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Piñon–juniper (PJ) woodlands have recently undergone dramatic drought-induced mortality, triggering broad
scale structural changes in this extensive Southwestern US biome. Given that climate projections for the region
suggest widespread conifer mortality is likely to continue into the next century, it is critical to better understand
how this climate-induced change in vegetation structure alters ecosystem function (e.g., productivity, biogeo-
chemical cycling, energy partitioning) in PJ woodlands. Data from satellite remote sensing could potentially
help to gain some of this understanding. However, relatively little is known about the suitability of satellite re-
mote sensing for monitoring mortality induced structural and functional changes in PJ woodlands, a semi-arid
biome characterized by sparse vegetation that complicates remote sensing of vegetation properties. Here we ex-
amined the potential role of satellite remote sensing to better understand structural and functional changes that
take place in PJ woodlands as they respond to and recover from climate induced mortality events. We used time
series medium (30 × 30 m) and high (≤5 × 5 m) spatial resolution satellite data in concert with eddy
covariance-based gross primary productivity (GPP) data collected in a PJ woodland mortality manipulation
near Mountainair, NM. Our results showed that both high and medium resolution satellite remote sensing data
can provide ecosystem level assessments of overall canopy mortality and subsequent regrowth in these semi-
aridwoodlands. However, high spatial resolution data alloweddetecting the disturbance almost a full year earlier
and enabled us to describe the spatially heterogeneous patterns of recovery typical for such complex. The ability
of satellite remote sensing to be used to provide information about changes in ecosystem functionwas condition-
al on the presence of sufficient soil moisture; when soil moisture was present the strength of the linear relation-
ship betweenGPP and spectral vegetation indices improved at themanipulated site (e.g. for high resolutionNDVI
data R2 = 0.13 during drought conditions, R2 = 0.46 when wet, P b .05) and less so at a nearby control site
(R2 = 0.09 during drought conditions, compared to R2 = 0.22 during growing conditions, P b .05). Thus, al-
though satellite time series can be used to monitor and improve our understanding of canopy function in both
disturbed and undisturbed semi-arid coniferous biomes, combining in situ eddy covariance data with satellite
time series demonstrated that the utility of these datasets is highest during periods of peak growing conditions.
This study therefore provides a benchmark for understanding how spatial and temporal variation in vegetation
structure and function can be best studied as semi-arid coniferous biomes respond to future climate variability.
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1. Introduction

Climatic conditions and disturbance events that cause tree mortality
are predicted to become more severe and frequent, resulting in wide-
spread ecological changes at scales ranging from landscapes to regions
(Williams, Allen, & Macalady, 2012; Choat et al., 2012). However, the
impacts of disturbance on ecological function are often poorly under-
stood and are therefore seldom included in broad scale models of forest
productivity (Liu, Bond-Lamberty, & Hicke, 2011). For example,
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feedbacks associatedwith significant increases in forestmortality across
the globe have potentially caused changes in global temperature and
precipitation amount and variability, particularly in the past decade
(Allen et al., 2010; IPCC, 2007). Large scale vegetation mortality is likely
to cause increased CO2 flux to the atmosphere in the short term and can
lead to lasting changes in ecosystem structure (e.g., reductions in cano-
py leaf area and changes in understory species composition) with long-
term (Ndecadal scale) effects on ecosystem carbon and energy balance
(Allen et al., 2010; Adams et al., 2010). A mechanistic understanding is
necessary to further elucidate how these mortality induced structural
changes relate to changes in functional processes such as energy
partitioning, vegetation productivity, and carbon sequestration, and to
quantify the impact of these mortality events on terrestrial productivity
and/or climate at multiple spatial and temporal scales.

In the southwestern US, conditions that trigger tree mortality
(e.g., low water availability and high temperature) are predicted to be-
come more in the next century resulting in increasing tree mortality
(Williams et al., 2012). Widespread tree mortality quickly alters the
physical structure of the ecosystem in terms of both the rapid changes
to thewoody overstory and the subsequent responses of the understory
vegetation caused by changes in light, moisture, and nutrient availabil-
ity (Rich, Breshears, &White, 2008). One biome that appears to be very
sensitive to climate variability in the southwestern US is piñon-pine/
juniper (PJ) woodland, which covers over 24 million ha in the region
(Fig. 1). A severe drought in New Mexico, Colorado, Utah and Arizona
from 1999 to 2002 (Breshears et al., 2005; Schwalm et al., 2012;
Williams et al., 2012) caused dramatic structural change to over
1.5million ha of PJ woodlands due to the abrupt die-off of 40–95%
piñon-pine (Pinus edulis) and 2–25% one-seed juniper (Juniperous
monosperma) (Breshears et al., 2005; Shaw, Steed, & DeBlander, 2005;
Williams et al., 2010). The resulting differential mortality of the oversto-
ry in PJ woodlands has had severe and lasting effects on ecosystem
structure. Needle fall from the dead piñon began 6–12 months
Fig. 1. The study sites are located b3 km apart from each other in central New Mex
following mortality (Royer et al., 2011), and the biomass of herbaceous
understory increased in response to higher light and soil moisture avail-
ability (Rich et al., 2008). Following mortality, stand age structure
in these biomes shifted towards a mixture of juniper and juvenile
(non-reproductive) piñon, lowering the average canopy height and av-
erage stem diameter of the system (Clifford, Rocca, & Delph, 2008).
These structural changes may create legacies of functional change
with unknown implications for the carbon, water and energy balance
of these disturbed woodlands. Given the broad spatial extent of PJ
woodlands across the US, coupled with this biome's high sensitivity to
climate change induced drought, it is imperative that methods are de-
veloped to understand how structural changes in PJ woodlands follow-
ing mortality events affect the carbon and water balance of this biome.

Much research has focused on the use of satellite remote sensing to
monitor and quantify changes in forest structure following disturbances
such as insect outbreaks and severe drought (e.g., Coops et al., 2006,
Huang, Asner, & Barger, 2012; Huang, Asner, Barger, Neff, & Floyd,
2010; Kennedy, Cohen, & Schroeder, 2007; Spruce, Sader, Ryan, &
Smoot, 2010;Wulder et al., 2006). The majority of this work has exam-
ined forest ecosystems characterized by dense vegetation (LAI N 1.5).
However, semi-arid biomes are characterized by sparse vegetation
(LAI b 1.5) which poses unique challenges to using a multi-temporal
approach that detects structural change as anomalous deviations from
long-term or short-term seasonal trends (e.g., Huang et al., 2010;
Kennedy, Yang, & Cohen, 2010). In ecosystems with sparse vegetation,
the measured spectral radiance is strongly influenced by the soil back-
ground, which confounds the vegetation spectral signal and thus the
ability to remotely sense structural changes over time (e.g., Eitel, Long,
Gessler, Hunt, & Brown, 2009; Huete et al., 1985, 1988).

To reduce the confounding effects of soil background on remote
sensing of vegetation, spectral mixture analysis (SMA) may be used to
isolate the vegetation spectral signal from the spectral signal obtained
from the soil (Asner and Heidebrecht, 2002; Elmore et al., 2000;
ico. The extent of Piñon–juniper woodland across the state is shown in green.
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Huang et al., 2010; Li, Gao, Bai, & Huang, 2012). By decomposing a sat-
ellite pixel into its components, SMA can provide the fractional cover
of both photosynthetic and non-photosynthetic vegetation, as well as
the fraction of bare soil and shadow. For example, Huang et al. (2010)
leveraged the spectral resolution of Landsat TMand ETM+data to char-
acterize the fractional cover of woody and herbaceous vegetation in a
semi-arid woodland. However, in order to describe sub-pixel cover
SMA relies on either spectral libraries or ground collected spectra,
both of which rely on data that can be sensitive to temporal and spatial
variability of vegetation, rock and soil, as well as the scale at which the
spectra were collected (Asner and Heidebrecht, 2002).

The challenge of characterizing sparse vegetation in semi-arid sys-
tems may be partially overcome by using high (≤5 × 5 m) spatial res-
olution satellite data. This scale of data is helpful in sparsely wooded
areas in particular, because it often allows individual tree crowns to be
resolved for analysis (Chen et al., 2004; Storey, 2004; Tong & He,
2013). However, relatively little is known about the use of high spatial
resolution satellite imagery to monitor and quantify structural changes
in semi-arid biomes following disturbance events. Even if high spatial
resolution imagery may allow improved monitoring of structural
changes in semi-arid ecosystems, relatively little is known about how
these structural changes can be linked to changes in ecosystem function,
namely changes in gross primary production (GPP).

Our overall objective was to examine the potential role of satellite re-
mote sensing towards an improved understanding of mortality induced
structural and functional changes in a PJ woodland. Specifically, we
tested i) the suitability of satellite time series formonitoringmortality in-
duced structural changes and subsequent changes in ecosystem function
in PJ woodlands and ii) how the suitability of satellite remote sensing for
monitoring these structural and functional changes is affected by the spa-
tial resolution of the employed satellite imagery. To investigate these
questions we used time series of medium (30 × 30 m; Landsat ETM+)
and high spatial resolution (5 × 5 m; RapidEye) satellite data in concert
with GPP data collected in a PJ woodland mortality manipulation exper-
iment near Mountainair, NM.

2. Methods

2.1. Site description

The study area includes two piñon–juniper woodlands separated by
3 km and located south of Mountainair, NM (Fig. 1). In September of
2009, 1632 adult piñon (N7 cm diameter at breast height) in a 4 ha
plot in one of the sites (hereafter referred to as the girdled site; 34°
26′ 48.54″N, 106° 12′ 48.63″W)weremechanically girdled by severing
the sapwood with a chainsaw at breast height (1.4 m) followed by the
application of a 5% glyphosate solution directly applied to the cut to en-
sure rapid loss of conductivity and subsequent mortality of the trees.
The total decoupling of the leaves with the roots following themanipu-
lation was designed to replicate the landscape following the mortality
that occurred in the response to the 1999–2002 drought (Breshears
et al., 2005; Clifford et al., 2008). The second PJ woodland (hereafter re-
ferred to as the control site; 34° 26′ 18.420″ N, 106° 14′ 15.698″ W)
remained intact. We have continually monitored surface fluxes of car-
bon, water and energy at each site using tower mounted eddy covari-
ance and associated micrometeorological sensors since 8 months prior
to the girdling manipulation in February 2009 (Fox et al., 2013).

The soil at both sites is Turkey Springs stony loam, characterized by
an abundance of alluvially deposited limestone (Soil Survey Staff). The
climate of the region is semi-arid, with a mean annual precipitation of
372 mm (±86.8 mm standard deviation, sd) and mean, max, and min
temperatures of 19.8 °C (±0.77 °C sd) and 2.32 °C (±0.64 °C sd) re-
spectively, over the past 20 years (PRISM Climate Group, Oregon State
University, http://prism.oregonstate.edu, created 28 June 2004). Incom-
ingmoisture to the site is largely bimodal, broken intowinter snowmelt
from January to March and seasonal monsoon precipitation between
August and October with a pronounced dry season occurring from
April through July.

2.2. In situ field measurements

Eddy covariance derived surface fluxes of carbon dioxide, water and
energy were measured at 10 Hz using a 3-axis sonic anemometer
(CSAT-3, Campbell Scientific, Logan, UT, USA) and an open path infrared
gas analyzer (Li-7500, LiCor Biosciences; Lincoln, NE, USA).

Continuous measures of net radiation, air temperature and relative
humidity, soil temperature, photosynthetically active radiation, and
soil moisture were made using a CNR1 (Kipp and Zonen, Delft,
Netherlands), HMP45C (Vaisala RH probe with aspirated radiation
shield Helsinki, Finland), TCAV (averaging thermocouple probes, 27
per site), and up-facing quantum sensors (Li-190SB, Licor Biosciences)
respectively. ECHO probes (TE 5 cm, Decagon Devices, Pullman, WA,
27 per site) were used for the measurements of volumetric water con-
tent (VWC) at each site. The fluxes were aggregated to 30 min intervals
and were corrected for temperature and moisture variations (WPL,
Webb, Pearman, & Leuning, 1980) as well as frequency responses
according to Massman (2000) as described in Anderson-Teixera et al.
(2011). Anemometer tilt due to terrain variability was corrected using
a planar fit method. We used a friction velocity (u*) filter to reject
data obtained when turbulence was low (u* less than a threshold
value). Data gaps created by the u* filter, malfunctioning instruments,
and rain were filled following Lasslop et al. (2010). We partitioned the
gapfilled net ecosystem exchange (NEE) into the components of total
C uptake through photosynthesis or Gross Primary Productivity (GPP),
and total carbon leaving the ecosystem through both autotrophic and
heterotrophic respiration (Re). We used exponential relationships be-
tween nighttime NEE and temperature following the methods of
Lasslop et al. (2010) to calculate continuous ecosystem respiration dur-
ing the day. GPP was then calculated as NEE − Re (Flanagan, Wever, &
Carlson, 2002).

2.3. Plot level vegetation sampling

In 2008 (before the girdling treatment occurred), the density of an-
nual forbswas recorded in 1 m2 quadrats beneath the canopy and in ad-
jacent interspaces (outside the drip line of any trees) of seven piñon
trees at each site. In 2011, four tree and interspace 0.25 m2 quadrats
at each site were monitored and permanently marked, and in 2012,
those plus an additional five sets were monitored. No density monitor-
ing occurred in 2009 or 2010. Density records for 2011 and 2012 were
compared to 2008 data. A generalized linear model using backwards
stepwise removal was fit to predict forb density with site, canopy vs. in-
terspace, and the interaction term as predictor variables. Generalized
linear models were fit for each year separately. All statistical analyses
were run in the open-source statistical software package R 2.14.0
(R Core Team, 2012).

2.4. Remote sensing image data and pre-processing

We utilized RapidEye imagery and Landsat 7 ETM+ imagery in this
study. Time series of 28 RapidEye images (September 2009 to October
2011) and 37 Landsat image dates (January 2009 to December 2012)
were obtained to coincide with the girdling experiment. While we ra-
diometrically and geometrically processed the RapidEye data in house,
Landsat data were utilized as standardized downloaded products.

We obtained RapidEye data (RapidEye AG, Brandenburg, Germany)
with top of atmosphere and dark object subtraction (TOA–DOS) having
been performed by the vendor following standard procedures (after
Collette et al., 1997; Chavez, 1988). The imagery has an orthorectified
pixel size of 5 × 5 m with 5 spectral bands: blue (440–510 nm), green
(520–590 nm), red (630–685 nm), red-edge (690–730 nm), and near-
infrared (760–850 nm). We manually georectified each RapidEye image

http://prism.oregonstate.edu
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to a master using 50 ground control points per image and second
order polynomial transformation and nearest neighbor resampling
(RMSE b 0.5 pixels). Then, we radiometrically normalized the RapidEye
images using the iterative re-weighted multivariate alteration detection
(IR-MAD) algorithm in Python (PythonXY ver. 2.7.3.1) (Canty &
Nielsen, 2008; Nielsen, Conradsen, & Simpson, 1998).

Landsat products were downloaded in standard form for use in this
study. Normalized Difference Vegetation Index (NDVI) collected by
Landsat ETM+ was downloaded using the Web Enabled Landsat
Database (WELD; http://globalmonitoring.sdstate.edu/projects/weld/
WELD_ATBD.pdf) (Royer et al., 2011).

Vegetation indiceswere calculated for both regionsmeasured by the
flux towers, both as sitewide area averages (~200 × 200 m flux foot-
prints) for Landsat and RapidEye (36 pixels for Landsat, and 1500 pixels
for RapidEye) and at the single pixel scale for RapidEye for cover type
averages (35 pixels per cover type). At the pixel scale, we used a
cover-specific normalized difference between the two sites:

VIn ¼ C‐Gð Þ= Cþ Gð Þ ð1Þ

where VIn is the normalized vegetation index (VI), C is the VI value at
the control site, and G is the VI value at the girdle site. The resulting
VIn values ranged between −1 and 1. This normalization allowed re-
moval of dynamic patterns in VI that were not caused by the treatment
but rather by phenology and soil moisture effects present at both sites
(e.g., Eitel et al., 2011).

2.5. Pixel extraction

The extent of the tower fetch was described using a flux source area
model (Hsieh, Katul, & Chi, 2000) that we expanded to two dimensions
following Detto, Montaldo, Albertson, Mancini, and Katul (2006). After
calculating the footprint using long-term averages of the model inputs,
we georectified themodel output with an image from the RapidEye de-
rived time series and defined the tower fetch as all of the pixels falling
within the 70th percentile isopleths.

To increase the signal of vegetation dynamics in this sparsely vege-
tated system, RapidEye pixel selection was split into two categories:
Fig. 2. A phenocam placed atop the flux tower at the girdle manipulation site provides a timelin
fore the manipulation took place (top) to total loss of needles on all manipulated trees (bottom
canopy and interspace. Canopy pixels selected for analysis in the girdled
site were dominated by girdled piñon and were chosen using a multi-
temporal Normalized Difference Vegetation Index (NDVI) differencing
technique. Images of the girdled site prior to the manipulation were
subtracted from images later in the time series, inwinter, fall and spring.
The resulting difference images across all three seasons were used to
identify change that only occurred within the tower fetch and that
occurred in all three image pairs to account for seasonal green-up of
herbaceous species. An equal number of pixels representing healthy
canopy was selected from the control tower fetch using winter NDVI
images. Interspace pixels were chosen in an identical manner but
representing areas between crowns. Pixel selections at the both the
girdle and control site were validated by using very high resolution
(0.5 m panchromatic, 2 m multispectral), co-registered WorldView-2
(DigitalGlobe, Inc., Longmont, CO) derived site maps. We also applied
this differencing technique to estimate the percent change in the frac-
tional cover of the woody overstory that occurred at the girdle site fol-
lowing the manipulation, using a NDVI threshold to count pixels that
had been defoliated as a result of the treatment.
e of major, visible structural changes that took place following themanipulation, from be-
).
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Fig. 4. Time series of A) gross primary productivity measured at the flux tower, B) Landsat ETM+derived NDVI, and C) RapidEye NDVI, for both the control (gray) and girdle (black) sites.
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2.6. Vegetation index selection

Using the RapidEye dataset, we calculated three vegetation indices
for our analysis: NDVI, the Normalized Difference Red Edge index
(NDRE), and the Modified Soil Adjusted Vegetation Index (MSAVI2).
The NDVI (Tucker, 1979) calculated as follows,

NDVI ¼ NIR‐RED=NIR þ REDð Þ ð2Þ
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where NIR is the near-infrared reflectance and RED is the red reflec-
tance. NDVI was used because it is one of the most widely used vegeta-
tion index to probe vegetation structure (e.g., LAI) and production
(e.g., GPP) (Wang et al., 2005) as well as its sensitivity in sparsely vege-
tated regions (Yang et al., 2012). Due to the sensitivity of NDVI to soil re-
flectance in low LAI systems (e.g., Huete 1989) such as PJ woodlands,
and given the rapidly changing quality of the soil reflectance as a func-
tion of precipitation, we also used a second structural index MSAVI2
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which is designed to maximize the vegetation signal of systems with
low vegetation cover and high, dynamic soil reflectance (Qi,
Chehbouni, & Huete, 1994). The MSAVI2 was calculated as follows:

MSAVI2 ¼
2 � NIRþ 1−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 �NIR þ 1ð Þ2−8 NIR‐REDð Þ

q

2
ð3Þ
Fig. 7. Fetch-wide relationships between canopy vegetation indices and volumetric soil water at
moisture are least limiting plant productivity (air temperature N0 °C and soil moisture N9%).
Finally, the NDRE was selected because of its sensitivity to both can-
opy structure and foliar chlorophyll concentration (Eitel et al., 2011;
Gitelson & Merzlyak, 1996; Gitelson, Vina, Ciganda, & Rundquist,
2005). The latter might provide additional information when trying to
link remotely sensed information to changes in plant function. The
NDRE was calculated as follows:

NDRE ¼ NIR‐REDEDGE=NIR þ REDEDGEð Þ ð4Þ

where RED EDGE is the reflectance measured in the red-edge region
(690–730 nm) of the electromagnetic spectrum. NDVI products for both
sites were also collected using Landsat ETM+ as described above.

3. Results

3.1. Overstory vegetation structure changes and ecosystem productivity

The selective mortality of the adult piñon in the girdled fetch took
place in September of 2009. The canopy quickly became chlorotic,
with large decreases in canopy chlorophyll within 22 days following
the manipulation (see Eitel et al., 2011). By August 2010 all of the
needles from the girdled trees had fallen to the ground (Fig. 2). Using
ground based measurements and using the allometric relationship in
Jenkins, Chojnacky, Heath, and Birdsey (2003), we estimated that ap-
proximately 216.5 g C m−2was added to the surface as litter, which de-
creased LAI by 0.7 m2 m−2 or roughly 33%. We validated this estimate
from the allometric relationship by comparing the results to the total
needle biomass measured from five trees destructively harvested from
our site in 2009.
both the control (gray) and girdle (black) sites during periodswhere temperature and soil
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At the ecosystem scale, the high reduction in the system's capacity to
take up CO2 following the mortality of the large piñon was evident as a
large reduction in GPP relative to the control site. After normalizing the
fluxes between the control and girdled sites using pre-girdled fluxes at
each site, it is clear that the piñon mortality triggered a cumulative loss
of 540 g C m−2 taken up by the canopy through photosynthesis in the
three years after the girdling (Fig. 3), resulting in a 25% decrease in pro-
ductivity at the girdle site relative to control.

Landsat ETM+ and RapidEye were used to remotely sense the dis-
turbance at girdled site (Fig. 4). The Landsat ETM+ NDVI (30 × 30 m
pixels) begins to decline at the girdled site during the spring of 2010,
following thewinter snowmelt, about 1 year following the disturbance.
The canopy pixels monitored by RapidEye (5 × 5 m) show different
trends and timing of green-up, with differences in NDVI 30 days follow-
ing the girdling that persist throughout the time series (Fig. 4c).

The three RapidEyeVI employed in this study showed rapid decreases
in pixels dominated by girdled piñon by the end of 2009 (Fig. 4c). All
three VI show the same downward trend due to the fact that there was
a 25% loss of LAI at the onset of the manipulation. The RapidEye derived
NDVI of the woody overstory decreased by approximately 40% by the
end of 2011 (Fig. 4c). Following the first year of the disturbance, the gir-
dled site continued to show decreases in VI atmultiple scales, most likely
due to the secondary mortality of small piñon.

3.2. Understory vegetation structural changes and ecosystem productivity

VI of the girdled crowns began to reverse their trajectories in 2011
from a downward to an upward trend (Fig. 5). This change in trajectory
of the normalized VI suggests an increase in LAI of the pixels dominated
by girdled vegetation, relative to thehealthy overstory at the control site.
Fig. 8. Fetch-wide relationships between canopy vegetation indices and volumetric soil water at
moisture are most limiting plant productivity (air temperature b0 °C or soil moisture b9%).
Both NDVI and MSAVI2 mildly reflect this pattern; however, the NDRE
shows a strong pattern of senescence and subsequent green-up, poten-
tially indicating the growth of low LAI, high chlorophyll vegetation. The
strong pattern exhibited by the NDRE to these changes might be ex-
plained by the high sensitivity of NDRE to both canopy structural proper-
ties and foliar biochemistry (e.g., Eitel et al., 2011; Gitelson & Merzlyak,
1996; Gitelson et al., 2005). Ground level analysis of the sites following
themanipulation supports this observation and shows that the underly-
ing cause of this green-up is the significantly (P b 0.05) higher establish-
ment of annual forbs at the girdle site relative to the control site (Fig. 6).
There were significant (P b 0.05) site effects in 2011 and 2012 but the
interactions between canopy and interspacewere not statistically signif-
icant. Furthermore, forb cover increased at the girdled site relative to
control site, but we did not measure a statistically significant trend in
the change in the relative cover of grasses or CAM functional types fol-
lowing the manipulation. The positive relationship between VWC and
site averaged NDVI appeared to be influenced by this shift in understory
structure aswell, given the larger sensitivity on soilmoisture to green-up
at the girdled site (R2 = 0.21 at the control site, R2 = 0.84 at the girdle
site) (Fig. 7). Both sites exhibit much weaker relationships between
VWC and NDVI during drought conditions (Fig. 8).

The trends of the VI for interspace pixels suggest that the overstory
manipulation altered the understory in open areas between the canopy
cover in a very different way (Fig. 5). Over the course of each year the
interspace vegetation at the girdle site decreased in both LAI and chloro-
phyll (as quantified by VI), suggesting the senescence of seasonal
grasses and forbs. This is consistent with what we know of the function
of these sites which capitalize on winter precipitation and monsoon
precipitation, with a dry season in-between. However, the relative
difference of the interspace vegetation for the girdle site compared to
both the control (gray) and girdle (black) sites during periodswhere temperature and soil
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the control site indicates a differential senescence of the interspace veg-
etation at the girdle site (Fig. 5). This secondary effect suggests that the
decrease in overstory vegetation has affected the longevity of the shal-
low rooting herbaceous vegetation in-between the canopy crowns.
The year to year return to a consistent LAI and chlorophyll content of
these interspace regions also indicates that this shift in the function of
the interspace vegetation has not altered the initial winter moisture
driven green-up that starts the herbaceous cycle each year, but rather
has altered the ability of these plants to utilize monsoon precipitation.
3.3. Uncoupling of canopy reflectance and ecosystem function

Periods when soil water content is less limiting show a much stron-
ger linear relationship between GPP and VI (Figs. 9 and 10) at the girdle
site (R2 = 0.46, P b 0.05) compared to the drought periods (R2 = 0.13,
P N 0.05). The control site also shows a decoupling between GPP and VI,
but to a lesser degree (R2 = 0.22, P b 0.05 during growing conditions,
compared to R2 = 0.09, P N 0.05 during drought conditions). Both of
the sites are severely water limited, with the dominant control over
GPP being soil moisture (Fig. 10). The rate at which the girdled site
greens up with increases in soil water is now much greater relative to
the control site (Figs. 7 and 8). The amount of green-up that occurs at
the girdled site also has had a significant influence on the relationship
between the VI and GPP, showing a greater initial slope relative to the
control site. This suggests that the increase in understory vegetation
has helped offset the uncoupled nature of the VI at the girdled site
with GPP.
Fig. 9. Fetch-wide relationships between gross primary productivity and canopy vegetation ind
and soil moisture are least limiting plant productivity (air temperature N0 °C or soil moisture
4. Discussion

4.1. Utility of time series imagery for canopy structural change detection

Our manipulation severely altered the structure of the ecosystem
causing a variety of cascading effects on ecosystem function such as
changes in phenology and the timing and magnitude of carbon uptake.
This case study allowed us to characterize how well high spatial resolu-
tion (5 × 5 m) RapidEye imagery could be used to detect and character-
ize changes in canopy structure that followed as a result of the
manipulation relative to coarser resolution Landsat ETM+(30 × 30 m).

The initial mortality of the adult piñon at the girdle site resulted in a
significant loss of leaf area, leaving the girdled fetch comprised of pri-
marily juniper and non-reproductive piñon which is the normal species
assemblage that typically survived following the severe regional
drought and bark beetle outbreak of 1999–2002 (Clifford et al., 2008).
Our girdling manipulation caused sudden drops in chlorophyll content
just days following the disturbance (see Eitel et al., 2011) as opposed
to weeks following the disturbance onset typically seen in taller, less
arid coniferous canopies (Edburg et al., 2012). By the end of 2010, the
girdled crowns were fully chlorotic (Fig. 2) and by the end of 2011
field allometric measurements suggested a loss of 33% of the leaf area
at the girdled fetch.

The initial decline in foliar chlorophyll concentration seen before the
end of 2009 was not reflected by Landsat ETM+ NDVI, most likely due
to the coarser spatial resolution (30 × 30 m pixels) of the sensor being
affected by the healthy juniper and small piñon crowns. The higher res-
olution RapidEye data (5 × 5 m) show a much faster response, with all
ices at both the control (gray) and girdle (black) sites during periods where temperature
b9%).
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Fig. 10. Fetch-wide relationships between gross primary productivity and canopy vegetation indices at both the control (gray) and girdle (black) sites during periods where temperature
and soil moisture are most limiting plant productivity (air temperature b0 °C or soil moisture b9%).
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three VI reflecting the initial canopy stress. During this period, the
RapidEye NDRE exhibited the highest sensitivity to the disturbance
(see Eitel et al., 2011) and NDVI reflected the largest drop in canopy re-
flectance by the end of 2009. Landsat ETM+ lagged in detecting the re-
sponse relative to RapidEye by about 1 year. When the canopy became
fully chlorotic in 2010, RapidEye and Landsat ETM+both detected large
differences. In the final year of the experiment, the Landsat ETM+ and
RapidEye trends remain, as NDVI from both platforms continues to de-
cline reflecting the mortality of the some of the remaining juniper or
small piñon within the girdled tower fetch.

The first year that large structural changes begin to occur in the un-
derstory of the girdled piñon is 2011, as detected from RapidEye via
NDVI and MSAVI2 (Fig. 5) when low LAI vegetation established under
the girdled piñon crowns. This shift in understory structure, however,
does not alter cumulative GPP at the girdle site, suggesting the estab-
lishment of forbs is not yet significant enough to alter GPP at the girdle
site. In the long term, the increase in understory green-upmay preclude
the detection of the disturbance in the region, ultimately reducing the
ability of remote sensing driven models of terrestrial carbon capture
to accurately track post-mortality dynamics in these ecosystems
(Huang et al., 2010). Our combined approach of structural analysis
and in-situ carbon balance measurements may help circumvent these
issues in the future, by allowing the structure-specific parameterization
of remotely driven models of GPP.

The increase in herbaceous plants beneath the dead piñon trees at
the girdle sitemay explain the large difference in the green-up response
to soil moisture, relative to the control site. Figs. 7 and 8 highlight the
uncoupled nature between the VI and soil water content at the control
site (R2 decreasing from 0.22 to 0.09 under low soil moisture
conditions), contrasting with the stronger relationship at the girdle
site (R2 decreasing from 0.46 to 0.13 under low soil moisture condi-
tions). The shallow rooting, herbaceous understory vegetation in this
system was likely benefiting from increased needle deposition which
can reduce nutrient, light and moisture competition (Breshears &
Barnes, 1998) and facilitate leaf out.

4.2. Higher spatial resolution imagery aids semi-arid canopy
change detection

Previous work in quantifying carbon stock losses in PJ woodlands
(Huang, Asner, Martin, Barger, & Neef, 2009; Huang et al., 2012, 2010)
has leveraged high resolution aerial imagery coupled with moderate
resolution (30 m) satellite time series and spectral unmixing tech-
niques to establish a relationship between the fraction of woody cover
and biomass. The major advantage of this approach is the ability to
scale estimates of NPP to the region and landscape. Within a single
Landsat ETM+ pixel, the spectral mixing approach can provide a frac-
tion of woody to herbaceous cover, yet the specific relationship of
where the herbaceous components are greening or senescing relative
to the overstory cannot be ascertained. These spatially distributed rela-
tionships between overstory and understory structure are critical to un-
derstand in order to predict how disturbance will alter the function in
semi-arid woodlands.

The 5 m spatial resolution of the RapidEye sensor and the temporal
density of our time series allowed us to track individual clumps of
crowns over time, and determine that the herbaceous establishment
observed under the girdled piñon was not present between the girdled
crowns. As a result, we can now establish a mechanistic understanding
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of how this secondary understory structural changes are influencing
ecosystem carbon balance, a yet uninvestigated topic which may have
a significant impact at the regional and landscape scales. This cover spe-
cific response of the understory to overstory disturbance has been doc-
umented in other semi-arid regions and is consistent with the way
these systems use light and water (Breshears & Barnes, 1998;
Breshears & Rich, 1997; Rich et al., 2008), but to our knowledge has
yet to be characterized remotely and understanding this effect on eco-
system scale changes in function is a requisite for the development of
structure–function linked ecosystem models.
4.3. Monitoring the function of semi-arid biomes using satellite imagery
hinges on water availability

Though the RapidEye derived indices performedwell at tracking the
structural changes in the ecosystem (reduction in canopy LAI, increase
in the herbaceous green-up), the relationship between canopy reflec-
tance and ecological function of the canopy was highly decoupled.
Thus, linking remotely characterized changes in ecosystem structure
with tower-measured GPP requires a more nuanced analysis, for exam-
ple by using spectral information that has been shown to be sensitive to
light use efficiency (Gamon et al., 1992; Gamon, Serrano, & Surfus,
1997). Given the semi-arid nature of PJ woodlands, as with all water
limited systems, carbon uptake is generally governed by the presence
of water (Fig. 11, Huxman et al., 2004; Muldavin, Moore, & Collins,
2008), which is stochastic and ephemeral. The uncoupling is essentially
due to the fact that onmost days, plant stomata have fully closed by late
morning to resist desiccation, as vapor pressure deficit rises into the af-
ternoon. Evergreen canopies typically respond to pulses of water by
adjusting stomatal conductance and the rhizosphere, rather than up-
regulating chlorophyll production or leaf area which is typically ob-
served in herbaceous and deciduous vegetation (Huxman et al., 2004).
Consequently, integrated measures of CO2 uptake recorded by the
tower show varying relationships with spectral VI such as NDRE,
NDVI, and MSAVI2 that are sensitive to changes in chlorophyll content
and LAI. By using our ground based measures of VWC, we can select
only those days where soil water (and air temperature) were not
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Fig. 11. Fetch-wide relationships between gross primary productivity and soil water content d
ature b0 °C or soil moisture b9%) conditions.
limiting. This dramatically increases the strength of the linear relation-
ship between the VI and GPP (Fig. 7), yet this relies on ground based es-
timates of soil water content. National soil moisture monitoring
networks (e.g., the NRCS snowpack telemetry network) or the recent
development of GPS based soil moisture monitoring (Larson et al.,
2008) may potentially provide some of the required soil moisture data
to parameterize future models of GPP in these sparse, semi-arid
systems.

The dependence of the VI on soil moisture reflects themoisture lim-
itations in these systems. Furthermore, this dependence suggests that
theutility of theVI tomonitor canopy status or predictGPP is contingent
on there being sufficient moisture in the soil to allow photosynthesis to
take place.
5. Conclusions

This case study focused on determining the potential role of satellite
remote sensing in developing a more mechanistic understanding of the
structural changes that take place in piñon juniperwoodlands following
disturbance events and how those structural changes affect the function
of the ecosystem. We determined that both moderate (Landsat ETM+,
30 × 30 m pixel size) and high (RapidEye, 5 × 5 m pixel size) resolu-
tion satellite remote sensing platforms generally are capable of tempo-
rally resolving structural changes in piñon–juniper woodlands (PJ)
following disturbance events. However, the complexity of the structure
of PJ woodlands creates a highly heterogeneous mixture of live and
dead vegetation, dense and sparse overstory, and the presence or ab-
sence of herbaceous constituents. This complex nature of PJ woodlands
is what drives many researchers to leverage the spectral differences be-
tween those various ecosystem components by employing techniques
such as spectral mixing analysis. This approach has worked well for de-
termining the fraction of photosynthetic or non-photosynthetic woody
vegetation, herbaceous cover, or bare soil in a moderately sized pixel
(e.g., 30 × 30 m from Landsat TM or ETM+), yet the spatial relation-
ship between the change in cover or function of these various constitu-
ents limits the ability to create a mechanistic understanding of the
structural changes (e.g., how changes in the overstory relate to changes
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in the understory). To circumvent this challengewe utilized high spatial
resolution data and determined that the structural response of the eco-
system following disturbance indeed has a spatial component. Specifi-
cally, the herbaceous ramp-up that occurred post-mortality was
limited to the region below the crowns of dead trees. Further, the re-
gions between the dead crowns showed almost the opposite result, sug-
gesting the change in energy balance of the ecosystem following the loss
of the canopy reduced the ability of the herbaceous layer to establish in
crown interspaces after the disturbance.

The impact of these structural changes on the function of the ecosys-
temwas difficult to remotely determine. Initially, the loss of canopy fol-
lowing the disturbancewas readily tracked by remote sensingplatforms
at multiple spatial scales, with high spatial resolution data (5 × 5 m)
allowing detection almost a full year earlier. However, relating remote
sensing data of the disturbance event and the subsequent recovery of
the herbaceous layer with the in-situmeasures of ecosystem productiv-
ity measured by flux towers yielded poor relationships. Our data sug-
gest that this phenomenon is due to the uncoupling of the reflectance
of the ecosystem with the function of the ecosystem during periods of
drought, which for PJ woodlands can represent a large portion of the
year. Consequently, we conclude that the inclusion of high spatial reso-
lution satellite time series can aid in developing mechanistic models of
recovery from disturbance in these heterogeneous systems, but future
work should focus on ways to improve our ability to predict canopy
function even during periods of droughtwhich pervade thiswidespread
and sensitive southwestern biome.
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