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A B S T R A C T

The forest-tundra ecotone (FTE) is exhibiting myriad responses to rapid environmental change. Microstructural
variability (at cm to m length scales) of vegetation canopies and geomorphic features may modulate the response
of FTE vegetation to regional climate changes. Understanding the influence of microstructure on tree function at
the FTE is particularly relevant during vulnerable early growth stages. During these stages, individual trees are
tightly coupled to conditions of the surface boundary layer, which can be more conducive to growth than the
conditions above the boundary layer. Until recently, however, it has been difficult to characterize microstructure
in a replicable, transferable manner. This study builds upon substantial research on ecological responses of trees
at the FTE to growth environment conditions by integrating high-resolution terrestrial lidar scanning (TLS) to
characterize microstructure. Our main goal was to use TLS technology to understand the effects of micro-
structure on photosynthetic functioning (i.e., chlorophyll fluorescence) of small-stature white spruce (Picea
glauca (Moench) Voss) trees at the FTE. Our specific objectives were to: 1) determine how much variance in
photosynthetic functioning is explained by microstructure; 2) identify microstructural metrics that most strongly
control variance in photosynthetic functioning; and 3) determine the scales at which microstructural metrics
most strongly drive variance in photosynthetic functioning. Random Forest modeling demonstrated that 28% of
variance in photosynthetic functioning can be explained through variation in fine-scale environmental condi-
tions that are modulated by microstructure alone. Insolation and canopy roughness were the most important
predictors of photosynthetic functioning, and the sensitivity of photosynthetic functioning to canopy roughness
was scale-dependent. This suggests that microstructure affects spatial heterogeneity in the boundary layer that
may influence carbon assimilation of small-stature spruce trees. This research emphasizes the importance of
quantifying microstructure in study systems where fine-scale heterogeneity of the growth environment may
modulate plant responses to regional climate change.

1. Introduction

The forest-tundra ecotone (FTE), the world’s largest vegetation
transition zone spanning 13,000 km across the northern hemisphere
(Callaghan et al., 2002a), is inherently responsive to fine-scale changes
in environmental conditions (Sveinbjörnsson et al., 2002). The FTE is

defined by its transition from boreal forest to treeless arctic tundra
(Payette et al., 2001). However, the distribution and biophysical
structure of this transition are variable across scales (Callaghan et al.,
2002a, 2002b; Payette et al., 2001). The Arctic-boreal zone is warming
disproportionately faster than the global average (Kattsov et al., 2005;
Post et al., 2009; Serreze et al., 2000) yet uncertainties persist regarding
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how trees within the FTE may respond to environmental change
(Holtmeier and Broll, 2007, 2005; Skre et al., 2002; Trant and
Hermanutz, 2014; Woods, 2014). Contributing to this uncertainty are
factors that might modulate impacts from climate change, such as
biophysical structure of vegetation and terrain.

Along with climate variables, plant function at the FTE is responsive
to a range of intrinsic conditions (e.g., genetics) and extrinsic condi-
tions (e.g., biophysical structure, belowground conditions, community
interactions, and disturbance) that hold influence from coarse to fine
scales (Fig. 1). It is well-established that macrostructural features (i.e.,
vegetation canopy and topography at decameter to kilometer scales)
drive environmental conditions and consequently exert controls on
local vegetation distribution, structure, and function (Brown, 1994;
Danby and Hik, 2007; Ropars et al., 2015; Ropars and Boudreau, 2012;
Shaver et al., 1996; Zong et al., 2014). Mounting evidence suggests that
microstructure (i.e., vegetation canopy and topography at cm to m
scales) may be important for modulating environmental conditions to
which plant processes are sensitive (e.g., temporal variance in intensity
and duration of solar radiation, Pearcy, 1990; Smith et al., 1989; Smith
and Berry, 2013; Way and Pearcy, 2012). For example, recent research
on alpine snowbed plant communities demonstrates that local-scale
heterogeneity in microstructure drives fine-scale variation in the
growth environment, which in turn affects plant phenology (Domènech
et al., 2016). Moreover, interactions between climate and local micro-
structure lead to steep gradients in plant function across fine spatial
scales (Chaudhary et al., 2018; Holtmeier and Broll, 2017a; Yang et al.,
2012). Indeed, Scherrer and Körner demonstrated that micro-
topography can facilitate thermal gradients at the surface mimicking
those observed over broad elevational or latitudinal ranges (2010) and
can drive alpine plant diversity (2011). Further, considerable research
has described the influence of microtopography on soil dynamics (Born
et al., 2015; Holtmeier and Broll, 1992) and wind dynamics
(Greenwood et al., 2015, 2014; Holtmeier and Broll, 2010) that drive

spatial patterns of tree establishment, growth, and survival.
Microstructure may be of particular importance to the function of

small-stature trees due to its strong controls on fine-scale variations in
the surface boundary layer and hydrology (Geiger et al., 2003; Germino
et al., 2002; Germino and Smith, 1999; Johnson et al., 2011; Kambo
and Danby, 2018; Sullivan and Sveinbjörnsson, 2010). During early
growth stages, trees often rely on boundary layer conditions conducive
to growth (Körner, 2012, 1998) that decouple them from harsher, more
variable atmospheric climate conditions. The importance of a protec-
tive boundary layer during the growing season may be especially re-
levant in the context of immature tree development within the FTE, the
ecological threshold of tree establishment (Holtmeier and Broll, 2007;
Resler et al., 2005; Resler, 2006). Research on latitudinal and alpine
treelines suggests that microstructure regulates the mechanical influ-
ence of wind on tree physiognomy and the physiological influence of
wind on transpiration along with the indirect effects from snow accu-
mulation (Anschlag et al., 2008; Baig and Tranquillini, 1980; Holtmeier
and Broll, 2010, 2017a; Tranquillini, 1979). Moreover, sheltering from
wind by neighboring vegetation canopies has been highlighted as being
particularly important for the facilitation of immature tree establish-
ment and survival (Holtmeier, 2009; Holtmeier et al., 2003; Holtmeier
and Broll, 2010, 2007; Resler et al., 2005). Exposure to solar radiation,
governed by microtopography and proximity to vegetation canopies,
can drive spatial heterogeneity in photoinhibition of immature trees
(Germino et al., 2002; Germino and Smith, 1999; Smith et al., 2003).
Furthermore, Sullivan and Sveinbjörnsson (2010) demonstrated that
microstructure (e.g., tussocks and frost boils) affected fine-scale varia-
tion in soil temperature and volumetric soil water content, conse-
quently regulating seedling establishment and growth at the northern
edge of the FTE.

The above studies demonstrate a clear effect of microstructure on
the function of immature trees, though many rely on simple manual
measurement approaches that may not fully capture the complexities of
microstructure. Hence, prior research may overlook linkages important
for understanding how microstructure may modulate climate change
effects on the FTE. To further disentangle the complex relationships
between microstructure, growth environment, and plant function, re-
plicable and transferable approaches for quantifying heterogeneity in
microstructure are required (Yang et al., 2012). One technology that
could fill this void is terrestrial lidar (light detection and ranging)
scanning (TLS). This laser-based technology enables resolution of 3-
dimensional (i.e., x, y, z) structure at cm-level detail and has facilitated
novel insights into ecological processes controlled by microstructure,
including canopy light environment and radiative transfer modeling
(Bittner et al., 2012; Magney et al., 2016, 2014; Rosskopf et al., 2017;
Widlowski et al., 2014), geomorphic processes (Eitel et al., 2011;
Sankey et al., 2011), spatial patterns of aboveground biomass (Clawges
et al., 2007; Greaves et al., 2017, 2015), and myriad other applications
(reviewed in Eitel et al., 2016). Based on the 3-dimensional structural
information provided by TLS, a range of ecologically important struc-
tural metrics can be derived that have been demonstrated as ecologi-
cally important such as ground surface or vegetation canopy roughness,
solar radiation, and wind shelter (Holtmeier and Broll, 2007, 2005;
Sullivan and Sveinbjörnsson, 2010). In addition, since structure-to-
function relationships are inherently scale-dependent (Haubrock et al.,
2009; Huang and Bradford, 1990; Phillips, 1995; Shepard et al., 2001),
the highly resolved structural information from TLS may allow re-
searchers to determine the most important scales at which micro-
structural metrics drive variance in plant function.

The overarching goal of this study was to use TLS technology to
explore relationships between microstructure and photosynthetic
functioning of small-stature spruce trees growing at the FTE.
Photosynthetic functioning, which encompasses the capacity of foliar
photosystems to support CO2 assimilation, can be estimated using
chlorophyll a fluorescence (ChlF), an optically sensed signal of photo-
synthetic electron transport that is sensitive to both light use efficiency

Fig. 1. A conceptual framework of the modulating effects fine-scale factors
have on coarse-scale factors that drive photosynthetic functioning of small-
stature trees at the FTE, adapted from Holtmeier and Broll (2017b). The focus of
this study is biophysical structure at fine scales (orange box). Asterisks (**)
indicate other elements that microstructure may indirectly affect.
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and absorbed photosynthetically active radiation (APAR) (Porcar-
Castell et al., 2014). ChlF provides information about processes such as
photochemistry, metabolism, and heat dissipation (Ball et al., 1995;
Maxwell and Johnson, 2000), but also may be indicative of plant stress
levels (Krause and Weis, 1991; Maxwell and Johnson, 2000). ChlF is a
well-established proxy for plant function (Krause and Weis, 1991;
Maxwell and Johnson, 2000) with the potential to link remotely sensed
information to ecophysiological processes (Porcar-Castell et al., 2014),
making it the ideal tool for this study.

Our specific objectives were to: 1) determine how much variance in
photosynthetic functioning is explained by microstructure; 2) identify
microstructural metrics that most strongly control variance in photo-
synthetic functioning and 3) determine the scales at which micro-
structural metrics most strongly drive variance in photosynthetic
functioning. This study builds upon substantial research on physiolo-
gical responses of trees at the FTE to growth environment conditions
(Holtmeier and Broll, 2010; Nicklen et al., 2016; Sullivan and
Sveinbjörnsson, 2010) by integrating very high-resolution remote sen-
sing tools. Outcomes of this study will provide insight on how remotely
sensed fine-scale structural information can improve the interpretation
of ecological signals at the FTE.

2. Materials and methods

2.1. Study site

Field data were collected at four plots along an approximately 3 km
north-south transect within the forest-tundra ecotone (FTE) near the
Dalton Highway (68° 0′ N, 149° 45′ W, 730m elevation), Alaska, USA
on the southern side of the Brooks Range, 100miles north of the Arctic
Circle (Fig. 2a-b). Traveling north along this transect, trees become
increasingly sparse and the landscape eventually transitions into tree-
less tundra. Mean annual precipitation and air temperature for the
study area averaged from two nearby SnowTelemetry (SNOTEL) sites at
Atigun Pass (68° 08′ N, 149° 29′ W, 1463m elevation) and Coldfoot (67°
15′ N, 150° 11′ W, 317m elevation) from 2009 through 2017 are
521.5mm and -5.9 °C, respectively. The brief growing season is ap-
proximately 12 weeks (McNab, 1996). Here, the FTE is underlain by
continuous permafrost and consists of both black spruce (Picea mariana
(Mill.) BSP) and white spruce (P. glauca (Moench) Voss) along with
arborescent willows (Salix spp.) growing in the wettest areas. Low-
stature deciduous shrubs (e.g., Betula nana L., Alnus sp., Salix spp.),
sedges (e.g., Eriophorum spp.), and mosses dominate the understory.
Topography is variable across multiple spatial scales: situated in a
valley along the Dietrich River, trees grow in a band along the flood-
plain and gently sloping lower elevations before tundra vegetation
dominates at only mildly higher elevations (Fig. 2c). Trees cease to
occur on the south side of the of the Brooks Range divide.

2.2. Field data collection

Four study plots, each approximately 1600m2 in area, were estab-
lished in mid-June 2016. Plot locations were selected adjacent to stands
of mature spruce trees, at the tree-limit (sensu Holtmeier and Broll,
2005). Plots were spread along a north-south transect to sample the
variance in photosynthetic functioning and microstructure of the FTE in
this study site. Approximately 20 small-stature (i.e.,< 2m height)
white spruce (P. glauca) trees were selected within each plot for a total
of 82 trees across all study plots. To assess photosynthetic functioning
of spruce trees, three bundles of needles in the upper-part of each tree
crown were dark-adapted in situ using aluminum foil over leaf clips for
25min prior to ChlF measurement. Dark-adapted ChlF measurements
were collected at around solar noon using an Optisci OS30p+, a pulse
modulated fluorometer employing a red actinic light (Opti-Sciences,
Inc. Hudson, New Hampshire, USA) at a saturating light intensity of
3500 μmol m−2 s−1. We selected a widely used parameter of ChlF, Fv/

Fm (i.e., the ratio of variable fluorescence to maximum fluorescence,
measuring the potential quantum efficiency of photosystem II), as an
indicator of photosynthetic performance (Baker, 2008; Maxwell and
Johnson, 2000). A minimum threshold of Fv/Fm for non-stressed leaves
has been consistently reported as 0.83, which we used as a standard for
inference (Björkman and Demmig, 1987 in Baker, 2008). The average
Fv/Fm value for the three needle bundles was used as the response value
for each tree.

2.3. Terrestrial lidar scanning and preprocessing

Terrestrial lidar scanning (TLS) data were acquired with a Leica
ScanStation C10 (Leica Geosystems Inc., Heerbrugg, Switzerland). This
time-of-flight 532 nm (green wavelength) laser instrument has a scan
rate of up to 50,000 returns s−1, a maximum sample density exceeding
1mm−1, and a maximum range of 134m at 18% albedo. The nominal
distance accuracy is 4mm and nominal position accuracy is 6mm. The
low beam divergence (0.14mrad) of the green scanning TLS instrument
ensures that the laser frequently penetrates the canopy to measure the
ground surface, which is important for characterizing microtopography.
In mid-June 2016, concurrent with ChlF sampling, study plots were
scanned from three to five different positions to minimize occlusion by
vegetation canopies and maximize the spatial extent of point clouds.
Using common locations from reflectance targets, the point clouds from
different scan positions were registered into a single point cloud using
Cyclone 9.1 (Leica Geosystems Inc., Heerbrugg, Switzerland). The point
cloud was then georegistered using GPS data collected from a Trimble
R7 and an external Zephyr geodetic antenna with nominal vertical and
horizontal accuracy of 5mm (Trimble Inc., Dayton, OH, USA). Tree
locations were marked in the field using cardboard signs for identifi-
cation in scan images and to link with respective ChlF measurements.
UTM coordinates for each of the 85 trees were manually extracted from
the georegistered TLS point cloud by identifying the coordinates of the
laser return associated with the top of each tree crown. Point clouds
were manually edited to remove spurious returns from incidental air-
borne particles and flying insects and were cropped to approximately
40m x 40m (Fig. 3).

Using the point cloud from each sample plot, ‘ground’ (lowest) and
‘top-of-canopy’ (highest) returns were extracted using a classification
algorithm in R (R Core Team, 2017) developed for similar vegetation-
related applications of lidar (Greaves et al., 2016, 2015). Because re-
solving a ‘bare earth’ surface in arctic ecosystems is complicated by the
near-continuous moss layer and arctic soil matrix properties (e.g.,
slowly decomposing foliage and root biomass), this approach was used
to characterize the surface underlying erect vegetation. As part of this
algorithm, several parameters (ground return filter grid resolution,
ground return neighborhood size, and canopy return filter grid re-
solution) must be optimized for given site conditions to obtain reliable
classification results. For the optimization, 20manually classified
ground returns were identified in one plot by examining the TLS point
cloud in conjunction with the images captured by the TLS instrument to
identify locations of ground surface. These manually classified returns
were compared against automatically classified ground returns across
varying parameter values. Optimized ‘ground’ return algorithm para-
meter values had a coefficient of determination (r2) of 0.973 for pre-
dicting ground height against manually classified ground returns.
‘Ground’ returns were identified by a double-pass algorithm, initially by
applying a 0.1 m resolution grid to the point cloud and retaining only
the lowest (z-coordinate) return within each grid cell. The second pass
of the point cloud further refined the set of laser returns by selecting the
return with the lowest z-coordinate of all nearest neighbors (neigh-
borhood size of 9). ‘Top-of-canopy’ (z-coordinate) returns were identi-
fied by a single-pass algorithm by applying a 0.005m resolution grid to
the point cloud and retaining only the highest return within each grid
cell. Based on our interest in characterizing the structural complexity of
vegetation canopies within cm to m length scales, we selected a filter
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size that would detect fine-scale changes in canopy height typical of
FTE vegetation. The remaining sets of ‘ground’ and ‘top-of-canopy’ laser
returns were used to interpolate, respectively, bivariate digital terrain
models (DTMs) and digital surface models (DSMs), which were raster-
ized at 0.10m resolution using the ‘raster’ package (Hijmans, 2016) in
R.

2.4. Derivation of microstructural metrics

All microstructural metrics were derived from georegistered TLS
point clouds (Fig. 4). Ground roughness (m) and canopy roughness (m)
were calculated as the standard deviation of the z-coordinates of laser
returns classified as ‘ground’ or ‘top-of-canopy’, respectively. Slope
(radians), aspect (radians from north), and curvature (m−1) layers were
created based on the average respective topographic values extracted
from DTM pixels using the ‘RSAGA’ package (Brenning and Bangs,
2016) in R (R Core Team, 2017). Aspect values were cosine-trans-
formed from radians to a continuous variable representing northeast –
southwest facing aspects between 0–1 (Roberts and Cooper, 1989).

To characterize the wind environment at each tree location, a to-
pographic wind shelter index (0–1) was calculated based on both the
DTMs and DSMs using the ‘RSAGA’ package in R. The wind shelter
index was calculated using a moving window that identified the highest
elevation pixel as a sheltering feature from a horizontal wind direction,
searching out along either the DSM or DTM for a prescribed length of
pixels within a sector for elevational differences relative to the pixel of
interest (i.e., tree location) (Plattner et al., 2006; Winstral et al., 2002).
For the purpose of evaluating very fine-scale processes, we used a wind
radius (search length) of one pixel (0.10m). Based on data collected by
10 nearby (20–500m) anemometers (METER Group, Inc., Pullman,
WA, USA) from June to September 2016 the mean wind direction (149°
from North) and directional tolerance (60°) were used as parameters for
the wind shelter calculations. Wind data were not available outside of
the growing season (September – April) at this site, but these data
should be considered representative of the wind environment during
ChlF sampling.

Insolation was modeled using the ‘insol’ package (Corripio, 2015) in
R. This function considers geographic position, solar geometry during

Fig. 2. A map of Alaska shows the boreal forest and tundra regions across the state (2a; credit: Alaska Science Center, USGS). The coarse-scale topographic positions
of plots 1–4 are shown within the study region in the Brooks Range (2b). A perspective of one study plot at the forest-tundra ecotone with mature spruce trees
transitioning into short-stature trees and low-stature deciduous shrubs (2c; photo credit: Kevin Krajick/ Lamont-Doherty Earth Observatory).
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Fig. 3. A visualization of one georegistered point cloud (Plot 3) illustrating the high-resolution biophysical structural information from terrestrial lidar scanning data
acquisition.

Fig. 4. Conceptual model of the derivation of terrestrial lidar scanning-derived metrics used to characterize the microstructure around small-stature white spruce
trees at the forest-tundra ecotone (4a); extraction of three vegetation-structure metrics (4b); and the extraction of nine microstructural metrics (indicated by gray
dashed box in 4a) at search radii 0.3–2.0m around small-stature spruce trees (4c).
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the period of interest, and atmospheric conditions to calculate direct
and diffuse solar radiation across a rasterized surface. Values for at-
mospheric parameters (e.g., visibility, ozone thickness, albedo, relative
humidity, and air temperature) for insolation modeling were retrieved
from NOAA North American Regional Reanalysis (NARR) data
(Mesinger et al., 2006). Insolation was calculated at five minute time-
steps for 10 days prior to the final sampling date (15–24 June 2016), to
assess dynamics in insolation over a period relevant to observed ChlF
measurements. Three separate layers were calculated to account for the
effects of landscape topography on local light environment (e.g., oc-
cluding or amplifying effects of hillslopes). A “local insolation” layer
was derived by inputting the 0.10m resolution DTMs and DSMs for
each approximately 1600m2 TLS plot. Next a “landscape insolation”
layer was derived using the Arctic DEM 5m resolution product (Polar
Geospatial Center, 2017), cropped to a 30 by 40 km extent, to account
for the influence of broad scale topography of the mountainous terrain
of the Brooks Range. A “flat insolation” layer was derived at the same
resolution (5m) as the “landscape insolation” layer, with all topo-
graphy removed using the ‘raster’ package in R. This allowed for the
calculation of default insolation based solely on geographic position,
solar geometry, and atmospheric conditions, without the influence of
topography. A landscape-correction factor ranging in value from 0.21 to
5.97 was calculated by dividing the “landscape insolation” layer by the
“flat insolation” layer (per five-minute time step, per 5m grid cell). This
matrix of landscape correction factors was applied to the associated
0.10m grid cells of both the DTM- and DSM-based “local insolation”
layers to derive a final corrected local insolation layer (J m−2). This
approach allowed for the focus of this insolation layer to remain in the
context of microstructure without ignoring the effect of landscape-scale
topography on insolation.

Given our focus on the effects of microstructure on plant function,
the aforementioned microstructural metrics were extracted within a
variable 0.3–2.0m search radius (0.1 m increment) from each tree lo-
cation. The minimum search radius at which all microstructural metrics
could be derived for each tree was 0.3m. Mean values of the pixels
within a given search radius were recorded from each respective mi-
crostructural metric layer.

In addition, we derived three vegetation-structure metrics: tree
height (i.e., vertical difference between z-coordinate values of the
manually classified ‘top-of-canopy’ laser return of tree crown and the
‘ground’ laser return of tree stem), tree-top prominence (i.e., vertical
difference between the z-coordinate value of ‘top-of-canopy’ return of
tree crown and the value of the collocated DSM pixel), and canopy
height (i.e., difference between respective DSM and DTM pixel collo-
cated with each tree).

2.5. Data analysis

We used Random Forest (RF) to model photosynthetic functioning
(i.e., Fv/Fm) using the microstructural metrics (nine metrics measured
at 18 scales along with tree height, tree-top prominence, canopy height,
and UTM Easting and Northing for a total of 167 covariates). RF is a
non-parametric machine learning approach that allows for efficient
handling of data with many predictors relative to the number of ob-
servations, with each individual predictor providing limited informa-
tion (Breiman, 2001). The RF approach combines many regression
trees, each grown using a random subset of predictors and observations.
RF is robust to overfitting and to multicollinearity because it uses a
subset of predictors for each regression tree, hence retaining the ability
to quantify importance of multiple highly collinear predictors by dis-
tributing variable importance across all correlated predictors (Belgiu
and Drăgu, 2016; Cutler et al., 2007; Dormann et al., 2013). Because RF
is non-parametric, the modeling framework makes no assumptions of
the distribution or independence of predictor and response variables
(Cutler et al., 2007). As our goals were: 1) to determine how much total
variance in Fv/Fm can be explained by microstructural metrics and 2) to

quantify the importance of each predictor variable across scales, we did
not reduce our model to include only predictor variables that are below
a certain correlation threshold (e.g., r2= 0.9 in Genuer et al., 2010).
The RF model provides an estimation of variance explained by the input
predictors, which addresses our first objective, and RF provides esti-
mates of variable importance, based on increase in mean squared error
of each regression tree when a given variable is permuted while all
others remain unchanged (Genuer et al., 2010; Liaw and Wiener, 2002),
which addresses our second and third study objectives.

To run RF models, we used the package ‘randomForest’ (Liaw and
Wiener, 2015) in R, with the default settings for both mtry (i.e., the
number of predictors sampled at each node: 1/3 of total predictors) and
ntree (i.e., the number of regression trees grown for each run of RF:
500). Because this package outputs average variable importance esti-
mates for each forest rather than the distribution across regression trees
within a forest, the RF algorithm was executed 100 times to account for
the inherent stochasticity of variable importance scores (Liaw and
Wiener, 2002; Millard and Richardson, 2015) and to provide a range of
variable importance for interpretation. This approach is equivalent
executing RF to grow 50,000 regression trees. Variable importance
estimates were subsequently converted to a ranking following each
execution of the RF algorithm (n=100), due to the relative stability of
rankings over raw importance estimates across executions of RF (Liaw
and Wiener, 2002). We report the distribution of the different ranks for
each variable to present a final distribution of importance of each mi-
crostructural metric.

3. Results

Field sampling indicated that all 82 white spruce trees were below
the minimum threshold for unstressed foliage (i.e., mean Fv/Fm va-
lues< 0.83; Fig. 5). A Kruskal-Wallis one-way analysis of variance in-
dicated that photosynthetic functioning of spruce trees, measured by

Fig. 5. Distribution of mean Fv/Fm values from three needle bundles each for 82
small-stature white spruce trees across four sample plots (n1= 22, n2= 18,
n3= 18, n4= 24) at the forest-tundra ecotone. Boxes display the first quartile,
median, and third quartile, whiskers display the range of each sample plot, and
dots indicate the mean value of each sample plot. Kruskal-Wallis was used to
test for significant difference in Fv/Fm values across all plots (p= 1.8 * 10−9)
and between plots (pairwise comparisons indicated with the symbols: ns:
p > 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001;). The threshold of
Fv/Fm=0.83 was used to assess whether foliage was considered stressed (Fv/
Fm<0.83) or non-stressed (Fv/Fm>0.83) (Björkman and Demmig, 1987 in
Baker, 2008).
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Fv/Fm, varied significantly (α=0.05) across all plots along the north-
south transect, as well as between each pairwise comparison of plots
except Plots 3 and 4. Interestingly, trees growing at the most northern
location, Plot 1, were the least stressed, with mean Fv/Fm=0.77
(n1= 22), followed by Plot 2 with mean Fv/Fm=0.75 (n2= 18). Lo-
cated at approximately the same latitude along the north-south
transect, Plots 3 and 4 were the most stressed with mean Fv/Fm=0.71

(n3= 18) and Fv/Fm=0.72 (n4= 24), respectively.
Distributions of scale-dependent microstructural metric values de-

rived from TLS point clouds and subsequently interpolated DTMs and
DSMs are shown in Fig. 6a. Observed values of mean insolation (DTM-
and DSM-based), mean curvature, mean wind shelter (DTM- and DSM-
based), mean aspect, and mean slope were increasingly homogeneous
at broader search radii. Mean canopy roughness and mean ground

Fig. 6. Distribution of observed values of scale-dependent microstructural metrics (6a) and scale-independent vegetation-structure metrics (6b) derived from ter-
restrial lidar scanning. Note: wind shelter is a dimensionless index.
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roughness increased in value and were increasingly heterogeneous in
distribution at broader search radii. Tree height values ranged from
0.11 – 1.88m. Tree-top prominence values showed that six of 82 trees
were entirely below the surface of the canopy layer (i.e., negative va-
lues; Fig. 6b).

Using RF, microstructural metrics alone (i.e., excluding UTM
Easting and Northing) explained a mean of 28% (SD=1%) of the
variance in Fv/Fm across 100 executions of the algorithm. When we
included UTM Easting and Northing to account for the spatial dis-
tribution of sites along with microstructural metrics, this suite of vari-
ables explained a mean of 42% (SD=1%) of the variance in Fv/Fm

across 100 executions of the algorithm. The distribution of ranked
importance of microstructural metrics by RF (excluding UTM Easting
and Northing; Fig. 7) demonstrates that insolation at both the ground
surface (i.e., DTM) and the canopy surface (i.e., DSM) along with ca-
nopy roughness were the most important microstructural attributes for
explaining variance in Fv/Fm of small-stature white spruce trees. Results
from the RF modeling also indicated that the importance of micro-
structural metrics in explaining variance in Fv/Fm are scale-dependent,
though the degree to which they are scale-dependent differed among
microstructural metrics. Insolation at the ground surface and the ca-
nopy surface were ranked as highly important (i.e., mean rank of

Fig. 7. Distribution of ranked importance values of scale-dependent microstructural metrics (7a) and scale-independent vegetation-structure metrics (7b) for ex-
plaining variance in photosynthetic functioning (i.e., Fv/Fm) of small-stature white spruce trees at the forest-tundra ecotone from 100 executions of the Random
Forest (RF) algorithm run with 165microstructural metrics (i.e., excluding UTM Easting and Northing). Ranked importance value of 1 indicates the upper limit (i.e.,
most important microstructural metric) possible for the RF algorithm. The most important microstructural metrics (i.e., median ranked importance value>50) are
displayed in blue. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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importance<50) at nearly all scales. Interestingly, canopy roughness
was only ranked as highly important at a narrow range of scales
(0.9–1.1 m), whereas it was ranked in the lower range of importance
(i.e., mean rank of importance> 50, or the top 36 predictor variables)
at finer scales (0.3 – 0.6m), suggesting that the sensitivity of Fv/Fm to
canopy roughness is scale-dependent. Slope ranked in the lower range
of importance across all scales, displaying minimal scale-dependence.

4. Discussion

4.1. The role of microstructure in modulating photosynthetic functioning

Photosynthetic functioning is affected by myriad factors beyond
climate, such as genetics, biophysical structure, belowground condi-
tions, community interactions, and disturbance (Fig. 1). Notable among
these factors, research has demonstrated that biophysical structure at
the micro-scale (cm to m length) is important in modulating coarse-
scale climate conditions at vegetation transition zones to which plant
function is responsive (Chaudhary et al., 2018; Holtmeier and Broll,
2017a; Yang et al., 2012). Hence it is consistent with these studies that
we demonstrated that microstructural metrics alone explained 28% of
the variance in Fv/Fm of small-stature white spruce trees at the forest-
tundra ecotone (FTE). The observed 14% increase in variance explained
by including UTM Easting and Northing as predictors in the RF algo-
rithm suggests that plot-level effects are clearly important to photo-
synthetic functioning of the study trees. Such plot-level effects may
include attributes of the local growth environment not captured by TLS-
derived microstructure. In particular, provenance (i.e., acclimation of
plants to the local conditions specific to their seed source) may be a
possible driver of tree photosynthetic functioning. Prior research on
plasticity in growth and leaf morphology of plants across elevational
gradients has demonstrated the importance of provenance (Vitasse
et al., 2014), suggesting provenance may be a driver of physiological
variation along the latitudinal gradient observed in the present study.
Although it seems plausible that the degree to which microstructure is
important in modulating photosynthetic functioning of small-stature
spruce trees varies across the FTE gradient, forming inferences on that
dynamic for trees occurring outside the ecotone exceeds the scope of
this study. The three most important microstructural attributes, canopy
roughness and insolation at both the ground and canopy surfaces, could
be interpreted as representing heterogeneity in both thermal and illu-
mination properties of the growth environment. Empirical research has
demonstrated that microstructure drives spatial heterogeneity in
thermal microclimates (Scherrer et al., 2011; Scherrer and Körner,
2011, 2010). Our research complements this finding by demonstrating
that photosynthetic functioning is sensitive to microstructure, particu-
larly in the context of fine-scale spatial heterogeneity of solar radiation.
Because of the unique light environment of the Arctic summer (con-
tinuous daylight throughout the growing season, solar azimuth angles
at or approaching 360°, and high solar zenith angles), photosynthetic
functioning has a nonlinear response to changes in solar radiation
(Fernández-Marín et al., 2018; Gross, 1982). Moreover, because these
trees do not experience dark periods during the growing season, it is
likely that heterogeneity in biophysical structure provides diurnally
recurring periods of reduced direct insolation that may be physiologi-
cally important to photosynthetic functioning (Pearcy, 1990; Smith
et al., 2003, 1989; Smith and Berry, 2013; Way and Pearcy, 2012).
Empirically based insights into a similar vegetation system, low stature
deciduous shrubs in the Arctic, has illuminated the importance of the
unique light environment of this region for driving within-crown par-
titioning in photosynthetic functioning (Magney et al., 2016). The
sensitivity of photosynthetic functioning at the FTE to fine-scale spatial
variation in insolation suggests that this metric may characterize both
gradients of light exposure and thermal microclimates. The character-
ization of thermal microclimates may be further refined by integrating
canopy roughness, which may modulate energy partitioning to a degree

that facilitates or inhibits photosynthetic functioning. If canopy
roughness is positively correlated to canopy density or aggregate sur-
face area of foliage, and hence capacity for increased evapotranspira-
tion, increased canopy roughness may bias the flux of energy toward
latent over sensible pathways (Gersony et al., 2016; Stoner and Miller,
1975). Consequently, this may propel divergence in the roles played by
physiological processes (e.g., water transport) that mechanistically
underlie photosynthetic functioning. The evidence we present here on
the sensitivity of small-stature spruce trees at the FTE to microstructure
corroborates the well-established importance of boundary layer effects
on small-stature plants (Howe et al., 2003; Johnson et al., 2011) as
critical drivers of photosynthetic functioning. Under the potentially
stressful conditions and abbreviated growing season of the FTE, small-
stature trees are influenced by boundary layer dynamics, as they are
more coupled to these adjacent growth environments than are large-
stature trees. Tree-top prominence, the most important of the three
vegetation-structure characteristics included in the RF analysis, may
relate to the degree to which the tree crowns were decoupled from the
boundary layer, as upper crown foliage is likely to interact with the free
atmosphere. The importance of canopy roughness suggests that fine-
scale canopy heterogeneity at the FTE may be important for facilitating
turbulence of the atmosphere, thus disrupting the uniformity of the
thermal profile of the sub-canopy boundary layer (Geiger et al., 2003;
Johnson et al., 2011; Lambers et al., 2008), and increasing the im-
portance of convection in driving overall energy partitioning. Surpris-
ingly, given the abundance of wind-related research at ecotones, we did
not observe that wind shelter was important in driving photosynthetic
functioning of small-stature trees. This may indicate that the wind
shelter index used here, originally designed to model snow redistribu-
tion across broad spatial scales (Plattner et al., 2006; Winstral et al.,
2002), cannot sufficiently represent the comprehensive wind environ-
ment or its fine-scale interaction with microstructure at the level of
interest for this study. Alternatively, our observation that a coarse-scale
wind shelter index was of limited importance to photosynthetic func-
tion may indicate that this attribute is less important than fine-scale
heterogeneity in boundary layer air flow, which we did not directly
model.

It is worth noting that several of the microstructural metrics may
provide useful, albeit indirect, inference for subsurface properties un-
doubtedly important in governing photosynthetic functioning at the
FTE. Microstructure influences spring snowmelt dynamics, which in
turn regulates soil temperature and moisture (Scherrer and Körner,
2011, 2010). Disagreements persist over the role of soil conditions in
tree distribution and physiological condition at latitudinal treeline en-
vironments (Du, 2016; McNown and Sullivan, 2013; Sullivan, 2016;
Sullivan et al., 2015); however, recent research suggests that soil
temperature is a primary driver of fall photosynthetic phenology in this
same study region (Eitel et al., 2019), which indicates that modulation
of climate change-induced warming of soil temperature by micro-
structure may have substantial consequences on phenological changes
to the FTE.

4.2. Further considerations

Our selected response variable, Fv/Fm, while ubiquitous in many
studies on plant physiology, does have limitations for inferring photo-
synthetic functioning (Maxwell and Johnson, 2000). This ChlF variable
is temporally constrained, hence it cannot be interpreted as an in-
tegrated response to all-season conditions. Rather, this response must
be interpreted in the context of summer growth environment. This
hampers our ability to infer the role of microstructure in mediating
winter conditions, including snow depth and persistence, active layer
depth and thaw timing, and the abrasive and damaging effects of low
temperatures and wind on foliar biogeochemical properties covarying
with photosynthesis. Photoinhibition, which likely occurs in all seasons
(except during the continuous darkness of the Arctic winter) at the FTE
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(Danby and Hik, 2007; Slot et al., 2005), may have lasting impacts that
cannot be revealed with the selected response variable, but may enact
irreversible damage (Germino and Smith, 1999). It is unclear from the
present study how small-stature trees growing at the FTE may interact
with microstructure to mediate photoinhibition. In addition, despite
our lack of direct measurements of belowground conditions (e.g., soil
nutrients or mycorrhizae), we expect soil moisture and soil temperature
to covary with microstructural metrics (Scherrer and Körner, 2011,
2010), and it is likely that each of these belowground covariates affects
photosynthetic functioning (Fig. 1; Germino et al., 2006). Research has
suggested that interactions between shrub cover and topography in-
fluence immature tree establishment and growth (Kambo and Danby,
2018) as well as physiological condition at treeline ecotones (Germino
and Smith, 1999; Maher et al., 2005); however, our study did not
comprehensively quantify shrub structure (i.e., beyond the elements of
shrub cover characterized by canopy roughness and canopy height) to
provide evidence of associations between shrubs and photosynthetic
functioning of immature trees at the FTE. Whereas the primary goal of
modeling insolation was to understand the interaction of micro-
structure and solar geometry, with reduced emphasis on atmospheric
parameters of this model (i.e., visibility, ozone thickness, relative hu-
midity, and air temperature), it is worth noting that fine-scale spatio-
temporal variance in surface parameters (e.g., albedo) within our study
plots was not captured by the NARR data used in the model. Finally, our
use of RF for assessing the role of microstructure in driving photo-
synthetic functioning presents issue for interpreting ecological re-
lationships. Because RF does not reveal specific statistical relationships,
we could not quantify the direction or magnitude of observed associa-
tions between microstructural attributes and photosynthetic func-
tioning.

4.3. Recommendations for further research

The findings of this study present a compelling case for the im-
portance of microstructure to the photosynthetic functioning of small-
stature trees growing at the FTE. However, further investigation is
warranted to address the limitations of this study and to discern a more
comprehensive understanding of the nuanced relationships discussed
herein. First, we suggest that integrating thermal imagery, near-surface
anemometers, soil temperature and moisture sensors, and air tem-
perature sensors with the highly resolved structural information avail-
able from terrestrial laser scanning, would allow for characterization of
microclimatic heterogeneity near the ground (i.e., boundary layer
conditions) in relation to microstructural metrics. Next, because the
response variable we selected (i.e., Fv/Fm) was interpreted as a proxy of
photosynthetic functioning, we recommend assessing the relationship
between ChlF parameters (namely Fv/Fm) and carbon assimilation (e.g.,
via foliar gas exchange) to better characterize photosynthetic func-
tioning of trees growing at these sites. Moreover, we also suggest that
measurements of non-photochemical quenching (i.e., the efficiency by
which ChlF yield is reduced through heat dissipation) and photo-
chemical quenching (i.e., the efficiency by which ChlF yield is reduced
through photosynthesis) would provide an opportunity to mechan-
istically understand the sensitivity of photosynthetic functioning to
microstructure. Following this, monitoring these aforementioned
parameters of photosynthetic function across a longer time span would
allow for inference regarding the effect of microstructure on phenology
of photosynthetic functioning including photoinhibition (e.g., during
early spring when moisture and temperature are limiting but insolation
is plentiful). Finally, whereas TLS technology represents the apex of
high-resolution structural remote sensing, unmanned aerial systems
(i.e., drones) may provide comparable resolution along with sub-
stantially broader spatial coverage of the study region.

5. Conclusions

In this study we sought to explore the role of microstructure in
explaining variance in photosynthetic functioning (i.e., Fv/Fm) of small-
stature spruce trees at the leading edge of the FTE. Our findings de-
monstrated that trees growing at the FTE are sensitive to fine-scale
variability in biophysical structure; using TLS technology for char-
acterizing microstructure, we showed that microstructural metrics
alone explained 28% of the variance in photosynthetic functioning of
small-stature spruce trees growing at the FTE. The most influential
microstructural metrics for explaining variance in photosynthetic
functioning were canopy roughness and insolation (when modeled at
both the ground surface and the canopy surface). We also demonstrated
that the sensitivity of photosynthetic functioning to microstructural
metrics is scale-dependent, though the degree to which it is scale-de-
pendent differed by microstructural metric.

The empirical evidence presented here corroborates findings on the
importance of microstructure in modulating climatic influence on plant
function at treeline ecotones (Scherrer et al., 2011; Scherrer and
Körner, 2011, 2010). Our results indicate that high-resolution structural
information from remote sensing technology (e.g., lidar or structure-
from-motion imagery) may provide valuable insights related to photo-
synthetic function of trees at the FTE and how variability in micro-
structure may modulate the coarse-scale effects of climate change.
Furthermore, the importance of fine-scale variance in insolation sug-
gests that microstructure may modulate the thermal and light en-
vironment conditions to which trees at the FTE are sensitive, particu-
larly during vulnerable development stages. Characterizing the
relationships between the remotely sensed structural growth environ-
ment and ecological responses is of great interest to broader research
endeavors regarding ecological vulnerability at the FTE. This is espe-
cially true in the complex biophysical structure inherent to an ecotone.
The application of this research will guide future research at the FTE to
quantify attributes of biophysical structure that may facilitate the in-
terpretation of physiological dynamics across spatiotemporal scales. In
particular, this study demonstrates a means to quantify microstructural
attributes that may modulate the response of individual trees at the FTE
to coarse-scale climate change. Conclusions from this research will aid
in assessing the sensitivity of trees to fine-scale changes in climate and
how those fine-scale sensitivities may inform global-scale forest eco-
system modeling under future climate scenarios.
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