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ACCURACY OF, VISIBLE AND
ULTRAVIOLET LIGHT FOR
ESTIMATING LIVE ROOT
PROPORTIONS WITH
MINIRHIZOTRONS

Zhengquan Wang,' Walter H. Burch,? Pu Mou,?
Robert H. Jones,* and Robert J. Mitchell®

The minirhizotron technique has been widely used
to study roots in both natural and managed ecosystems
(Box and Hammond 1990, Atkinson 1991, Murphy et
al. 1994). Parameters estimated include root depth
(Gregory 1979, Upchurch and Ritchie 1983, Parker et
al. 1991, Hendrick and Pregitzer 1992a), root length
density (Upchurch 1985, 1987, Bland and Dugas 1988,
Box and Ramseur 1993, Volkmar 1993, Samson and
Sinclair 1994), root morphology (Upchurch 1985, Hen-
drick and Pregitzer 1992b), root dynamics (Hansson
and Andrén 1987, Eissenstat and Caldwell 1988), and
root turnover (Cheng et al. 1990, 1991, Hendrick and
Pregitzer 19925). For estimates of dynamics or turn-
over, the reliability of the minirhizotron method de-
pends on the accuracy of assessing physiological status
of roots, i.e., whether roots are live or dead.

Root color is the most frequently used criterion for
determining physiological status of roots in minirhi-
zotrons (Cheng et al. 1990, Hendrick and Pregitzer
19924, b). When roots become dark brown or black,
they are counted as dead. However, root color may
darken as a result of secondary growth or suberization,
and this can complicate visible estimates of physio-
logical status. Furthermore, under visible light, it is
sometimes difficult to distinguish between roots and
organic debris.

To aid in separation of live and dead roots, some of
the more recently manufactured minirhizotron systems
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Notes and Comments

include both visible and ultraviolet (UV) lights. Under
UV light, live roots fluoresce more strongly than dead
roots. However, no published information is available
on the precision or accuracy of measuring live roots
with either visible or UV light. Without this informa-
tion, accuracy of estimating root turnover is unknown.
Therefore, this study was designed with the following
objectives: (1) to determine the accuracy of estimating
the live proportion of fine roots using visible and ul-
traviolet light sources in a minirhizotron camera sys-
tem; and (2) to determine if estimates are consistent
among different species and growth forms. Estimates
from visible and UV light were compared with those
from a root stain-dissection technique for eight plant
species common to early successional upland forests
in the southeastern United States.

Methods

The eight plant species were chosen to reflect a broad
spectrum of growth forms (Table 1). Root samples of
Pinus taeda L. and Liquidambar styraciflua L. were
collected from seedlings grown outdoors in a sand box
at the Auburn University campus in east-central Ala-
bama. For the rest of the species, roots were collected
from a clearcut forest adjacent to an existing mini-
rhizotron study at the Auburn campus (Burch 1995).
All root samples were excavated between 20 September
and 15 October 1993, 2 yr after the forest was har-
vested.

The root samples were moistened, immediately
sealed in polyethylene bags, and stored in a cooler filled
with cold water for no more than 2 h. In the laboratory,
roots were washed several times with tap water and
then distilled water. All fine roots (<2 mm in diameter,
a criterion used in many fine-root studies) were clipped
off and cut into 2 cm long segments. Subsamples were
then randomly selected to produce 30 replicates of 30
root segments each (900 root segments for each spe-
cies). The division of the 900 segments into 30 samples
of 30 subsamples was an a prigri attempt to optimize
the power of statistical tests (increased by more sam-
ples) vs. the precision of estimating percent living roots
(increased by more subsamples).

A minirhizotron observation apparatus was con-
structed in the laboratory. A 5.1 cm diameter extruded
acrylic observation tube (about a 20% UV reduction,
Bartz Technology, Santa Barbara, California, personal
communication) similar to those commonly used in
field studies was clamped to a table. The tube was
completely wrapped with black paper and dark tape
except for a 20 X 3 cm observation window. All 30
root segments of each root sample were arranged with-
out overlap along the observation window and covered
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Species tested, life form, mean proportion of live roots estimated by three methods, and mean differences between

light and TTC (2,3,5-triphenyltetrazolium chloride) estimates of live root proportion; standard deviations are shown in

parentheses.*

Prop. live roots estimated by

Light method estimate
minus TTC estimate

Species Life form Visible light UV light TTC Visible uv

Agrostis borealis H. « perennial grass 0.847+ 0.941+ 0.795 0.052 0.145
(0.068) (0.038) (0.042) (0.075) (0.048)

Paspalum dilatatum L. perennial grass 0.787+ 0.867+ 0.695 0.092 0.172
(0.058) (0.072) (0.120) (0.113) (0.103)

Solidago spp. perennial forb 0.841+ 0.850+ 0.758 0.083 0.092
(0.081) (0.074) (0.074) (0.081) (0.070)

Erigeron canadensis L. annual forb 0.830— 0910 0.890 —0.060 0.020
(0.098) (0.069) (0.073) (0.063) (0.058)

Rubus semiwoody forb 0.801— 0.842— 0.895 —0.094 -0.052
cuneifolius Pursh (0.068) (0.063) (0.049) (0.078) (0.072)
Liquidambar deciduous woody 0.744— 0.827 0.859 -0.115 —0.032
styvraciflua L. (0.115) (0.105) (0.139) (0.084) 0.071)
Quercus nigra L. deciduous woody 0.746— 0.874 0.904 —0.158 —0.030
(0.076) (0.065) (0.052) (0.080) (0.072)

Pinus taeda L. evergreen woody 0.656— 0.835- 0.941 -0.285 —0.106
(0.093) (0.058) (0.055) (0.076) (0.064)

* Within species, light method means followed by — or + significantly underestimate or overestimate, respectively, the
TTC mean (P < 0.05) according to ANOVA contrasts, each with 1, 87 degrees of freedom.

with dark paper. A minirhizotron camera system (Bartz
Technology, Santa Barbara, California) with both vis-
ible and ultraviolet lights was used to classify the root
segments as either live or dead. For each sample, vis-
ible light was always the first method used, UV light
was second and staining was last. UV light was second
because results from visible light have little or no
chance of biasing UV assessment, whereas the reverse
may not be true. Staining had to be last because it
changes root color.

The following characteristics were used to classify
roots as dead under visible light: dark brown, very dark
brown, or black in color; partial decay of the existing
root; or the appearance and growth of fungal mycelia
(nonmycorrhizal) around the root (Hendrick and Pre-
gitzer 19924, b). Under ultraviolet light (without vis-
ible light) roots with strong fluorescence were counted
as live while roots with little or no fluorescence were
classified as dead.

Immediately after minirhizotron observations were
made, all root segments in a sample were bulked and
then immersed in a 0.5% aqueous solution of 2,3,5-
triphenyltetrazolium chloride (TTC) and incubated in
the dark for 24 h. The TTC solution was then poured
off, samples were rinsed with cold tap water for 3-4
s, and roots were examined under a stereo dissecting
microscope (7-30X). Pink or red roots were counted
as live, while colorless roots were tallied as dead. Te-
trazolium is biologically reduced (mostly by dehydro-
genase) in living tissue from its original colorless state
to the water-insoluble red compound formazan. In sev-

eral studies, TTC has been successfully used to separate
live from dead roots (Jacques and Schwass 1956, Knie-
vel 1973, Joslin and Henderson 1984, Clemensson-Lin-
dell 1994). We dissected many roots of each species
to ensure that there was adequate penetration by the
dye. Even without the dissection, differences between
live and dead roots were obvious. We considered TTC
results as the standard against which the results from
visible and UV light observations were compared.

The proportions of live roots were calculated for each
sample of 30 root segments using each method (i.e.,
visible light, ultraviolet light, and TTC stain). Accuracy
of each light method was then assessed by two equa-
tions:

L — TTC, (1

(2)

1 — (L — TTC|/TTC),

where A is accuracy, L is proportion of live roots using
visible or UV light, and TTC is the same proportion
using the TTC method. Eq. 1 assesses the direction of
inaccuracy, which is the tendency to under- or over-
estimate true live root proportion. Eq. 2 is a direction-
less estimate of the magnitude of inaccuracy relative
to the TTC standard. The value of Eq. 2 changes if
dead root proportion is used instead of live root pro-
portion.

Using data from Eq. 1, we employed a nested ANO-
VA (replicates nested within species) to determine if
the two light methods had the same accuracy across all
species. ANOVAs with single degree of freedom con-
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trasts were used within each species to examine where
each method under- or overestimated the TTC standard.
Orthogonal contrasts within light methods were used
to determine if live root proportion estimates were dif-
ferent for woody vs. nonwoody growth forms.

Results

Visible light underestimated percent live roots (over-
all mean = 0.782), while UV light overestimated (mean
= 0.868) when compared to the TTC standard (mean
= 0.846). Analysis of Eq. 1 detected a significant light
method effect (F = 418.0; df = 1, 232; P < 0.0001).
However, a significant method X species interaction
also occurred (F = 18.3; df = 7, 232; P < 0.0001),
an indication that accuracy of light methods changed
from one species to another. When analyzed within
species, visible light significantly underestimated live
root proportion in five species and overestimated in
three (Table 1). Ultraviolet light significantly under-
estimated in two species, overestimated in three, and
provided statistically similar results in three species.

There was a tendency for both light methods to over-
estimate accuracy in nonwoody species and to under-
estimate in woody species (Table 1). Within each light
method, orthogonal contrasts between the woody and
nonwoody species were significant (F = 310.0; df =
1, 232; P < 0.0001). Visible light appeared most ac-
curate for the two grass species, both methods had sim-
ilar accuracy in Solidago spp., and ultraviolet light was
more accurate in all others (Table 1).

Differences between estimates made by either light
method and the TTC standard were small when con-
sidered as a proportion of the TTC mean. Based on Eq.
2, mean accuracy of all species combined was 0.847
for visible light and 0.877 for UV light. According to
t tests, both of the latter were significantly different
from a perfect accuracy of 1.000 (r = 20.1 for visible
and 16.9 for UV light; P < 0.0001). When species were
considered separately, the range in accuracy for visible
light was 0.697 (P. taeda) to 0.924 (E. canadensis),
and the range for UV light was 0.715 (P. dilatatum)
to 0.947 (E. canadensis).

Discussion and Conclusions

When data for all eight species were combined, both
visible and UV light estimated live root proportions
with similar accuracy (0.847 for visible and 0.877 for
UV). These results imply that either method will pro-
duce relatively good estimates for mixed-species com-
munities. In a field setting, however, the visible light
method may be easier to use and less costly. When UV
light is used, dead roots are hard to see against a soil
background; thus, visible light is needed to count dead
(or total) roots regardless of method used. If only vis-
ible light is used, less time is needed to count roots,
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and the expense of adding a UV light source to the
camera can be avoided.

When species or growth forms were analyzed sep-
arately, accuracy of each light method was more vari-
able. Neither method was superior across all species.
Results of this study suggest that visible light should
be chosen for maximum accuracy in grass-dominated
communities and UV light for communities dominated
by broad-leaved herbs or woody plants (Table 1).

To achieve and possibly improve on the accuracies
observed in this study, one must become familiar with
factors that influence visual characteristics of roots
(e.g., color and turgor) under both visible and UV light.
As seen in the present study, root appearance can vary
by growth form (i.e., nonwoody vs. woody) and spe-
cies. Seasonal variation is also important (Fogel 1985,
Hansson and Andrén 1987). Reliability may be im-
proved also if individual roots are observed over time.
For example, a dark-colored root initially classified as
dead can be viewed later and reclassified as alive if
secondary thickening or bark development is observed.
Repeated observations of the same root is one of the
major advantages of minirhizotrons.

Influences of growth form on root color may explain
why estimates of live root proportion under visible light
were more accurate for nonwoody than for woody
plants (Table 1). Some live roots in woody species were
dark in color due to secondary growth or suberization,
and under visible light these roots may have been mis-
identified as dead. In a field situation, this should be a
minor problem since the vast majority of fine roots
never develop significant secondary thickening.

Under UV light, some dead roots apparently still
fluoresced and thus were misidentified as living. The
latter problem may be more prevalent in nonwoody
species, which would explain why UV light was more
accurate among woody species (Table 1).

An additional problem in using ultraviolet light in
minirhizotrons is that the intensity of fluorescence is
related to protoplasm concentrations, which are highly
variable in root cells (Gregory et al. 1987). It is some-
times difficult to distinguish between roots with very
little fluorescence (i.e., living roots) and those with
none (i.e., dead). A related problem is the contrasting
properties of root fluorescence in a single minirhizotron
frame. If one root glows much brighter than another,
the bright one may be counted as living and the other
as dead by contrast alone. However, if the dimmer root
is seen without a contrasting brighter root, the dim root
may be counted as live. Furthermore, the amount of
fluorescence and contrast may be affected by the type
of tube used. The acrylic tube used in this study reduces
UV light penetration. Tubes made out of CAB (cellu-
lose acetate butyrate) or other maferials may be more
or less transparent to UV light or fluorescence. One
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possible solution to these problems is to use visible
light to check roots after UV light has been used.

Another difficulty is the occurrence of partially live
roots. For root length measures, this problem may be
especially acute. For root counting methods (i.e., where
a root intersects a grid line), we suggest that the root
be classified as living if most (>50% of total length)
of the root is alive. *

An important consideration in root studies is the
sample size needed to meet a specified level of pre-
cision. To calculate the number of samples (each con-
taining 30 segments) needed for estimates of live root
proportion within various percentages of the true mean,
we used Stein’s two stage sample procedure (Steel and
Torrie 1960) with an « = 0.05 and estimates of the
mean and variance from our data (all species com-
bined). To be within 10% of the mean, seven and four
samples would be needed for visible and ultraviolet
light, respectively. To be within 5%, =27 and 13 sam-
ples would be required, respectively. Even if such sam-
ple sizes were met, however, the maximum accuracy
of visible and UV light for mixed-species communities
(i.e.. as defined by Eq. 2) would be somewhere between
0.8 and 0.9 for the ecosystem that we studied. Fur-
thermore, because visibility may be more difficult in
the field than in our laboratory study, larger sample
sizes (or >30 segments per sample) may be needed to
reach the same levels of precision and accuracy.
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GALL-FORMING INSECT DIVERSITY
IS LINKED TO SOIL FERTILITY
VIA HOST PLANT TAXON

K. Rosalind Blanche and Mark Westoby'

Observations made by Fernandes and Price (1991)
at sites in Arizona, USA, and Minas Gerais, Brazil,
suggested that host plant adaptations to infertility result
in higher numbers of gall-forming insect species on
infertile soils than on fertile soils. Our paper reports
an independent test of the relationship between galling
and soil fertility in a different biogeographical prov-
ince. that of New South Wales. Australia. Accumula-
tion of such tests from many parts of the world is es-
sential to the ultimate development of a theory on the
global distribution of gall-forming insect species.

Long retention of parts is one potentially relevant
adaptation of plants to infertile soils (Coley et al. 1985).
Reliable, long-term sites are needed by gall insect spe-
cies because most are unable to move to a new site
once gall initiation has commenced. High concentra-
tions of secondary compounds, such as oils and phe-
nols, are also characteristic of plants growing on in-
fertile soils (McKey et al. 1978). These are thought to
benefit gall insects by protecting them from chewing
herbivores, fungi, and other micro-organisms (Cornell
1983).

Insect-induced galls vary in complexity from simple,
open deformations to complex, highly organized, en-
closed structures. Complex galls are likely to be oc-
cupied by the gall insect for a longer period than are
simple galls. The advantages afforded by long-lived
plant parts and high concentrations of secondary com-
pounds in plant tissues could be particularly important
for gall-forming insect species with long-lived, com-
plex galls. We measured the number and complexity
of gall-forming insect species at low- and high-fertility

"School of Biological Sciences, Macquaric University,
New South Wales 2109 Australia.

sites to determine whether gall species richness and
complexity were correlated with soil fertility in Aus-
tralia.

Methods

Eight locations in National Parks or State Forests
close to Sydney, Australia (=34° S, 151° E) were cho-
sen for this study. At each location a 50 X 20 m site
was marked out. Total soil phosphorus (in milligrams
per kilogram) at each site was measured by taking five
(20 X 20 cm) random samples of the top 20 cm of soil,
bulking the samples, and analyzing them by standard
methods (Lambert 1983). Total soil phosphorus was
used as the best single indicator of soil fertility (Bowen
1981, Williams and Raupach 1983) as it is a limiting
macronutrient, is not very soluble, and atmospheric
inputs are small.

The sites were visited three times between May 1991
and April 1992. During each visit 200 plants <50 ¢m
high and 100 plants >50 cm high were chosen ran-
domly and searched for insect-induced galls. All plant
growth forms present were included. Samples of all
insect stages obtained, their galls, and their host plant
species were preserved in wet or dry reference collec-
tions, as appropriate.

Gall species were grouped into two categories ac-
cording to whether they had a complex or simple form.
Gall insects were keyed to species level when possible,
but the taxonomy for many groups is poorly known.
For this reason morphospecies (based on the external
and internal morphology of the gall and the insects in
ity was used in conjunction with gall species to estimate
gall insect diversity. When the term “gall species™ is
used in subsequent parts of this paper *"gall morpho-
species™ is implied. The number of gall morphospecies
is a relatively reliable estimate of species number be-
cause gall morphology is usually distinctive for each
insect species (Cornell 1985, Taper and Case 1987).

Relationships between site characteristics (soil fer-
tility, gall species richness, proportion of complex gall
species, total plant species richness, proportion of plant
species galled, and myrtaceous tree species richness)
were determined by Pearson correlation matrix. Path
analysis (Sokal and Rohlf 1981) was used to decom-
pose the effects of soil fertility and myrtaceous tree



