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Abstract – We used measures of plant size, distribution and root core data to evaluate capability of the model of Ammer and Wagner [2] for spatially
explicit prediction of fine root biomass (FRB) in Eucalyptus populnea-dominated woodlands from xeric and mesic regions of Australia. Tree diameter
and height were tested as proxy variables for plant size. For the xeric site, which had no understorey grass cover, both the height- and diameter-based
models gave reasonable estimates of FRB. However, the height-model provided a better match to the measured data than the diameter-model. For the
mesic site, which had a substantial ground cover dominated by C4 -grasses whose contribution to FRB could not be captured by the model, neither the
height- nor the diameter- model was able to predict FRB satisfactorily. This was also the case even when the contribution of the C4 -grasses to FRB was
estimated and accounted for after δ13 C analysis of fine root samples. Overall, while it is evident that the model can be a useful tool for estimating FRB
from aboveground stand inventory in both even-aged plantations and compositionally complex natural vegetation, it is also clear that it does not always
provide satisfactory prediction, e.g., the mesic site. Thus, to improve the wider applicability of the model further work is needed to identify why it fails
and situations it is likely to be useful.
Eucalyptus populnea / biomass prediction / root radial distribution / rangeland / woodland
Résumé – Évaluation d’un modèle semi-empirique pour la prédiction de la biomasse des racines fines dans la végétation composite et complexe
d’une zone boisée. Nous avons utilisé des mesures de dimensions des plants, de distribution et de carotte de racine pour évaluer la capacité du modèle
de Ammer et Wagner [2] pour une prédiction spatiale explicite de la biomasse des fines racines (FRB) dans des zones boisées où Eucalyptus populnea est
dominant, dans les régions très sèches et mésoïques d’Australie. La hauteur et le diamètre des arbres ont été testés comme des variables de procuration
de la dimension du plant. Pour le site sec qui n’avait pas de sous-bois herbeux, l’un et l’autre des modèles basés sur la hauteur et le diamètre donnent
une estimation raisonnable de FRB. Cependant, le modèle hauteur fourni une meilleure adéquation aux données mesurées que le modèle diamètre.
Pour le site mésoïque, qui a une couverture herbeuse importante dominée par des espèces en C4 et dont la contribution à FRB ne peut pas être prise en
compte par le modèle, ni l’un ni l’autre du modèle hauteur et du modèle diamètre était capable de prédire FRB correctement. C’était aussi le cas même
quand la contribution des herbes en C4 à FRB a été estimée et justifiée par des analyses de δ13 C de fines racines. En général, quoiqu’il soit évident que
le modèle peut être un outil utile pour estimer FRB à partir d’un inventaire au-dessus du sol dans les deux plantations équiennes et dans la végétation
naturelle composite, il est aussi clair que cela ne permet pas toujours une prédiction satisfaisante, par exemple pour le site moyennement sec. Alors,
pour améliorer une plus large applicabilité du modèle davantage de travail est nécessaire pour identifier pourquoi il ne convient pas et les situations où
il est possible de l’utiliser.
Eucalyptus populnea / prédiction de la biomasse / distribution radiale des racines / prairie / zone boisée

1. INTRODUCTION
In forest and woodland ecosystems, the biomass of fine
roots (diameter < 2 mm) generally constitutes a small component of the total (above- and below-ground) biomass
pool [14, 24]. However, as the main structures for acquisition
and uptake of belowground resources such as water and nutrients [8,20] and due to their rapid turnover, fine roots play a crucial part in the functioning and productivity of forest ecosystems. Clearly, thus, ability to quantify the pool size of fine
* Corresponding author: cha@lwf.uni-muenchen.de

roots is a key component of understanding the productivity
and functioning of forest and woodland ecosystems.
Traditionally, estimates of pool sizes of fine roots have been
obtained through labour intensive and diﬃcult procedures
such as coring, trenching or variants thereof [3]. However, the
diﬃcult nature of these methods means that studies on roots
have markedly lagged those of aboveground systems [23]. One
option for overcoming the relative scarcity of information on
fine root systems would be to develop models that can predict fine root biomass (FRB) using information that requires
relatively less eﬀort to gather [4]. However, few such models
have been developed. The models developed to-date can be
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categorised into three groups: (1) those that attempt to model
FRB as a proportion of total root biomass [10, 12]; (2) allometric models that relate FRB to individual tree diameter [5];
and (3) models that provide spatial FRB estimates using stand
inventory, distribution of plants and extent of root spread information [1, 2, 11, 15].
The success of the first group of models in predicting FRB
is generally low (e.g., proportion of variance in FRB explained
by such models has been less than 36%) [10, 12]. The second
and third groups of models appear to give improvements over
the first type in part because some of the key factors that influence root distribution and density are explicitly incorporated
in these models. Accordingly, the models presented by Ammer
and Wagner [2] and Lee et al. [11] were shown to provide satisfactory prediction of FRB pools for pure or near pure forest
stands. However, estimations of FRB at various spatial scales
are also needed for compositionally much more complex vegetation. Such information would improve terrestrial ecosystem
models and their estimates of carbon cycling [11]. Thus, the
objective of this work was to evaluate the suitability of the
model of Ammer and Wagner [2] for predicting FRB pools in
compositionally diverse woodland vegetation from contrasting
climatic regions in northeast Australia.

2. MATERIALS AND METHODS
2.1. Data source
The data used in this work were collected as part of a larger project
that examined patterns of below- and above-ground biomass in Eucalyptus populnea woodland ecosystems along a rainfall gradient in
northeast Australia [25]. Here, data from the xeric- and mesic-end of
the rainfall gradient are used for this retrospective fine root biomass
modelling analysis. Site descriptions, vegetation inventory and root
sampling are fully detailed in Zerihun et al. [25]. Briefly, the mean annual rainfall and temperature at the xeric and mesic sites are 367 mm
and 19.5 ◦ C, and 1103 mm and 22.1 ◦ C, respectively. The vegetation at both sites is open woodland whose biomass is dominated
(mesic site) or co-dominated (xeric site) by Eucalyptus populnea.
At the xeric site the vegetation was composed of many woody plant
species (density ca. 2600·ha−1 of which one-third had height ≥ 2 m),
the ground layer had little or no grass cover. The woody plant density at the mesic site averaged 610·ha−1 (about a quarter of which
were 2 m or taller); the ground layer vegetation contained significant grass cover dominated by native C4 grasses and a few forbs
(M.B. Hoﬀmann and S.G. Bray, pers. com.).
For vegetation inventory and root sampling, five transect strips
(100 m × 4 m) were established at each site. Because roots of
woody species in dry environments are known to reach deep soil
horizons [16] in each transect eight soil core samples (from randomly selected locations) were taken to a depth of 100 cm, using a
100 mm internal diameter steel corer, thus yielding a total of 40 root
core samples per site. Core samples at the xeric site were taken at:
0−15, 15−30, 30−50, 50−75 and 75−100 cm depth increments. At
the mesic site, the last two depth increments were taken as one unit,
i.e., 50−100 cm. Roots were washed over a series of sieves and sorted
into several size classes. The data used here however refer to the fine
root (diameter < 2 mm) component only. For each root core sample,

inventory of tree and shrub vegetation was carried out within a 15 m
radius. The inventory data included identity of woody species, their
height, diameter at 30 cm height (D30 ), distance and bearing from
root core point.

2.2. δ13 C analysis
The ground layer vegetation at the mesic site was dominated by
C4 grasses. In contrast, the upper strata of vegetation contained exclusively C3 woody species. Since C3 and C4 species have distinct
δ13 C values, this distinction was utilised for estimating contribution
of the ground layer vegetation to total FRB based on the δ13 C of
fine roots samples. For each core, fine root samples were divided
(and analysed for δ13 C) into two depth increments: 0−15 cm and
15−100 cm (i.e., fine roots from the 15−30, 30−50 and 50−100 cm
depth increments were combined). δ13 C analysis was carried as described in Krull and Bray [9]. In brief, fine root samples from these
depth increments were pulverised, and sub-samples of 1−2 mg (containing between 50 and 95 µmol C) were weighed into clean tin capsules and sealed. The sealed samples were combusted and analysed
for 13 C using a Europa Scientific Geo 20/20 Automated Nitrogen Carbon Analysis – Mass Spectrometer. Stable carbon isotopic results are
presented in δ notation as per mill () relative to carbon-isotopic
ratio of Pee Dee Belemnite standard. The standard deviation of replicate fine root samples from the surface soil (0−15 cm) was < 0.2
(n = 4). The data from this analysis were used to estimate the amount
of FRB contributed by woody (C3 ) vegetation as described in Ludlow
et al. [13]:


δs,0−15cm,i − δ4
wFRB0−15cm,i =
(1)
× tFRB0−15cm,i
(δ3 − δ4 )
wFRB15−100cm,i =



δs,15−100cm,i − δ4
× tFRB15−100cm,i
(δ3 − δ4 )

(2)

In equation (1), wFRB0−15 cm,i refers to FRB estimate for the woody
(C3 ) vegetation, δs,0−15 cm,i , is the δ13 C of the bulk fine root sample
from the 0−15 cm depth increment for corei ; δ4 is the δ13 C value for
a pure C4 grass fine root sample (−13.11); δ3 is the δ13 C of pure
E. populnea (C3 ) fine root sample (−27.00); and tFRB0−15 cm,i is the
measured total FRB for the 0−15 cm depth increment of corei . Estimation of woody FRB for the 5−100 cm increment was carried out as
shown in equation (2). Total woody FRB estimates for a given core
(0−100 cm) were obtained by adding the results from equations (1)
and (2).

2.3. Modelling
The modelling approach employed here is fully described in Ammer and Wagner [2]. In brief, for any point in a stand, the model
computes the so-called relative fine root biomass (rFRB) contributed
by trees that surround the point of interest based on the size and distance of plants to that point, and heuristic assumption regarding the
maximal root spread (see below). In the original model root spread
and/or distribution are described as a function of diameter at breast
height (dbh). The total relative fine root biomass (TrFRB) at a given
point is calculated as the additive contribution of the rFRB for the
trees in the vicinity of the sampled point.
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The respective algorithms of the original model are formulated as
follows:
dbh
RD3 =
(1)
6
assuming a maximum root spread distance of 10 m for a tree of 60 cm
diameter at breast height, where RD3 is the maximum root spread
distances in m and dbh is the diameter at breast height in cm,
RD2 =

2
RD3 ,
3

RD1 =

1
RD3 and, RD0 = 0,
3

(2)

where RD2 and RD1 are two thirds and one third respectively of RD3
and RD0 marks the trunk,
rFRB0 =

dbh
100

(3)

where rFRB0 is the relative fine root biomass at distance RD0 (trunk),
rFRB1 =

5
rFRB0 ,
3

rFRB2 =

5
rFRB0 and rFRB3 = 0,
6

(4)

where rFRB1 , rFRB2 and rFRB3 are the relative fine root biomasses
at the distances RD1 , RD2 and RD3 .
Based on the distances RD0 to RD3 a polynomial of third degree
for the dbh of each tree was calculated using the Gregory-Newtonprocedure to fit a polynomial of nth degree to n + 1 equidistant points
of support. This allows the calculation of the rFRB of each tree of a
stand at any point x, y. The respective formulas are:
(1) if D ≥ RD3 , then rFRB = 0, where D is the distance between the
tree’s trunk and x, y
(2) if D < RD3 , then rFRB of a tree at point x, y is calculated as
follows:
h = RD2 − RD1
b0 = rFRB0
(rFRB1 − rFRB0 )
b1 =
1!h
b2 =

((rFRB2 − rFRB1 ) − (rFRB1 − rFRB0 ))
2!h2

b3 =

((rFRB3 − rFRB2 ) − (rFRB2 − rFRB1 ))
3!h3
−

((rFRB2 − rFRB1 ) − (rFRB1 − rFRB0 ))
3!h3

rFRB x,y = b0 + b1 (D − RD0 ) + b2 (D − RD0 )(D − RD1 )
+ b3 (D − RD0 )(D − RD1 )(D − RD2 ).
Total rFRB (TrFRB) at point x, y was calculated as:
n

T rFRB = rFRBi , where i is the number of the recorded trees.
i=1

Thus it is assumed that the total amount of fine roots at a given point
results from additive contributions of the trees.
However, as many of woody plants at the two sites investigated
here had not reached breast height (1.3 m) until the survey or will
never do so, the model was adjusted. Two approaches were tested.
Both approaches are based on the observation that lateral root spreads
generally increase with an increase in plant size [19]. In the first approach, the assumed maximum root spread in m, which was originally
defined as dbh/6, was set as being equal to tree height (H). In the second approach, maximum root spread was calculated as diameter (at

Figure 1. Distribution of δ13 C of fine roots from the 0−15 cm and
15−100 cm depth increments (grey box) and the corresponding estimates of the contribution of the ground layer vegetation (C4 grasses)
to the total fine root biomass (hashed box) at the mesic site. The boxes
depict the inter-quartile ranges of the data, while the horizontal lines
within boxes denote the respective medians.
30 cm tree height) × 50. In addition, the rFRB at the trunk (distance =
0 m) was defined as h/100 and loge (D30 ), respectively. These values
fit data best, i.e. the regressions between TrFRB based on these settings and measured FRB showed the highest R2 compared to other
approaches. All other settings of the model described above remained
unchanged. For each site, the model was parameterised using the fine
root biomass data. In order to estimate the bias of the measured and
predicted statistics, bootstrap resampling was conducted (random resampling with replacement from the original sample, 1000 samples,
n = 40) according to Quinn and Keough [17].

3. RESULTS
The δ13 C of fine roots from the surface (0−15 cm) and
deeper (15−100 cm) soil is shown in Figure 1. The δ13 C of
fine roots from the surface soil were considerably more variable than those at 15−100 cm, indicating the high spatial variability in the contribution of woody plants and grasses to FRB
in the surface soil, and the dominance of woody fine roots
at 15−100 cm depth, respectively. On average, however, fine
roots from 0−15 cm depth had δ13 C that was significantly
(p < 0.05) more enriched (−23.3) than fine roots from the
15−100 cm depth increment (−25.7). Accordingly, the native C4 grasses on average contributed 27.1% to the measured
total fine root biomass from the surface soil, whereas at the
15−100 cm depth fine root of C4 grasses accounted for only
9.5% of the total FRB (Fig. 1).
Model estimates of rFRB were derived using either diameter at 30 cm (D30 ) or plant height to define root spread and distribution of rFRB. The results showed that for the xeric woodland site, using tree height to define the spread and distribution
of roots explained a much larger percentage of the variation in
the measured FRB than using D30 , 60% vs. 34%, respectively
(Tab. I).
The mean fine root biomass was moderately higher at the
xeric than the mesic site, but the standard errors of the means
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Table I. Relationship between measured fine root biomass per core
(mFRB) and the relative fine root biomass (rFRB) predicted by the
model of the form: mFRB = βo + β1 rFRB. MSE = mean square error.
MSE

P>F

n

§

D30

177.8

6.12

0.34

8154

0.0001

38 (40)

§

H

183.0

431.9

0.60

6999

0.0001

38 (40)

Xeric site

βo

β1

R2

Mesic site
§

D30

186.0

2.82

0.09

12265

0.040

38 (40)

§

H

181.0

59.8

0.10

12063

0.028

38 (40)

§

Denote measures of plant dimension that were used for defining root
spread and distribution foe estimating rFRB.

and the medians of the two sites were quite comparable (cf.
Tabs. II and III). This was particularly true for the bootstrap
estimates. Moreover, the bias between the measured mean
and the related bootstrap estimator was negligible (Tabs. II
and III).
The predicted stand average FRB derived from tree height
was closer to the measured mean FRB than the mean obtained
from D30 . This was further supported by the bootstrap analyses. For example, the standard error and the confidence intervals of the bootstrap mean and median calculated on the basis
of tree height were more comparable to the bootstrap statistics of the measured mean than the corresponding measures
calculated by using D30 (Tab. II). Accordingly, the frequency
distribution of bootstrap means of the measured and predicted
data were rather similar for the FRB values calculated on the
basis of tree height (Fig. 2).
For the mesic woodland site the relationships between measured FRB and rFRB, though significant (p < 0.05), were
very weak (Tab. I). This was the case whether tree height or
D30 were used to define root spread. Consequently, the models overestimated stand mean FRB considerably and failed to
reflect the variance inherent the measured root data (Tab. III,
Fig. 3). This resulted in substantially diﬀering distributions of
predicted bootstrap means and medians from the bootstrap estimates of the measured data (Fig. 3).

4. DISCUSSION
The aim of this work was to evaluate the capability of
an inventory based semi-empirical model for predicting fine
root biomass in compositionally complex woodland vegetation from xeric and mesic environments in eastern Australia.
The results showed that the model predicted mean fine root
biomass of the E. populnea and shrub dominated plant community at the xeric site reasonably well. Similar results were
obtained when the model was applied to monospecific evenaged Norway spruce stands in Germany [2]. In contrast, the
model failed to adequately predict mean FRB of the E. populnea community at the mesic site.
In attempting to explain the diﬀerential success of the
model in predicting FRB at the two sites it should be noted that

the model uses measures of tree dimensions (height or diameter) as input. While this applies irrespective of site, it becomes
a critical factor if the vegetation at the diﬀerent sites has components that contribute to fine root biomass whose contributions are not fully captured (via height or diameter) as model
inputs. In this regard, it is important to highlight that at the
xeric woodland site the understorey vegetation was dominated
by shrub species with little or no grass cover. The lack of grass
groundcover made it possible to generate a complete inventory (e.g., plant height, distance and for large plants D30 ) for
practically all plants within 15 m of each soil-core sampling
point. This information enabled the potential contribution of
nearly all plants to FRB of a given core to be accounted for
based on the size and distance of each plant from the soil core
sampling point. At the mesic site, on the other hand, the vegetation had a significant grass cover. Thus, although the relevant
metrics were recorded for the woody plant component of the
vegetation, no meaningful model inputs could be recorded for
the grass component of the plant community. Consequently,
we excluded FRB of the grass component of the vegetation
according to the results of the δ13 C analysis, and the model
was re-run using FRB data for the woody vegetation. However, in contrast to our expectation, this measure did not improve the prediction of the model at the mesic site (Tab. III,
Fig. 3). This indicates that inability of the model to predict
FRB is not because of failure to account for the direct contribution of the grass vegetation. Therefore, eﬀect of the grass
vegetation, if any, is likely to be indirect. For example, grass
competition might have modified biomass allocation patterns
of woody vegetation at the expense of roots as has been observed in some species [6]. The occurrence and extent of such
an eﬀect was not examined in our work and hence could not
be accounted for in the modelling analysis. Summarising, the
modelling results for the mesic site show that the model is not
applicable for all situations in its current form.
However, the importance of accounting for all potentially
contributing vegetation is evidenced by the results from the
xeric site. At this site, although both the D30 - and heightbased models produced statistically equivalent stand average
FRB predictions, the range and distribution of height-derived
predictions matched the measured data better than predictions
derived from D30 inputs (Tab. II, Fig. 2). This may be because
almost all species had a measure of height but not D30 particularly for small shrubs and shrub clusters – thus when using
height the contributions of nearly all plants are included but
not when D30 is used; clearly indicating that it is important to
account for all plants that are likely to contribute to fine root
biomass.
One possibility that leads to disagreement between measured and predicted values is heterogeneity of soil resource
distribution (or resource patchiness). It is well known that
root distribution and proliferation respond to resource patchiness [7, 18], but such possibilities are not incorporated in
the model. However, the issue of resource heterogeneity is
generic. Resource patchiness can therefore serve as an explanation for the diﬀerences in model performance between the
xeric and mesic sites only if resource heterogeneity is greater
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Table II. Measured and predicted fine root biomass at the xeric site (n = 40), bootstrap sample = 1000.
Measured
Mean
SE
95% confidence interval
Median

Predicted by using tree height

Predicted by using D30

Usual

Bootstrap

Usual

Bootstrap

Usual

Bootstrap

271.77

272.43

269.59

269.76

258.24

258.53

21.73

20.89

16.15

16.02

11.41

11.41

227.83–315.71

233.26–314.26

236.90–302.28

241.99–303.44

234.94–281.11

238.03–282.08

242.15

255.22

234.88

234.07

245.21

244.27

SE

–

30.22

–

16.80

–

11.29

95% confidence interval

–

209.70–315.32

–

205.78–264.20

–

224.86–263.75

Table III. Measured and predicted fine root biomass at the mesic site (n = 40), bootstrap sample = 1000.
Measured

Predicted by using tree height

Predicted by using D30

Usual

Bootstrap

Usual

Bootstrap

Usual

Bootstrap

Mean

247.27

246.76

293.41

293.54

293.01

293.01

SE

18.97

18.92

6.54

6.32

6.13

5.91

208.91–285.64

210.83–283.19

280.18–306.64

281.15–306.18

280.61–305.41

281.09–304.48

257.30

252.55

298.93

298.24

301.33

301.35

SE

–

20.14

–

5.90

–

6.06

95% confidence interval

–

211.70–287.35

–

284.48–310.34

–

286.57–312.42

95% confidence interval
Median

at the mesic than xeric site. However, the relevant data are not
available to evaluate this possibility.
An implicit assumption of the model is that the extent of
lateral root distribution is constant along a rainfall gradient.
Whether this is so is not tested. Thus, an additional possibility
(for the poor agreement between the measured and predicted
FRB at the mesic-site) could be that the distance dependence
of root distribution changes along a rainfall and/or moisture
availability gradient. However, from analysis of global
datasets, Schenk and Jackson [19] found no evidence that
lateral root spread for trees varies with mean annual rainfall in
the range 50 to 1000 mm, which envelopes the rainfall ranges
of our two study sites. In fact model variations assuming an
extended root spread for the mesic site did not lead to better
results for the relationship between predicted and measured
data (data not shown). However, Schenk and Jackson [19]
showed that the lateral root spread is strongly correlated to
aboveground biomass. The inventory at the mesic site where
tree height and diameter were much higher than at the xeric
site therefore probably did not include all trees contributing
roots to a given soil core. In this work the maximum radial
extent of tree roots in metres was set equal to tree height
and D30 × 50 respectively. However, for logistical reasons
we could only register the trees within 15 m around the
core-sampling points. The maximum radial extent of trees
is likely to vary depending on environmental conditions
and size of trees but generally ranges from 1.5 to 4 times
tree height [22]. In absolute distance terms, eucalypts from
semi-arid environments show considerable radial root growth
(e.g., ca. 20 m for E. camaldulensis [26], up to 39 m in E.
globulus [22], in excess of 15-16 m for E. leucoxylon and E.
trivalva (cited in Stone and Kalisz [21]). The fact that our

modelling and inventory of vegetation around each core were
limited to 15 m, could underestimate the potential contribution
of plants that are located beyond these distances. However,
since root density declines exponentially with distance from
a tree [22], exclusion of the potential contributions of distant
plants is unlikely to cause significant underestimation of FRB.
Furthermore, the modelled FRB did not show systematic
underestimation which would be expected if the maximal
radial root spread used in the model (15 m) was less than the
actual spread.
Potential limitations, implications and applications
As indicated in the Introduction, the model used here
was developed for monospecific even-aged spruce stands. For
monospecific stands (e.g., plantations), it is plausible to assume that the pattern of lateral root distribution is similar for
all plants that make up the stand. This assumption is implicitly
carried though in our application of the model to woodland
vegetations with multi-species composition. If this assumption is invalid (i.e., the many plant species that make up the
plant community have vastly diﬀerent lateral root distribution
patterns), then a reasonable agreement between predicted and
measured root biomass may not be obtained. Justifiably, thus,
the good agreement between the predicted and measured FRB
at the low rainfall site implies that root distribution patterns
in this xeric landscape are broadly similar and defined primarily by moisture availability irrespective of diﬀerences in
plant (functional and/or growth) form. This means on the other
hand, that species specific diﬀerences in lateral root spread and
fine root distribution might be more pronounced at the high
rainfall site. Consequently, diﬀerences between reality and a
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Figure 2. Frequency distributions of the bootstrap means and medians for the xeric site.

model which does not distinguish between the rooting systems
of woody plant species are likely (Tab. III).
The model results indicate that even in compositionally
complex vegetation, FRB could be predicted reasonably well
provided complete inventory data are available for all plants
around sampling points. Like most models, parameterisation
of the model will be required before it can be used to provide
prediction of FRB for a new environment and vegetation type.

Arguably, further evaluation under diverse vegetation types is
needed, but the results from the semi-arid site are encouraging and indicate that the model could be a potentially costeﬀective means of estimating FRB stock.
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Figure 3. Frequency distributions of the bootstrap means and medians for the mesic site.
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