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Abstract
Aims Root architecture drives plant ecology and physi-
ology, but current detection methods limit understand-
ing of root placement within soil profiles. We developed
a statistical model of root volume along depth gradients
and used it to infer carbon storage potential of land-use
changes from conventional agriculture to perennial
bioenergy grasses.
Methods We estimated root volume of maize-soybean
rotation and three perennial grass systems (Miscanthus ×
giganteus, Panicum virgatum, tallgrass prairie mix) by
Bayesianmodeling fromminirhizotron images, correcting
for small images and near-surface underdetection. We
monitored seasonal and inter-annual changes in root

volume distribution, then validated our estimates against
root mass from core samples.
Results The model explained 29% of root volume var-
iation and validated well against core mass. Seventh-
year perennials had greater belowground biomass than
maize-soybean both in total (11-16×) and throughout
the profile (2-17× at every depth < 120 cm). Perennials’
relative depth allocations were stable over time, while
total root volume increased through five years. In 2012 a
historically hot, dry summer damaged maize while pe-
rennials appeared resilient, suggesting their large-deep
root systems aid drought resistance.
Conclusions Perennial root systems are large, deep, and
persistent. Converting row crops to perennial bioenergy
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grasses likely sequesters carbon in a large, potentially
very stable, soil pool.

Keywords Minirhizotron . Stan . Bayesianmodeling .

Root volume . Root allocation

Introduction

The placement of plant roots in the soil profile is an
ecological trait that affects many ecosystem properties.
Deeper roots have high construction costs but provide
structural support, give access to deep water and nutrient
pools (Wasson et al. 2012; Zwicke et al. 2015), and store
carbon (De Deyn et al. 2008). Meanwhile shallower roots
are less costly to build, give access to larger but poten-
tially less reliable water and nutrient pools (Lynch and
Brown 2001; Hodge 2004; Nippert et al. 2012), and in
multispecies systems shallow roots promote competitive
success through root-zone exclusion (Genney et al.
2002). The existence of mycorrhizal associations lead to
further tradeoffs between root architectures optimized for
soil exploration by the root itself or by the mycorrhizal
symbiont (Comas and Eissenstat 2009; Liu et al. 2015).
Understanding root distributions is therefore fundamental
to predicting ecosystem functioning (Bardgett et al. 2014)
and improving management outcomes (Kochian 2016).

Quantifying root distribution is especially important in
the context of understanding how land use affects soil C
cycling. For instance, changes in land use from annual
row-crop agriculture to perennial grasses managed for
bioenergy production may build soil C, because
bioenergy grasses have large root systems and minimal
tillage requirements (Anderson-Teixeira et al. 2013;
McCalmont et al. 2015; Agostini et al. 2015), and these
C gains from bioenergy grasses may be especially per-
sistent because of preferential allocation to deep soil and
consequent slower turnover (Balesdent and Balabane
1996; Rasse et al. 2005; Kell 2011; Rumpel and Kögel-
Knabner 2011; Agostini et al. 2015; Prieto et al. 2016;
Ward et al. 2016). However, to evaluate this claim we
need a better understanding of how much C is added,
where it is distributed in the soil, and its turnover time
(Agostini et al. 2015).

We know less about root dynamics such as depth
distribution and turnover than we do about aboveground
plant traits. This lack of detail is exacerbated by inherent
limitations of the available methods for quantifying root
systems (Pierret et al. 2005; Milchunas 2009; Topp et al.

2016). Container studies are subject to pot effects and
therefore only realistic for very small plants (Poorter
et al. 2012). Destructive harvesting approaches such as
coring and trenching give accurate snapshots, but re-
quire massive effort (hours to days per sample; Bohm
et al. 1977) and cannot be repeated through time. Fur-
thermore, because the effort required for coring and
trenching increases rapidly with depth, many such sur-
veys have focused only on the shallow soil layers (typ-
ically 30 cm or less), often leading to severe underesti-
mates of deep root mass (Mokany et al. 2006). Nonde-
structive imaging systems such as minirhizotrons give
time-resolved data, but with the tradeoff that the data are
noisier and indirect; the raw data are two-dimensional
images that must be converted to a three-dimensional
volume estimate and then converted again from a vol-
ume to a mass, with further possible noise and biases in
the conversion (Metcalfe et al. 2007; Taylor et al. 2014).

Minirhizotron observations of standing root mass
seem to be especially susceptible to depth biases. Previ-
ous research has found that minirhizotrons underdetect
roots in the shallowest soil layers, probably because of
poor contact between tube and soil in the least
compacted and most frequently disturbed surface hori-
zons (Bragg et al. 1983; Taylor et al. 1990; Parker et al.
1991; Samson and Sinclair 1994; Ephrath et al. 1999).
Studies that considered this bias have typically avoided
it by excluding data from the affected layers (potentially
containing the majority of the root system; Samson and
Sinclair 1994), by using paired comparisons within
layers, or equivalently by developing depth-specific
calibration factors. Furthermore, many minirhizotron
studies only measure root length and calculate volume
using a homogeneous diameter assumption, which fur-
ther underestimates root volume (Rose 2017). These
approaches are unsatisfactory for studies that seek to
compare both total root volume and the fraction of roots
found in each layer over time and among species.

In this study, we tracked the change in root volume
associated with a change in management from annually
tilled conventional row crops (maize and soybean) to
untilled perennial grasses mowed annually for
bioenergy feedstock. We used minirhizotrons to track
seasonal and interannual patterns in root distribution to a
depth of >1 m, developed a statistical model to account
for biases from near-surface under detection and small
samples, and verified our estimates with deep-soil core
samples. We predicted that root volume under perennial
grasses would be greater than under row crops, that root
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systems would reach their maximum extents in the same
year each crop achievedmaturity as measured by above-
ground yields, and that after statistical correction the
root volumes obtained from minirhizotron images
would show the same depth distribution as root masses
obtained by coring.

Materials and methods

Site

Measurements were made at the University of Illinois
Energy Farm, ~5 km south of Urbana, Illinois (40.06 N,
88.19 W, elevation 220 m). Climate, soils, and site
establishment have been described in detail elsewhere
(Zeri et al. 2011; Smith et al. 2013; Masters et al. 2016).
Briefly, the site has a highly seasonal continental climate
with a mean annual temperature of 11 °C (below 0 °C
December–February, over 20 °C June–August) and av-
erage annual precipitation of approximately 1 m, with
approximately half falling as rain during the growing
season (May–September). Soils are deep and loess-de-
rived, mapped as Argiudolls of the Dana, Flanagan, and
Blackberry series of silt loams. Four cropping treat-
ments, each representative of a possible bioenergy
cropping scheme, were established in 2008: A three-
year maize-maize-soybean rotation, a prairie restoration
mix of 28 native species (Zeri et al. 2011), and two
perennial grasses: Miscanthus × giganteus Greef and
Deuter ex Hodkinson and Renvoize (Miscanthus; cv
BIllinois^) and Panicum virgatum L. (Switchgrass; cv
BCave-in-Rock^). The site was planted in a randomized
complete block design replicated five times, with four
blocks of 0.7 ha plots and one block of 3.8 ha plots
(Masters et al. 2016). Each large plot was instrumented
to record weather, crop growth parameters, and ecosys-
tem C and water exchange.

Maize and soybeans were planted and harvested
according to typical Central Illinois cropping practices,
with tillage prior to maize plantings only. Switchgrass
and prairie were planted in 2008 and not subsequently
replanted; Miscanthus survived the first winter poorly
and therefore the smallMiscanthus plots were replanted
in 2009 and the large Miscanthus plot was replanted in
2010. Standing biomass from perennials was mowed
and baled after senescence each winter.

Maize was fertilized each year before planting (168–
202 kg N ha−1 yr−1); no fertilizer was applied to soybean.

Switchgrass was fertilized with 56 kg N ha−1 yr−1 applied
before crop emergence. Initially, neither prairie nor
Miscanthuswere fertilized. In 2014 the smallMiscanthus
plots were split and one half of each 0.7 ha plot remained
unfertilized while the other half, and the entire large
(3.8 ha) plot, received 56 kg N ha−1. Because tube
placement was determined before the N treatment was
imposed, each split plot contained only two
minirhizotron tubes and was therefore too sparsely sam-
pled for reliable root volume estimates, so we did not
attempt to estimate the effects of N treatment on
Miscanthus root volume. Instead, we report all 2014
Miscanthus observations as means averaging across fer-
tilizer treatments.

Rhizotron tube installation and maintenance

To observe root systems over time, in May of 2009 we
installed 96 clear acrylic minirhizotron tubes.We placed
24 tubes in each crop, with 4 tubes (one in each quad-
rant) per 0.7 ha plot and 8 tubes (2 in each quadrant) per
3.8 ha plot. Each tube was 1.8 m L × 51mm ID× 57mm
OD (Bartz Technology corporation, Carpinteria CA
USA) and was installed using a tractor-mounted hydrau-
lic probe (Giddings Machine Co., Windsor CO USA) at
an angle 30° from vertical (Bragg et al. 1983). For
perennial crops, we placed tubes randomly within each
quadrant. For maize and soybean, we placed half the
tubes in each plot directly within rows and the other half
midway between rows. Each tube’s vertical angle was
aligned along a row, so comparisons of root density
between depths in a single tube were not confounded
with row placement. Each tube was inserted until 22 cm
remained aboveground or until it was stopped by soil
resistance, allowing image collection from the soil sur-
face to a depth between 115 and 140 cm. The above-
ground portion of each tube was capped to minimize
intrusion of light, water, or temperature swings.

Tubes in maize and soybean plots were installed
immediately after planting every spring and removed
after harvest to allow tillage. The tubes in perennial
crops remained permanently installed, but each winter
a portion of the permanent tubes developed leaks in their
bottom end caps, and were replaced the following spring
in a freshly bored hole at least 1 m away from the
previous location. Of the original 72 tubes ‘permanent-
ly’ installed at the site in 2009, 39 survived to the end of
the experiment in their initial location. Because of on-
going tube failures after repeated installation and a
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limited stock of replacement tubes, in 2014 we were
only able to collect images from 8 tubes in maize, all in
the 3.8 ha block. Tubes in perennial crops were less
affected by these failures and at least 20 tubes in each
perennial crop remained usable in 2014.

Image collection

From 2010 through 2013 we collected images approxi-
mately once a month during the growing season (May to
October), and in 2014 we collected images once in Au-
gust, at peak aboveground biomass. Prior to each mea-
surement we used a long-handled swab to clean dust and
condensation off the inner surface of the tube. We then
mounted a portable minirhizotron camera (BTC-100×;
Bartz Technology) into the tube and collected images at
~6-cm vertical increments until the camera reached the
bottom of the tube (typically ~125 cm). Each tube’s offset
from the soil surface was remeasured periodically and
used to correct image depth estimates. The 6-cm vertical
increment came from collecting images every five stops
of the depth-indexing handle (13.5 mm per stop = (5 •
1.35) • cos(30°) = 5.8 cm) and was chosen as the spacing
that best balanced adequate sampling from each tube
against the time required to process each image after
collection (Johnson et al. 2001).

The resulting images were 754 × 510 pixels and the
camera was calibrated daily by photographing a 1 × 1mm
grid attached to the outside of a short length of rhizotron
tube (same viewing distance as the roots). The final
maximum image resolution was ~0.025 mm per pixel.

Image processing

In the laboratory, we recorded the length and diame-
ter of every visible root segment by manual tracing
using WinRHIZO TRON MF v. 2009a (Regent In-
struments, Québec QC, Canada) and performed all
downstream analyses on the total volume of root
visible in each image assuming each root segment
was a perfect conic section with dimensions
(Diameterstart × Diameterend × length). Rhizotron
methods have low success distinguishing living from
dead root tissue (Iversen et al. 2011), so we made no
attempt to classify tissue death status. Thus, all root
density estimates include visible root necromass.

To minimize human variation in root tracing, all
technicians were trained using the same set of represen-
tative images and the agreement in traced root volume
from each image was taken as an estimate of the varia-
tion among workers given the same task. The variation
among workers was less than the within-worker varia-
tion (95% intervals: sd among workers = 1.2–1.6 mm3

img−1, sd within worker = 2.4–2.7 mm3 img−1; data not
shown), indicating that technician identity was a minor
contributor to the variation in the tracing step. Since
these agreement scores were taken from novice tracers
immediately after the completion of their training, it is
likely that they somewhat overstate the actual variation
from experienced technicians.

After tracing, each season’s data were aggregated
using a set of custom R scripts to adjust observed root
volumes for differences in image magnification, re-
move data from images with poor image quality,
convert locations within each tube to depths below
the soil surface, and aggregate results across experi-
mental blocks.

Root mass measurements

To compare est imates of root density from
minirhizotrons and destructive coring methods, we
collected deep-soil cores. In August of 2011 and of
2014, when aboveground biomass of all four crops
was near its yearly maximum, we collected soil cores
to a depth ≥ 100 cm from 24 locations within each
crop (4 from each 0.7 ha plot, 8 from each 3.8 ha
plot) using a tractor-mounted hydraulic corer
(Giddings Machine Co.). Because the heavy coring
equipment necessitated trampling a large (2–3 × 2–
3 m) quadrat at every location, coring locations were
all within 5 m of a plot edge. At each location, three
3.8 cm diameter cores were collected from within a 1-
m area. We divided each core into five depth horizons
(0–10, 10–30, 30–50, 50–100, and 100+ cm), pooled
horizons from the same location, then separated root
and rhizome material from soil by hydropneumatic
elutriation (Roberts et al. 1993), separated rhizomes
from roots by hand-sorting, oven-dried both to con-
stant mass, and weighed them.

Since individual locations within a plot are
pseudoreplicates, we calculated block means of root
mass per cm3 soil (for depth-resolved analyses) or per
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m2 ground area (for whole-profile totals), log-
transformed the result, then fitted a mixed-effects
linear model where ln(depth) is a continuous covari-
ate, crop and year are categorical fixed effects (Eq.
1), block is a categorical random effect (Eq. 2), and
residuals follow a first-order autoregressive function
within each level of the (block by crop by year)
interaction to account for the autocorrelation between
adjacent depths (Eq. 3).

ln yijkℓ
� �

¼ βicropi þ β jyear j þ βk ln depthkð Þ þ γℓblockℓ þ ϵijkℓ

ð1Þ
γℓ∼N 0;ψ2

ijk

� �
ð2Þ

ϵijkℓ∼N 0;σ2λijkℓ
� �

; corr ϵijkl; ϵijkℓ0
� �

∼ϕjℓ0−ℓj ð3Þ

All root core statistics were performed in R version
3.3.2 (R Core Team 2016) using nlme 3.1 (Pinheiro et al.
2016) for linear model fits followed by lsmeans 2.25
(Lenth 2016) for predicted marginal means and post-
hoc treatment comparisons, using Tukey’s method to
adjust for multiple comparisons. The data from 2011
have been presented previously (Anderson-Teixeira
et al. 2013); we limit our discussion here to the compar-
ison against simultaneously collected rhizotron images
from the same plots.

Bayesian modeling of root volume

To estimate root volume from the root areas traced
from minirhizotron images, we used a Bayesian model
to integrate image data with prior knowledge about
plant architecture and growth patterns to produce a
mathematically tractable and physiologically defensi-
ble estimate of root volume density and depth distri-
bution in each crop. The basic structure of the model is
a log-linear mixed model much like Eq. 1, with the
addition of a zero-inflation term previously formulated
for root production estimates and a novel empirical
correction for the minirhizotron surface effect.

To construct the model, we began with a log-linear
mixed model of root volume (mm3 root observed per
mm2 of image traced) similar to the one used for root
mass from cores (Eq. 1). On a given sampling day, the
expected log root density μijk (Eq. 4) declines with log
depth according to a crop-specific intercept αi and slope

βi, and the intercept varies for each sampling location (i.e.
minirhizotron tube) as a zero-centered random effect γj∼
N(0, σtube):

μijk ¼ αi þ γ j þ βiln depthkð Þ ð4Þ

We treated individual minirhizotron tubes as the unit
of replication (rather than block means as in the core
data) because the observed variation among individual
minirhizotron tubes was much larger than the variation
among blocks and therefore subsumes the block effects.
It should be possible to calculate the block effect, if it is
needed, as the mean of the estimated tube effect coeffi-
cients of all tubes in that block.

Next, we added an empirical correction for reduced
minirhizotron root detection efficiency near the soil
surface. The cause of this underdetection is still unclear,
but it is commonly observed in minirhizotron studies
(Bragg et al. 1983; Taylor et al. 1990; Samson and
Sinclair 1994; Ephrath et al. 1999; Gray et al. 2016).
We corrected for this underdetection by noting that
when measured directly it appears to be sigmoid with
depth (Fig. S1), and when not measured it can be in-
ferred by a visible deviation from the log-linear depth
trend in near-surface layers, meaning the correction can
be found by solving for a sigmoid underdetection func-
tion that brings near-surface observations back toward
the linear depth model of Eq. 4. Then the expected
density of detected roots μ̂ (Eq. 5) is

μ̂ijk ¼
μijk

1þ exp − αsurface
i þ βsurface

i depthk
� �� � ð5Þ

where αsurface
i is the depth where the surface under-

detection effect reduces observed root volume to 50%

of true root volume, βsurface
i scales the rate of increase in

root detection with depth, and both are estimated from
observations but informed by prior research (Sec. S1)
via Bayesian priors that are Bweakly informative^ in the
sense of Gelman (2006).

Finally, we accounted for small sample size effects
by incorporating the zero-inflation term presented by
Sonderegger et al. (2013), specifically their Eqs. 1 &
2. This correction is motivated by noting that individual
images are small (~240 mm2) compared to the scale of
root system heterogeneity, and many images contain no
visible roots even when root density is high. The
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observed root volume in an individual image (Eq. 6)
therefore follows a mixture distribution

yijk∼
logN μ̂ijk ;σ

2
� �

;with probability ϕijk

0;with probability 1−ϕijk

(
ð6Þ

where the probability ϕijk of observing any roots (Eq. 7)
increases with expected root density μ̂ijk (Eq. 5) as

ln
ϕijk

1−ϕijk
¼ αdetect þ βdetectμ̂ijk ð7Þ

We fitted this model separately to each day of data
using the Rstan (Stan Development Team 2016a) interface
to the Stan probabilistic programming language (Stan
Development Team 2016b; Carpenter et al. 2017), which
computes the joint likelihood of all model parameters
given the observed data and uses Hamiltonian Monte
Carlo sampling to draw from their posterior distributions.
For each model, we ran five independent chains for 5000
iterations each, then discarded the first 1000 iterations as
burn-in, giving a total of 20,000 Monte Carlo samples for
each parameter and an effective posterior sample size (after
accounting for autocorrelation) of at least 1000. We
checked for convergence both visually by plotting the

chains and by checking that the potential scale reduction
factor was less than 1.05 (Gelman and Rubin 1992). Prior
distributions for each parameter are shown in Fig. S2 and
their values are justified in Sec. S1. All data and scripts
from the analysis are available online (https://github.
com/infotroph/efrhizo) and have been deposited in the
Dryad digital repository (Black et al. 2017).

Results

Soil core samples

Perennials produced far more root biomass than maize,
and the difference became larger as the perennials ma-
tured (Fig. 1). The root biomass of the perennial grasses
in core samples increased dramatically from 2011 to
2014 (F1,28 > 66; p < 0.01), from 5 to 8 times greater
thanmaize in 2011 (Anderson-Teixeira et al. 2013) to 8–
11 times greater than maize in 2014 (Fig. 1; all Tukey
comparisons between maize and individual perennials
yield t28 > 7; all p < 0.01). Root biomass increased in
Miscanthus and prairie from 2001 to 2014 (both more
than tripled; all Tukey t28 > 5.5, p < 0.01) but not in

Fig. 1 Biomass in roots and
rhizomes of bioenergy crops, as
measured by coring in 2011 and
again in 2014, divided by depth
horizon. Error bars show
mean ± 1 standard error of total
profile biomass in each block.
The 2011 data are re-plotted from
(Anderson-Teixeira et al. 2013)
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maize or switchgrass (root mass was greater by 62% and
76% respectively, but the difference was not significant;
Tukey t28 < 2.8; p > 0.15). When including the mass of
rhizomes as well as roots, the total (root + rhizome)
belowground biomass of perennials increased to 11–16
times that of maize in 2014 and the year-over-year
changes were similar in magnitude to those for roots
alone, but the variability was greater and the year by
crop interaction was not significant (F3,28 = 2.2; p > 0.1).

There were no statistically resolvable differences in
total belowground biomass among perennials in either
year (all Tukey t28 < 1.6; p > 0.4), but the rank order of
total mass depended on the year and the pool measured
because of increases in rhizome mass. In 2011 switch-
grass had the greatest mass (860 ± 126 g root m−2, no
rhizomes detected) andMiscanthuswas second for total
biomass (819 ± 130 g root + rhizome m−2) but third for
roots alone (535 ± 79 g root m−2). In 2014 prairie had the
greatest root mass (1924 ± 282 g root m−2) but
Miscanthus had the greatest total mass (2793 ± 444 g
root m−2). For comparison, maize root mass was
109 ± 17 (2011) and 177 ± 26 (2014) g root m−2 (Fig. 1).

Biomass in core samples declined approximately log-
linearly with depth (Fig. 2), but the distribution of
biomass through the soil profile varied by cropping
system (F3,180 = 8.69, p < 0.01). Prairie roots were more
concentrated near the surface and declined more quickly
with depth than Miscanthus or maize (both t180 > 3.5;
p < 0.01). The decline in switchgrass was intermediate
between prairie and maize and not significantly different

from either one (both t180 < 2.6; p > 0.05), and switch-
grass declined more quickly than Miscanthus in 2011
(t180 = 3.50; p < 0.01) but not in 2014 (t180 = 1.02,
p = 0.69). When we modeled total root + rhizome
biomass instead of roots alone, the slope by year inter-
action became significant (F1,180 = 4.99, p < 0.05), with
the mass of all crops declining more with depth in 2014
than in 2011.With rhizome mass included there were no
statistically resolvable differences in slope among pe-
rennials in either year, but the slopes ofMiscanthus and
switchgrass changed from similar tomaize in 2011 (both
t180 < 1.9; p > 0.2) to more negative than maize in 2014
(both t180 > 2.9, p < 0.02) because of dramatic increases
in rhizome biomass near the surface.

Despite the observation that root biomass for maize
was more evenly distributed through the soil profile
(less negative slope terms) than the perennial crops,
the root mass of perennials at any given depth was
greater than that of maize even at the bottom of the soil
profile (Fig. 1). Perennials had 2–17 times more root
biomass than maize (post-hoc contrasts on fitted LS
means; t180 > 3; p < 0.01) all the way to 128 cm, the
mean maximum depth of our core samples, with the
exception that in 2011 the differences between prairie
and maize were marginal at depths greater than 1 m (all
t180 < 2.6; all p-values 0.05 < p < 0.1).

Minirhizotron images: Model evaluation

The Bayesian model of root distribution compensated
well for poor surface root detection by the minirhizotron,
explained 29% of the image-to-image variance in log root
volume, and showed little bias: 90% prediction intervals
for individual images included the observed value 90%
of the time, and 50% intervals about 52% of the time,
indicating that both the mean and variance components
were consistent with the data (Fig. S3).

Much of the remaining ~70% of variation is attribut-
able to the inherent variability among source images and
could be reduced by aggregating multiple images before
testing model fit, but this is prevented by the model
structure. After incorporating detection and surface ef-
fects, model predictions are in units of expected
corrected root volume and their means can no longer
be compared directly against the observed means of raw
images, meaning the direct comparison of observed vs.
predicted values is only valid at the level of individual
images. Instead, for validation of higher aggregation

Fig. 2 Depth profiles of root and root + rhizome mass measured
by deep coring in 2011 (left) and again in 2014 (right). The 2011
data are replotted from (Anderson-Teixeira et al. 2013)
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levels it is more appropriate to compare model predic-
tions against observations from coring.

Although the model predicts root volume per area of
image rather than root mass directly, predicted root
volume for midsummer 2011 and 2014 scaled positively
and log-linearly against simultaneously collected root
masses from coring (Fig. 3) and had similar magnitude
as the values expected from a simple conversion based
on previous research: If root volume per image ar-
ea = (root mass)(depth of view)/(root tissue density),
then the dashed lines in Fig. 3 show the root volume
expected from core mass assuming 0.78 mm depth of
view (Taylor et al. 2014) and root tissue densities of
0.08 g cm−3 for maize (Pahlavanian and Silk 1988), 0.20
for Miscanthus (Wahl and Ryser 2000; Roumet et al.
2006; Picon-Cochard et al. 2012), 0.19 for switchgrass
(Craine et al. 2001) and 0.15 for prairie (Craine et al.
2001). With the exceptions of maize (0%) and
Miscanthus (45%) in 2011, model predictions
accounted for at least 75% of the variation in block
means of root mass from cores (Fig. 3).

Qualitatively the shape of the depth function and the
ranking of crop differences agreed well with the patterns
seen in soil cores (Fig. 4), and did not show the

reduction in near-surface root volume observed in the
raw images. The model treated the variance from indi-
vidual minirhizotron tubes σtube and the detection prob-
ability parameters αdetect and βdetect as identical across
crops, while the intercept α, slope β, surface
underdetection parameters αsurface and βsurface, and re-
sidual variance σ, were fit separately for each crop. Half-
detection depths (αsurface; the estimated depth where the
surface underdetection effect reduces observations to
50% of true root volume) ranged from 7 to 33 cm in
maize, 10–25 inMiscanthus, 14–36 in switchgrass, and
10–26 in prairie, and tended to be greatest in midseason
(Fig. S2).We also attempted to fit the model withαsurface

and βsurface constrained to be identical across all crops,
but this model failed to converge, suggesting that crop
effects are important (Gelman 2008).

Minirhizotron images: Changes in root distribution
through time

Across the five years of the experiment, all three peren-
nials increased their root volume (Fig. S4, panel a; 95%
intervals for difference between midsummer 2010 and
2014 root volume totals did not include 0; Fig. S4, panel

Fig. 3 Comparison between root
mass measured from soil cores
and root volume estimated from
minirhizotron images taken in
midsummer 2011 and 2014. Each
point shows the mean ± 95%
interval for one depth layer (0–10,
10–30, 30–50, 50–100 cm) in one
experimental plot. Solid lines
with shaded bands show estimate
±95% intervals for unweighted
linear regressions on all plotted
points in each group. Dashed lines
show the expected relationship
between root mass and volume
assuming a 0.78 mm depth of
view and constant root tissue
densities of 0.08 (maize), 0.20
(Miscanthus), 0.19 (switchgrass),
or 0.15 (prairie) g cm−3

Plant Soil



b), while maize and soybean did not (95% intervals
included 0; Fig. S4, panel b). The increase in total
perennial root volume came from roughly equal in-
creases in volume at each depth (Fig. 4).

The relative distribution of root volume across depth
showed little change over time (Fig. S5a). Perennial roots
were slightly more concentrated near the surface in 2014
than in 2011 (slope term was more negative; 95% inter-
vals for differences exclude 0; Fig. S5b). Maize,
Miscanthus, and prairie all showed their most even distri-
bution (least negative slope term) and widest uncertainty
intervals in 2012, a very hot drought year, but the range of
between-year differences included 0 in most cases. Only
maize 2012 vs 2014 and prairie 2012 vs both 2010 and
2014were reliablymore even-rooted in 2012 than in other
years (Fig. S5b). This change can be seen in the predicted
depth profiles as a reduction in 2012 near-surface root
volume in maize and prairie, less of a reduction in
Miscanthus, and no visible change in switchgrass (Fig. 4).

When we followed root volume frommonth to month
within individual growing seasons, the perennials
showed strong seasonal changes in 2010 but did not

change from month to month in 2012. In 2010 root
volume under all four crops increased from May to
August then decreased from August to October (95%
intervals for differences of intercept term do not include
0; Fig. S6, panel a). The change was most marked in
soybean roots, driven by a shift in slope from negative
(root volume strongly decreasing with depth) in June and
July to near zero (root volume near evenly distributed
with depth) from midsummer through senescence (Fig.
5). In contrast, root volume in the perennial crops rose
from June through August and dropped again in October,
but the depth distribution did not change substantially
except inMiscanthus, where roots were more concentrat-
ed near the surface in July than in August (Figs. 5, S6b).
In 2012, maize root volume increased fromMay through
August (Fig. S6a), but shifted its distribution dramatically
from roots concentrated very near the surface in the first
three observations to evenly distributed across depths in
August (Fig. 6). The 2012maize crop senesced in August
because of drought and was harvested in September, so
no images were collected from maize in October. All
three perennials, by contrast, were consistent in total root

Fig. 4 Mean ± 50% intervals of estimated root volume density
fromminirhizotron images collected at peak aboveground biomass
each year from 2010 to 2014

Fig. 5 Mean ± 50% intervals of estimated root volume density
from minirhizotron images collected in summer 2010. Each color
shows a different sampling session
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volume throughout the season (95% intervals for inter-
cept differences between sessions include 0; Fig. S6). All
three perennials appeared to slightly reduce near-surface
root volume late in the season (Fig. 6), but these changes
were not statistically resolvable except in prairie, where
roots were concentrated nearer the surface (βdepth more
negative) in May than in either early August or October
(Fig. S6b).

Discussion

In repeated observations of four crop systems, we ob-
served more roots both by mass and by volume in
perennial grasses than in annual maize-soybean. The
root systems of the perennials continued to gain volume
across five years of observations, were resilient to a
major drought, and allocated large quantities of carbon
to the deep subsoil. By explicitly correcting for depth-
dependent detection biases, we found good correlation
between minirhizotron and core-based measurements of
root mass, and showed that the conversion factor

between them can be expressed in biologically mean-
ingful terms. With further calibration, this may allow
nondestructive monitoring of root structure and C stocks
in familiar units (grams instead of image areas). The
combination of greatly increased root mass and alloca-
tion deep in the soil suggests that conversion from row
cropping to perennial bioenergy grassess could result in
substantial increases in soil C.

Our measured root masses agree well with previous
work that shows much larger root systems in perennial
grasses than in annual crops, and that root mass stays
high even during the spring and fall when annual fields
are fallow. We observed switchgrass root masses com-
parable to those from other stands of similar age that
were sampled to a depth of ≥90 cm (Frank et al. 2004;
Monti and Zatta 2009; Collins et al. 2010; Garten et al.
2010; Dohleman et al. 2012) and higher than those
sampled to shallower depths (Bransby et al. 1998).
Miscanthus root masses were comparable but generally
at the high end of totals seen in other studies
(Neukirchen et al. 1999; Beuch et al. 2000; Christian
et al. 2006; Monti and Zatta 2009; Amougou et al. 2011;
Dohleman et al. 2012) and the values reported by other
studies are highly correlated with sampling depth.
Miscanthus rhizome mass, by contrast, was comparable
but generally at the low end of totals seen in other
studies, comparable to previous work on crops of similar
ages (Beuch et al. 2000; Christian et al. 2006; Amougou
et al. 2011; Dohleman et al. 2012). Taken together, this
suggests that Miscanthus invested especially heavily in
roots over rhizomes at our highly fertile, deep-soil site.
The minirhizotron method never detected rhizomes, so
all image-based results should be considered to show
root volume only.

We expected that root development would approxi-
mately parallel aboveground stand development, with
belowground biomass nearing steady state in year 3–4.
Instead, perennials explored the whole soil profile very
early in development (we detected roots beyond 126 cm
even in the first imaging sessions) but their root volume
continued to increase through the whole period of the
study even after each crop reached maximum above-
ground biomass (2010–2012; Joo et al. 2016). This
increase was especially evident in the prairie treatment,
which consistently had the lowest aboveground produc-
tivity among our four crop systems (Anderson-Teixeira
et al. 2013) but reached 608 ± 89 g root m−2 by 2011 and
1924 ± 306 g root m−2 by 2014 (Fig. 1), making the root
mass of this prairie comparable to 20-year-old

Fig. 6 Mean ± 50% intervals of estimated root volume density
from minirhizotron images collected in summer 2012. Each color
shows a different sampling session
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restorations in its fourth year and, remarkably, compa-
rable in its seventh year to undisturbed native prairie
remnants (Kucharik et al. 2006; Matamala et al. 2008;
Jelinski et al. 2011).

During the unusually hot and dry summer of 2012,
both Miscanthus and switchgrass maintained essentially
the same root volume and depth distribution as other
years, while maize and prairie shifted from shallower to
deeper roots as the season progressed. This may reflect a
difference in ecological drought resilience strategies, with
both Miscanthus and switchgrass apparently able to ac-
cess deep soil water and maintain growth through the
drought. In fact, Miscanthus yields in 2012 were higher
than any other year of the experiment, and switchgrass
yields were comparable to those from other post-maturity
years (Joo et al. 2016). Although measurements of net
ecosystem exchange suggest that Miscanthus may have
suffered some delayed consequences of 2012 drought
stress in the form of reduced 2013 productivity (Joo
et al. 2016), we saw no negative effects on root volume
in either year. By contrast, Mann et al. (2013) reported
very shallow root systems and severe biomass reductions
from juvenile Miscanthus grown in water-limited
mesocosmswhile juvenile switchgrass explored deep soil
whether irrigated or water-limited. The difference be-
tween these results and ours may indicate that mature,
established deep roots are crucial to Miscanthus drought
resistance. If so, lack of established root systems could
also explain the poor overwinterMiscanthus survival we
observed during the first two years of the experiment. It is
probable that the shift in prairie root distribution came
from changes in relative dominance of species with dif-
ferent rooting habits rather than from individual species
reallocating mass within the soil profile, but this is spec-
ulative because the minirhizotron images do not allow us
to distinguish among roots of different species. Further-
more, the presence of deep roots from a particular species
is not necessarily sufficient for effective access to deep
soil water (Nippert et al. 2012; Hall and Sinclair 2015).
Future work in mixed-species systems could resolve
these ambiguities by combining minirhizotron analysis
with periodic DNA analysis to determine root communi-
ty composition (Mommer et al. 2008; Black 2016).

By modeling the root distribution as a log-linear
function of depth and explicitly estimating two forms
of detection noise (zeroes from small samples and bias
from the surface underdetection effect), we gained sen-
sitivity to detect changes in root volume that would have
been invisible in a conventional minirhizotron analysis

of root length density. However, this method has some
limitations. It requires a large sample size (probably at
least 15–20 tubes per treatment) to achieve reasonable
precision, especially for the underdetection parameter
estimates. In particular, estimates of the surface
underdetection factor are positively correlated with
model slope, so the model requires enough data from
deep soil (where the underdetection factor is zero) to
accurately separate these effects. In our data this was
especially visible early in 2012, when few maize roots
were present below the surface layers and therefore the
model predicted unrealistically high maize root density
in the surface layers (Fig. 6).

Previous work on the underdetection of near-surface
roots by minirhizotron images has usually concluded
that the underdetection is similar across species
(Ephrath et al. 1999). Our model differs by estimating
the correction separately for each crop; we tested an
alternate model with a common correction factor but
were unable to obtain model convergence, suggesting
that crop-specific corrections were necessary. It is pos-
sible that this difference can be explained as a difference
in time since tube installation: We re-installed the
minirhizotron tubes in maize-soybean each year but left
the perennial tubes in place. Consistent with this hy-
pothesis, we note that the estimated correction factor
differed more between maize-soybean and perennials
than it did among perennials, but we cannot test for time
effects in more detail because installation time and crop
are confounded in our experimental design.

We also emphasize that our conversion from root
volume to mass (Fig. 3) is based solely on mean root
tissue densities from the literature; it assumes constant
tissue density across depth, root age and size class, and
plant development stage. This assumption was neces-
sary because few depth- and time-resolved reports of
tissue density are available. Indeed, what evidence we
do have suggests variation in tissue density across all of
these factors (Craine et al. 2003; Bernier et al. 2005;
Monti and Zatta 2009; de Vries et al. 2016). The preci-
sion of rhizotron-based root mass estimates could likely
be improved by measuring tissue density in the roots
from the soil cores.

Overall we found that perennial bioenergy grasses
consistently had many more roots than maize and soy-
bean at every depth, and the deep soil layers (> 50 cm)
contained more perennial roots than were present in the
entire soil profile under maize or soybean. This deep
rooting appears to be important for resilience to summer
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drought, and our improved minirhizotron observations
allow detailed quantititative monitoring of this large flux
of carbon into stable, rarely disturbed soil. Consistent
with previous net ecosystem exchange observations
showing strong carbon uptake by perennial crops com-
pared to losses from maize-soybean rotation (Zeri et al.
2011), we therefore expect that the conversion from row
crops to perennial bioenergy grasses will result in large
and persistent increases in soil C storage.
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