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Introduction
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ungulates sustain the highest rates of herbivory among terrestrial ecosystems R . { Deleted: at
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interactions between these primary producers and consumers (McNaughton 1976,
McNaughton 1984, Frank and McNaughton 1992, Frank and Groffman 1998,

Frank et al 2002). In contrast, few studies have examined rates of belowground
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belowground processes in regulating ecosystem carbon, nutrient, and hydrologic

flows (Ares 1976, Nepstad et al. 1994, Jackson et al. 1997, Farrar and Jones

p { Deleted: We require a ]

needed to provide accurate estimates of terrestrial plant production and to model
the responses of terrestrial systems to future environmental perturbations.
Grassland is found on every continent, except Antarctica, comprises 33%

of Earth’s land surface (Lieth 1978), and provides food and services for
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grassland (known as prairie in North America, steppe in Eurasia, pampas in
Argentina and Uruguay, and veldt in South Africa) is semiarid (25-75 cm annual

precipitation) and characterized by cold winters and hot summers. Most
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and possesses organic-rich soil. The fertility of the soil has driven the conversion



of most natural grasslands to agricultural land (Shantz 1954). Humans depend on
converted grasslands to supply all of the major food grains, such as corn, wheat,

oats, rice, barley, millet, rye, and sorghum.

nutritious (low C:N ratio) (Jackson et al. 1997). The rapid turnover (growth and

death) of fine roots contributes to the 1477 Gt of organic carbon stored in world’s

soils (Buringh 1984).

Temperate grassland soil is home to a diverse assemblage of microfauna
that form a tightly coupled community of root herbivores and decomposers
(Peterson and Luxton 1982, Anderson 1983). Nematoda, the most abundant
multicellular group of microfauna, is found in the greatest densities in temperate
grasslands (Peterson and Luxton 1982, Stanton 1988). Other common taxa
include Oligochaeta (earthworm), Diptera (fly) larvae, Collembola (springtail),
Acari (mite, tick), and Diplopoda (millipede) (Peterson and Luxton 1982).
Peterson and Luxton (1982) estimated that soil fauna consume 1-10% of their
body weight daily, and Stanton (1988) suggested that root-feeding nematodes

may consume more plant biomass than aboveground herbivores. Studies have
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shown that root consumers can impact whole plant performance by increasing
rates of root mortality (Kosola et al. 1995), decreasing plant seed output (Maron
1998), decreasing live-tiller N content (Moron-Rios et al. 1997), and decreasing
total plant biomass (Moron-Rios et al. 1997). Soil microfauna populations
respond rapidly to changes in climate (Stanton 1988) and in response to

aboveground grazers (Merrill et al. 1994, Frank et al. 2003, Mikola et al 2005).
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unknown, these studies suggest that belowground consumers are important

regulators of C and nutrient processes in temperate grassland ecosystems (Blossey

and Hunt-Joshi 2003).
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remove the roots from the soil, and find the dry weight of the roots. This provides
a measurement of the standing root crop at each date. If there are 100 mg of root
mass at time t and 110 mg of root mass at time t + 1, root production (growth)
would equal 10 mg for the sampling interval. However, the major limitation of
this methodology is that it does not provide for roots that simultaneously grow
and disappear (by decomposition or herbivory). For example, if during that same
time period 20 mg of root grew and 10 mg of root was eaten, production would
equal 10 mg and consumption equal 0 mg, clearly an underestimate of both
processes. A better estimate of root dynamics would evaluate these processes

separately.



The preferred methodology for estimating seasonal root dynamics in situ
is the minirhizotron tube and camera setup (Hendricks et al. 2006) (Fig. 1). The
method involves lowering a video camera into a minirhizotron tube, collecting

digital images of the roots, and estimating the root lengths from the images.
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Unlike soil coring, minirhizotrons allow for the pondestructive measurement of . cvaluate

root production and consumption as separate processes (Majdi 1996, Hendrick
and Pregitzer 1996). They also provide a more accurate estimate of fine root
standing crop than soil coring, due to the difficulty of extracting small root

fragments from cores (Hendricks et al. 2006). The major limitation of the
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intensive.

The purpose of this study was to estimate rates of fine root production and
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the monthly and spatial (depth) variation of root dynamics, and the relationship

between root dynamics and monthly average maximum temperature and total
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Materials and Methods

Site Description
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m. a. s. 1) on the northern winter range of Yellowstone National Park, Wyoming,

USA (Fig. 2). The site was located on a flat bench created by glacial deposits.
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total N content of 0.2% , and 5.4% organic matter, as described by Frank and
McNaughton (1992). Vegetation at the site was characterized by common upland
grassland species, such as Festuca idahoensis, Carex stenophylla, Lupinus
sericeus, Koeleria cristata, Stipa comata, and Tetradymia canescens (C. E.
Helquist pers. comm.). The northern range is intensively grazed during the winter
and early spring seasons by native ungulates, primarily elk (Cervus elaphus),
bison (Bison bison), and pronghorn (Antilocapra americana) (Houston 1982,
Frank and McNaughton 1992). Weather data collected at the Tower Falls station
(6 km SW of site) indicated that the 1948 — 2006 climate (Western Regional
Climate Center, NOAA) was temperate, with long, cold winters (October — March

monthly mean temperatures ranged -13 — 2.8°C), and short, dry summers (April —
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September precipitation was 25cm), e
Four minirhizotron tubes (90 cm long x 5 cm inside diameter) were

installed at an angle of 45°to the soil surface in the spring of 2004, one year prior

to data collection, in order to provide sufficient time for the root growth and

mortality dynamics to recover from disturbance caused by tube insertion

(Hendrick and Pregitzer 1996, Majdi 1996, Joslin and Wolfe 1999, Hendricks et

al. 2006). By the first sampling date in 2005 the tubes had settled to an average

angle of 28°. The tubes were located > 5 m apart and distributed within a 24 x 24

m plot that was representative of the diversity of the local plant community. The

tubes were sealed at the bottom with a rubber stopper, and the portions that

extended aboveground were painted and capped to prevent light and water from

entering. A piece of insulation that extended approximately 8 cm was fitted into



the top of each tube to minimize large air temperature fluctuations from
influencing tube and soil temperature. Prior to installation, 75 numbered image
frames (0.9 x 1.3 cm) were sequentially etched into the exterior surface of each

tube, and the etchings were painted so that frame outlines could be easily
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same frames and follow the same individual roots throughout the season.

From May — September 2005 digital images from the minirhizotron tubes
were collected four times per month at consecutive three day intervals, on the
14‘h, 17‘h, 20‘h, and 23" of each month. Images of each frame were recorded

using a Sony Digital 8 Camcorder. The camcorder was connected to a camera
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in the tube (see fig. 1 — drawing of the field setup). The camera was outfitted with .-~
small light bulbs that illuminated the inside of the tube during recordings. All

frames were digitized in each tube at each sampling date to a soil depth of
approximately 30 cm, because 80-90% of roots in temperate grasslands are found

in the upper 30 cm of soil (Lee and Lauenroth 1994, Jackson et al. 1996,

Hendricks et al. 2006).

Image and Data Analysis

Video images of the frames in each minirhizotron tube were converted to
JPEG files using Pinnacle Studio V.9.1 video editing software. The images were
analyzed with MSU ROOTS Tracer Program 2.2 (Michigan State University, East
Lansing, USA) to quantify the length of each root present in a frame using

methods developed by Hendrick and Pregitzer (1992, 1993, 1996b). The lengths



of all roots present in even-numbered frames (approximately 35 frames per tube)
for each sampling date were traced using a mouse, and all frames were analyzed
by one observer to minimize error. These values were written to database files in
MSU ROOTS and then converted to Microsoft Excel files using Microsoft
Access. Each root was assigned a unique numerical code based on the tube
number, the date imaged, the frame number, and the root number (assigned by
MSU ROOTS in the order that the root was traced). This code allowed us to
compare the lengths of roots in serial sampling dates to determine the rates of root
length elongation (growth) and disappearance (mortality) in each frame.

I determined root standing crop and rates of root elongation and mortality
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a frame was calculated by summing all root lengths present in a frame during a
sampling date. Root elongation was defined as either the length of a new root that
appeared in a frame between time t and t+1 or the growth of a pre-existing root.

Root mortality was defined as either the complete or partial loss of a pre-existing
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for each 5 cm depth interval and the totals for each tube. The three, three-day

estimates of elongation and mortality were averaged for each month.
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sampling intervals. To convert the three-day rates to monthly rates, mean three-
day rates of elongation and mortality were first converted to daily rates and then
multiplied by the number of days in the month. The three-day estimates were
compared to a second set of estimates of root dynamics calculated from
observations at one-month sampling intervals. These monthly estimates were
derived from values for root growth and disappearance between the last sampling
date in one month and the last sampling date in the subsequent month. For
example, the June estimates of elongation and mortality were calculated by
comparing root images sampled on May 24™ to those sampled on June 24",

Both the three-day estimates and 1-month estimates of elongation and mortality

were also expressed as percentages of the total standing root crop for each month.
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JThe effect of observer error on estimates of root length was assessed by .~
re-tracing eleven previously un-analyzed frames, with two weeks between each
tracing. Frames were digitized without the aid of previous tracings. Error was

calculated by summing the differences in the root lengths between each tracing

and dividing this total by the total standing root crop in the eleven frames. By

p { Deleted: us to y

comparing repeated measurements of length, I was able to assess, the precision of .~

p { Deleted:




Statistical Analysis

Sampling replicates within each month were averaged to produce a single
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to determine whether rates of elongation and mortality significantly varied
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compare the mean monthly rates of elongation and mortality at three-day and one-

month sampling intervals.

B {Comment [IF3]: Mean of what? ]

The relationships between local weather variables (monthly mean| .7
maximum temperature and total precipitation) with fine root dynamics were
examined with regression analysis. Regression analysis was also used to

investigate the relationship between the monthly mean maximum temperature :

total precipitation ratio, as an index of soil dryness, and the monthly mortality :
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Results
Temporal changes in root length

Total standing root crop varied through the growing season, with the
greatest gains in root length early in the growing season (Fig. 3). Total standing

root crop per tube increased from May (369 mm) to June (449 mm) (P<0.05) and
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Rates of root elongation per tube varied significantly between all months
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slightly from May (338 mm/month/tube) to June (291 mm/month/tube), decreased
dramatically in July (68 mm/month/tube), remained constant in August (79

mm/month/tube), and then decreased in September (53 mm/month/tube) ](all

end of sentence, rather than all these
separate P values.
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average 112.45 mm/month/tube (Fig. 4a). Overall rates of root elongation varied

temporally whereas rates of mortality did not.

Effect of sampling interval on elongation and mortality estimates
Rates of elongation and mortality were expressed as percentages of the
total monthly standing root crop (Figs. 5a,b). Compared to one-month sampling,

rates of elongation derived from three-day sampling were greater in each month

B { Deleted: .

elongation as a percent of standing root crop was 69%, whereas the one-month
estimate was 22%. Rates of mortality derived from three-day sampling were

greater in June and August (P<0.05), weakly greater in September (P<0.1), and
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mortality as a percent of standing root crop was 28% versus the one-month

estimate of 18%.
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Although ] did not have data for the one-month estimate of root dynamics .-
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disparity between the three-day and one-month estimates of root dynamics in May
(Fig. 5a). Overall, sampling on a one-month time step underestimated June —

September root elongation and mortality by 60% relative to absolute values of
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three-day elongation and mortality (P<0.05). Both time steps showed the same

temporal trends in elongation and mortality.

Effect of soil depth on root dynamics

Elongation was greatest in May from 20-25 cm (P<0.05) (Fig. 6a) and in

p {Con"lment [IF8]: Again, spacing
June from 15-20 cm and 25-30 cm (P<0.05) (Fig. 6b). In July, August, and -~ |consistency
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overall reduction in root production (Fig. 4a). Early in the growing season
elongation was concentrated in intermediate depths, and the effect of depth
decreased over the course of the growing season.

Mortality was greatest in May from 20-30 cm (Fig. 6a), in June from 15-
20 cm (Fig. 6b), in July from 10-15 cm interval (Fig. 6¢), and in August at all
depths greater than 20-30 cm (all P<0.05) (Fig. 6d). Root mortality did not
significantly vary with depth in September (P>0.05) (Fig. 6e). Throughout the
growing season the greatest rates of mortality shifted from deeper to shallower
soil. Similar to rates of elongation, the effect of depth decreased from May —

September.

Climatic effects

Monthly mean maximum temperature and total precipitation were not
significantly related to either monthly elongation (P<0.05) or mortality (P<0.05).
However, the ratio of monthly mean maximum temperature : total precipitation

and the ratio of monthly mortality : elongation were positively related (P<0.05, r

11



=0.87) (Fig. 7). When the weather was cool and wet in June, few roots
disappeared relative to the rate of root growth. When the weather was hot and dry
in July, more roots disappeared relative to the rate of root growth. The dramatic
difference in the root mortality : elongation ratio between cool, wet June and hot,
dry July was primarily caused by the decline in absolute root elongation. This
suggests that root production in this grassland was influenced by soil moisture

conditions.

Methodological error

The test of observer error indicated that there was 5.6% error in tracing
root lengths from one digitizing session to the next. Consequently, conservative
estimates of elongation and mortality would be 5.6% lower. This amount of error

did not influence the conclusions reported here.

Deleted: In this study we frequently

. . ~ | sampled few minirhizotrons tubes to

Discussion v . examine short-term dynamics at a single
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Sampling once per month markedly underestimated rates of fine root
production and mortality as compared to rates derived from sampling once every
three days. Few studies have examined the effects of sampling interval on
estimates of root dynamics (Dubach and Russelle 1995, Johnson et al. 2001).
Johnson et al. (2001) found that when estimates of fine root dynamics using two,
four, and eight week sampling intervals were compared, cumulative root
production and mortality were underestimated by 28% with four-week intervals

and by 54% with eight-week intervals.
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The most common sampling interval used in minirhizotron studies is once
per month, although studies have used intervals ranging from one to sixteen
weeks. The range in sampling intervals reflects a trade-off between frequent
sampling of few tubes to determine short-term dynamics at few sites, and
infrequent sampling of many tubes to examine long-term dynamics at many sites
(Johnson et al. 2001). The appropriate sampling frequency also depends on the
targeted variable of interest. Estimates of seasonal root production and
consumption require frequent, repeated measurements, whereas an estimate of
mean annual standing root crop may require less frequent sampling. In a review
of minirhizotron methodology, Hendrick and Pregitzer (1996a) emphasized the
importance of shortening sampling intervals in order to better understand patterns
of root turnover. My results support the recommendations of Hendrick and
Pregitzer and suggest that previous estimates of fine root dynamics derived from
longer sampling intervals probably underestimated rates of production and
consumption. In order to fully capture belowground processes, minirhizotrons
must be sampled at a time step that is short enough to match the temporal scale of
root dynamics.

A high degree of within-site variation was reflected in the large
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confidence intervals of monthly estimates of root elongation and mortality. For -

example, the standard deviation for elongation in May was 360 + 140 mm/month
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variability is characteristic of temperate grasslands and has been a confounding

factor in minirhizotron studies (Majdi 1996). At two points less than a meter
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apart, soil characteristics such as organic matter, phosphate, potassium,
ammonium, and nitrate may be highly variable (Jackson and Caldwell 1993,

Augustine and Frank 2001), thus leading to the uneven distribution of fine roots

p { Deleted: we

paired 7 tests to determine the variation between one tube at time t and the same
tube at time t + 1 and disregarded the effects of spatial (between-tube) variation.
The variation in root elongation and mortality with depth was likely due to
microclimatic differences within the soil column. Root growth was concentrated
at intermediate soil depths in May and June when the roots were most productive,
suggesting that these depths allowed for the optimal tradeoff between the gains in
resources (from the acquisition of nutrients and water) and the costs in energy
(due to increased root growth). Root mortality shifted from deeper to shallower
soil throughout the growing season, which indicated that root herbivores and
decomposers may have shifted their distribution upwards, at least in the 0-30 cm

interval.
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little root activity in the 0-5 cm soil interval, despite evidence from soil coring
that maximum root biomass at this site was concentrated near the surface of the
soil horizon (D. A. Frank, unpublished data). Reviews of minirhizotron
methodology have shown that compaction and desiccation of the shallowest soils

limited root growth, which led to underestimates of shallow root dynamics (Majdi
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depth interval likely underestimated actual root activity, due to effects of
minirhizotron tubes on shallow soil microclimate.

Root elongation showed significant seasonal variation, with peaks in root
production early in the growing season followed by a rapid decline. The pattern
of rapid root growth preceding maximum aboveground production has been
previously documented in temperate grasslands (Ares 1976, Fitter 1986).
Maximum aboveground production in 2005 at this site was probably in June,
end of June, 76% of all root production had already occurred. One possible
reason that root growth tends to peak prior to shoot growth is that the plants need
to acquire nutrients and water via fine roots before they can begin to produce new
shoot growth. This suggests that aboveground production in grasslands may be
ultimately limited by fine root production.

Unlike root production, mortality did not show significant seasonal
variation. Other studies also found that shallow, fine root mortality was more
evenly distributed across the growing season than root production (Hendrick and
Pregitzer 1992, 1996, West et al. 2004). West et al. (2004) suggested that fine
root mortality varies independently of root production. Therefore, the
mechanisms that directly drive mortality may be distinct from those that drive
elongation, although the ultimate drivers (i.e. climate) may be the same.

Root mortality is the consequence of two trophic pathways — herbivory and
decomposition. However, most estimates of fine root mortality in the field (Aerts

et al. 1989, Hendrick and Pregitzer 1993, 1996b, Katterer et al. 1995, Milchunas

15
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and Lauenroth 2001) have assumed that decomposition is the primary proximate
cause of root mortality and that herbivory is inconsequential. This emphasis on
decomposition contradicts estimates of rates of fine root decomposition that
would suggest much lower rates of root loss. In a review of the application of
minirhizotrons, Hendrick and Pregitzer (1996) noted that rates of fine root
mortality observed in minirhizotrons were much greater than the rates of
decomposition determined by buried bag studies, which estimated that 20-50% of
fine root biomass decomposed after one year. Using minirhizotrons tubes in
Yellowstone, for example, I found that from May — September total mortality was
64% of total production. However, estimates of rates of decomposition from
buried bag studies (Silver and Miya 2001) likely underestimated actual rates,
because the methodology required that roots be removed from the microbial
community of the rhizosphere (Dornbush et al. 2002). Despite this caveat related
to the buried bag technique, I believe that estimates of root turnover derived from
the minirhizotron method were greater than those from the buried bag method,
because rates of root herbivory were omitted from minirhizotrons estimates.
Yanai and Eissenstat (2002) proposed a model of optimal root turnover

that considered root herbivory rather than decomposition to be the major factor in
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summing the root lengths that disappeared over three days. Based on estimates of

rates of fine root decomposition, it is highly unlikely that a root would completely
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mortality should primarily reflect rates of consumption by root herbivores, which
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would suggest that root herbivory rather than decomposition is the principal cause

of root mortality.
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belowground herbivory relative to belowground plant biomass may be greater
than rates of aboveground herbivory relative to aboveground plant biomass. May -
September root mortality as a percent of root production (65%) was greater in
magnitude than a previous (1999 —2001) mean estimate of annual aboveground
consumption as a percent of aboveground net primary productivity (23%) (Frank
2007). This indicates that root herbivores may have a greater impact on primary
production in this grassland than their more conspicuous aboveground, ungulate
counterparts.

Similar to my results for an upland grassland in YNP, Gill and Jackson
(2000) reported that global patterns of root turnover in terrestrial systems were
strongly linked to the ratio of growing season precipitation to maximum monthly
temperature. Frank (2007) studied the effects of a three-year drought on
grassland primary production in Yellowstone National Park and found that the
effect was much more pronounced belowground than aboveground. During the
drought belowground net primary productivity declined dramatically, whereas
little effect was observed aboveground, indicating that roots were more sensitive
to changes in climate than shoots. Other studies have shown that warmer
temperatures are linked to greater rates of root mortality (Hendrick and Pregitzer
1993), and it has been suggested that this is due to increased microfauna

populations (Gill and Jackson 2000). The tight linkages between precipitation,
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temperature, root growth, and consumption indicate root systems will be
particularly responsive to future changes in climate and may determine the limits

of productivity of this ecosystem.

Conclusions

Patterns of root production were most likely coupled with aboveground
production, whereas mortality may have been driven by herbivore abundance and
soil moisture. Sampling on short, three-day time intervals provided greater

estimates of root growth and mortality, because the long, one-month interval
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the primary trophic pathway that determines root lifespan, and root consumption

is the major form of herbivory in this grassland that supports intense aboveground
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ubiquitous microfauna that ultimately regulate net primary production by their

statement of climate as ultimate driver
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consumption of roots and the microbial Tbiomass.”
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Appendix A: Figures
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Figure 1. General setup of minirhizotron tube and cameras. Adapted from
Johnson et al. 2001.
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Figure 2. Map of Crystal Bench study site (44°54’ N and 111°19° W, 1909 m
| above sea level) in the northern winter range of Yellowstone National Park.
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Figure 4

Mean monthly estimates and 95% confidence intervals of elongation (mm/month)
and mortality (mm/month) per tube from 3-day sampling intervals (A) and 1-
month intervals (B). In Fig 4a, rates of elongation significantly declined from
May to September (P<0.05) except for between the months of July and August
(P>0.05). Mortality did not vary with month (P>0.05). In Fig 4b elongation in
June was significantly greater than in July — September, and mortality was
significantly greater in July (all P<0.05).
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Mean monthly elongation (A) and mortality (B) per tube expressed as a percent of
monthly total standing root crop for three-day and one-month sampling intervals.
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Figure 6

Mean May — September (A — E) root elongation and mortality at 5 cm depth

intervals with 95% confidence intervals and the net change in root length at each
interval (net change = elongation + mortality). Dashed red lines represent depths
where the net change in root length equals zero.
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Figure. 7. The relationship between the ratio of mean maximum monthly

100

temperature : monthly total precipitation and the ratio of mean monthly mortality :

elongation was statistically significant (P<0.05).
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