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Abstract

Root systems are important for global models of below-ground carbon and nutrient cycling. Notoriously
difficult sampling methods and the fractal distribution of root diameters in the soil make data being used
in these models especially susceptible to error resulting from under-sampling. We applied the concept of
species accumulation curves to root data to quantify the extent of under-sampling inherent to minirhizo-
tron and soil coring sampling for both root uptake and carbon content studies. Based on differences in
sample size alone, minirhizotron sampling missed approximately one third of the root diameters observed
by soil core sampling. Sample volumes needed to encounter 90% of root diameters averaged 2481 cm’ for
uptake studies and 5878 cm’ for root carbon content studies. These results show that small sample vol-
umes encounter a non-representative sample of the overall root pool, and provide future guidelines for

determining optimal sample volumes in root studies.
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INTRODUCTION

Roots mediate plant competition, transfer carbon (C) into soil
organic matter pools, acquire nutrients and water, and influence the
structure and function of soil food webs. Production of fine roots
alone is responsible for as much as one third of global net primary
productivity (Jackson ef a/. 1997) and accounts for a substantial
amount of the carbon cycled in many forests (Vogt et al. 1996).
Because of this, our understanding of root systems is critical to cre-
ating global budgets for C and nitrogen (N; Iversen ef al. 2008). To
date, information on root systems has been constrained by difficult
and time-consuming methods (Vogt ez a/. 1998; Rodrigues de Sousa
& Gehring 2010). These methodological difficulties often result in
researchers basing sampling effort largely on time and financial limi-
tations rather than taking proper steps to ensure that samples accu-
rately reflect the root pool present (Pierret e al 2005).

The importance of accurate data for use in modelling is ever
increasing as greater effort is being committed to expanding local
estimates of root systems to global scales. Indeed, as data on root
systems are scaled up to apply to large geographic areas, any errors
associated with those data are similarly scaled. The substantial
impact of root systems on calculations of carbon, nutrient and
water budgets via global models makes the accuracy of empirically
derived root data critical to our understanding of how terrestrial
systems will respond to changing climatic conditions (Norby &
Jackson 2000). With a host of disparate methods used to study root
systems, it has been proposed that the lack of consensus on impot-
tant inputs to global models, such as root production, biomass and
turnover, is largely due to discrepancies in methods (Hendricks ez a/.
20006; Guo et al. 2008; Strand e al. 2008).

Studies of root systems atre patticularly vulnerable to errors from
under-sampling due to the high spatial heterogeneity (Casper &

Jackson 1997) and non-normal distribution of root diameters in the
soil (Tatsumi ez al. 1989). Branching processes like those giving rise
to root systems are one mechanism to generate fractal characteris-
tics in ecological systems whereby the smallest diameter roots are
very common and larger diameter roots are increasingly rare (Tats-
umi ¢ al. 1989; Berntson 1996; Eshel 1998; Halley ez a/. 2004; Walk
et al. 2004). One major consequence of a fractally distributed system
is that parameter estimates (such as sample mean) are directly
related to sampling intensity (Leibovitch 1998). In the context of
root research, if a small sample volume results in the omission of
the rarest roots, which by nature are the largest roots, then mea-
sures such as mean diameter, root biomass and mean specific root
length (SRL) are likely to be an artefact of sample size rather than
an accurate representation of the root pool present. Due to the
self-similarity of fractal systems at multiple spatial scales (Hutchin-
son 1981), the issue of sample size in studies of fractally distributed
roots is an important one whether one is concerned with the entire
pool of roots or is focused on only a small range of root diameters.

Given the increased hazards of under-sampling in fractal systems
such as plant roots, there has been surprisingly little attention paid
to sampling volume within the literature, and a consensus on what
constitutes an adequate sample volume is entirely absent (Ping ¢z a/.
2010; Rodrigues de Sousa & Gehring 2010). The issue of sample
volume is further complicated in the field of root biology by meth-
ods (i.e. minirhizotrons, soil cores, soil monoliths) that vary by
more than an order of magnitude with respect to soil volume sam-
pled (Table 1). The soil volume of a minirhizotron image is based
on assumptions of depth of view into the soil environment, which
is typically only 1 to 3 mm. Based on this assumption, even large
minithizotron studies sample soil volumes that are dwarfed by typi-
cal soil core and monolith sampling efforts (Table 1). The extremely
small soil volume sampled by a minirthizotron tube will likely
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Table 1 Soil volumes sampled (in em® per experimental plot) for six studies
employing at least 2 of the methods: minirhizotron imaging, soil cores and soil
monoliths. Soil volumes for minirhizotrons were calculated using the depth of
view stated in the study or 2 mm where not stated

Study Minithizotron ~ Soil Cote  Monolith
Heeraman & Juma (1993) 15.84 1508 157 500
Samson & Sinclair (1994) 81 1838 -
Brown et al. (2009) 74.41 1923 -
Rodrigues de Sousa & Gehring (2010) - 9817 250 000

Noguchi ez al. (2011) 129.6 4341 -
Levillain ez al. (2011) - 4522 31 250

Figure 1 Diagram of example soil volumes from the three most common
methods in root studies. The block represents a single 8000 cm® soil monolith,
the centre column represents the volume of soil sampled by a 5 cm
diameter x 20 cm deep soil core (392 ecm’), and the right-hand column
represents the soil volume sampled by the most common minirhizotron tube
(56 mm internal diameter) and imaging system (Bartz Technologies, Inc; 34
frames measuring 18 x 13 x 2 mm; 16 cm’). Recently developed scanning
minithizotron cameras (CID Bio-Science Inc., Camas, WA, USA) sample
volumes in the range of the soil core depicted here. Root orders are drawn to
scale based on average proportions of total root length presented in (Pregitzer &
DeForest 2002).

encounter only the most common first and second order roots
(Fig. 1). Furthermore, it often takes several years following minirhi-
zotron tube installation for root length densities on the tube/soil
interface to reach an equilibrium state (Joslin & Wolfe 1999; Strand
et al. 2008). In addition, it is likely that roots that first colonise the
tube surface may be the smallest and most dynamic of the fine root
pool (i.e. the smallest and most distal root orders). Conversely, large
structural roots are relatively rare and are likely to be encountered
only by large sampling efforts such as soil monoliths or trench sam-
pling (Levillain ez a/. 2011). The effect of these methodological dis-
crepancies in sampling volume can be seen in Jackson ez al (2009),
in which an overall treatment effect of CO, fumigation on coarse
root biomass was undetectable using soil cores, but was highly sig-
nificant when analysing soil monoliths.

© 2013 John Wiley & Sons Ltd/CNRS

For several decades, studies investigating species diversity have
used species accumulation curves as a statistical tool not only to
visualise the distribution of species within a pool of individuals but
also as a way to ensure adequate sampling effort (Gotelli & Colwell
2001; Ugland e# al. 2003; Thompson ez al. 2007). These accumula-
tion curves plot the number of unique species encountered as a
function of sampling effort. Given that in most communities a few
species are very common and many species are rare, the nature of
these curves is such that they rise steeply as common species ate
rapidly accumulated, but then reach an asymptote as additional sam-
pling reveals relatively few novel species. Asymptotic flattening of a
species accumulation curve indicates the point at which the majority
of species present have been encountered, and traditionally serves
as an indication of adequate sampling effort (Soberon & Llorente
1993; Colwell & Coddington 1994; Thompson ez al. 2007).

Parallels between the distributions of species in a community and
root diameters in the soil allow us to apply the species accumulation
curve function to model the accumulation of novel root diameters
with increased sampling effort in root studies. These curves high-
light the danger of sampling small volumes of soil in root studies,
especially when the aim is to provide accurate estimates of root bio-
mass and C storage.

METHODS
Root extraction

Fifteen soil monoliths measuring 20 cm X 20 cm X 20 cm
(8000 cms) each were extracted from the Duke Forest near
Durham, NC. This site is comprised of an unmanaged loblolly pine
(Pinus taeda, 1..) plantation with a mixed hardwood understory. Pinus
taeda makes up > 90% of the basal area at this site (Matamala &
Schlesinger 2000) and soils consist of predominantly clay-loam of
the Enon series (McCarthy ez a/. 2010). Each monolith consisted of
the O horizon and mineral soil to a depth of 20 cm, which has
been shown to hold > 90% of the root biomass at this site
(Matamala & Schlesinger 2000). Sampling sites were selected to be
equidistant from all sutrounding P. Zaeda trees, which are evenly
planted at a 2.4 m X 2.4 m spacing. Monoliths remained frozen at
—10 °C until processing.

Individual roots were extracted by carefully washing each monolith
in its entirety over a series of 3 screens with mesh sizes of 3 mm,
1 mm and 0.5 mm. Root fragments were exhaustively removed from
the 3 mm screen by hand using forceps. To account for the smallest
root fragments that often separate from the root system during
washing (Pierret e a/. 2005), 5 mL subsamples of soil and root mate-
rial caught by the 1 mm and 0.5 mm screens were searched for all
root fragments present using a dissecting microscope at 10x (SMZ-
1, Nikon Inc., Melville, NY, USA). Root data obtained from each of
these 5 mL subsamples were then multiplied by the total volume of
material caught by each respective screen to estimate all root frag-
ments caught by that screen. These small root fragments represent
the most dynamic part of root systems, thus great care was taken to
ensure their accurate representation.

Once taken from the monolith, each root segment was individu-
ally cleaned of all remaining rhizosphere soil and fungal mycelia
using forceps under a 3x magnifying lens. Digital images of cleaned
roots were created using an Epson expression 10000 XL scanner at
400 dpi. These scanned images were then analysed using WinRhizo
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root analysis software (Regent Instruments, Quebec, Canada) to
obtain length and diameter data for each root. Due to the limited
scanner size, multiple scans were needed to image all of the roots
of an individual monolith. The number of scans needed per mono-
lith depended on the total length and architecture of the roots in
the monolith. Because total root length in each scan was variable,
scans were normalised for scan size by dividing root length for each
diameter class in a scan by the scan’s total root length.

Diameter-bin classification

Due to the continuous nature of diameter data obtained by WinRhi-
zo, diameter bins were used to separate roots into the distinct
groups needed to construct accumulation curves. To provide a bio-
logically relevant set of diameter bin classifications, two sets of non-
uniform diameter bins wete created, one based on changes in [N]
and the other based on changes in root volume (a proxy for bio-
mass and C content). These two sets of diameter bins addressed
two different goals of root research. Given the established correla-
tion between [N] and root function (Pregitzer ef al. 1998; Atkin
et al. 2000; Makita ef al. 2009), accumulation curves using diameter
bins based on [N] were used to estimate the sampling effort
required for studies focusing on root uptake function or for studies
attempting to quantify fine root turnover. Accumulation curves
using diameter bins based on root volume were constructed to
quantify the required sample volumes for studies attempting to
quantify root biomass and the contribution of root standing crop
to soil carbon pools.

Nitrogen-based diameter bins were defined as the range of diame-
ters that represented a 10% change in [N]. Because [N] is relatively
sensitive to changes in root diameter in small roots but much less
so in larger roots (Makita ez a/. 2009), N-based diameter bins were
relatively narrow for small-diameter roots and grew progressively
wider for large-diameter roots. The relationship between root diam-
eter and [N] was based on data of P. faeda roots ranging in diameter
from 0.28 mm to 41.67 mm taken from trenches surrounding the
monoliths dug during the process of monolith extraction. These
roots were washed and digitised using WinRhizo software as
described above for monolith roots, dried to constant mass and
ground using a Wig-L-Bug grinding mill (REFLEX Analytical Corp.,
Ridgewood, NJ, USA). Ground samples were analysed for N con-
tent using a PDZ Europa ANCA-GSL clemental analyser (Sercon
Ltd., Cheshire, UK) and a power function was determined relating
[N] to diameter ([N] = 0.0079 x diameter ">"; # = 0.71).

Volume-based diameter bins were designed to emphasise the rela-
tively large contribution made by large-diameter roots to root C
storage, and so were defined as the range of diameters that equalled
a 0.5% reduction in the volume of our largest diameter class
(50 mm). This resulted in diameter bins that were relatively wide
for small-diameter roots and grew progtessively narrower for large-
diameter roots. The 0.5% reduction in volume was chosen to pro-
vide a similar number of N-based and C-based diameter bins.

Diameter-class accumulation curve formation

Root diameter-class accumulation curves were constructed using the
Specaccum function in the vegan package of R statistical soft-
ware (Oksanen ez a/. 2012). This function sequentially samples ran-
dom individuals from a data set and measures the number of novel

species encountered as additional individuals are sampled. Here, we
used the ‘random’ method, which encounters sites in random order
and samples individuals without replacement. For our data, root
length data were broken up into 1-cm segments and each 1-cm seg-
ment of root length was treated as an ‘individual.” Diameter bins
were treated as ‘species,” and each WinRhizo scan was normalised
for total root length and treated as a ‘site.” The soil volume repre-
sented by individual normalised scans in each monolith was calcu-
lated by dividing the total monolith volume (8000 cm’) by the
number of scans made for that monolith. Subsampling of the
monolith data to represent minirhizotron and soil-core sample vol-
umes was done by randomly sampling data from the number of
WinRhizo scans (‘sites’) needed to represent the typical volume
sampled by each of these methods. Individual curves were con-
structed for each of the 15 soil monoliths using both N-based and
volume-based diameter bins. Each curve was plotted as the average
of 1000 permutations of the SpecCcac cum function.

RESULTS

A total of 120 000 cm’ of soil was analysed containing 649 139 cm
of root length with an average of 43 276 cm of root length con-
tained in an individual monolith. Root diameters encountered ran-
ged from 0.025 mm to 42.55 mm, with 99% of the total root
length encountered having a diameter < 2 mm (Fig. 2b).
Nitrogen-based accumulation curves reached asymptotic flattening
for each individual monolith (Fig. 3a, b), however, for volume-
based accumulation curves, the volume of one soil monolith was
often insufficient to achieve flattening (Fig. 3c, d). The average soil
volume needed to encounter 90% of the N-based diameter classes,
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Figure 2 The proportion of (a) root volume and (b) root length contained in
diameter categories encountered for all study monoliths combined. The first
diameter category represents traditionally defined fine roots (<2 mm).
Subsequent diameter categories are 2—5 mm, and increase in 5 mm increments
up to 50 mm.
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Figure 3 (a) Representative diameter-class accumulation curve constructed using N-based diameter classes. The horizontal dashed line represents 90% of all diameter
classes encountered, and the black vertical line represents the sample volume needed to encounter 90% of the diameter classes. Typical sampling volumes for Bartz
minirhizotron, CID minirhizotron, soil core and monolith methods are indicated; (b) N-based accumulation curves for each of the 15 study monoliths; (c) Representative
accumulation curve using volume-based diameter classes; and (d) Volume-based accumulation curves for each of the 15 study monoliths.

Table 2 Total root length measured and the soil volume (cm’) needed to encounter 90% and 95% of nitrogen-based and volume-based diameter bins, respectively, for
each study monolith

Volume needed Volume needed Volume needed Volume needed for

Monolith Total root length for 90% N-bins for 95% N-bins for 90% volume- bins 95% volume- bins
1 30794.88 1346.57 2455.51 5069.44 6336.80
2 31794.50 4150.35 5654.10 6616.65 7218.00
3 55313.09 1556.64 3070.04 5188.80 6399.52
4 45999.30 3692.34 5538.51 6974.42 7589.81
5 61042.46 1451.83 2532.98 4695.28 5776.43
6 33670.74 4121.14 5696.87 6787.76 7393.81
7 42777.37 2615.28 4615.20 6384.36 7153.56
8 68073.32 3595.20 5302.92 6785.94 7370.16
9 34729.88 2353.00 3953.04 6117.80 7153.12
10 24912.36 852.81 1665.01 5279.30 6538.21
11 38974.35 3532.60 5298.90 6649.60 7273.00
12 21842.52 1425.78 2376.30 4594.18 6019.96
13 67360.83 1408.00 2752.00 4288.00 5568.00
14 67372.39 2472.82 4291.07 6253.92 7126.56
15 24480.88 2646.60 4631.55 6496.20 7218.00

and 90% of the volume-based diameter classes was 2481 cm’ and root diameters as compared to total root length encountered in

5878 cm’ respectively (Table 2). this study (Fig. 2). At this site, 30.3% of all root volume encoun-

To illustrate the importance of both the common fine roots tered was contained in fine roots < 2 mm in diameter. An addi-

and the rare coarse roots in the total biomass of the root system, tional 23.5% of the total root volume was held in roots with a

we examined the distribution of root volume across the range of

© 2013 John Wiley & Sons Ltd/CNRS
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diameter > 25 mm, of which there were only four individuals
encountered.

Monolith data were randomly subsampled to show the contrast-
ing distributions of root volume encountered by minirhizotron, core
and monolith sampling (Fig. 4a—c). For roots < 2 mm in diameter,
generalised additive models (Hastie & Tibshirani 1990) were used to
compare the relationship between diameter and the proportion of
root volume encountered by minirhizotrons and larger sampling
volumes (soil cores and monoliths). Likelihood ratio tests indicated
that the distribution of fine roots encountered by minirhizotrons is
significantly different than that encountered by the other two meth-
ods (G = 10.9, P = 0.011; Fig. 4d).

DISCUSSION

The most commonly measured properties of roots, such as SRL,
elemental composition, metabolism, biomass, lifespan and soil sym-
bionts, all vary with root diameter, creating the need for a sampling
scheme that accurately pairs the root pool of interest with the
appropriate sample volume to obtain accurate measurements for
these properties. As data on root properties are taken from study
sites and extrapolated to regional and global scales, measurement
errors due to insufficient sampling stand to be greatly magnified.
The application of the diameter class accumulation curves presented
here is potentially a useful tool to ensure that the majority of
root diameters present are accounted for, reducing the risk of
under-sampling and helping to assure the accuracy of data used in
large-scale models.

Attempts to characterise root structure and function are compli-
cated by the fractal distribution of root diameters in the soil, requir-
ing relatively large sample volumes to account for rare, large-
diameter roots. Small sample sizes are an issue of concern in all sci-
entific studies, yet it is important to keep in mind that the relation-
ship between small samples and the overall population is very
different for fractal distributions than for the Gaussian distributions
that biologists are traditionally more familiar with (Leibovitch 1998).
In fractally distributed systems such as roots, a small sample is not
simply a scaled-down version of the larger population. As shown in
Fig. 4, the relative proportions of root diameters encountered with
minirhizotron-scale sample volumes are not a representative subset
of the overall root pool but a sample of only the smallest, most
common toots.

The soil volumes presented in Table 2 represent the volume
needed to encounter 90% or 95% of all root diameters present in
our samples using either N-based or volume-based diameter classes,
respectively, and should serve as examples for target sampling vol-
umes at this site. These sample volumes serve both as an assurance
of thorough sampling but also as a means to avoid the time and
expense of excess sampling. It is important to note, however, that
before estimating a target sample volume from a diameter class
accumulation curve, the curve must have reached a point of flatten-
ing (Fig. 3a). This point of flattening will vary depending on the
number and relative distribution of root diameters at a site. The
absence of flattening in an accumulation curves indicates that a sig-
nificant number of diameter classes have not been encountered in
that sample volume and additional sampling is needed to obtain
accurate parameter estimates (Fig. 3d).

Due to the ever-decreasing slope of a diameter class accumulation
curve, the soil volume needed to obtain 95% of the diameter classes

present is much greater, proportionally, than the volume required to
obtain 90% of the diameter classes. Indeed, in many of the accumu-
lation curves presented here, the volume requited to sample 90% of
all diameter classes must be approximately doubled to obtain an
additional 5% of the diameter classes (Table 2). The diminishing
returns of additional sampling in root studies requires each
researcher to balance available resources against sampling intensity.
Diameter class accumulation cutrves provide a valuable resource in
this decision-making process.

The distribution of root volume across a range of diameters indi-
cates the necessity of sampling large soil volumes to account for
large roots when estimating the amount of belowground catbon
held in root systems (Fig. 2a). Roots < 2 mm in diameter accounted
for over 30% of the total root volume. However, the 23% of the
total root volume that was contained in roots > 25 mm came from
36.7 cm of root length, which represents a mere 0.01% of the total
root length in this study. This highlights the extreme rarity of large-
diameter roots in the soil, and indicates that studies reporting coarse
root biomass sampled using soil cores (e.g. Dhyani & Tripathi 2000,
Soethe e al. 2007; Major et al. 2012) may be systematically underes-
timating coarse root biomass.

Increasing attention is being paid to the importance of plant roots
to belowground nutrient and C cycling from ecosystem to global
scales. In recent years, minirhizotrons have been used to provide
much of the data on which our global estimates of fine root systems
are based. The minirhizotron method provides a unique opportunity
to directly measure the dynamic properties of fine root systems, yet
because even large minirhizotron studies sample a relatively small vol-
ume of soil, this method is particularly vulnerable to inaccuracies in
estimates of physical properties of roots due to under-sampling. If
implemented into models covering large spatial scales, these inaccura-
cies stand to be greatly magnified, potentially misleading our estimates
of the role of roots in global nutrient cycles.

The manner in which fractally distributed root data responds to
sample size is similar whether one examines the entire root system
or only the fine root pool. The tendency for small sample volumes
to overestimate the proportions of very fine roots and underesti-
mate the proportions of larger roots is found even for roots
< 2 mm (Fig. 4d). Although minirhizotrons do sample roots up to
2 mm in diameter, their small sample volumes bias relative propot-
tions of fine roots towards the most common, finest roots. Notably,
sample volumes for which our N-based accumulation curves have
reached flattening (core and monolith sampling; Fig. 3 ab) closely
agree in their representation of the fine root pool, whereas minirhi-
zotron sample volumes for which our N-based curves are still rising
differ in their representation of the relative proportions of fine
roots (Fig. 4d). This represents a problem when turnover rates
obtained from minirhizotrons are multiplied by fine root standing
crop biomass estimates obtained from soil cores, as is often done
to calculate fine root net primary productivity (e.g. Pritchard es al.
2008). By assuming that these two methods are sampling the same
pool of roots, a researcher will likely overestimate fine root biomass
production and turnover because minirhizotrons are inherently
biased towards small, short-lived roots compared to the biomass
pool sampled by cores.

The considerable debate over the differences in fine root turnover
estimates obtained from minirhizotrons vs. those obtained using
isotopic tracer techniques setves as a ptime example of how meth-
odological discrepancies can influence important inputs to global C

© 2013 John Wiley & Sons Ltd/CNRS
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models (Matamala & Gonzalez-Meler 2003; Guo ef al. 2008; Prit-
chard & Strand 2008; Strand ez a/ 2008). Turnover estimates
derived from minirhizotrons suggest that roots turn over very
quickly while turnover estimates of fine root C from isotopic meth-
ods indicate that fine roots turn over much more slowly. Several
differences in the basic assumptions made by each of these
approaches are outlined in Pritchard & Strand (2008); however, one
potentially important disctepancy between these two methods is
that of sample size. Guo e al. (2008) propose that much of the
disagreement between these two methods arises from the heteroge-
neity of root orders (which vary by diameter), and the resulting
heterogeneity of root turnover within the fine root pool. One
consequence of this heterogeneity that has gone previously unmen-
tioned is the effect of very small sample volumes, such as those
observed by minirhizotrons, inherently missing many of the larger,
high-order fine roots that are proposed to have a disproportionate
impact on fine root C turnover estimates. Using the N-based accu-
mulation curves presented above, we estimated that a traditional
minirhizotron study sampling ~100 cm’ of soil per plot will miss
34% of the root diameter classes that a soil core (used in C iso-
tope techniques) study sampling ~4000 cm’ would observe. When
considering that this 34% discrepancy is likely made up of the lar-
ger, rarer roots that can heavily influence isotopic estimations, it is
apparent that soil sample volumes stand to greatly impact some of
the most important measures of fine root systems used in global
C models.

Recent developments of minirhizotron camera systems capable of
sampling much larger areas of the tube surface hold the potential to
overcome some of the sampling issues of traditional minirhizotron
cameras. The discrepancy in image dimensions between traditional
camera systems such as those produced by Bartz Technology (Carpin-
teria, CA, USA) (18 mm x 13 mm) and new scanning minirhizotron
cameras such as those produced by CID Bioscience Inc. (Camas, WA,
USA) (216 mm x 196 mm) is substantial. Assuming a 2 mm image
depth of view, studies using new CID minirhizotron systems can sam-
ple soil volumes comparable to soil core studies (e.g. Zhang e al.
2009). While these scanning minirhizotron systems hold great promise
in the effort to accurately pair data between minirhizotrons and soil
core studies, consideration should be given to the effect of additional
image processing time on number of tubes able to be employed.

The accurate representation of both fine and coarse roots in C
budgets are of great importance (Fig. 2a), but for different reasons.
The biomass of live and decaying coatse roots, which equal an esti-
mated 50% of stem biomass, represents a substantial and relatively
stable pool of belowground C storage that is suggested to be largely
underestimated (Albaugh ef a/. 2006; Robinson 2007; Wang ez al.
2012). Conversely, the ~30% of root biomass held in fine roots rep-
resents a relatively dynamic source of C flow from plant biomass
into the soil via turnover. Despite their relatively small sample vol-
umes, minithizotrons currently represent the most reliable method
to assess fine root turnover. Because even fine root pools are sus-
ceptible to errors from insufficient sample size, however, all reason-
able efforts should be made to ensure that dynamic data obtained
by minirhizotrons accurately matches the fine root pool sampled by
soil cores. We recommend a combination of monolith sampling and
allometric calculations for estimating coarse root biomass, and a
combination of soil cores with high-volume minirhizotrons for link-
ing estimates of fine root biomass and turnover.

Here, we present the concept of root diameter-class accumulation
curves to highlight the potential for data inaccuracies due to insuffi-
cient sampling. Potential also exists to use these accumulation curves
to identify a tatget sample volume that will maximise sampling effi-
ciency. The non-normal distribution of root diameters in the soil
makes root studies especially susceptible to effects of sample size.
Implementation of diameter class accumulation curves stands to
greatly increase the reliability of root data being used in global models,
improving our understanding of how root systems influence
processes of plant growth and nutrient cycling on a global scale.

ACKNOWLEDGEMENTS

The authors thank R. Oren, and R. Nettles with assistance in
obtaining our samples, N. Gotelli and W. Bridges for statistical
advice, and three anonymous referees for comments that have
greatly improved this study. This study was supported by the Office
of Science (BER), US Department of Energy, Grant No. DE-
FGO02-95ERG62083, and the National Science Foundation, award
number DE-FC02-06ER64156. SGP thanks the participants of the
COST FP 0803 meeting on Belowground Complexity for useful dis-
cussions on the topic of root sampling methods.

AUTHORSHIP

BT designed study, collected data, analysed data and prepared man-
uscript; KB processed data, performed image analysis and created
figures; SP designed study and collected data; AS collected and anal-
ysed data; EC collected data and performed image analyses. All
authors contributed to manuscript revisions.

REFERENCES

Albaugh, T.J., Allen, HL. & Kress, L.W. (2006). Root and stem partitioning of
Pinus taeda. Trees, 20, 176-185.

Atkin, O.K., Edwards, E.J. & Loveys, B.R. (2000). Response of root respiration
to changes in temperature and its relevance to global warming. New Phytol.,
147, 141-154.

Berntson, G. (1996). Fractal geometry, scaling, and the description of plant root
architecture. In: Plant Roots: The Hidden Half (eds Waisel, Y., Eshel, A,
Kafkafi, U.). Marcel Dekker, New York, pp. 259-272.

Brown, A.L.P., Day, F.P. & Stover, D.B. (2009). Fine root biomass estimates
from minirhizotron imagery in a shrub ecosystem exposed to elevated CO,.
Plant Soil, 317, 145-153.

Casper, B.B. & Jackson, R.B. (1997). Plant competition underground. Annu. Rev.
FEeol. Syst., 28, 545-570.

Colwell, RK. & Coddington, J.A. (1994). Estimating terrestrial biodiversity
through extrapolation. Philos. Trans. R. Soc. Lond. B Biol. Sii., 345, 101-118,

Dhyani, S. & Tripathi, R. (2000). Biomass and production of fine and coarse
roots of trees under agrisilvicultural practices in north-east India. Agrofor. Syst.,
50, 107-121.

Eshel, A. (1998). On the fractal dimensions of a root system. Plant, Cell Environ.,
21, 247-251.

Gotelli, N.J. & Colwell, RK. (2001). Quantifying biodiversity: procedures and
pitfalls in the measurement and comparison of species richness. Feol. Lett., 4,
379-391.

Guo, D., Li, H., Mitchell, R.J., Han, W., Hendricks, J.J., Fahey, T.J. e al. (2008).
Fine root heterogeneity by branch order: exploring the discrepancy in root
turnover estimates between minirhizotron and carbon isotopic methods. /Vew
Phytol., 177, 443—456.

Halley, ].M., Hartley, S., Kallimanis, A.S., Kunin, W.E., Lennon, J.J. & Sgardelis, S.P.
(2004). Uses and abuses of fractal methodology in ecology. Eol. Lett., 7,254-271.

© 2013 John Wiley & Sons Ltd/CNRS



8 B. N. Taylor et al.

Letter

Hastie, T.J. & Tibshirani, R.J. (1990). Generalized Addative Models. Chapman Hall/
CRC, Boca Raton.

Heeraman, D. & Juma, N. (1993). A comparison of minirhizotron, core and
monolith methods for quantifying batley (Hordeun: vulgare 1..) and fababean
(Vicia faba 1L.) root distribution. Plant Soil, 148, 29—41.

Hendricks, J.J., Hendrick, R.L., Wilson, C.A., Mitchell, R.J., Pecot, S.D. & Guo,
D. (20006). Assessing the patterns and controls of fine root dynamics: an
empirical test and methodological review. /. Erol, 94, 40-57.

Hutchinson, J. (1981). Fractals and self-similatity. Zndiana Univ. Math. J., 30,
713-747.

Iversen, C.M., Ledford, J. & Norby, RJ. (2008). CO, enrichment increases
carbon and nitrogen input from fine roots in a deciduous forest. New Phytol.,
179, 837-847.

Jackson, R., Mooney, H. & Schulze, E. (1997). A global budget for fine root biomass,
surface area, and nutrient contents. Proc. Natl Acad. Sei. USA, 94, 7362—7366.

Jackson, R.B., Cook, C.W., Pippen, ].S. & Palmer, S.M. (2009). Increased
belowground biomass and soil CO, fluxes after a decade of carbon dioxide
enrichment in a warm-temperate forest. Zeology, 90, 3352-330606.

Joslin, J.D. & Wolfe, M.H. (1999). Disturbances during minirhizotron installation
can affect root observation data. Soi/ Sci. Soe. Am. J., 63, 218-221.

Leibovitch, L. (1998). Fractals and Chaos Simplified for the Life Sciences. Oxford
University Press, New York, pp. 74-77.

Leibovitch, L. (1998). Fractals and Chaos Simplified for the Life Sciences. Oxford
University Press, New York, pp. 74-77.

Levillain, J., Thongo M’Bou, A., Deleporte, P., Saint-André, L. & Jourdan, C.
(2011). Is the simple auger coring method reliable for below-ground standing
biomass estimation in Eucalyptus forest plantations? Ann. Bot., 108, 221-230.

Major, J., Johnsen, K., Barsi, D. & Campbell, M. (2012). Fine and coarse root
parameters from mature black spruce displaying genetic X soil moisture
interaction in growth. Can. J. For. Res., 42, 1926-1938.

Makita, N., Hirano, Y., Dannoura, M., Kominami, Y., Mizoguchi, T., Ishii, H.
et al. (2009). Fine root morphological traits determine variation in root
respiration of Quercus serrata. Tree Physiol., 29, 579-585.

Matamala, R. & Gonzalez-Meler, M. (2003). Impacts of fine root turnover on
forest NPP and soil C sequestration potential. Science, 302, 1385-1387.

Matamala, R. & Schlesinger, W.H. (2000). Effects of elevated atmospheric CO,
on fine root production and activity in an intact temperate forest ecosystem.
Glob. Change Biol., 6, 967-979.

McCarthy, HR., Oren, R., Johnsen, K.H., Gallet-Budynek, A., Pritchard, S.G.,
Cook, C.W. ¢ al. (2010). Re-assessment of plant carbon dynamics at the Duke
free-air CO, enrichment site: interactions of atmospheric [CO,| with nitrogen
and water availability over stand development. New Phytol., 185, 514-528.

Noguchi, K., Han, Q., Araki, M., Kawasaki, T., Kaneko, S., Takahashi, M. e/ /.
(2011). Fine-root dynamics in a young hinoki cypress (Chamaegyparis obtusa)
stand for 3 years following thinning. /. For. Res., 16, 284-291.

Norby, R.J. & Jackson, R.B. (2000). Root dynamics and global change: secking
an ecosystem perspective. New Phytol., 147, 3-12.

Oksanen, J., Blanchet, F.G., Kindt, R., Legendre, P., Minchin, P.R. & O’Hara, R.
et al. (2012). vegan: Community Ecology Package. R package version 2.0-4. Available
at: http://CRAN.R-project.org/package=vegan.

Pierret, A., Moran, CJ. & Doussan, C. (2005). Conventional detection
methodology is limiting our ability to understand the roles and functions of
fine roots. New Phytol., 166, 967-980.

Ping, X., Zhou, G., Zhuang, Q., Wang, Y., Zuo, W., Shi, G. ¢/ a/. (2010). Effects
of sample size and position from monolith and core methods on the
estimation of total root biomass in a temperate grassland ecosystem in Inner
Mongolia. Geoderma, 155, 262-268.

Pregitzer, K. & DeForest, J. (2002). Fine root architecture of nine North
American trees. Fcol. Monogr., 72, 293-309.

© 2013 John Wiley & Sons Ltd/CNRS

Pregitzer, K.S., Laskowski, M.J., Burton, A.J., Lessard, V.C. & Zak, D.R. (1998).
Variation in sugar maple root respiration with root diameter and soil depth.
Tree Physiol., 18, 665—670.

Pritchard, S.G. & Strand, AE. (2008). Can you believe what you see?
Reconciling minirhizotron and isotopically derived estimates of fine root
longevity. New Phytol., 177, 287-291.

Pritchard, S.G., Strand, A.E., McCormack, M.L., Davis, M.A., Finzi, A.C.,
Jackson, R.B. e al. (2008). Fine toot dynamics in a loblolly pine forest are
influenced by free-air-CO,-enrichment: a six-year-minirhizotron study. Glob.
Change Biol., 14, 588—602.

Robinson, D. (2007). Implications of a large global root biomass for carbon sink
estimates and for soil carbon dynamics. Proc. Biol. Sci., 274, 2753-2759.

Rodrigues de Sousa, ]J.T. & Gehring, C. (2010). Adequacy of contrasting sampling
methods for root mass quantification in a slash-and-burn agroecosystem in the
eastern periphery of Amazonia. Biol. Fertil. Soils, 46, 851-859.

Samson, B.K. & Sinclair, T.R. (1994). Soil core and minirhizotron comparison
for the determination of root length density. Plant Svil, 161, 225-232.

Soberon, J.M. & Llorente, ].B. (1993). The use of species accumulation for the
prediction functions of species tichness. Conserv. Biol., 7, 480—488.

Soethe, N., Lehmann, J. & Engels, C. (2007). Carbon and nutrient stocks in
roots of forests at different altitudes in the Ecuadorian Andes. /. 7rop. Eeol.,
23, 319-328.

Strand, A.E., Pritchard, S.G., McCormack, M.L., Davis, M.A. & Oren, R. (2008).
Irreconcilable differences: fine-root life spans and soil carbon persistence.
Science, 319, 456—458.

Tatsumi, J., Yamauchi, A. & Kono, Y. (1989). Fractal analysis of plant root
systems. Ann. Bot., 64, 499-503.

Thompson, G.G., Thompson, S.A., Withers, P.C. & Fraser, ]. (2007). Determining
adequate trapping effort and species richness using species accumulation cutves
for environmental impact assessments. Austral Feol., 32, 570-580.

Ugland, KL, Gray, J.S. & Ellingsen, K.E. (2003). The species-accumulation
curve and estimation of species richness. /. Anim. Ecol., 72, 888-897.

Vogt, K., Vogt, D.J., Palmiotto, P., Boon, P., O’Hara, J. & Asbjornsen, H.
(1996). Review of root dynamics in forest ecosystems grouped by climate,
climatic forest type and species. Plant Soil, 187, 159-219.

Vogt, K., Vogt, D. & Bloomfield, J. (1998). Analysis of some direct and indirect
methods for estimating root biomass and production of forests at an
ecosystem level. Plant Soil, 200, 71-89.

Walk, T.C., Van Erp, E. & Lynch, ].P. (2004). Modelling applicability of fractal
analysis to efficiency of soil exploration by roots. Ann. Bot., 94, 119-128.

Wang, G.G., Van Lear, D.H., Hu, H. & Kapeluck, P.R. (2012). Accounting
carbon storage in decaying root systems of harvested forests. Awmbio, 41,
284-291.

Zhang, 7.-S., Li, X.-R., Liu, L.-C,, Jia, R-L., Zhang, ].G. & Wang, T. (2009).
Distribution, biomass, and dynamics of roots in a revegetated stand of
Caragana korshinskii in the Tengger Desert, northwestern China. /. Plant. Res.,
122, 109-119.

SUPPORTING INFORMATION

Additional Supporting Information may be downloaded via the online
version of this article at Wiley Online Library (www.ecologyletters.com).

Editor, Aimee Classen

Manuscript received 20 February 2013
First decision made 21 Matrch 2013
Manuscript accepted 2 April 2013



