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Abstract
There is relatively little information about the root systems of mature 
trees. Ecophysiological theory predicts that the size and extent of 
mature root systems would be correlated with leaf area and above-
ground biomass within groups such as species or populations. Using 
recent methods for root sampling that reduce bias and improve 
representativeness, we tested these hypotheses for quaking aspen 
(Populus tremuloides Michx.) in California. We found that for a 
representative sample of basal areas for this species, the leaf area 
index (LAI) was a highly significant predictor of both coarse and 
fine root biomass (adj. r2 of .79 and .59, respectively). Coarse root 
biomass was a highly significant predictor of fine root biomass (adj. 
r2 of .84). Results support the pipe model theory, and may prove 
useful for land managers interested in root systems for aspen stand 
regeneration or management for carbon sequestration.
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[8,9]. They also serve as the site of fine root attachment, allowing roots 
to extend to greater distances and depths [10]. Finally, they are the lo-
cation where most of the below-ground forest biomass is sequestered. 

Quaking aspen (Populus tremuloides Michx.) is one of the most 
widely distributed tree species in the world [11]. It is at the southern 
and western extent of its range in California’s Sierra Nevada. The 
species is consequently very sparse in any given location in California, 
and restricted to relatively small stands on mesic, high-elevation sites. 
Nonetheless, quaking aspen plays an important role for wildlife, water 
quality and conservation, and floral diversity in this ecosystem, and has 
been a species of considerable interest for restoration and for study by 
ecologists [12-14]. 

Aspen is a fire-adapted species with the unusual ability to 
regenerate by suckering, or sprouting from its roots, after disturbance. 
This vegetative regeneration originates in the roots; suppressed 
hormonally in the presence of healthy leaves and stems, the roots will 
produce suckers if the above-ground component of the tree is damaged 
or removed [15]. This heavy reliance on vegetative regeneration also 
allows some aspen clones to achieve a superlative status among living 
organisms for age and size. Aspen may therefore include the largest 
and oldest organism [16,17].

It is little wonder then that the quaking aspen root system, as the 
site of vegetative regeneration, has been the object of serious study 
for several decades. Many studies have focused on description of the 
root system itself, using hydraulic excavation to reveal the extent and 
distribution of clonal root systems [18]. The authors of early studies 
noted that aspen roots are prolific, interconnected, and shallowly 
distributed. This information, combined with the observation that 
aspen clones are large and persistent, led to speculation that nutrient 
transfer might occur via the roots within multiple stems of a single 
clone. This was subsequently confirmed using chemical tracers, which 
indicated the transfer of water and carbohydrates between stems in a 
given clone via connected root systems [19]. 

More recent research has focused on aspen clone persistence in 
the face of rapid anthropogenic change of temperate ecosystems. 
Studies on these phenomena have focused on fire suppression and the 
impact of climate warming on water availability, as well as increased 
pressure from insects [13,20]. As land managers in the Sierra Nevada 
consider options for quaking aspen regeneration, one key issue is 
how to adapt regeneration, which historically was probably driven 
by fire, to management realities in which allowing or intentionally 
starting stand-replacing fires may not be an option [21]. A second 
consideration is the influence of climate change, and the consequent 
water stress in many western North American ecosystems [22]. 
Since a given clone is typically composed of multiple stems, and 
water stress is experienced by all stems due to interconnected roots, 
catastrophic water stress can affect many stems simultaneously, 
leading to so-called “Sudden Aspen Death” [13]. Aspen is therefore 
of considerable ecological interest, has been very competitive, 
and may be faced with a contracting range due to anthropogenic 
ecosystem impacts. Further study of aspen is thus both worthwhile 
for its unusual suite of physiological adaptations and timely as its 
range begins to shift north.

Introduction
The pipe model theory is a theoretical framework with implications 

for plant form and the connectivity between roots and leaves via the xy-
lem [1,2]. Applications of pipe model theory to forest management and 
ecology range widely, but include estimating leaf area to guide manage-
ment for timber, water quality, and complex stand structures, as well as 
measurement of growing space efficiency and total growing space oc-
cupancy [3,4]. As an ecophysiological metric, LAI (leaf area per ground 
surface area, a unitless measure) is a key descriptor in ecology. Fur-
thermore, it is highly scalable from the ecosystem level (where it can be 
used to estimate net primary productivity and ecosystem transpiration) 
down to the stand level (where it can be used to manage growing space) 
[5,6]. Interestingly, while the prediction of leaf biomass and leaf area 
from sapwood area is well described, the obvious counterpart, predic-
tion of the roots, is not. Root biomass measurement and prediction 
represent a key gap in our knowledge of forested ecosystems [7].

Functionally, coarse roots serve to buffer tree stems from windthrow 
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Understanding how quaking aspen leaves and roots respond to 
changes in historic disturbance regime is key information as land 
managers try and maintain aspen as an ecosystem component. A major 
gap in an ecophysiological approach is the ability to predict the size or 
the extent of the root biomass in question. Also lacking are regional 
models to estimate leaf area and biomass from commonly taken 
measurements like basal area (see a notable exception in Alberta [23]). 
From an applied standpoint, an understanding of aspen root and leaf 
connection and extent would improve rapid assessment of stand health. 
For aspen, the coarse roots are the sites of vegetative regeneration and 
a site of carbohydrate storage [15]. From a theoretical standpoint it 
would also be interesting to estimate the proportion of a stand below-
ground, in the context of optimal carbohydrate allocation theory [24]. 
Related to applications in restoration management, leaf area estimates 
can also be used for prediction of below-ground biomass and below-
ground carbon sequestration in an ecosystem [23]. 

The objective of this study was to test whether, in keeping with the 
pipe model theory, it is possible to model below-ground biomass in 
mature trees using above-ground biomass and leaf area. In contrast 
to previous work in this area we used ground-penetrating radar, in 
conjunction with root cores and soil pits, to estimate root biomass. 
We expected that leaf area would correlate well with fine root biomass, 
and that above-ground biomass could be used to model below-ground 
biomass with a high degree of fidelity. Finally, we examined tree cross-
sectional area at 1.37 m height as a proxy for conducting connective 
tissue to predict tree root biomass and leaf area.

Materials and Methods
Sampling locations

Three different sites in the southern and central Sierra Nevada on 
public and private lands were selected for sampling (Table 1 and Figure 
1). Stand selection occurred with the intent to cover as broad a range 
of tree diameters and stand basal areas possible, as well as include sites 
that ranged from mesic to zeric. Plots were randomly located within 
sites. The number of plots in each site ranged from one to three, de-
pending on the extent of aspen and the variability observed in each 
site. Plot sizes ranged from 0.02 to 0.04 ha depending on the size of the 
aspen stand. Within each plot, sampling was focused on measurements 
of leaf area, fine roots using root cores, and coarse roots using trenches 
and ground-penetrating radar. 

Each plot center was recorded using a WAAS-enabled GPS and 
marked with a tree tag or flagging. In each plot sampled, diameter at 
1.37 meters (diameter at breast height or dbh) for all stems was mea-
sured using a diameter tape to the nearest mm. Stems were mapped 
using a laser rangefinder with a digital compass (Laser Ace TM). For a 
subset of stems, total height and height to the base of the live crown was 
also measured using the same instrument. Stems included in the subset 
were selected randomly, with at least five sampled in each plot. If there 
was a high degree of variance observed in the crown heights or diam-
eter-height relationship, additional height measurements were taken. 

Leaf area estimation

Individual trees were destructively sampled to develop leaf area 
prediction relationships. A branch summation approach [25,26] was 
used to subsample tree leaf area. However, sapwood was not measured 
because of the difficulty in determining sapwood/heartwood boundar-
ies in aspen [27].

In the field, selected stems (n=12) were felled, and diameters were 
measured at ground level, at breast height, and at the crown base. Stems 
were selected to cover a range of tree sizes and crown positions (Figure 
2a). Only healthy stems without major structural damage were selected 
for sampling. The crown was subdivided into thirds, and stem diameter 
was measured at the base of each third. Stem disks were removed on 
the main stem at one-third and two-thirds of the crown’s length. Total 
height and height at the base of the live crown was also recorded. The 
diameter at the base of every branch and branch length was recorded. 

Table 1: Sampling locations.

Site Management history Latitude Longitude Soil order Suborder Elevation(m)
BM Restoration thinning 39.41 -120.18 Alifisols Xeralfs 1700

LYBLM Unmanaged 39.67 -120.15 Mollisols Xerolls 1670
SAG Unmanaged 39.43 -120.28 Alifisols Xeralfs 2500
SN Unmanaged 37.61 -118.83 Mollisols Xerolls 2200
SPI Timber 39.47 -120.52 Inceptisols Unbrepts 2100

Figure 1: Plot map of sampled Sierra Nevada stands. Plots are labeled with 
a +.

Figure 2a: Distribution of tree diameters in sample (Min = 10.90 cm, Max = 44 
cm, median = 16.90. N =12).
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At least three branches from each third of the live crown were removed 
from the stem. Leaves and petioles were stripped from the branch, 
bagged separately in paper bags, and placed on ice in a sealed container. 

In the lab, a subset of all leaves was collected from each tree for 
scanning. The three branches from each third of the crown had all 
leaves removed, for a total of nine branches per tree. All leaves from 
the selected branches were scanned and the leaf area calculated using 
WinFolia, (Regent Instruments, Inc.). All leaves were weighed and 
then placed in a drying oven at 70°C. Dry mass was recorded after a 
stable mass was reached. Dry and wet mass for all leaves was recorded; 
measurements of the scanned subset of leaves were kept separate for 
subsequent analysis.

Coarse root biomass

Methods for coarse root biomass measurement were modified from 
methods presented by Butnor et al. [28]. Coarse root biomass was es-
timated using a combination of indirect measurement of root biomass 
using ground-penetrating radar (GPR) and direct measurements from 
trenches in each plot. Returns from the radar were regressed on the 
measurements from the trenches to determine the relationship between 
the GPR returns and root biomass. Returns were also visualized in three 
dimensions in R [29-31] to aid interpretation of data (Figure 2b). The 
more extensive measurements from GPR were then used to estimate 
root biomass for that area.

Fine root biomass 

Fine root biomass (diameter <5 mm) was measured in each site us-
ing root cores (n = 140) taken at 10, 20 and 30 cm depth. Root cores 
were extracted using a quantitative corer and brought back to the lab 
for analysis [32]. 

Modeling and Analysis
Leaf area

Specific leaf area for each branch was the ratio of leaf area and leaf 
mass. A regression between branch leaf area and branch cross-sectional 

area was developed for all trees (Figure 3). Inclusion of branch length 
did not result in significant improvement in the models, so only cross-
sectional area was used. Whole-tree leaf area was the sum of measured 
leaf area (on sample branches) and estimated leaf area for each tree. Tree 
cross-sectional area was then used to predict tree leaf area. All analysis 
was conducted in R [29]. Non-linear model forms were explored, but 
ultimately all models selected were ordinary least squares (OLS) regres-
sions analyzed using the lm() function in R’s base package.

Fine root estimation

Rather than exhaustively extracting the fine root biomass from ev-
ery root core, root biomass for each root core was estimated by deter-
mining the best model form for the cumulative biomass of roots extract-
ed from the core over time [33]. To do this, a subsample of root cores 
were extracted at set time intervals until root biomass was exhausted in 
each. The models were then tested for goodness of fit to the cumulative 
extraction over time from the cores. At 40 minutes per core, the amount 
of biomass predicted by the logistic model had an acceptable level of 
error compared to the actual biomass extracted (<10%, no detectable 
bias). For the rest of the cores, roots were extracted for 40 minutes, and 
a logistic model fit to the cumulative biomass extracted to arrive at the 
root biomass in each core. Since the asymptote of a logistic function ap-
proaches infinity, a cutoff time was used when the derivative of the slope 
was <1% [33]. Cores that had model slopes, intercepts or standard er-
rors that were outliers were removed, for a sample size of 118. Fine root 
biomass was calculated for a per-area basis (density) using the volume 
of the core extracted.

Belowground biomass estimation using above-ground data

Multivariate models to predict fine and coarse biomass with mea-
sured above-ground metrics were tested, and the most significant vari-
ables used to reduce the models to ones with the best predictive power. 
Linear relationships were explored between variables of interest using 
visual inspection of the data to remove outliers and determine wheth-
er the assumptions of OLS regression were met [34]. R base and the 
ggplot2 package were the primary tools used for this analysis [29,31]. 
Once the model form and assumptions were confirmed, adjusted r2 and 
p values were used to assess the utility and significance of tested correla-
tions, again using R base. First-order polynomials were found to best 
explain the relationship between tested dependent and independent 
variables, and were used throughout the analysis. While multivariate 
models were tested, in all cases there was a single strong predictor used 
in the best model.

Results
Leaf area estimation

The specific leaf area relationship found for stems was approximate-
ly 8.77 ± 0.30 m2kg-1. The relationship between wet and dry leaf biomass 
exhibited very little variation, with a slope of 0.5 and an intercept very 
close to zero (adj. r2 = 0.93, highly significant relationship (Figure 3). 

The estimated relationship between branch leaf area and cross-sec-
tional area was

LAbr=.12 + .05ABr                             (1)

Where 

LABr: Branch leaf area (m2)

ABr: Branch cross sectional area (cm2)Figure 2b: Enhanced three dimensional plot of GPR radar returns. 
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Branch-level leaf area was moderately well predicted by branch 
cross-sectional area (Table 2 and Figure 3).

Several different independent variables were explored to determine 
which provided the best estimate of leaf area (based on a comparison 
of adj. r2 values and visual examination of the regressions and residu-
als). We used tree cross-sectional area at breast height to estimate the 
tree-level leaf area. For the entire dataset, the predictor for leaf area was 
the tree cross-sectional area, with an adjusted r2 of .89. Inclusion of tree 
height in the model increased the residual standards error and lowered 
the coefficient of determination; therefore, only tree cross-sectional area 
was retained as an independent variable. LAt to cross-sectional area at 
1.37 m height was estimated to be

AL=-2.065+0.05BA                  (2)

Where  AL: tree projected leaf area (m2)

BA: tree cross-sectional area (cm2)

The largest stem in the sample was approximately twice as large by 
diameter as the next-largest stem. Without inclusion of the largest stem, 
the model estimated was

AL=7.175+0.03BA                  (3)

Inclusion of the largest stem in the dataset did not result in a dra-
matically different model estimate over the range of values in the sam-
ple and subsample (Figure 4). The best fit models and those considered 
most ecologically meaningful are presented in Table 3, with their ap-
propriate descriptive statistics. A model which used diameter at base 
of live crown as the independent variable is presented for comparison 

Figure 3: Branch-level relationships between branch cross-sectional area and branch diameter and leaf area; dry leaf mass to leaf area (specific leaf area). 
Modeled relationships are linear OLS models. Confidence bands are set at 95% se of the estimated slope. Model parameters are found in Table 2.

Figure 4: Tree-level leaf area ~ cross-sectional stem area relationship, with and without the largest stem included in the model. Modeled relationships are linear 
OLS models. Confidence bands are set at 95% se of the estimated slope. Model parameters are found in Table 3.

 Adj. R2 DF SE (m) Intercept slope p-value
Leaf area ~ CSA 0.538 75 0.0053 0.12 0.05 1.95E-14

Table 2: Leaf area model at the branch level. The model uses leaf area in terms of meters squared as the dependent variable. The independent variable is branch cross-
sectional area. It is in terms of cm2.
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because, while it often is the metric with the best predictive power, it did 
not prove to be in this case (Figures 5 and 6).

LAI

For the five plots in which aspen was predominant, LAI for the as-

pen stems ranged from 1.6 to 2.5, and for all species from 1.6 to 9.5 
(Table 4). 

Coarse root biomass 

Basal area and LAI were very strong predictors of coarse root bio-
mass. Adjusted r2 exceeded .79 for these models (Table 5 and Figure 7). 
GPR scans of the soil show a highly interconnected mat of roots be-
tween quaking aspen stems, confirming results from other studies that 
relied on excavation.

Root biomass was observed to be concentrated in the upper 50 cm 
of the soil, with approximately 80% of total biomass found in the top 50 
cm, on average; root biomass decreased unimodally with depth (Figure 6). 

Fine root biomass 

LAI was a highly significant predictor of fine root biomass in these 
ecosystems, and predicted the majority of the variation in fine root bio-
mass (Table 5 and Figure 8). 

Table 3: Tree-level models for leaf area. All models are in terms of leaf area in 
meters squared. The three independent variables are diameter at breast height and 
diameter at base of the live crown for all stems, and diameter at breast height with 
stem 12 removed from the analysis. All independent variables are in terms of cm.

 Adj. R2 DF SE(m) Intercept slope p-value
Leaf area~CSA 0.89 10 0.0049 -2.065 0.05 2.57 E-06
Leaf area~ DBH 0.82 10 0.4257 -31.950 3.05 3.07E-05
Leaf area~ d.BLC 0.56 10 1.2600 -45.680 4.88 0.00318
Leaf area~ DBH w/o 
stem 12 0.68 9 0.3193 -6.380 1.49 0.00117

Leaf area~CSA w/o 
stem 12 0.60 9 3.1662 7.175 0.03 0.00127

Figure 5: Below-ground biomass estimated from GPR returns above a 
site-specific reflectance level. The model for this data was g/m3 = 2176.5 + 
28664.1*GPR returns. Adj. R2 .79, p

Figure 6: Coarse root density estimated from GPR returns by depth. Inset is 
the corresponding cumulative proportion of root biomass by depth.

Plot LAI
1 1.047458

2 1.64398

3 2.216311

4 2.21727

5 2.518608

Table 4: LAI for five aspen stands mean = 1.9, sd=.59.

model adj.r2 p value
Coarse Root~basal area 0.896 0.00267

Coarse Root~LAI 0.791 0.01108
Fine Root~coarse root 0.8405 0.00639
Fine Root~basal area 0.6185 0.00728

Fine Root~LAI 0.5895 0.00955

Table 5: Model significance and fit for fine and coarse roots to selected above-
ground metrics.

Figure 7: Model for coarse root biomass based on LAI. Adj. r2.79, p=.011.
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Discussion
Specific leaf area

There have been very few previous studies that have reported val-
ues for specific leaf area for quaking aspen. Bond-Lamberty et al. [35] 
reported SLA of 5.82 ± 1.91 m2kg-1 in northern Manitoba, Canada; 
Kaufmann and Troendel [36] reported 10.97 m2kg-1 (no reported vari-
ance) near Fraser, Colorado. Our mean value of 8.77 ± .30 m2kg-1 falls 
within this range. The more extreme climatic conditions and shorter 
growing season in Canada may have resulted in lower SLA. 

Leaf area 

While some studies have found that including crown parameters 
improved tree-level estimates of leaf area using sapwood cross-sectional 
area or total cross-sectional area in other species [37,38], these terms 
did not improve models tested in this study. One possible inference 
is that the relationship between leaf area and the stem cross-sectional 
area is relatively constant across different light environments for quak-
ing aspen. This may be a result of the relatively low tolerance to poor 
light conditions of quaking aspen, which has been observed to decline 
rapidly when overtopped in the Sierra Nevada [20]. Populus tremula 
L., a closely related species from Europe, Asia and North Africa, has 
been noted to change leaf inclination to manage water stress and light 
availability [39], but the species does not change the physiology of its 
leaves in response to the light regime, as many shade-tolerant species 
do. As a consequence, quaking aspen probably exhibits less plasticity 
in the mass ratios of its leaves than many of the firs (Abies sp.) studied 
by Kaufmann et al. [40]. Data on quaking aspen physiology is relatively 
scarce compared to other congenerics. As there has been relatively little 
published on the above-ground adaptability of quaking aspen to dif-
ferent water and light conditions, this area of study deserves more at-
tention. 

Kaufmann and Troendle [36] presented leaf area - sapwood rela-
tionships from quaking aspen in Colorado, but did not report diameters 

for the stems measured. Assuming the range of diameters sampled was 
comparable as the present study, the leaf area estimates from that study 
and this one are at least on the same order of magnitude and range. In 
the most directly comparable study, Kaufmann et al. [40] reported a leaf 
area – basal area relationship for destructively sampled aspen in Colo-
rado. They reported a quadratic model for aspen leaf area as explained 
by basal area. Their results were complicated, however, by the fact that 
large aspen stems in different site conditions in their study appeared 
to exhibit very different basal area/leaf area relationships. Two large 
stems on ‘moist south slopes’ had leaf area/basal ratios approximately 
four times that of three other stems in the same size range located in a 
cooler more xeric sites. Kaufmann et al. reported that the stems on the 
xeric sites indicated a quadratic model form, and the other two stems 
a linear form to the model. They attributed that difference to water 
availability and excluded the two stems that suggested a linear model 
from their analysis. The quadratic model developed by Kaufmann et 
al. exhibited symptoms of over-fitting, however, and inspection of 
their graph suggests that an asymptotic model may have been more 
appropriate. It is unclear whether the linear model form that we re-
port would hold for quaking aspen on xeric sites. As most quaking 
aspen stands in the Sierra Nevada are found on mesic sites, however, 
a linear model seems to best explain the diameter-SLA relationship 
for Californian aspen. Specific application of the pipe model theory 
indicates sapwood cross-sectional area would provide better predic-
tions of tree leaf area. Sapwood/heartwood differentiation is very 
difficult in aspen and previous studies have used tree diameter or 
basal area [41]. The difference in sapwood to heartwood ratios, par-
ticularly in larger trees, is a likely source of error in predicting leaf 
area using only basal area or diameter.

LAI for sites sampled was relatively low compared to aspen sites 
in Alberta, Canada and Northern Wisconsin [23,42] which may lend 
support to the contention that sites where aspen is found in the Sierra 
may be marginal for the species. Low LAI values may indicate poor site 
quality that may not be able to support vigorous growth. Whether this 
is due to fire suppression [43], climate effects [13,44], or some other 
cause is unclear. It may simply be that sites in the Sierra Nevada, lo-
cated at higher elevations on average and with lower water availability 
than those sampled by Ruark et al. and DesRochers and Lieffers [45,46] 
have always been marginal for quaking aspen. More data would thus be 
needed if there is a convincing case that quaking aspen is under unusual 
stress on these sites. LAI and SLA, as well as the root/shoot ratio for the 
stand, would be excellent physiological metrics to compare in order to 
begin to make that case [17]. 

Finally, we note that the model presented in this study between bas-
al area and LAI is based on a limited number of stems. While it was not 
possible in this study, inclusion of more stems in the sample, perhaps by 
pooling data with other studies, would likely improve the accuracy of 
the model and would be a useful line of research in the future.

Root biomass and distribution: the efficacy of GPR

Coarse root density (kg m-3) peaked in biomass at 20-30 cm below 
the ground’s surface, with a monotonic decline in root density with in-
creasing depth thereafter (Figure 6). GPR readings were able to obtain 
a reliable signal relatively deep in this soil profile, reaching a median 
depth of 1.7 m. In the Sierra Nevada, quaking aspen generally occurs on 
mesic sites, and this was also the case in this sample. Superficial avail-
ability of water may explain some of this pattern of root concentration 
on the soil surface. However, quaking aspen is generally considered a 
shallow-rooted species, with excavations on sites across North America 

Figure 8: Model for fine root biomass density based on LAI. Adj. r2.59, p=.01.
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confirming a shallow root distribution [11]. For example, excavated as-
pen in Alberta had root biomass only to 70 cm [23] while excavation 
in Utah revealed the majority of the root biomass concentrated in the 
upper 1.5 meters of the soil [47].

Fine roots

Fine root biomass was highly variable both within sites and be-
tween sites in Sierran ecosystems. Biomass estimated at the stand level 
was comparable to other values in the literature [48-50]. 

Model efficacy and comparisons to other studies

Based on this analysis, above-ground metrics, particularly basal 
area and LAI, do provide useful empirical models for estimating below-
ground biomass. Although sampling took place across a range of site 
conditions, there are likely regional and climatic effects that were not 
captured in this study. 

A study of quaking aspen in Alberta reported a strong relationship 
between leaf area and root biomass [23], which we also found on our 
sites in the Sierra Nevada. The slope of the models was quite different, 
however, at 3.58 in Alberta and 1.27 in the Sierra, an indication that 
the LAI: coarse root relationship, at least, is regional. More importantly, 
the relationship is probably dependent on the disturbance history of 
the stand, as a stable relationship may be achieved between LAI and 
root biomass once the stand matures. The LAI present in quaking aspen 
immediately after stand-replacing disturbance is strongly influenced by 
stand health and carbohydrate storage prior to disturbance. DesRocher 
and Lieffer’s [46] study was in a stand that had recently undergone a 
stand replacement disturbance. Since LAI of young sprouts and LAI 
of mature stems probably have different relationships to root biomass 
(i.e. root biomass might in fact be a better predictor variable for LAI 
in recently-disturbed aspen stands) the relationship may not be com-
parable. As a result, the relationship in Alberta is more indicative of a 
stand immediately post-disturbance that maintained much of its pre-
disturbance root biomass. 

Fine roots are consistently hard to estimate using above-ground 
metrics [51-53]. Some new explanatory variables such as site class, and 
novel metrics such as a per-tree estimate of fine roots have been tried 
with greater success [51,54]. The strength of the relationship between 
LAI and fine roots in these Sierran stands was thus unusual. While the 
goodness of fit of the LAI to fine root model was somewhat lower than 
for other models used, this model explained more variation in the data 
than other models in the literature which have sought to predict fine 
root biomass empirically [51,55]. A variety of above-ground metrics are 
used in the major studies on fine root modeling above, but LAI esti-
mated from below-ground metrics has not previously been attempted. 
Two important factors in the strength of the leaf area to fine root model 
are the physiology of the species and the spatial and temporal avail-
ability of the water resources to the trees in the stand. The physiology of 
the species will affect the form and the coefficient of the model used; for 
example, in a species with poor regulation of water loss would expect 
to allocate relatively higher fine root biomass per unit mass of leaf area 
compared to a species with better regulation of water loss. The species’ 
efficacy at water uptake, of course, would also affect that ratio. 

If, however, trees on a given site are accessing groundwater at 
depths below those sampled for fine roots (often only sampled to 30 
cm) then the principal function of superficial fine roots on that site may 
be the uptake of nutrients from the litter and organic soil. In locations 
with seasonal precipitation, root distribution and physiology would be 
predicted to optimize needs across the year or multiple years. What-

ever the case, understanding water availability in time and space should 
make significant progress towards landscape-scale empirical leaf area/
fine root models when comparing the leaf area/fine root relationships 
of similar species. 

Root/shoot ratio 

The measured coarse root/shoot ratio for Sierran sites in this study 
ranged from 0.3 to 1.9, with the highest ratio in a recently disturbed, 
nearly pure quaking aspen stand. In general, we found the highest root/
shoot ratios in stands where aspen dominated by basal area, and where 
there had been recent disturbance. This is an expected consequence of 
quaking aspen’s suckering regeneration strategy: aspen roots persist 
after disturbance when the above-ground parts of the stand may be 
destroyed. The surviving root system provides the regeneration mech-
anism and carbohydrate reservoirs for new suckers after disturbance 
[56,57]. Other studies have found similarly high or higher root/shoot 
ratios in aspen, particularly in stands with active suckering [23]. 

The root-shoot relationship for aspen may also reflect the long-
term carbohydrate balance in the stand, conifer competition and dis-
turbance history, and the water balance for the whole aspen stand, as 
aspen roots graft [13,46]. 

Root biomass estimation and measurement continues to present 
a significant challenge in forested systems. The resources required to 
obtain unbiased data to a reasonable degree of precision are large. Con-
sequently, these data are relatively limited. The results obtained here 
support the utility of the new techniques and methods to measure and 
estimate root biomass, including the use of GPR. They also support the 
efficacy of modeling fine and coarse root biomass using above-ground 
data, as a way to further improve estimates of NPP and biomass at large 
spatial extents.

Aspen regeneration and stand health assessments

In California, quaking aspen has been the subject of considerable 
concern as a species potentially in decline as a result of climate change 
and fire suppression [11,13,58]. Aspen, a shade intolerant, short-lived, 
and disturbance-adapted species are often overtopped by conifers in the 
absence of fire and clones may eventually become carbohydrate-starved 
and unable to regenerate after disturbance [20]. Aspen roots in declin-
ing stands are observed to exhibit decay and decline in root/shoot ratio 
as compared to healthy stands [13,46]. Encroachment in aspen stands 
by conifers is easily observed using imagery or a standard timber inven-
tory. GPR and biomass surveys will probably have less application in 
this field. The one exception might be an assessment of root biomass 
coupled with measurements of carbohydrate reserves in roots to deter-
mine whether aspen is likely to regenerate vigorously after disturbance. 

Implications for Modeling Root Biomass at the Land-
scape Level

Ground penetrating radar has applications for estimation and re-
finement of root shoot ratios, particularly in forested ecosystems such 
as quaking aspen where roots are fairly shallow. While GPR has limits 
in terms of the penetration depth, it also has clear advantages in its 
non-destructive nature and potential to allow repeated measurements 
in the same area. 

The strong relationship between aspen LAI and below-ground bio-
mass lends support for modeling above- and below-ground relation-
ships to arrive at better estimates of below-ground biomass and root/
shoot allocation at the stand and landscape level. If similar relationships 
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could be developed for other forested ecosystems, they would provide 
a basis to improve broad-scale below-ground biomass estimates across 
ecosystems. Challenges include the measurement or estimation of be-
low-ground biomass of deeply rooted trees, as the theoretical lower lim-
it for GPR measurement of something the size of a root is in the range of 
4 meters deep under ideal conditions. There are also significant techni-
cal challenges to measuring LAI precisely with existing remote sensing 
techniques, or applying values estimated from direct measurement to 
a landscape scale [27]. Nonetheless, these methods provide advantages 
over excavation or the application of general root/shoot relationships 
based on very small, possibly biased samples. They also represent an 
opportunity to advance the field of allocation theory and estimates of 
the carbon reservoir in below-ground biomass. GPR scans should be 
used in combination with whole-tree root excavations and excavation 
at the plot level to overcome the shortcomings of each method used in 
isolation. 

Conclusions
Quaking aspen leaf area shows good correspondence to both fine 

and coarse root biomass. Coarse root biomass is a key factor in aspen 
regeneration, and fine root biomass of key importance in water uptake 
and availability. The possibility of an assessment of root biomass using 
leaf area allows scalable assessments, from those based on ground-based 
measurement to those based on remotely-sensed imagery. Additionally, 
these results confirm the predictive capabilities of using basal area or 
tree diameter to predict leaf area in quaking aspen. These options add 
to the toolbox of land managers and those interested in forecasting the 
future effects of climate changes on production, carbon dynamics, and 
stand dynamics of quaking aspen in the Sierra Nevada. 
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