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Abstract

Aims (1) To develop a 3D root distribution model for
pifion-juniper woodland using only tree species, sizes
and locations as input. (2) To interpret a two-year time
series of soil moisture relative to root distributions.
Methods The study was conducted in a pifion (Pinus
edulis (Englem.)) -juniper (Juniperus monosperma
(Englem.) Sarg.) woodland in New Mexico. We extract-
ed roots from 720 soil blocks (30 cm x 10 cm % 10 cm)
cut from the walls of three 10-m long and 1.5-m deep
trenches. Roots were sorted by species and diameter
class. Distribution models were developed for the dry
weight of roots <5 mm in diameter. Soil water content
and water potentials were measured in soil profiles
under tree cluster and canopy gaps for 2 years, including
a protracted dry-down period.

Results Pifon had twice the root dry mass of juniper,
similar to the ratio of canopy projection areas. Root densi-
ties were ca. 50% lower in soils under canopy gaps
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compared to tree clusters and the species ratio did not
significantly differ between clusters and gaps. Pifion root
density declined faster with soil depth and distance from
the stem compared to juniper. A hard caliche layer at 60—
80 cm soil depth had no apparent effect on the already low
root density at that depth. Overall, the models explained
66% (pifion) and 54% (juniper) of the spatial variation in
root density at the scale of sampled soil blocks. During an
8-month dry period, soil moisture declined faster in regions
of higher root density: in shallow soil and under tree
clusters. This left a reserve of plant-available soil water in
the deep soil under canopy gaps.

Conclusions Horizontal variation in root density in these
open woodlands is predictable and an important compo-
nent of the dynamic interactions between plant and soil.
Under wet and dry conditions, soil water content is sub-
stantially different under tree clusters and canopy gaps.

Keywords Ecohydrologic heterogeneity - Patch
connectivity - Root-model - Semi-arid woodland - Spatial
heterogeneity - Spatial mosaic

Abbreviations

3D three-dimensional
ET Evapotranspiration

Introduction

Globally, plant roots return 40 - 60% of terrestrial pre-
cipitation as transpiration and thus play an important
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role in the water cycle and climate feedbacks (Good
et al. 2015; Schlesinger and Jasechko 2014). Roots also
play a critical role in mediating the effects of climate and
edaphic conditions on ecosystem function, including net
primary production (NPP), hydrology and energy bal-
ance, especially in water-limited biomes (Warren et al.
2015). Information on ‘rooting depth, distribution and
dynamic uptake behavior’ (Feddes et al. 2001) is there-
fore critical for parameterizing land surface models
(LSMs), predicting vegetation-atmosphere interactions
(Amenu and Kumar 2008; Bonan et al. 2014; Verhoef
and Egea 2014) and community dynamics (Manoli et al.
2017). Yet, our understanding of feedbacks between
root distribution and function remains cursory, particu-
larly so for woody species with large root systems,
where we are particularly dependent upon the synthesis
of data from a variety of studies (e.g. Schenk and
Jackson 2005).

The distribution of roots in the soil is part of plants’
overall resource strategy, responsive to complex interac-
tions between precipitation patterns, edaphic conditions
and plant water uptake (Caylor et al. 2006). Understand-
ably, roots reach their highest densities in the soil just
below the surface, which is recharged most frequently by
precipitation. Somewhat less predictably (Schenk 2008a),
perennial plants also maintain deeper roots, in soil strata
that are recharged less frequently, but whose residual water
content may be able to sustain plants through a rainless
period (Cubera and Moreno 2007; Ryel et al. 2010). Just
how deep the root system of a species ‘should’ be is an
unresolved question, although global trends of rooting
depth with respect to climate, soil type and plant functional
type have been documented (Fan et al. 2017; Schenk and
Jackson 2002). However, even within communities and
plant functional types, the root distributions of species
differ in depth, spatial extent and density (Bucci et al.
2009; Fargione and Tilman 2005). Model predictions aside
(Mirfenderesgi et al. 2019), there are few actual data that
link species’ resource strategies with root distributions.
Moreover, an ‘ideal’ root strategy may not be realized if
below-ground features such as hardpan or rock layers
constrain root development (Renton and Poot 2014).

Here, we quantified the root distributions of pifion
(Pinus edulis (Englem.)) and juniper (Juniperus
monosperma (Englem.) Sarg.) in New Mexico, USA,
two species already widely studied in terms of their differ-
ential drought responses (e.g. (Lajtha and Barnes 1991;
Limousin et al. 2013; Meinzer et al. 2014; Morillas et al.
2017). Piflon-juniper woodlands are an extensive biome in
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North America (Pieper 2008) with well-documented re-
sponses to past and present climate change (Coats et al.
2008; Gray et al. 2006; Redmond et al. 2018) that can
serve as a model system for understanding connections
between root distribution, soil structure and plant function.
Like other semi-arid woodlands worldwide, they are co-
dominated by tree species with contrasting tolerance to to
low water potenials (e.g., Aguade et al. 2015). They are
typically patchy, a mosaic of tree clusters and canopy gaps
aboveground (Martens et al. 1997; Ferreira et al. 2007) and
a lesser known mosaic of rooting patterns
belowground (Breshears et al. 1997). In such systems, it
is particularly important to know both the vertical and
lateral extent of tree roots by species to quantify patch
connectivity and overall ecosystem function (Newman
et al. 2010).

The overall goal of this study was to quantify the three-
dimensional (3D) distribution of pifion and juniper roots in
mixed woodlands, develop predictive models of root dis-
tributions for both species using aboveground tree loca-
tions and sizes as inputs and examine the relationship
between spatial heterogeneity of root mass, rates of water
extraction and the development of spatial gradients in soil
water potential during drought. In particular, we sought to
determine whether there are species differences in vertical
and/or lateral root distribution and, as previously suggested
(Breshears et al. 1997), juniper and pifion have differential
access to soil under canopy gaps. We also explored wheth-
er soil calcification, at our site starting at 25 cm soil depth,
influenced vertical root distributions.

Methods
Root collection

In March 2017, we excavated three trenches on a pifion-
juniper dominated portion of a 6812 ha private ranch
(Lat. 35.642, Long. -104.607, elevation 1925 m), ca.
56 km cast of Las Vegas, New Mexico. The property
had not been grazed by cattle since 2012. Mean annual
precipitation in the region is 462 mm, the majority of
which falls between May and October. Mean annual
temperature is 10.5 °C (30 year means from PRISM
Climate Group, Oregon State University, http://prism.
oregonstate.edu, created 7 Dec 2019; Dataset: Norm81).

We laid out three 10 m trench lines that each started
inside a tree cluster and ended in a gap between canopies.
Live trees taller than 2 m within 10 m x 20 m rectangles
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surrounding the trench lines were mapped by species and
position relative to the trench line (Fig. 1). We recorded the
height of trees, widest and perpendicular to widest canopy
diameters and basal stem diameters (Table 1). The mapped
trees were either Pinus edulis (Englem.) or Juniperus
monosperma (Englem.) Sarg., with the one exception of
a large Juniperus scopulorum tree near Trench 2. Unable
to separate the roots of the two juniper species, we lumped
this tree with all other juniper trees for analysis. There were
no shrubs or cacti in the vicinity of the trenches and grass
roots were easy to identify and were discarded. Soil struc-
ture was relatively consistent between trenches with
a dark 15 - 35 cm thick organic topsoil turning into
gravelly caliche, which turned into hard caliche at about
60-90 cm in Trenches 1 and 2, and 40-60 cm in Trench 3.

We cut the trenches on 20-21 March 2017 and com-
pleted root collections in one week. The day before
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Fig. 1 Tree locations relative to transects 1-3. The three 10 m
transects are indicted by the thick black lines. Bubble sizes ap-
proximate canopy projection areas. The bubble size shown in the
legend corresponds to a canopy 1 m in diameter

excavation, trees within 1 m of the trench line were cut at
ground level and removed to make space for the excavator.
Trenches were dug with a 1 m wide bucket to 150 cm deep
(the depth at which the excavator was rejected by
bedrock).

In the trench, we sampled from the wall that was
closer to the center of the tree cluster. We first smoothed
the walls to a flat, vertical surface using hand tools,
photographed them for future reference and cut roots
protruding from the surface. We divided each trench into
thirty 0.3 m segments and sampled every other segment,
starting at 0.3 m on the trench line and ending at 9.6 m
(e.g., 0.3-0.6 m, 0.9-1.2 m, ..., 9.3-9.6 m: 16 seg-
ments). In each sampled segments, we cut soil blocks
0f 0.3 m width, 0.1 m height and 0.1 m depth out of the
trench wall, put them on a tarp and broke then up by
hand. Visible pifion and juniper roots were picked out
and collected into plastic bags with a wet paper towel to
maintain moisture. After this first pass, we sieved
soils through a 2 mm wire mesh and retained roots were
added to the first batch. We then inspected sieved soils
for a final time to see if larger root fragments had been
missed. We continued picking roots from the soil until 1
min. of searching did not result in any more roots being
found. We assume that only short root fragments (e.g., <
3 cm) or thin primary roots (<< 0.8 mm) could have
remained in the soil. This protocol was repeated for each
segment to a depth of 150 cm. This sampling scheme
yielded 240 individual sample blocks per trench; 16 in a
row along the length of the trench and 15 per soil
column between the surface and 150 cm depth. The
root-filled plastic bags were locked air-tight and stored
in chilled coolers on site until they could be refrigerated
at the end of the day. Back at the labs we froze the root
collections to avoid decomposition during months of
analysis.

Root separation and measurement

We first separated roots by species based on color dif-
ferences in bark and wood and the overall shape of
roots. Juniper roots had a dark reddish-brown bark, were
more fibrous with a high branching frequency and long
roots had a more crooked appearance with frequent
direction changes. In contrast, pifion long roots were
lighter in color softer and more linear in growth (see
also Pregitzer et al. 2002). We then separated roots from
both species into four diameter size classes: > 20 mm,
5-20 mm, 0.8—5 mm and < 0.8 mm. Some root samples
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Table 1 Composition of live trees (taller than 1 m) in 10 m x 20 m rectangular plots surrounding the trenches

Pifion pine Juniper

Tree Total canopy Total stem Tree number Total canopy Total stem

number projection area (m2) area (m?) projection area (m?) area (m?)
Trench 1 12 115 0.237 10 62 0.171
Trench 2 13 130 0.198 8 49 0.067
Trench 3 31 102 0.228 11 71 0.109
Average 15.3 115.7 0.221 9.7 60.7 0.116

only consisted of fragmented fine roots <0.8 mm, which
we did not attempt to separate by species. They were
recorded as ‘PJ’ (mixed pifion and juniper).

We optically scanned roots <5 mm in diameter to
determine root length and used the WinRhizo software
package (Regent Instruments, Quebec, CA) to subclas-
sify the roots into 12 diameter classes (0-0.8, 0.8—1.0,
1.0-1.5, 1.5-2.0. 2.0-2.5, 2.5-3.0, 3.0-3.5, 3.5-4.0,
4.0-4.5,4.5-5.0, 5.0-6.0, 6.0-7.0, >7.0 mm). The frac-
tion of >5 mm diameter roots should have been zero, but
occasionally, the image analyzer detected significant
root length in the >5 mm diameter classes. When this
happened, the thick roots were picked out, reallocated to
the corresponding 5-20 mm diameter batch and the
remaining root sample rescanned. We followed the same
protocol for roots <0.8 mm in diameter that were
misplaced in a> 0.8 mm diameter batch. We dried all
physically separated root batches at 70 °C and weighed
them to get total root dry mass in each sample.

Root model development

Our goal was to develop a root model
that quantifies spatial variation in water uptake
capacity, a critical requirement for representing
root function in land models. We know that the
thinner (first order) roots, are most directly in-
volved in water uptake (Freschet and Roumet
2017). Unfortunately, thinner roots are also harder
to sample and separate by species (Addo-Danso
et al. 2016). Therefore, the root fraction and met-
ric chosen for model selection is a compromise
between functional relevance and data quality.
Overall, 39% of the total measured root length was
<0.8 mm in diameter and 86% was <2 mm in diameter
(Table 2). Nearly half (45%) of the root length in these
size classes could not be classified by species.
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Therefore, we decided to use the dry mass of roots
<5 mm in diameter for modeling root distribution, in-
stead of the root length density of fine roots. We as-
sumed that the <5 mm dimeter class included both
uptake roots and low branch-order transport roots, both
of which are correlated with whole-plant water uptake
capacity (Bouda et al. 2018). The mass fraction
amounted to 29% of the total collected root dry mass
and within it, only 8% of all root dry mass was uniden-
tified by species. We divided the unknown root fraction
equally among the two species for analysis.

Our overall approach to modeling root distributions was
to identify, for each species, one function to characterize
the attenuation of root density by soil depth and a second
function to characterize the attenuation of root density with
distance from individual trees. The product of the two
functions predicts root density at any location in soil space.
This framework makes the simplifying assumption that
there is no interaction between vertical and horizontal root
distributions, i.c., the shape of the vertical root distribution
does not change with distance from a tree.

We did not sample the root mass of individual trees,
only the root mass along three planar cuts through the
soil. Therefore, we had to infer the contributions of
individual trees to the total root biomass in a soil block,
based on the number, the distance and the size of trees in
the vicinity (Fig. 2).

To identify the best representation of vertical distri-
bution, we fitted two models widely used in vegetation
models; the exponential model (1) and the logistic dose-
response model (2):

Rp = Ry*e ™™, (1)

L @

D C
1+ (D_so)
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Table 2 Summary of root data from all three trenches by root
diameter class and species. Data are reported as total root dry mass
or length per ground area. This was calculated by summing all root
quantities in the respective categories and dividing by 1.44 m~, the

total ground area sampled. Percent values in bold indicate the
distribution of root quantity between species within a diameter
class. Percent values in italic indicate the distribution of total root
quantity between diameter classes

Root dry mass per ground area

< 0.8 mm dia. 0.8 — 5 mm dia.
(kg m™) (kg m™)
Pifion 0.007 (5%) 0.813 (69%)
Juniper 0.018 (13%) 0.362 (31%)
Unidentified 0.120 (82%) 0.011 (<1%)
Total 0.146 (3%) 1.186 (26%)

Root length per ground area

< 0.8 mm dia. 0.8 — 2 mm dia.
(m m’z) (m m’z)
Pifion 66 (11%) 345 (47%)
Juniper 91 (15%) 240 (33%)
Unidentified 449 (74%) 146 (20%)
Total 604 (39%) 731 (47%)

5 — 20 mm dia. > 20 mm dia. All dia. classes
(kg m™?) (kg m™?) (kg m™?)

1.08 (73 %) 1.16 (65%) 3.060 (67 %)
0.391 (27%) 0.624 (35%) 1.395 (30%)
0 0 0.131 3%)
1.470 (32%) 1.782 (39%) 4.584 (100%)

2 —5 mm > 5 mm All classes
(m m'z) (m m'z) (m m’z)

129 (72%) 5(21%) 545 (35%)
51 (28%) 19 (79 %) 401 26%)
0 0 598 (39%)
180 (12%) 24 (2%) 1539 (100%)

in which R) (kg m ) is cumulative average root mass
per unit ground area from the bottom of the root zone to
soil depth D and R, (kg m ?) is the cumulative average
root mass per unit ground area from the bottom of the
root zone to the soil surface. In the exponential model, &
is the exponential rate of root mass decline with soil
depth. In the logistic model, Ds, is the soil depth

Fig. 2 Conceptual figure of
modeling approach. The color
scheme represents the variation of
root density at different depths in
the soil based on the locations of
three trees (black circles). The
black line marks the location of
the transect. The three arrows
indicate the horizontal distances
of point x on the transect (white
circle) to trees 1, 2 and 3. The
model assumes that total root
density at point x is the linear sum
of contributions from trees 1,2
and 3

Soil depth

Transect line

at the median of the root distribution (separating
the upper and lower 50% of the root quantity) and
C is a shape parameter. With one more parameter,
the logistic model is more general than the expo-
nential model and can, for example, fit unimodal
root distributions, in which root density peaks
below the soil surface.

0.14

0.1

0.06

0.04
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To derive a model for horizontal distribution, we took
inspiration from the ‘field-of-neighborhood’ literature,
which has developed a family of radially symmetric func-
tions to model the attenuation of root activity by distance
from the plant center (Berger et al. 2008). These models
are usually scaled to the size of plants, so that a larger plant
can have higher activity at equal distance from a point (i.e.,
trees with wider canopies can have wider root systems).
In a preliminary analysis using vertically summed root
dry mass for individually sampled segments on the
transect, we determined that a simple exponential model
with allometrically scaled canopy projection area pro-
duced the best fit with the least number of parameters:

Rox=w+ Zl”;ﬂl [ﬁ*g *A? *e-ﬂd‘.x]
(where)ﬁ =1ifdi,<p (3)
A=0if disp.

Here, x is the midpoint of a transect segment, Ry is the
cumulative root mass per unit ground area from the bottom
of the root zone to the soil surface at point x and d; is the
distance between x and midpoint of the /’th tree in the
vicinity (Fig. 1). The parameters ¢ and « are the allometric
scaling parameters for the canopy projection area A, of the
i’th tree and f3 is a parameter that determines how fast root
densities decline with distance from the tree. Parameter f;
ensures that only trees within a radius p from the sampling
point (i.e., in the ‘neighborhood of x°) are included in the
root tally.

Basically, the formula states that R, is determined by
the sum of roots contributed individually by all trees in the
neighborhood and that each contribution is weighted non-
linearly by the size and distance of the respective tree.

We found that the model fit was significantly improved
by assuming a constant background root density w, which
does not occur in ‘field-of-neighborhood’ models, but in
our model represented root mass that could not be attrib-
uted to any particular tree in the neighborhood.

The full spatial models (i.e., the product of functions
1 or 2 and 3) were

RD,x = RO‘x *e_éD (4)
Rox
and Rp , = 0 o (5)
1+ (DA)
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with Rp, as the cumulative root mass per unit ground area
from the bottom of the root zone to soil depth D at
sampling point x on the transect. We determined the set
of parameters («, 3,7y, 6 (or Dsyand C), €, w and p) that
simultaneously minimized the sum of error squares be-
tween individual samples and point values predicted by the
3D model, using parameter values from the vertical and
horizontal analyses as initial guesses. The parameter values
slightly changed as the sum of error squares was mini-
mized for all 720 individual samples, instead of for their
vertical sums and horizontal averages.

For the goodness of fit analysis in Table 4 (the full
model), prediction R? values were calculated using the
following formula by (Alexander et al. 2015):

2
e 172(;@)2 ’
()

where y is the observed root mass per ground area in
blocks, y is the predicted root mass per ground area
calculated as (Rp,x—Rp,., ) and ¥ is the average ob-
served root mass per ground area in blocks. The predic-
tion R? values cited in Figure 4 (for horizontal distribu-
tion) uses the vertically summed root mass per ground
area for y and Ry_, for 7.

Lastly, to determine how well the model predicted
root distributions not used in model parameterization,
we fitted models using the data from two trenches
(every combination, in turn) to estimated root densities
for the third, excluded trench. To distinguish between
the two parameterization procedures, we refer to the “3-
Trench Model’ and the ‘2-Trench Model’.

(6)

Climate and soil data

The root excavation study was part of larger experiment
involving nine 900 m? plots in this pifion-juniper wood-
land, including three plots in which all pifion tree were
girdled, three plots in which all juniper trees were gir-
dled and three control plots without girdling. We
installed multiple sensors in these plots, which reported
in 15 min intervals to data loggers. Here we are showing
data only from the three control plots, as they are repre-
sentative of the areas where root transect data were
taken. Combined, the control plots contained 18 soil pits
in which psychrometers (PST-55 psychrometer, Wescor
ELITechGroup, Logan, UT) were inserted at 15, 30 and
60 cm depth and TDR probes (EC-5, Decagon Devices
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Inc., Pullman, WA) at 5, 15, 30 and 60 cm depth. Of the six
pits per plot, four were installed inside tree clusters and two
in canopy gaps. Replicated soil water potential and water
content data were reduced to daily averages across all
replicated sensor positions. Daily changes in water content
were calculated as the difference in the daily averages
between consecutive days.

An on-site weather station (Campbell CR10X,
Campbell Scientific, Logan, UT, USA) measured pre-
cipitation (TR-525USW, Texas Instruments, Dallas,
TX) and air temperature (Campbell HMP45).

We also measured the predawn and midday plant
water potentials of trees several times per year (n=35
per species per plot) using pressure chambers (Model
1000, PMS Instrument Company, Albany, OR, USA).
In the discussion, we refer to a measurement taken on 7
June, 2018.

Results
Root distribution

In the square plots surrounding the trenches (Fig. 1), the
projected canopy area of pifion was roughly twice that
of juniper (Table 1). Our root sampling from the trench-
es recovered 6.6 kg of root dry mass and 2.2 km of root
length (Table 2). Across the three trenches, the average
root mass of pifion was approximately twice that of
juniper, roughly proportional to their canopy projection
areas. At the maximal excavation depth of 1.5 m, 30%
of the excavated soil blocks did not have any detectable
root mass and those that did had only 0.18 g on average
composed mostly of roots <0.8 mm in diameter that
were lodged inside the narrow spaces of planar frac-
tures. Thus, at 1.5 m, the rooting zone was very nearly at
its outer limits.

The exponential model produced a slightly bet-
ter fit it than the logistic model for both species
(Table 3; Fig. 3). Model parameters indicate that
pifion roots had overall shallower distribution with
a median rooting depth of 25 cm compared to
juniper’s 31 cm. This difference was highly signif-
icant (t-test: p <0.0001), however, the difference in
the shape parameter C was not (t-test: p=0.58).
The average root density of piflon exceeded that of
juniper down to a depth of 80 cm, below, juniper
roots were more abundant than pifion roots.

The parameterization of the full 3D produced a nearly
equally good fit regardless of which model was used to
model root attenuation with soil depth (Table 4). Parsimo-
ny would therefore favor the exponential model. Besides
the species difference in vertical root distribution, the other
main difference was in species’ effective neighborhood
radius (p, Table 4): In pifion, root densities were elevated
above background levels only within 2 m of a tree bole,
whereas that radius was 4 m for juniper. At the same time,
the background density of root mass (w) was ca. twice as
high for pifion than for juniper.

The prediction of horizontal root distribution based
on the numbers, locations and sizes of trees in the
neighborhood of sampling points (Fig. 4) was consider-
ably less accurate than for vertical distribution (Fig. 3).
Nevertheless, the model correctly captured the general
decline of root densities between clusters and adjacent
canopy gaps. Moreover, predictions of the 2-Trench
Models (which were parameterized only with data from
the two trenches not predicted) were quite similar to the
3-Trench Model, suggesting that the parameterized
model can potentially be applied to sites with similar
tree density and soil condition.

Along the trenches, the vertically summed root den-
sities of pifion exceeded those of juniper by about 2:1
(Fig. 5: note the change in color scale, Fig. 7). The
models captured the tendency for roots under tree clus-
ters to be both denser and deeper than under canopy
gaps. Roots were most concentrated above the caliche.
In the friable caliche between ca. 30 and 80 cm, root
densities where quite patchy. Species differences in
rooting depth were particularly obvious in Trench 1,
which had the highest local concentration of large juni-
per trees (Fig. 1). Below 80 cm, inside the hard caliche,
roots of both species were sparse and patchily distribut-
ed. This was particularly observable in Trench 2, in
which the caliche below 80 cm was very strongly
cemented and minimally fractured.

Soil moisture dynamics

During the first two years of data collection, there was a
prolonged dry period from November 2017 through
June 2018 (Fig 6a). Soil water potentials dropped pre-
cipitously during this interval across soil depths
(Figs 6b-d). Because the soil psychrometers used to
measure soil water potential are less sensitive under
near-saturating conditions, water potentials tend to flat-
line during wet intervals. During drought, these sensors
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Table 3 Results of the vertical root distribution analyses using the
spatial averages across all three trenches. The prediction R is the
R? of the regression between predicted (x) and measured (y) root

density for individual layers. Ry is the average vertically summed
root dry mass from the bottom to the root zone to the soil surface

Pifion root dry mass (<5 mm dia.)

Juniper root dry mass (<5. 5 mm dia.)

Exponential model

_ 7 1.08 (0.01)

Ry (kg m ™)

a 0.036 (0.0007)
Prediction R? 0.966

Logistic dose-response model

_ 5 0.90 (0.02)

Ry (kg m?)

Ds (cm) 25 (0.08)

C 2.2 (0.1)
Prediction R* 0.921

0.52 (0.008)

0.026 (0.006)
0.934

0.46 (0.008)

31(0.8)
2.0 (0.06)
0.881

are superior to other probes in quantifying meaningful
limits on plant-available water (Jones 2007).

Soil water potentials became limiting to plant water
uptake at different times, depending on soil depth and
location (i.e. cluster vs. gap). For the purpose of

Exponential model fit

discussion, we use —1 MPa as a reference state. For
example, soil water potentials under tree clusters fell
below —1 MPa first at 15 cm depth, ca. 6 weeks later
at 30 cm depth and an additional 5 weeks later at 60 cm
depth. Soil in gaps passed the same —1 MPa mark

Logistic model fit

0 Ow [ ) 0 Owy [ )
20 | ® ) 20 | ® ,
04 Juniper (R” = 0.997) 01 Juniper (R” = 0.998)
60 - 60 4
80 4 80 4
100 4 Trench 1 100 1
T 120 Trench 2 120 |
S . v Trench 3 10
< —— Model
% 160 . . 160 5 —v e
T_f 20 A 20 A
8 40 40 2
Pifion (R™ = 0.996)
60 4 60 4
80 4 80 4
100 - 100 B
120 4 120
140 140
160 - 160 -

0.0 0.2 0.4 0.6 0.8 1.0

0.0 0.2 0.4 0.6 0.8 1.0 1.2

Cumulative fine root dry mass per ground area (kg m®)

Fig. 3 Model solutions and data for horizontally averaged dry
mass of roots <5 mm diameter. Data were collected in 10 cm
increments from the surface to 150 cm depth. On the left, root
dry mass per ground area was fitted to the exponential model; on
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the right to the logistic dose-response model. The R? values are the
adjusted R? values of the regression. Corresponding model param-
eters are shown in Table 3
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Table 4 Variable and parameter names, meaning and values of the 3D root models for pifion and juniper

A. Variable ranges

Values pifion  Values juniper

D Soil depth 5-145 cm 5-145 cm
dix Distance of the i’th tree from poim x on the transect Upto2m Up to4 m
Ty Number of trees within a within a radius of p m around point x 04 04

A; Canopy projection area of i’th tree in the neighborhood 0.7-22.8 m*  0.52-26.9 m*
B. Exponential model

€ Linear allometrict scaling factor 0.31 0.096

« Allometric scaling power 0.23 0.72

15} Constant of exponential decay of root density with distance from tree 0.41 0.65

p Neighborhood radius 2 m 4m

w Background root mass per ground area 0.62 kgm? 030 kg m?
1 Constant of exponential decay of root density with soil depth 0.035 0.025
Prediction R*  R? of the regression between prediction (x) and observation (y) at the level of individual samples  0.66 0.54

C. Logistic dose-response model

Values pifion ~ Values juniper

€ Linear allometric scaling factor 0.248 0.082

@ Allometric scaling power 0.23 0.73

I} Constant of exponential decay of root density with distance from tree 0.38 0.64

p Neighborhood radius 2m 4m

w Background root mass per ground area 0.52 kgm?  0.26 kgm™
Dsy Depth of median root distribution 26 cm 32 cm

C Shape parameter for vertical root distribution 22 1.9
Prediction R R? of the regression between prediction (x) and observation (y) at the level of individual samples  0.64 0.53

additional weeks later at each depth. In the densest
region of the root zone (15 cm under cluster), the soil
dried to —1 MPa by January 2018 (Fig. 6b), while in
peripheral regions (60 cm under gap), the soil had dried
to the same level by May 2018 (Fig. 6d).

The soil water potentials between cluster and gap
initially diverged under drought (Figs 6b-d), as soil
water was lost more quickly from clusters than from
inter-canopy gaps (Figs 6e-g). Since soil water loss also
declined with soil depth, water potentials diverged faster
at 15 cm than at 30 cm depth and most slowly at 60 cm
depth. Over time, despite the difference in root density,
water uptake rates between clusters and gaps tended to
equalize, almost immediately at 15 cm depth (Fig.
6e) and several months into the drought at 60 cm
depth (Fig. 6g). When compared at equal water poten-
tials during the dry-down period, water loss was faster
from clusters than gaps, but only in the range from 0 to
—1 MPa soil water potential (Fig. 8).

Differences were also observable during periods of
recharge (Fig. 6b-d: 5/17-10/17 and 7/18-11/18).

Particularly at 60 cm depth, soil under canopy gaps
was initially drier than in tree clusters. However, over
the course of several months, soil moisture under both
clusters and gaps equalized.

Discussion
Modeling root distributions in three dimensions

It is clear in the literature that root distributions in forests
and woodlands are spatially variable, especially so in
semi-arid woodlands, which are often structured into
distinct tree clusters, separated by open areas (gaps in
the canopy) of bare soil and herbaceous cover
(Breshears 2006). Heterogeneity of land cover is an
important modifier of ecosystem function (Newman
et al. 2010), but while land models have become more
sophisticated in representing the heterogeneous distri-
bution of canopies, they have failed to do so for the
rhizosphere (reviewed in Fisher et al. 2018).
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Fig.4 Model solutions and data for vertically summed, horizontal
fine root distribution (Rx,0) along points x on the respective
transects. The 3-Trench model was parameterized using all three
trenches. The 2-trench model was parameterized with two trenches
excluding the trench for which root densities were estimated. Each

We demonstrate that above-ground patterns of tree
distribution in a semi-arid open woodland can be used to
predict at least coarse patterns of root distribution be-
low-ground, such as differences in root densities
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transect started inside tree clusters (at 0 m) and ended inside
canopy gaps (at 10 m). The R values correspond to the goodness
of fit of the 3-Trench model across all trenches. The model was the
exponential version (Table 4). Note the difference in scale between
the left- and right-hand figures

between tree clusters and canopy gaps (Fig. 4). This
was achieved by fitting a relatively simple 6-parameter
model, which assumed no interaction between vertical
and horizontal root distribution nor between the root



Plant Soil (2020) 450:337-355

347

Pinon data

Pinon model

Innom

cooooo0o
EES e =y

Trench 1
Soil depth (cm)

Trench 2
Soil depth (cm)

Trench 3
Soil depth (

1234561789
Length along the transect m)

1234567829

Fig. 5 Kriged maps of model solutions and data for the three
trench walls. Colors are scaled linearly to the dry mass density per
ground area in 10 cm layers (kg m™) of roots <5 mm in diameter.
The lines indicate the observed depth of the transition between

systems of individual trees (e.g., contact avoidance;
Brisson and Reynolds 1994). This simple structure is
an important feature, since it suggests that easier sam-
pling protocols could be used to parameterize 3D root
models in future studies. For example, it should be
sufficient to sample only the topsoil layer (containing
30-50% of all roots) and then couple the horizontal
distribution term to a known or independently deter-
mined vertical root distribution term.

The model captured approximately 60% of the vari-
ation in the horizontal cumulative root density (R, ,) at
the scale of 300 cm? patches of ground area (unex-
plained variation in vertical space was diminishingly
small by comparison). The model was fairly successful
predicting variation in the root density gradient between
clusters and gaps (e.g., for example the difference
between the shallow gradient for juniper in Trenches 2
& 3 and the steep gradient for pifion in Trenches 1 & 3;

Juniper data

Juniper model

Soil deptrh (cm) Soil depth (cm)

Soil Depth (cm)

1234567829
Length along the transect (m)

1234567829

dark organic soil to white, friable caliche. Note the difference in
scale between pifion and juniper. Each transect started inside tree
clusters (at 0 m) and ended inside canopy interspaces (at 10 m).
Corresponding model parameters are shown in Table 4

Fig. 4). Part of the unexplained variation was contribut-
ed by patches of unusually high root density. The model
also failed to link local root densities to tree locations at
greater distances, which made it necessary to incorpo-
rate the ‘background’ root density parameter (w), a
minimal value for root density in gaps. It should be
assumed that this value in particular will change with
the average size of canopy gaps.

According to Schenk and Jackson (2002), more than
90% of all root profiles globally have at least 50% of
their roots in the top 30 cm. The root profile of this
pifion-juniper woodland was no different: More than
half of the dry mass of roots <5 mm were in the organic
soil layer, which had a variable depth between 15 and
35 cm (24 cm on average; Fig. 5). Below, a layer of
friable caliche was also well-populated by roots of both
species. There was no apparent discontinuity in vertical
root distribution to suggest that the calcified soil layers
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Fig. 6 Climate and soil moisture over two years. a: Daily precip-
itation and average temperature; b-d: soil water potentials at
15 cm, 30 cm and 60 cm depth from 1 April 12,017 to 31 January
2019. The highlighted window marks 8 months of low precipita-
tion in which the soil dried out. The vertical dashed lines highlight
the dates when soil water potentials fell below — 1 MPa. e-g: Daily

imposed a significant barrier for vertical root growth
(Fig. 3). A hard caliche layer came in at ca. 80 cm depth
that was more likely to present a barrier for root growth.
However, at that depth root densities were already quite
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changes in soil water content over this 8-month period are shown
in the right column (e-g) as 10-day running averages. Positive
values indicate soil water loss, negative values soil water gain. In
Figures b-g dark-blue lines represent soil sensors under tree clus-
ters and red lines soil sensors under canopy gaps

low (Fig. 1). Therefore, we conclude that patterns of soil
calcification at our study site had minimal effects on root
distributions or in constraining plant water access under
most conditions.
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Species differences

Our study provides the first direct evidence of differences
in root distribution between pifion and juniper. Early in-
vestigators speculated, based on ecophysiological observa-
tions, that juniper may be shallower-rooted than pifion
(Lajtha and Barnes 1991). But a recent study using stable
isotope tracers concluded that juniper used deeper water
sources than pifion during drought, likely including water
taken up from fractured bedrock below 50 cm soil depth
(Grossiord et al. 2019). In our study, juniper trees also had
deeper roots, but species differences were moderate.

Relative root mass (for roots <5 mm diameter) in the
top 20 cm of the soil was 1.3 x greater for pifion than for
juniper and pifion had a median rooting depth (Ds) of
26 cm compared to juniper’s 32 cm (Table 4). The
portion of total root mass that was present below
80 cm in the fractured rock represented 5% for pifion
compared to 13% for juniper.

Previous studies suggested that juniper has a spatially
more expansive root structure than pifion (Breshears et al.
1997). In Breshears et al. (1997), when water was applied
to open spaces surrounding isolated trees, juniper was
physiologically more responsive than pifion and water
disappeared faster adjacent to juniper. By contrast, we
could draw no clear distinction between pifion and juniper
lateral rooting width in this study. While pifion trees did
form patches of very high root density close to their stem,
they also maintained root mass in gaps (Figs. 4 and 5).
Juniper trees generally did not concentrate roots near the
stem as much and showed a more gradual decline of
density between cluster and gap (Fig. 4). Neither species
appeared to have the advantage accessing soil under gaps
and the species ratio of root mass was similar between
cluster and gap (Appendix Fig. 7).

In the models, the difference in lateral distribution
was reflected most clearly in the neighborhood radius
(parameter p, Table 4), the maximal distance from the
tree center at which root densities were elevated above
background levels. According to the regression results,
that radius was 2 m for pifion roots versus 4 m for
Jjuniper. However, pifion also had a higher background
root density than juniper (parameter w). These patterns
could be consistent with a more adaptive (therefore less
predictable) root distribution in pifion.

We based our spatial analysis on the dry mass of roots
<5 mm in diameter, 29% of the total root dry mass
(Table 1) and deliberately excluding thick structural
roots. The decision to analyze root dry mass rather than

root length was driven in part by the low accuracy for
identifying fine roots by species. This biased the analy-
sis towards thicker roots in the 0—5 mm diameter range,
a set that was likely dominated by low branch-order
transport roots. Although recent models suggest that
axial conductance of transport roots can co-limit net-
work conductance (Bouda et al. 2018), we cannot ex-
pect the distribution of transport roots to match that of
absorptive roots exactly. If roots have regular branching
patters, we may assume that the length and mass of roots
with higher branching order has an approximately allo-
metric power-relationship with the length of roots with
lower branching order, all the way down to the primary
absorbing roots (Arrendondo and Johnson 2011). Thus,
if root mass M declines exponentially with soil depth or
distance from a tree d (M~e¢ °?) and the length of
absorbing roots L has an allometric relationship to the
mass of higher order transport roots to which they attach
(Lg= M), it follows that the distribution of absorptive
root length would have a different exponential distribu-
tion parameter (L,~3e 7). Different species may very
well have different allometries and in addition, allome-
tric relationship may change with soil depth and season
(Peck et al. 2006). Thus, species differences in parame-
ters of root mass distribution should be interpreted with
caution. Differences in terminal branching patterns
could accentuate or diminish differences in the spatial
distribution of resource uptake capacity.

Woody plant species in water limited environments
often have expansive root systems with both deep tap
roots and long lateral roots; the evergreen shrub Larrea
tridentata is a good example (Brisson and Reynolds
1994; Gile et al. 1998; Schwinning and Hooten 2009).
These species are adapted to extracting soil water year-
round, which includes times when soil water potentials
are low and contain only a small fraction of plant-
available water by volume. Such species increase their
water uptake more effectively by accessing a greater soil
volume rather than by increasing root density (Hartle
et al. 2006). Species with lower tolerance for low water
potentials are by contrast adapted to optimizing water
uptake during times of relatively high soil water avail-
ability. Exemplified by Ambrosia dumosa, these species
have higher fine root density with a higher proportion of
shallow roots (Hartle et al. 2006; Schwinning and
Hooten 2009). Part of their strategy may also include a
more adaptive spatial root allocation, which increases in
pockets of high soil moisture (Wilcox et al. 2004).
We suggest that the contrasting ecophysiology and
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root distributions of L. tridentata and A. dumosa
of the Mojave Desert, similar to pifion and juniper,
exemplify a general pattern of species differentia-
tion between co-dominant woody plants in water-
limited environments.

Soil water dynamics

Spatial heterogeneity of soil moisture is a key aspect of
the ecohydrology of water-limited systems (Breshears
and Barnes 1999), enabling such critical functions as
niche separation and coexistence (Walter and Mueller-
Dombois 1971), drought persistence (Ryel et al. 2010)
and hydraulic redistribution (Neumann and Cardon
2012). These phenomena have been investigated pri-
marily with a focus on vertical heterogeneity but hori-
zontal variability could be as important. We focused
here on differences between tree clusters and canopy
gaps, being the more predictable component of spatial
variability (Fig. 4). However, we note that a finer grain
of spatial variability, related to the clustering of roots in
soil pockets (Fig. 5), probably adds another significant
component of heterogeneity.

Most of the time, soil water potentials were different
in clusters and gaps at equal depth (Fig. 6), but the
gradient inverted in periods of recharge vs. dry-down.
Recharge in gaps lagged behind clusters, which left gaps
drier during much of the recharge periods. This may be
caused by precipitation redistribution from canopy gaps
to tree clusters by overland flow (Reid et al. 1999).
Ponding may occur in gaps where the absence of stem
flow and vertical macropores along root channels (Luo
et al. 2019) slow infiltration.

Conversely, during an extended period in which the
soil dried out, soil under canopy gaps maintained less
negative water potentials for longer than soil under tree
clusters. At every soil depth, rates of water loss were
initially higher in tree clusters (Fig. 5 e-g), as would be
expected with roughly twice the root density. Interest-
ingly, rates of water loss between cluster and gaps
converged over time, suggesting that the lower root
hydraulic conductance in soil under canopy gaps (which
would have slowed water uptake) was increasingly
compensated by a steeper soil-to-root water potential
gradient (which would have increased water uptake).
When compared at the same soil water potential, water
loss from regions of higher root density under cluster
was predictably higher than under canopy gaps, at least
at water potentials above -1 MPa (Appendix Fig. 8). At
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more negative soil water potentials, differences in water
loss rates between cluster and gap were no longer evi-
dent, perhaps because they were too low to be detectable
or because other processes than root water uptake dom-
inated (diffusion, redistribution).

In Fig. 6, we highlighted the sequence in which soil
water potentials passed through —1 MPa to illustrate that
some regions of the soil maintained a relatively high
level of plant-available water for months into the
drought. However, the volume of these relatively wet
soil regions progressively contracted, at last restricted to
deep soils (> 60 cm) under canopy gaps. For pifion,
which can take up water only from soils with less
negative water potentials, that contraction would have
happened at a faster pace than for juniper.

For example, on 7 June 2018, average midday water
potentials was —1.8 MPa for pifion, which would have
allowed trees to extract water just barely from gaps at
60 cm soil depth, where soil water potential was still at
—1.6 MPa. By that time, pifion had probably severed
hydraulic connections to most of the soil volume above
60 cm depth and might have been close to ceasing water
uptake (and transpiration) entirely. At the same time, the
average midday water potential of juniper was
—2.7 MPa, suggesting that juniper still extracted water
from gaps at 30 cm soil depth (cluster: —2.6 MP; gap:
—2.0 MPa), and both cluster and gap at 60 cm depth
(cluster: —1.9 MPa and gap: —1.6 MPa).

For both species, but especially pifion, soil moisture
retained in gap locations should have helped trees avoid
damaging levels of desiccation, but low rooting density
would have also restricted daytime transpiration. Thus,
what Ryel et al. (2010) called the plant ‘maintenance
pool’ of soil moisture may be interpreted as a byproduct
of spatial heterogeneity in root distribution and should
be located at the periphery of root systems. Both the
exponential decline of root density with depth (Fig. 3)
and with distance from the root crown (Fig. 4) may be
caused by constraints of root development. But it is
intriguing to consider that natural selection can fine-
tune plant rooting patterns, not just to optimize overall
water and nutrient uptake while minimizing costs
(Schenk 2008b), but also to moderate fluctuations in
plant water status. Thus, relatively small variation in
root allocation to the ‘maintenance pool’ could influ-
ence survival during prolonged periods of drought.

Persistent soil water potential differences between
tree cluster and canopy gap locations also suggest the
possibility of lateral hydraulic redistribution. Juniper
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might be better suited to this function, due to potentially
longer lateral roots and greater water-potential band-
width for hydraulic transport (Sperry et al. 2016). Hy-
draulic redistribution should occur in the direction of
gaps during periods of soil water recharge following
observed water potential gradients, and in the direction
of tree clusters during drought. However, as observed in
other studies, the amounts of water transported in this
way would not be large, since after all, substantial
gradients in soil water potentials were maintained.

Summary

We conducted an extensive root excavation study in a
piflon-juniper woodland in New Mexico to develop a
3D root distribution model that used as input the dis-
tances and sizes of trees in the neighborhoods of sam-
pling points. We found that it was possible to link
heterogeneity in canopy cover to heterogeneity of root
densities below ground, using two negative exponential
functions to characterize the attenuation of root density
with vertical distance from the soil surface and with
horizontal distances from plant stems. The simplicity

of the model suggests that it may apply to other patchy
woodlands.

The two species had similar maximal rooting depths,
but pifion, which is less tolerant to negative soil water
potentials, had a greater concentration of finer root mass
(<5 mm root diameter) in shallow soil layers and close
to tree trunks compared to juniper. Average root mass
densities for both species was approximately half under
canopy gaps than under tree clusters. Soil water deple-
tion under gaps was delayed during drought, which
preserved plant-available water under canopy gaps for
both species.

Current ecosystem-scale modes represent root sys-
tems as either perfectly mixed or perfectly separated
between vegetation cover types. Either assumption is
unrealistic and would fail to predict the actual length of
time for which plant-available water remains in the soil
during drought. Modeling intermediate horizontal con-
nectivity below ground would require novel transfer
functions for carbon (roots), nutrients and water be-
tween vegetation subclasses.
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Fig. 8 Daily change in soil water
volumetric content (positive
values = loss) against soil water
potential. Data are shown for the
period between 1 November 2017
and 30 June 2018. At equal water
potentials in range of 0 and —

1 MPa, water loss from tree
clusters (where root density is
higher) exceeds water loss from

canopy gaps
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