underestimated by ap-
proximately 14% compared to the field measurements (p = 0.03). The image height meas-
urements were reliably generally accurate (R? = 0.7063, RMSE 2.17) after underestimation
was accounted for (Figure 3).
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Figure 3. Scatterplot of field vs. picture average seedling height with fitted linear regression line
(dotted line) and 1:1 line (solid line). R?2 was 0.7063 and RMSE was 2.17.
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Factors affecting the accuracy of the image estimates for the height included the date
(p <0.001), fencing (p < 0.001), and the interaction of the date and the fencing (p < 0.001).
The row order from the camera was the only factor that did not affect the accuracy of the
seedling height estimates (p = 0.4). (Table 1). The measurements were underestimated at
earlier dates by as much as 27% (14 June) and became more accurate over time with a
difference of 8% on 5 July and no difference between the field and image estimates at the
last measurement (19 September, Figure 4). The fenced image estimates were more accu-
rate than the unfenced ones, but they varied by up to 2.9 cm, while the unfenced image
estimates were very precise, varying a maximum of 0.75 cm. The fenced plot estimates of
the average seedling height were underestimated by approximately 2 cm in June and be-
came more accurate over time (Figure 5B), while the unfenced plot estimates were con-
sistently underestimated by about 2.5 cm (Figure 5C). The accuracy of the plant height
from the images did not differ between the dates in the unfenced plots (Figure 5A). After
adjusting for the effects of the date, row, and fencing, the time of day had an effect on the
accuracy of the height estimates from the images (p = 0.026). No major patterns were ob-
served, but 3:00 and 4:00 PM were less accurate than 1:00, 5:00, and 7:00 PM, but not dif-
ferent from the other hours (Figure 6).

Table 1. Results of mixed model analysis for average seedling height.

Type 3 Tests of Fixed Effects for Avg Seedling Height

Effect Num DF Den DF F Value Pr>F
Date 10 260 6.81 <0.0001
Row 3 81 0.98 0.4076
Treatment 1 26 34.77 <0.0001
Date x Treatment 10 260 12.66 <0.0001
6
5 1
m® T T
€
£
£3
.20
B
2
1 -
0 | I |
June July August September

—Field —Pictures

Figure 4. Effect of date on picture height measurements (mean + SE) estimated from images obtained
with remote cameras and actual heights measured in the field every 2-3 days between 10 June and
5 July 2017, and a final measurement on 19 September 2017. Data were collected from study plots
located at the Utah Testing Range, Utah.
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Figure 5. Interaction of date and fencing for height estimates in images vs. field (estimates + SE). (A)
Shows the difference in height for fenced vs. unfenced plots (field measurement-image measure-
ment). (B) A comparison of image and field measurements for height in fenced plots, over time. (C)
A comparison of image and field measurements for height in unfenced plots, over time. Data were
recorded in the field every 2-3 days between 10 June and 5 July 2017, with a final sample collected
on 19 September 2017 at the Utah Testing Range, Utah.
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Figure 6. Effect of time of day on accuracy of image height estimates (estimate + SE) from data col-
lected at study sites located at the Utah Test and Training Range (UTTR) in northwest Utah.

3.2. Seedling Density

The density estimates in images were different from the field measurements and
were underestimated by approximately 30% (5.3 seedlings ¥4 m=2, p = 0.019). The image
extracted densities were generally accurate (R? = 0.8921) after accounting for the underes-
timation, but had a higher error (RMSE = 17.78) than the height estimates.

The date (p <0.001), fencing (p < 0.001), the interactions of the date with the row order
from the camera (p < 0.001) and with the fencing (p = 0.016), and the time of day affected
the accuracy of the image estimates for the seedling density. The row order alone did not
significantly affect the accuracy of image estimates for the seedling density (p = 0.069, Ta-
ble 2). At earlier dates, the seedling density was underestimated in images by approxi-
mately 16% and increased with time until the density estimates were accurate, then over-
estimated at the latest dates by 3% (5 July) and 31% (19 September, Figure 6). In the fenced
plots, the seedling density was underestimated in images by 5.7%, whereas the seedling
density estimates were not affected in the unfenced plots. The fenced plot densities were
underestimated at earlier dates by up to 25% (14 June) and were not different from the
field measurements on 5 July and 19 September (Figure 7). At earlier dates, the row order
from the camera did not affect the accuracy of the image density estimates compared to
the field measurements, but on 19 September, rows one and four (the first and last rows)
were overestimated compared to the field measurements by 47% and 56%, respectively.
After adjusting for the date, row, and treatment, the time of day had an effect on the ac-
curacy of the density estimates (p < 0.001). Afternoon hours from 1:00 PM to 3:00 PM had
more accurate seedling density estimates than the morning hours (8:00 AM to 10:00 AM)
and some evening hours (4:00 AM, 6:00 PM, and 7:00 PM, Figure 8). The interaction of the
date and the fencing for the density estimates suggest that there is a difference in density
when comparing the fenced and unfenced plots (Figure 9). Additionally, when comparing
the images and field measurements, we found a greater density in the fenced plots over
time. We also noted that the time of day that the photos were taken in influenced the
accuracy of the results (Figure 10).
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Figure 7. Scatterplot of field vs. picture average seedling density with fitted linear regression line

(dotted line) and 1:1 line (solid line). R? was 0.8921 and RMSE was 17.78.

Table 2. Results of mixed model analysis for seedling density.

Type 3 Tests of Fixed Effects for Seedling Density

Effect Num DF Den DF F Value
Date 10 260 8.02
Row 3 81 2.45

Treatment 1 26 15.15
Date x Row 30 813 2.38

Date x Treatment 10 260 2.24

Pr>F
<0.0001
0.0698
0.0006
<0.0001
0.0160
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Figure 8. The effect of date on picture density estimates (mean * SE) from an image and measured
in the field over the period of the study. Data were recorded in the field every 2-3 days between 10
June and 5 July 2017, with a final sample collected on 19 September 2017 at the Utah Testing Range,
Utah.



Remote Sens. 2022, 14, 5365 12 of 20

[any
(9]

=
o

|

T

'
(%]
|
T
S %

Density Difference (Seedlings % m2) >
w
——s

| |
T T

June July August September

N
o

—Fenced —Unfenced

B 35

Density (Seedlings % m2)
= — N N w
o (%, o (6] o
| | | | |
T T T T T

0w

| | |
T T T

June July August September

o

—Field Fenced —Pictures Fenced

Css

w
o
!

T

N
%]
|
T

N
o
!

T

[y =
o (6]
! |
T T

)
i

Density (Seedlings % m2)

0 ] } }
June July August September
—rField Unfenced -=Pictures Unfenced

Figure 9. Interaction of date and fencing for density estimates in images vs. field (estimates + SE).
(A) Shows the difference in density for fenced vs. unfenced plots. (B) A comparison of image and
field measurements for density in fenced plots, over time. (C) A comparison of image and field
measurements for density in unfenced plots, over time. Data were recorded in the field every 2-3
days between 10 June and 5 July 2017, with a final sample collected on 19 September 2017 at the
Utah Testing Range, Utah.
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Figure 10. Effect of time of day on seedling density estimates in images vs. field (estimate +SE) from
data collected at study sites located at the Utah Test and Training Range (UTTR) in northwest Utah.

3.3. Herbivory Detection

A large suite of herbivores was detected consuming seedlings in herbivory events
(Table 3). Herbivory was detected and assigned to specific herbivores for 69.1% of the
damaged seedlings. Seedling herbivory often decreased the density and/or height of the
seedlings in the unfenced plots. Larger herbivores like L. californicus and T. bottae generally
consumed larger amounts of seedlings and also consumed more of the tissue on the indi-
vidual seedlings than smaller herbivores. The cause of the seedling herbivory was un-
known for 22.6% of the seedlings, and 8.3% of the seedlings were trampled or buried (Ta-
ble 4). The smallest herbivore detected was the Acrididae family (grasshoppers), which
accounted for 5.6% of known herbivory to the seedlings. The majority (91.66%) of seedling
damage and death was caused by herbivory.

The fenced plots did account for 23.5% of the herbivory events. T. bottae caused
73.18% of the herbivory events in the fenced plots. This was in two plots where T. bottae
were able to burrow under the fence to access the seedlings late in the summer (August).
Other herbivory in fenced plots was mostly undetected (82%).

Table 3. Frequency and percent of herbivory events on seedlings separated by herbivore event
types.

Herbivore/Type of Damage Number of Events Percent
Lepus californicus 338 36.15
Unknown Herbivory-Day 209 22.35
Thomomys bottae 161 17.22
Buried 65 6.95
Dipodomys sp. 63 6.74
Acrididae 52 5.56
Eremophila alpestris 24 2.57
Trampled 13 1.39
Urocitellus mollis 6 0.64
Unknown Herbivory-Night 2 0.21
Antilocapra americana 2 0.21

Grand Total 935 100.00
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Table 4. Percent damage caused to seedlings separated by category. Herbivores damaged the larg-
est proportion of seedlings (69%).

Cause of Damage Percent
Herbivores 69.09
Buried and Trampled 8.34
Unknown Herbivory —Day 22.36
Unknown Herbivory —Night 0.21
Total 100.00

4. Discussion

Research that evaluates vegetation characteristics using airborne or satellite imagery
more than 2 m distant from the plant surface is common in the published literature
[25,50,61,62]. The small size of E. elymoides seedlings relative to more mature plants creates
a unique challenge in accurately assessing the plant height in images. In our study, we
were able to measure even the slightest differences in plant growth because of the high-
frequency image availability and the high resolution. While the total height and growth
patterns over time were detected with both the field and remote measurement techniques,
our limited calibration between these two approaches resulted in an underestimation of
the seedling height by 14%. One method to improve the accuracy of the image height
estimates would be to place a ruler or a small Robel pole-style instrument [50] attached to
a small dowel vertically next to the seedlings at each row as a reference scale. This would
eliminate the need for a calibration of the picture estimates because the visual marker
would allow for a direct extraction of the height from the images.

The fencing appeared to decrease the precision of the height measurements from the
images. At later dates, the height estimates from the images were more accurate than at
the beginning of the summer. The unfenced plots were underestimated but very precise,
which allowed for an easier adjustment of the measurements. A reasonable explanation
for the patterns with the date, fencing, and their interaction, is that a higher seedling den-
sity made it more difficult to obtain consistently accurate seedling measurements in the
images due to more visual obstruction from the seedlings in the front rows. In the un-
fenced plots, the seedlings were often grazed by herbivores, maintaining or reducing the
average height and density, and thus indirectly increasing the precision of the estimates.
The fenced plots were subject to some herbivory, likely due to small invertebrate herbi-
vores, and in two plots where T. bottae were able to burrow under the fence. While this
may have reduced some density in the fenced plots, 73% of the herbivory happened be-
tween the last two measurements and did not affect the majority of the density estimates
in the fenced plots. The densities were much lower in the unfenced plots due to much
higher herbivory rates by large herbivores across all plots. Since less dense plants could
lead to more precise image estimates, this should be a consideration when measuring the
height of very small seedlings. When the time-of-day analysis for the height is considered,
1:00 PM, 5:00 PM, and 7:00 PM were the only hours that had more accurate image esti-
mates than the others. This is most likely due to the effects of shadows and the angle of
the sun. To sample at the best time of day, researchers should consider the angle of the
sun and visual obstructions that may cause shadows.

The number of plants present tended to reduce the accuracy of the plant density es-
timates from the images. For example, the seedling densities were highest at the earlier
dates before the seedlings had been grazed, which was also when the seedlings densities
were underestimated the most. The density estimates from the images were underesti-
mated more in the fenced plots, which had higher plant densities than the unfenced plots.
The high-density averages were approximately 22 seedlings ¥4 m?, and the low values
ranged between 10 and 15 seedlings ¥4 m=. Overall, the density estimates became more
accurate over time, which correlated with a reduction in the seedling density. We felt that
our ability to detect seedlings from images decreased with an increasing seedling density
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because individual seedlings in rows closer to the camera would obstruct the view of other
seedlings in the rows farther from the camera. Herbivory in the unfenced plots could in-
directly affect the density estimates by reducing the actual density of the seedlings, mak-
ing it easier to estimate the densities from the images. Additionally, seedlings growing
close together made it difficult to determine from the images whether they were individ-
ual plants or tillers from the same plant. It could be possible that the influence of the date
on the accuracy is partially attributed to larger seedlings being easier to see and measure
than the smaller plants.

Similar to the aerial wildlife surveys reported in the literature it appears that the
seedling density and height estimates could be influenced by different sightability factors
(factors affecting the probability of seeing an individual), like the number of seedlings in
the image (analogous to group size in wildlife), visual obstruction (seedlings themselves,
analogous to cover for wildlife), and the size of the individual [63]. Though this study did
not calculate sightability adjustments for the seedlings, models similar to wildlife sighta-
bility could be developed to adjust the estimates based on the probability of seeing indi-
vidual seedlings [64].

Afternoon hours from 1:00 PM to 3:00 PM had the most accurate seedling density
estimates. At the extremes of the day, the sun casts long shadows, affecting the visibility
of the seedlings in the images. The sun is overhead at noon, but with no shadow, the seed-
lings may be washed out in the image and thus be hard to see. As the sun passes its zenith,
shadows may be cast from the seedlings, increasing the visibility, but not being overcast
from larger shadows as they are in the morning and evening. The best time of day for
reducing the effect of shadows will also depend on the season and location [65].

The cameras were effective at capturing most herbivory events (69%). It is likely that
much of the unknown herbivory was caused by the Formicidae family (ants), Acrididae
family (grasshoppers), or other small invertebrate herbivores that are too small, with tem-
peratures near the ambient temperature, to trigger the camera’s infrared sensor. All but
two (99.1%) unknown herbivory events occurred during the day, which coincides with
the activity of diurnal species such as small invertebrate herbivores. A large suite of in-
vertebrate herbivores such as the Formicidae family, Coleoptera order (beetles), and Acridi-
dae family can be encountered in the Great Basin, which feed primarily on grasses like E.
elymoides [66]. Additionally, 23.5% of herbivory events occurred in the fenced plots. In
these fenced plots, the herbivory events were from animals that were able to get past the
boundary fence by flying over, burrowing under, or fitting through the spaces in the wire,
such as Eremophila alpestris (horned lark), the Acrididae family, and Thomomys bottae
(Botta’s pocket gopher). Unknown herbivores that were small enough to enter the fenced
plots probably were in the same proportions as in the unfenced plots (22.7%), adding to
evidence that undetected herbivory events were by small invertebrate herbivores such as
the Formicidae family (Table 5).

Table 5. Frequency of herbivory events on seedlings in fenced plots.

Fenced Herbivory Number of Events Percent
Unknown Herbivory 50 22.73
Acrididae 8 3.64
Eremophila aplestris 1 0.45
Thomomys bottae 161 73.18
Grand Total 220 100.00

One of the advantages of using motion-sensitive cameras to track the seedlings is the
flexibility which is provided. In order to effectively utilize cameras to address the unique
research objectives, many decisions must be made based on the specific research needs of
individual studies. The time required for data collection is an important consideration
when looking at using remote cameras for studies. We assume that the study setup time
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will be roughly the same for each method, but the camera setup for us required an addi-
tional 4 h. In our study, we wanted to collect data a minimum of two times per week. Our
study site was approximately 2 hours’ drive from our regular workstation. To collect data
in the field, this meant a minimum of 8 h travel time just for the basic amount of data
needed. We collected data in the field 12 times during the course of the summer, which is
48 h of driving time alone. The actual collection of the field data took approximately 1 h,
bringing the total to 60 h required to collect the data. The extraction of data from the im-
ages took approximately the same amount of time as the actual field collection, totaling
approximately 12 h. We determined that 2-week intervals were sufficient for maintaining
the cameras (checking the batteries, cleaning the lenses, and replacing the memory cards).
The travel to maintain the cameras over the course of the summer required seven site
visits, totaling 28 h of travel time and 1 h of maintenance time. This brought the total for
the camera data collection and maintenance to 45 h. For this frequency of data collection
and distance to the study site, we saved 15 h of work time. We collected additional data
on our cameras as frequently as 12 times per day, including motion data. These data
would be practically impossible to obtain if requiring a person to be present at all times.
While we did not estimate the time cost, we believe that cameras are required to collect
this type and frequency of data.

This study design was developed specifically using the Reconyx PC900 camera, but
other cameras could be used. Some considerations for selecting a camera include the avail-
ability of the cameras, price/cost of using the cameras, durability, weather resistance, focal
length and the ability to adjust the focal length, field of view size, and type of trigger
available (timed, motion, or manual) [28]. While these cameras can be relatively expen-
sive, their utility for collecting novel data should be taken into consideration. Addition-
ally, the density of the cameras required will depend on the type and scale of monitoring
desired, which can influence the total overall costs.

Once a camera is selected, the user should determine the size of the plants to be stud-
ied. Studies of large plants can have a longer focal length and a larger field of view (FOV),
because the plants are more easily visible and a larger field of view may be necessary to
capture the images of larger plants. Conversely, small plants are more difficult to detect in
images and the camera must be closer to the plants, creating a narrower FOV (Figure 1).

We recommend that primarily two factors should be used to determine the position
that cameras should be placed in: the data to be collected and physical characteristics of
the plant. If a study emphasizes the vertical plant characteristics such as the height or
changes in height, we recommend positioning the camera parallel to the ground, allowing
the camera focus to be perpendicular to the plant for ab adequate feature capture. Hori-
zontal plant characteristics such as the plant width, increases in foliage, and even biomass
[63] can often also be determined with the camera being positioned parallel to the ground.
If cameras are placed parallel to the ground, we recommend that they be elevated a min-
imum of approximately 10 cm off the ground and angled forward approximately 15 de-
grees. This helps prevent dust and debris buildup on the lens of the camera. If larger plants
are being studied, the camera may be placed higher without an angle, since dust and de-
bris will be less of a concern. One advantage of placing the camera parallel to the ground
is that cameras will cast less of a shadow than a camera which is placed above the plants.
If a study does not require height estimates but requires a cover or other similar estimates,
we recommend placing the camera above the plants, perpendicular to the ground. Most
plant cover estimates and measurements are taken from above the plant looking down
[67]. Placing the camera in this position facilitates an image collection that allows the esti-
mation of cover. Again, depending on the size of the plants, the camera height should be
adjusted based on the size of the plants being studied. We also recommend that plants’
physical characteristics should be considered when determining the camera position. E.
elymoides seedlings are slender with a much higher surface area visible from the side than
from above, especially directly after seedling emergence. These characteristics of the plant
make it important to place the camera parallel to the ground so that the images capture the
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largest amount of surface area for an easier identification. If the plant has more surface area
visible from above and height measurements are not required, it may be better to place the
camera above the plants.

5. Conclusions and Implications

The ability to acquire imagery using remote camera technology is a powerful tool for
acquiring plant morphological and growth pattern data. The use of these cameras in a
near-ground setting offers the opportunity to collect details unavailable with higher-alti-
tude sensors [49]. The ability to adjust the camera position and settings allows for a flexi-
bility in creating the study design. Remote cameras can be set up and checked by one
person in a few hours and can collect data even when researchers are not present, which
reduces the need to make frequent visits to the site. While cameras may require less field-
work, the amount of time required pre- and post-collection can be substantial, and this
trade-off should be considered before using cameras in such research. A careful and thor-
ough planning and decision-making process is imperative for an effective data collection
and for post-collection processing.

This study focused on tracking one species (E. elymoides) in small, watered plots
within the area of rangeland revegetation efforts. Future research should be conducted
with cameras to determine if they can be successfully used to monitor multiple species in
rangeland reseeding efforts. Using cameras to monitor reseeding efforts may also require
research on how the camera measurements of height, density, and herbivory are affected
in very low densities of seedlings, and the number of cameras required to achieve an ac-
ceptable statistical power with low densities of seedlings. By applying these methods, we
were able to assess the efficacy of detecting seedling dynamics at a fine scale, optimizing
the frequency of sampling and reducing travel costs to improve the seedling research. This
information can be used to inform managers on the application of technology as a sam-
pling strategy for monitoring seeding success with a greater accuracy and efficiency.

Though there are potential drawbacks to using remote cameras for research, creativ-
ity and thoughtfulness will allow cameras to be a powerful tool for researchers and land
managers to study plants, especially seedlings. Potential areas of research or monitoring
using remote cameras could include tracking seedling emergence, densities, de-
mographics, and survival, among others. The ability to track specific causes of seedling
death using direct photographic evidence could be useful for identifying the causes of
seedling death in restoration efforts. Using cameras for seedling monitoring and research
during restoration will inform the post-seeding management of rangeland restoration
projects and possibly lead to more effective restoration efforts.
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