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Abstract
& Key message Site form and site index have shown similar precision for estimating site quality in even-aged Pinus radiata
D. Don stands in north-western Spain. Additionally, SF presents the advantage that it does not require stand age
information and can therefore be used in a wider set of situations in the forestry practice.
& Context Estimation of site quality is essential for characterizing, monitoring and predicting forest resources. Site index (i.e. the
dominant height of the stand at a reference age) is ordinarily used to estimate site quality; however, this index is only useful for
even-aged stands of known age. By contrast, SF is age-independent as it uses the dominant height of the stand at a reference
dominant diameter.
& Aims The aim of this study was to compare the performance of SF and SI for site quality estimation in even-aged P. radiata
stands.
&Methods Dynamic equations derived with the Generalized Algebraic Difference Approach (GADA) from the Hossfeld IV base
model were fitted to predict site quality with both SI and SF. SF predictions were compared with SI regarding variability within
the same plot and consistency in site quality predictions, using the observed maximum mean annual volume increment (MAI) as
a direct measure of site quality.
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& Results Both approaches showed good performance in model fitting and provided similar goodness-of-fit statistics and vari-
ability in the predictions. However, SI performed slightly stronger when related to MAI.
& Conclusion
& SF performed adequately in estimating site quality for even-aged P. radiata stands, with results comparable to those obtained
using traditional SI.

Keywords Site index . Predicting . Dominant diameter . Dominant height . Stand age

1 Introduction

Assessing and monitoring forest resources require a re-
liable and efficient estimation of site quality, which is
essential for predicting growth and yield of plant bio-
mass under different management regimes for both
even-aged (Skovsgaard and Vanclay 2008) and uneven-
aged stands (Peng 2000). Site quality is also important
in studies concerning forest disturbances (Wei et al.
2003), forest structure (Larson et al. 2008) and ecolog-
ical diversity (Franklin et al. 1989), among others. Site
quality may be defined as the physical and biological
factors that characterize a site’s ability to support tree
growth (Skovsgaard and Vanclay 2008). According to
Vanclay and Henry (1988) and Weiskittel et al. (2011,
p. 38), a site quality index should possess certain char-
acteristics: (i) reproducible and consistent over long pe-
riods of time, (ii) indicative of the site, independent of
management and/or stands conditions, (iii) correlated
with the productive potential of the site as a cause-
effect relationship, in line with the current knowledge
of tree physiology (e.g. Coops et al. 1998), and (iv) at
least as well as other site quality estimators. Regarding
this last characteristic, even lesser precise site quality
estimators are occasionally interesting, as long as they
are based on widely available sources of information
and therefore can reliably be applied at larger scales.

Site index (SI), defined as the average height of the domi-
nant trees of the stand at a given reference age, is one of the
most commonly used indicator of site quality for even-aged
stands (Weiskittel et al. 2011, p. 38). It stems from the fact that
height growth is highly correlated with stand volume produc-
tivity, and dominant height is not greatly affected by stand
density or thinning treatments (assuming thinning from be-
low) (Burkhart Harold and Tomé 2012, p. 131).
Nevertheless, site index has several drawbacks: (i) Its use is
questionable for uneven-aged stands because of the initial
suppression of advanced regeneration, especially for shade
tolerant species, and also because SI is an age-dependent ap-
proach, and age has nebulous meaning in the context of
uneven-aged forests (Burkhart Harold and Tomé 2012, p.
339); (ii) identifying tree ages is a costly task; and (iii) stand
age is often not known/available or with dubious reliability,

e.g. in National Forest Inventories (Tomppo et al. 2010),
which limits the use of SI for large-scale monitoring purposes.
Although age-independent methods have been developed to
overcome the latter problem, thus enabling modelling of the
dominant height growth and estimation of site index in the
absence of age data (e.g. Arias-Rodil et al. 2015), the reliabil-
ity of these methods has not been widely tested. Because of
this, it will be desirable to assess more age-independent
methods, as this work aims.

Site form (SF), defined as the dominant height of the stand at
a reference dominant diameter (Vanclay and Henry 1988), is an
alternative for estimating site quality for different stand structures
(even- and uneven-aged) because it does not require stand age
information. Trorey (1932) first reported the use of the height-
diameter relationship as a site quality estimator. However, it was
not until 1957 that McLintock and Darby (1957) proposed a site
quality index based onMeyer’smathematical expression (Meyer
1940). The method was further established by Stout and
Shumway (1982) and Reinhardt (1982). The term ‘site form’
was proposed to distinguish it from ‘site index’ in Vanclay
(1983), and subsequently other researchers used SF in different
studies in the 1980s and 1990s (Reinhardt 1983; Lamson 1987;
Nicholas and Zedaker 1992; Vanclay 1992, 1994, 1995).
However, reports of its use have been scarce in scientific litera-
ture in the last two decades (Adeyemi 2016; Ahmadi et al. 2017;
Moreno-Fernández et al. 2018).

Some studies have analysed the relationship between SI
and SF for a given species and between these indices and
variables traditionally used as measures of site quality
(Huang and Titus 1993; Wang 1998; Buda and Wang 2006;
Beltran et al. 2016; Duan et al. 2018; Fu et al. 2018). However,
onlyWang (1998) and Beltran et al. (2016) considered species
growing in even-aged stands. It must also be noted that the
comparative performance of SI and SF can only be properly
carried out in even-aged stands because SI, as was previously
defined, has no significance in uneven-aged stands.

The overall aim of the present study was to compare the
performance of SF and SI as indicators of site quality in even-
aged Pinus radiata D. Don stands in north-western Spain.
This species was selected for its importance in terms of both
surface coverage and growing stock in the region, after
Eucalyptus globulus Labill., Pinus pinaster Ait. and Quercus
robur L. according to the last Spanish National Forest
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Inventory (IFN4) (Xunta de Galicia 2015); and because of the
availability of permanent plot data covering the existing range
of ages, site qualities, and stand densities within the study
area, which have been measured up to five times (Castedo-
Dorado et al. 2007).The overall aim was broken down into the
following specific objectives: (i) to develop dynamic equations
for estimating SI and SF, (ii) to compare the correlation between
SI and SF predictions at plot level, (iii) to analyse the consis-
tency of both indices when applied to data from re-
measurements of the same plot, and (iv) to evaluate the corre-
lation between both indices and a direct measure of site quality.

2 Material and methods

2.1 Data

The database used corresponds to a network of 158 permanent
plots established by the Sustainable Forest Management Unit
of the University of Santiago de Compostela. All plots were
located in pure, even-aged P. radiata stands and were measured
between two and five times, depending on the plot, during the
period 1995–2010. The plots were established throughout the
area of distribution of the species in north-western Spain
(Fig. 1), a region mainly located in the Atlantic
Biogeographical Region (European Environment Agency
2006), where mesophytic deciduous broadleaved and mixed
coniferous-broadleaved forests correspond to the natural vege-
tation (Bohn et al. 2000). The climate of the study region is
characterized by mild temperatures (annual average tempera-
ture 9–14 °C) and a slight water deficit in summer (average
annual rainfall 1000–2000 mm; average annual PET 700–
850 mm; water deficit 150–40 mm). Sample stands were
established on the most representative soils, i.e. those devel-
oped on granitic rocks (granites and granitic gneisses) and acid
schist. Growth of these forest species is closely related to cer-
tain limitations of the soils, such as the moderate depth and the
poor nutritional conditions resulting from strong soil acidity.

The selection of the plots aimed to represent the existing
range of ages, stand densities and site productivities. The plot
size ranged from 625 to 1200 m2, depending on stand density,
to include a minimum number of 30 trees per plot. All trees in
each sample plot were labelled with a number, and the diam-
eter at breast height (dbh, at 1.3 m from the ground) was
measured with a calliper to the nearest 0.1 cm. In the first
inventory, total height was measured with a Blume Leiss hyp-
someter to the nearest 0.25 m in a random sample of 30 trees
and in an additional sample including the dominant trees (the
proportion of the 100 largest-dbh trees per hectare, depending
on plot size). In the remaining inventories, total tree height
was measured with a digital hypsometer (Vertex II, Haglöf
Sweden) to the nearest 0.1 m in all trees. Descriptive variables
were also recorded for each tree, e.g. whether they were alive

or dead. Summary statistics of the main stand variables for
each plot inventory are shown in Table 1.

2.2 SI and SF dynamic equations

Growth equations of site-dependent forest variables must have
at least the three following properties (Clutter et al. 1983): (i)
biological meaning, they must have a coherent inflexion point
and an asymptotic value when the projected stand age approx-
imates infinity; (ii) path invariance, the result of projecting
first from t0 to t1, and then from t1 to t2, must be the same as
that of the one-step projection from t0 to t2; and (iii) simplicity,
models that are too complex and include many interactions
between individual variables may be affected by correlations
between the variables, making them unstable and with a low
predictive capacity. Most of these properties can be achieved
using dynamic equation derivation techniques known in for-
estry as the Algebraic Difference Approach (ADA) (Bailey
and Clutter 1974) or its Generalization (GADA) (Cieszewski
and Bailey 2000).

In this study, after a comparison of different base models
and ADA and GADA formulations (see Diéguez-Aranda et al.
2005), we focused our attention on a two site-specific param-
eter dynamic equation derived with GADA based on the
Hossfeld IV model (Hossfeld 1882), which provided the ma-
jor fitting for both SF and SI curve development (Table 2). In
the case of SF, an additional constant of 1.3 was added to the
right-hand side of the equation to force the curves to pass
through the point (0, 1.3). The site-specific local parameters

Fig. 1 Location of the plots throughout the study area (north-western
Spain)
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(for each plot) were simultaneously estimated with the global
parameters (for all plots) using the dummy variable method
described in Cieszewski et al. (2000).

The reference age for predicting SI values was selected as
20 years as Diéguez-Aranda et al. (2005) established for
P. radiata plantations in north-western Spain. The reference
dominant diameter was selected so that it was a reliable pre-
dictor of height at other ages (Goelz and Burk 1992). Different
base diameters, and their corresponding observed heights,
were used to estimate heights at other diameters (both forward
and backward) for each plot. The results were compared with
the values obtained from plot data, after which the relative
error in predictions (RE%) was calculated using Eq. 1. The
proximity to the mean dominant diameter for the studied
stands at the age of 20 years was also considered, because it
is the t0 and therefore, both estimators, SI and SF, could be
more comparable.

RE% ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑n

i¼1

Y i−ŶiÞ
2
= n−pð Þ

Y100

0
@

vuuut ð1Þ

where Yi, Ŷi and Y are the observed, predicted and mean
values of the dominant height, respectively, n is the total num-
ber of observations and p is the number of model parameters.

We fitted the nonlinear models with the nls function of the
R software environment (R Core Team 2013). Two goodness-
of-fit statistics were calculated: the coefficient of determina-
tion (R2), which indicates the proportion of the variance of the
dependent variable explained by the model, and the root mean
square error (RMSE), which assesses the precision of the es-
timates. In addition, graphical analysis of the residuals and of
the appearance of the fitted curves overlaid on the trajectories
of the dominant height of the plots was also conducted.

2.3 Comparative performance of SI and SF as site
quality estimators

As already mentioned, Vanclay and Henry (1988) outlined the
characteristics that an index should possess to be accepted as a
measure of site quality. Firstly, in order to assess the consis-
tency of the indices over long periods of time, we analysed
similarities in the uncertainties in the prediction of SI and SF.
This was carried out by visually comparing the standard de-
viation of standardized values computed for each plot across
different inventories. We standardized the values for each ap-
proach from 0 to 1 by using the absolute minimum and max-
imum values, respectively.

The second criterion of Vanclay and Henry (1988) (SF must
be indicative of the site and not influenced by the stand condi-
tions or management history) can also be formulated as by
Huang and Titus (1993): the height-diameter relationship of theTa
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dominant and codominant trees must not be affected by stand
density. We assessed this criterion by means of the Pearson cor-
relation coefficient (r) of the predicted SI and SF against
Reineke’s Stand Density Index (SDI) (Reineke 1933):

SDI ¼ N 25:4=dg
� �−1:605 ð2Þ

where N is the stand density (trees ha−1) and dg the quadratic
mean diameter (cm).

The correlations between both SI and SF, and a direct measure
of site quality were determined using the maximum mean annual
volume increment (MAI) of each plot as a surrogate for the latter
variable. Although other stand variables, such as maximum stand
height, stand basal area, stand basal area increment and periodic
annual volume increment, have been used as surrogates (e.g.
Vanclay and Henry 1988; Vanclay 1994), the maximum MAI is
considered the most appropriate direct measure of site quality
because it is strongly related to the wood volume that can be
obtained in a given site (Skovsgaard and Vanclay 2008). Soil
characteristics and climatic factors are, ultimately, the main drivers
of the site quality variation (Skovsgaard and Vanclay 2008).

The following sequential steps were carried out for
selecting the data for correlation analysis: (i) We predicted
MAI for each plot and inventory by using the stand volume
equation for P. radiata available in Diéguez-Aranda et al.
(2009); (ii) we selected the maximum MAI value observed
for each plot; and (iii) we compared the current age of the plot
for the maximum observed MAI with the Optimal Rotation
Age (ORA) (the age of the stand for the potential maximum
MAI). The ORA was estimated for each plot by using the
dynamic whole-stand growth model developed by Castedo-
Dorado et al. (2007), considering as input stand variables for
each plot those corresponding to the inventory with the largest
observed MAI. Plots with differences greater than 10 years
between the ORA and the current stand age for the maximum
observedMAI were disregarded. A total of 78 plots out of 158
were ultimately used for correlation analysis using the Pearson
correlation coefficient.

In addition to the desirable characteristics suggested byVanclay
and Henry (1988), SF is usually used as a site quality index under
the assumption that the ratio dg/Hmean (usually referred in the
literature as tree taper) decreases as site quality increases (Huang
and Titus 1993; Duan et al. 2018). This assumption was assessed
computing the Pearson correlation coefficient between tree taper
and predicted SF for each plot-inventory combination. The same
analysis was carried out for SI for comparison purposes.

3 Results

3.1 SI and SF dynamic equations

A reduced model of Hossfeld IV with b1 = 0 was used, which
coincides with M6 in Wang et al. (2007) and model 11 in
Cieszewski (2002). The estimates of the parameters for both
GADA-derived dynamic equations were significant at 5% level
(Table 3). The R2 and RMSE values were 0.988 and 0.634 m for
SI, and 0.986 and 0.687 m for SF. Visual comparison of the fitted
curves overlaid on the trajectories of the observed dominant height
(Fig. 2) confirmed the good performance of both models.

In selecting the base diameter, it was found that a di-
ameter of 30 cm was superior for predicting height at
other diameters (Fig. 3), because it presents a good

Table 2 Dynamic equations derived from the base model of Hossfeld IV used for fitting SI and SF curves

Model Site-related
parameters

Dependent
variable

Dynamic equation

Y ¼ a1
1þa2 t−a3

a1 =X
a2 = b2/X

SI Y ¼ X 0

1þb2
X0
t
−b3
0

X 0 ¼ 1
2 Y 0−b1 þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Y 0

2 þ 4b2Y 0t
−b3
0

q� �

SF Y ¼ 1:3þ X 0

1þb2
X0
t
−b3
0

X 0 ¼ 1
2 Y 0−1:3ð Þ þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Y 0−1:3ð Þ2−4b2t−b30 1:3−Y 0ð Þ

q� �

Table 3 Parameter estimates and goodness-of-fit statistics for SI and SF
dynamic equations

Modelled variable Parameter p value R2 RMSE (m)

SI b1 0 0.988 0.634
b2 8059 0.0001

b3 1.62 0.0001

SF b1 0 0.986 0.687
b2 83,199 0.0001

b3 1.61 0.0001
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compromise between a low RE% (about 1%) and a sub-
stantial number of observations. Additionally, this value is
quite similar to dominant diameter for the studied stands
at the age of 20 years (t0). Therefore, a reference domi-
nant diameter of 30 cm was used to obtain the family of
SF curves shown in Fig. 2b.

3.2 Comparative performance of SI and SF as site
quality estimators

The standardized values of SI and SF were positively
correlated (r = 0.66; p < 0.0001). In addition, the error
bars for both variables showed similar uncertainties
(Fig. 4). In very few cases, and mainly for extreme
values of SI and SF, the variability in SF prediction
was larger than that in SI.

Regarding the influence of stand density, as expected, the
SDI was not significantly correlated with either SI (r = 0.13,
p = 0.08) or SF (r = 0.024, p = 0.62; Fig. 5). This indicates that
SF may be a consistent indicator of site quality in P. radiata
across different management regimes.

The predicted values of both SI and SF were posi-
tively and significantly correlated with the maximum
observed MAI of the 78 selected plots (Fig. 6). SI

was more closely correlated with this surrogate of site
quality (r = 0.89) than SF (r = 0.70).

The ratio dg/Hmean showed a stronger negative corre-
lation (r = − 0.88; p < 0.001) with SF than with SI (r = −
0.62; p < 0.001) (Fig. 7). This result could be expected a
priori because as SF, tree taper is calculated by an allome-
tric relationship between diameters and height variables.

4 Discussion

Although SI has traditionally been considered the refer-
ence site quality index for P. radiata (Diéguez-Aranda
et al. 2005) and for even-aged monocultures in general
(Burkhart Harold and Tomé 2012, p. 131), SF has also
shown good performance as an estimator of site quality
in even-aged P. radiata stands. Moreover, SF has the
main advantage of not requiring age information, but
only dominant height and dominant diameter values,
which can be directly derived from field data generally
obtained in traditional field inventories. This makes SF
suitable for estimating site quality from existing National
Forest Inventory (NFI) data in most countries, where
stand age is not generally recorded. In addition, consid-
ering that estimation of forest potential was included in
the ‘Forest Principles’ for sustainable forest management
in the Rio Conference (UNCED 1992), SF could be an
operational and inexpensive estimator, being useful not
only for designing silvicultural guidelines according to
timber yield at stand level (Pretzsch et al. 2008) but also
for forest policy decision-making on a large scale, such
as REDD+ projects (Pérez-Cruzado et al. 2015). An ex-
ample of large-scale use of SF is found in Moreno-
Fernández et al. (2018), who observed that countrywide
estimations of SF from NFI were consistent with species
autoecology.

Fig. 2 Relative error (RE%) in dominant height prediction related to
choose of reference dominant diameter

Fig. 3 SI (a) and SF (b) curves
for dominant heights of 11, 16, 21
and 26 m at 20 years and 30 cm,
respectively, overlaid on the
observed data
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The evolution of dominant height over dominant diameter
(SF curves) was modelled with similar accuracy than the evo-
lution of dominant height over time (SI curves) for our case
study. The goodness-of-fit statistics obtained for the SF
models were superior to those obtained by Beltran et al.
(2016) forNothofagus alpine andNothofagus obliqua temper-
ate forest, even-aged mature stands in north-western
Patagonia (Argentina).

The asymptotic dominant height values for all the SF
curves were not achieved within the range of observed
dominant diameters. Nevertheless, the dominant height
asymptotes for the SI curves shown in Fig. 2a seem
realistic (30 to 40 m) according to the observed maxi-
mum height growth for P. radiata in north-western of
Spain (Diéguez-Aranda et al. 2005). In both models,

higher SI and SF values produced stepper curves, and
therefore polymorphism, which is a desirable character-
istic of site equations (Cieszewski 2002).

Although SI has proven to be more stable than SF
(higher percentage of plots with lower estimation errors),
SF also demonstrated satisfactory results. Considering
that the projection period used (a maximum of 15 years)
was almost half the usual rotation age for the species in
north-western of Spain (Castedo-Dorado et al. 2007), it
can be assumed that the first criterion suggested by
Vanclay and Henry (1988) was also achieved by SF.
Moreover, analysis of the standard deviations in SI and
SF estimations for each plot showed that the uncertainties
associated with both methods were usually similar, which
indicates similar uncertainty in both indices when
predicting site quality for different stand development
stages of the same plot.

The second criterion was fulfilled by both indices (al-
though a weaker correlation with SDI was obtained in the
case of SF). This result could be expected, as it is gener-
ally accepted that dominant height is not greatly affected
by stand density or thinning treatments which do not im-
pact dominant trees (Clutter et al. 1983, p. 65), as is the
case of the studied stands.

The correlation of the maximum observed MAI with SI
was slightly greater than with SF, although it was high for
both indices, highlighting that both estimators are related to
productive potential of the site. Similar results were obtain-
ed between annual volume increment and SI or SF by Fu
et al. (2018) in uneven-aged stands of Mongolian oak
(Quercus mongolica) and Korean larch (Larix olgensis).

The assumption that tree taper decreases as site qual-
ity increases was fulfilled by both SI and SF. Therefore,
the present findings show that this assumption generally
holds, with increasing site quality leading to increased
dominant height for a given dominant diameter. This
assumption is more certain for SF, which was more
strongly correlated with tree taper. This negative

Fig. 4 Relationship between the standardized SI and SF predictions for
each plot (dots). Error bars (grey) represent the standard deviations of the
predictions

Fig. 5 Scatter plots of the
predicted SI (a) and SF (b) against
stand density index (SDI) for each
re-measurement of all the plots.
Black line illustrates the linear
regression between the two vari-
ables. r is the Pearson correlation
coefficient, and p is the p value
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correlation could be expected a priori because for the
same reference dominant diameter, higher values of SF
represent higher values of dominant heights. It also con-
firms previous findings for uneven-aged stands (Larson
1963; Fu et al. 2018) but contradicts other findings of
no correlation between tree taper and SI (Wang 1998),
or a strong positive correlation (Buda and Wang 2006).

SF has scarcely been used over the last decades, and recent
studies have been principally concerned with uneven-aged
stands (e.g. Adeyemi 2016; Ahmadi et al. 2017; Moreno-
Fernández et al. 2018). Nevertheless, this is significant be-
cause there was just one report of its use from 1995 to
2016 (Herrera-Fernández et al. 2004) several papers. The
present findings can contribute to demonstrate the usefulness of
SF as a reliable estimator of site quality in pure even-aged
stands, which has also been suggested by Beltran et al. (2016).
In consequence, the performance of SF observed in this study as
indicator of site quality can be the cornerstone for a renewable
interest in the use of SF for management of even-aged stands at
large scales, where the lack of age information usually leads to
more complex methodological solutions (i.e. Arias-Rodil et al.

2015). Further research is needed in order to evaluate the effect
of past density management on SF predictions.

5 Conclusion

The present study has shown that SF, the expected dominant
height for a reference dominant diameter, is potentially a reli-
able estimator of site quality, performing similarly to SI for
even-aged pure stands of P. radiata. Unlike SI, SF is not based
on stand age and could therefore be used in the absence of this
variable or when it is costly to obtain in forest inventories.
Furthermore, the possibility of estimating SF from conven-
tional National Forest Inventory data covering large scales
makes it an interesting indicator for forest policy decision-
making, where the scale of the predictions requires low-
input indices. Nevertheless, researching further using data
from other species, especially those for which site index
modelling has demonstrated a good performance and covering
a wide range of management regimes and development stages,

Fig. 6 Scatter plots of MAI
(m3 year−1 ha−1) against SI (a)
and SF (b). Black line illustrates
the linear regression between the
two variables. r is the Pearson
correlation coefficient, and p is
the p value

Fig. 7 Scatter plot of tree taper
(dg/Hmean) against SI (a) and SF
(b). Black line illustrates the
linear regression between the two
variables. r is the Pearson
correlation coefficient, and p is
the p value
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it is advisable to confirm SF as a useful site productivity index
for even-aged stands.
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