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Abstract In this paper, a two stage ingrowth model is
presented for predicting periodic, 10 years ingrowth for
pyrenean oak (Quercus pyrenaica Willd.) grown in med-
ium to fully stocked coppice stands in north-western Spain.
Data from the Spanish National Forest Inventory was used
to develop the model, extracting the information from two
inventories taken in 222 permanent plots. The first stage of
the model predicts the probability of ingrowth occurrence,
and in the second stage, the number of recruits is predicted
using a conditional model. Both models were biologically
realistic and presented logical behaviour. The ingrowth
occurrence probability model was dependent on quadratic
mean diameter and average height. The recruitment quan-
tification model included stand density and average diam-
eter as explanatory variables. Although the occurrence
probability of ingrowth was predicted correctly in 71.7% of
cases, the predictions of the number of recruitment are
poorer, yielding a coefficient of determination of 0.358.
The evaluation criteria included qualitative and quantita-
tive examinations and a testing with independent data from
another region. The proposed ingrowth model is the first to
be developed for mediterranean oak species in Spain and is
an essential feature in any stand growth system.
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Introduction

A forest is a dynamic biological system that is continuously
changing. Management practices influence forest dynamics
and successional processes by changing environmental
conditions for growth, regeneration and survival (Liu and
Ashton 1998). Modelling provides a major tool for syn-
thesis because models can project long-term response to
changes in management practises. For dynamic growth and
yield models to be useful, the following basic elements
must be available (Garcia 1988): (1) a description of the
state of the forest at a given point in time; (2) transition
functions to define the rate of change of the system
depending on the current state of the stand; and (3) control
functions to regulate the modifications of the values of the
main stand variables caused by instantaneous changes of
the state due to silvicultural treatments.

A dynamic growth model simulator consists of different
sub-models, including an ingrowth model as one important
factor in population dynamics (Grubb 1977). Ingrowth
must be taken into account in growth simulations, partic-
ularly in long range predictions or where stands structure is
very heterogeneous, because of the larger probability of
ingrowth. Ingrowth is usually quantified in terms of the
number of trees that reach or exceed a specific threshold
size over a certain period, as a result of regeneration pro-
cesses like establishment, growth and mortality of seed-
lings (Lexergd and Eid 2005). An ingrowth model predicts
the recruitments directly from independent variables
describing site and stand conditions.

Trees which make up the stands are the primary source
of natural recruits, so it is important to determine which
variables have the greatest influence on successful
ingrowth (Bendzsak 2004). There are two main approaches
when modelling ingrowth: static approaches and dynamic

@ Springer



670 Author's personal copy

approaches. Static approaches predict a constant amount of
ingrowth each year irrespective of stand condition; whereas
dynamic approaches respond to stand condition, predicting
ingrowth as a function of stand density, composition or
others parameters.

In the past, the most commonly used approach involved a
single equation (Moser 1972; Adams and Ek 1974; Bu-
ongiorno and Michie 1980; Hyink and Moser 1983; Van-
clay 1989), but currently, the stochastic nature of
recruitment is also modelled by defining two separate states
(Hamilton and Brickell 1983; Vanclay 1992; Qin 1998;
Kariuki 2004; Lexergd and Eid 2005). According to Ham-
ilton and Brickell (1983), a ‘two-state’ system generally
implies that (1) observations cannot be placed with certainty
in either of the two states and (2) the relationship between
the dependent variable and potential independent variable is
different for each of the two states. In a two-stage approach,
the first equation estimates the probability that some
ingrowth will occur, usually with a logistic function with
presence (or absence) of ingrowth as the response variable.
The second stage involves a conditional function to predict
the amount of ingrowth, given that ingrowth is known to
occur, and can be estimated using ordinary linear regression
(Vanclay 1992) or nonlinear regression. Burk (1978)
reported that linear forms are not appropriate to predict the
amount of ingrowth since the predicted number of ingrowth
trees may be negative. To avoid this problem, exponential
models are commonly used (Vanclay 1992; Qin 1998;
Lexergd and Eid 2005).

Ingrowth estimation can be carried out using continuous
forest inventory data from National Forest Inventories or

Fig. 1 Map of sample locations
and biogeoclimatic strata (Elena
Rosello 1997) of the Spanish

National Forest Inventory plots
from which the data was drawn
to fit the occurrence probability
and amount of ingrowth models
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local inventories. When a data set is taken from National
Forest Inventories, large amount of data are available, but
the sampling methodology was not specifically designed to
develop growth and yield models (Trasobares et al. 2004).
Usually, this kind of inventories does not measure some
necessary variables as age of the trees. On the other hand,
some measured variables from rather small inventory plots
are also characterized by larger errors when they are
compared to measurements from large research plots.
Nevertheless, assuming that measurement errors are ran-
dom, the large sample should compensate for this defi-
ciency (Monserud and Sterba 1996).

The pyrenean oak (Quercus pyrenaica Willd.) is distrib-
uted throughout Spain covering a total surface area of
1,208,768 ha (DGCN 2006) (Fig. 1). As a result of ecolog-
ical variability, different silvicultural treatments (usually
coppice management), forest fires and the state of neglect
into which many stands have fallen in recent years, stand
conditions vary greatly. Stands are often of low density or
take the form of open-woodlands with large diameter trees,
although well-stocked coppices represent around 43% of
stands. The increasing interest in using the latter for either
commodity production (such as wine barrels and silvopas-
toral uses) or non-commodity production (such as recreation
and environmental preservation) justifies the need to guar-
antee the sustainable management of pyrenean oak stands,
and therefore, the interest in developing a dynamic growth
model (Caifiellas et al. 2004). Nowadays, a site index model
(Adame et al. 2006), the diameter growth model (Adame
et al. 2008b) and the height—diameter model (Adame et al.
2008a) are available for pyrenean oak.
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The primary objective of this study was to develop an
ingrowth model for pyrenean oak stands in north-western
Spain in order to be included in the individual-tree growth
model for coppices stands of the species. The model was
developed using the two-stage approach, predicting first,
the ingrowth probability and secondly, the number of
recruits. The independent variables included in the model
were restricted to variables directly or indirectly available
from forest inventories for practical forest management
planning.

Materials and methods
Data collection

The study area is the Castilla y Ledn region, which covers
94.225 km? in north-western Spain (Fig. 1). Data belong-
ing to the second (DGCN 1996) and third (DGCN 2006)
Spanish National Forest Inventory (SNFI) were used to
develop the ingrowth model. The SNFI is a systematic
sample of permanent plots distributed on a 1-km square
grid, with a remeasurement interval of 10 years. The plots
are circular in shape with variable radius and are composed
of four sub-plots with radii of 5, 10, 15 and 25 m. The
minimum diameters at breast height (dbh) thresholds on the
different radii are 75, 125, 225 and 425 mm, respectively.
At each inventory, the data recorded for each sample tree
are species, diameter at breast height, total height, distance
and azimuth from the plot centre.

Ingrowth modelling is a very stochastic process, and
available information from SNFI is plenty of limited (any
silvicultural information), so an initial selection of suitable
plots was made from all the SNFI plots located in the Castilla
y Ledn area, selecting pure Q. pyrenaica stands (basal area
proportion over 90%). Because of the high variability in
silvicultural and ecological conditions in pyrenean oak
stands as well as the lack of past management information in
the SNFI, a second selection was made according to a stand
typology classification for Q. pyrenaica stands (Roig et al.
2007). The coppices selected were characterized by medium
to high densities (Reineke’s stand density index over 200)
and regular diameter distributions, excluding impoverished
or very sparsely populated stands. Since no information was
available with respect to why and how harvest was carried
out, plots that received any harvesting treatment between the
two measurements were also excluded. This selection was
made in the same way as in other components of the growth
model. Figure 1 shows the distribution of the plots used in
this work.

Recruitment was calculated for each plot as the number
of new trees that reached or exceeded a dbh of 75 mm
between two measurements (10-year growth period). The
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data in this study are taken from the first sub-plot (5 m
radius and minimum dbh threshold of 75 mm). The plots
were established between 1992 and 1993 and remeasured
after 10 years, i.e. between 2002 and 2003.

Six strata, according to biogeoclimatic characteristics,
can be identified in the region (Elena Rosell6 1997). Pre-
cipitation, temperature, altitude and soil characteristics
were taken into account to classify these strata. Ecological
characteristics calculated according to each location (alti-
tude, geographic position and catchment area) for each plot
are evaluated using the climatic estimation models pro-
posed by Sanchez et al. (1999).

A total of 222 permanent plots were used to fit the
ingrowth model. Stand variables from the sample plots,
including the mean and standard deviation for the number
of ingrowth trees are shown in Table 1. Climatic charac-
teristics are indicated in Table 2 according to the biogeo-
climatic stratum defined by Elena Rosell6 (1997).

Independent data sets from permanent sample plots
located in ecorregion 2 according to Elena Rosell6 (1997),
in central Spain and on the southern slopes of the Central
mountain range (Madrid region), were used to test the
performance of the proposed model. Measurements were
taken, and data collected at these sample plots using an
equal procedure to that which was used in the modelling
data set. Therefore, 19 plots were analysed (Table 1).

Ingrowth model

Much of the variability seen in recruitment data reflects the
fact that during any period regeneration may or may not
occur. This characteristic (no/some recruitment) becomes
especially apparent when individual species is modelled.
Such data may be modelled using a two stage approach
(Vanclay 1994a). In the first step, an equation to predict the
probability of ingrowth occurrence in a specific plot was
fitted. The second step predicts the number of trees recrui-
ted, which depends on different independent variables.

Probability of ingrowth occurrence

Logistic regression is a useful method for analysing data that
includes categorical response variables and does not require
large sample sizes for the data analysis to be feasible
(Bergerud 1996). Assume that there are k explanatory vari-
ables x = (xy, x5, ..., X) at the beginning of a growth period,
the response variable 7(x) is a binary variable to indicate the
presence status of ingrowth trees in a plot at the end of the
period, where 0 = absence and 1 = presence of recruit-
ment. The probability of presence of recruitment over a 10-
year period m(x) was modelled with the following logistic
function:
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Table 1 Main characteristics of second national forest inventory plots used to fit and to test the model

Number of plots N D, Dy, Do H,, Ho BA Ningr
Fitting data set
Plots with ingrowth 106 1315.2 13.5 12.6 20.8 7.5 9.4 15.9 357.9
(695.8) 4.9) (4.0) (8.8) (1.7) 2.2) (6.9) (274.5)
Plots without ingrowth 116 948.6 18.1 16.9 26.3 9.2 11.4 18.8 -
(661.1) (7.4) (7.0) 9.0 (2.5) (3.0 (8.6) -
All plots 222 1126.8 15.9 14.8 23.6 8.4 10.4 17.4 -
(701.1) (6.7) 6.1) 9.2) (2.3) (2.8) (7.9) -
Test data set
Plots with ingrowth 15 1509.6 12.4 11.8 19.2 7.7 9.5 15.1 375.6
(699.5) 4.4) 4.0) (7.9) (1.6) (2.5) 4.8) (266.9)
Plots without ingrowth 4 1188.8 19.0 17.0 31.3 10.2 13.0 21.7 -
(1035.7) (8.6) (7.1) (11.9) (1.2) (1.9) (8.7)
All plots 19 1442.1 13.8 12.9 21.8 8.2 10.2 16.5 -
(759.9) 5.9) (5.0) 9.9) (1.8) 2.8 (6.2)

N = density (trees/ha); D, = quadratic mean diameter (cm); D,, = average diameter (cm); Do = dominant diameter (cm); H,, = average
height (m); Ho = dominant height (m); BA = Basal area (m?/ha); Ningr = number of ingrowth trees per hectare. Dominant variables were
defined as mean variable of the thickest 100 stems per hectare. Standard deviation in brackets

Table 2 Climatic characteristics of national forest inventory plots used to fit the model classified according to the biogeoclimatic strata (Elena

Rosellé 1997)

Stratum 1 Stratum 2 Stratum 3 Stratum 4 Stratum 5 Stratum 6 All strata

Number of plots 36 20 145 13 5 3 222

Plots with ingrowth 16 16 71 2 2 0 107

Plots without ingrowth 20 4 74 11 3 3 115

Altitude (m) 965.7 1006.3 1114.6 957.1 1171 676.4 1058.1
P annual (mm) 840.5 723.8 997.1 1224.4 583.2 1276.7 942.9
P winter (mm) 276.3 227.0 337.9 433.1 142.5 441.0 315.8
P spring (mm) 236.3 199.6 275.1 318.5 170.8 359.9 260.4
P summer (mm) 89.8 102.8 97.9 142.1 123.5 62.4 98.5
P autumn (mm) 238.1 194.5 286.2 330.7 146.7 413.6 268.1
T annual (°C) 11.0 9.9 10.1 9.5 10.0 14.0 10.3
T winter (°C) 3.7 2.6 2.8 34 2.8 6.1 3.0
T spring (°C) 19.0 17.8 18.0 15.9 18.0 22.9 18.2
T max (°C) 28.3 274 274 23.7 27.1 324 27.5
T min (°C) -1.1 24 -2.0 -1.0 —1.6 1.2 —-1.8
Fluctuation (°C) 29.4 29.7 29.4 24.7 28.7 31.2 29.3
ETP (mm) 664.6 633.5 636.1 615.4 633.4 768.6 642.9
Surplus (mm) 463.2 348.2 613.2 776.6 190.5 873.5 558.0
Deficit (mm) 287.3 257.8 252.2 167.7 240.5 365.3 258.1
Water index 43.7 30.6 72.6 111.5 74 85.7 62.9
Drought period (month) 1.9 1.8 1.7 0.5 1.5 2.5 1.7

P = annual and seasonal (spring, summer, autumn and winter) rainfall (mm), 7 = average annual and seasonal (summer and winter) temperature
(°C), Tpax = hottest month average maximum temperature (°C), T, = coldest month average minimum temperature (°C), fluctua-
tion = difference between hottest month average temperature and coldest month average temperature in °C, ETP = potential evapotranspiration
(mm), Surplus = water surplus in mm, Deficit = water deficit in mm
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where o and f are parameters defining the S-shaped
function of x. The concept of the generalized linear model
is based on an assumption that a function of 7n(x) may be
expressed as a linear combination of x, g[n(x)]. The most
frequently used link function is the logistic link:

gln(x)] = log ”(x)/l —a(x)| =2t Px. (2)

All the stand-level variables defined in Table 1 and the
ecological variables presented in Table 2, as well as
different combinations of them were tested as independent
variables in the general logistic model. The biogeoclimatic
strata inclusion in the model was tested using dummy
variables Eq. 2 was estimated with PROC LOGISTIC using
maximum likelihood estimation (SAS/STAT 2000). Step-
wise selection to identify the variables was used, and a
significance level of 0.05 was required for a variable to be
retained in the model. Both biologically meaningful
selection and statistically significant selection were con-
sidered. An empirical ratio estimator suggested by
Snowdon (1991) was applied to correct the bias created
when the model predictions are transformed back to the
original units (Flewelling and Pienaar 1981).

Pearson statistic and standard deviance have been used as
standard procedures to asses goodness-of-fit in logistic
regression. These tests do not work well with sparse data,
since they do not follow an y* distribution under the null
hypothesis and are as such not valid measures of model fit
(McCullagh and Nelder 1986). Kuss (2001) found some
deficiencies in the traditional Hosmer—Lemeshow test, so
other tests were suggested to test the goodness-of-fit for the
model: the Osius and Rojek test (Osius and Rojek 1992), the
McCullagh-test (McCullagh 1985), the information matrix
test (IM-test) (White 1982) and the RSS-(Residual Sum of
Squares)-test (Copas 1989). These statistics were assessed
with the %9GOFLOGIT macro (Kuss 2001) using the IML
module from the SAS/IML User’s Guide (SAS/STAT 2000).

The model predicts the continuous probabilities, so it is
necessary to define a threshold or cut-off point to convert
these back to dichotomous results and to maximize the rate
of correct classification. ‘Sensitivity’ is defined as the
proportion of events correctly classified, and ‘specificity’ is
defined as the proportion of non-events correctly classified.
Sensitivity and specificity facilitate the model's ROC
(receiver operating characteristic) curve, which is plotted
as sensitivity against 1-specificity with all possible cut-off
points or thresholds (Pepe 2000). If the model discrimi-
nates perfectly, the ROC curve passes through the point (0,
1), and the area below the curve is one. Each point on the
ROC curve provides the sensitivity and specificity
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measures associated with a cut-off point in the probability
scale which allows classification of each observation as
either a predicted event or a predicted non-event.

Amount of ingrowth

The curvilinear response provided by the logarithmic
transformation of relative abundance gave a slightly better fit
than a linear model and ensured more conservative extrap-
olations (Vanclay 1992). Furthermore, log-transformation
stabilizes variance, which is necessary for regression anal-
ysis. The relationship between the number of recruits (Vi)
and the independent variables was expressed as follows:

In(Ning) = X7+ f+¢ (3)

where X’ is the transpose of the vector of independent
variables, f is a vector of regression coefficients and ¢ is a
vector of random errors. It was assumed that the error term
¢ had E(¢) = 0, V(¢) = ¢” and that they were uncorrelated.

The linear least squares fits for Eq. 3 were accomplished
using the PROC REG procedure on SAS software (SAS/
STAT 2001). Some of the independent variables were
transformed in order to express a linear relationship with
the dependent variable. Stepwise selection of the explan-
atory variables was used, and a significance level of 0.05
was required for a variable to be retained in the model.
Explanatory variables tested were the same that for the
probability model (Tables 1, 2).

A transformation can bias the results because logarithmic
regression theoretically estimates “medians” instead of the
desired “means”. Therefore, a bias correction was needed
to transform the model predictions back to the original units

(Flewelling and Pienaar 1981). An empirical ratio estimator
Ning10

exp [ln N;ng]0]7

where Njn10 is the mean number of recruits for 10 years

suggested by Snowdon (1991) was applied:

and Ning1o is the mean estimated number of recruits.
Model evaluation

The model was evaluated quantitatively by examining the
magnitude and distribution of residuals to detect any
obvious patterns and systematic discrepancies, and by
testing for bias and precision to determine the accuracy of
model predictions (absolute and relative bias, root mean
square error, coefficient of variation and coefficient of
determination of the linear regression of observed versus
predicted data) (Vanclay 1994b; Soares et al. 1995; Gadow
and Hui 1998).

Independent data set was used to test the model. The
ingrowth probability for each plot was calculated, and the
predicted and observed ingrowths were compared applying
the same previous evaluation criteria.
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Fig. 2 Relationship between (a) (b) " " " " "
ingrowth occurrence probability .
and significant variables in No ingrowth No ingrowth }—l—< :
logistical model (Eq. 4):
quadratic mean diameter D, (a)
and average stand height H,, (b) Ingrowth Ingrowth I L.
0 4 8 12 16 20 24 28 32 0 4 8 12 16 20 24
Dg Hm
Results 100 - 04
% | Soln;((/:ﬂt}y classified plots 7
Probability of ingrowth occurrence 30 | EEEE‘_’%’IY classified plots
70 64
The significant variables were selected based on the like- 60 7
lihood ratio test, and a criterion that rational interpretation 50 |
is more important than model fit. An appropriate biological 40
interpretation of the ingrowth process is essential in con- 30|
sidering variable selection. Variables describing stand 20 | 2
conditions (quadratic mean diameter D, and average height ) i
H,,,) at the beginning of the period were found to be highly 0 | e i (.
significant in predicting the probability of recruitment Ingrowth plots No ingrowth plots

(Fig. 2). The relationship between both H,, and D, and
recruitment was negative. Strata variable was tested as
categorical variable, and it was defeated.

The logistical model for Quercus pyrenaica was:

= [1—|—exp(—(ao—|—ang—|—az['1m))]_1 (4)

where D, is quadratic mean diameter (cm), and Hy, is
average height (m). The parameters ay, a; and a, and
standard deviations are shown in Table 3.

A threshold value of 0.58 gives the best hit rate and
allows 71.7% of plots to be classified correctly, with sen-
sitivity equal to 61.2% and specificity equal to 81.0%.
Figure 3 shows the classification of plots into those with
ingrowth observed and those with no ingrowth observed,
and Fig. 4 is the ROC curve based on the sensitivity and
the specificity. The area under the ROC curve was 0.8272.

The conducted goodness-of-fit tests are shown in
Table 4, and they did not reveal any indication of a poor

Table 3 Parameters and standard deviations of both logistical and
amount of ingrowth models

Parameter Value Standard deviation
Logistical model

ay 4.4765 0.7994

a; —0.1167 0.0393

a» —0.3492 0.1044
Amount of ingrowth

by 8.60716 0.85419

b, —0.64247 0.14346

by 197.99212 30.88893

Fig. 3 Classification of the studied plots according to the logistical
model (Eq. 4) in relation to the observed situation in each of them

0.9 A
0.8 -
0.7 4
0.6 A
0.5 4
0.4 4
0.3 A

[Auc=os7 ]
0.2 1

0.1 1

Sensibility

0 01 02 03 04 05 06 07 08 09 1
1-specificity

Fig. 4 Receiver operating characteristic (ROC) curve and area under
the curve (AUC) for the ingrowth occurrence probability model

Table 4 Goodness-of-fit tests applied in logistic model (Eq. 4) (Kuss
2001)

Goodness-of-fit tests Value P-value
Standard Pearson test 218.605 0.438
Standard deviance 249.559 0.058
Osius-test —0.009 0.504
McCullagh-test 0.071 0.472
IM-test 13.293 0.004
RSS-test 42.491 0.466
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model fit. Tests which are based on a summation of
residuals (Standard Pearson test, Osius-test, McCullagh-
test and RSS-test) behave better than those which rely on
the principle of comparing two different estimators of the
information matrix that should give comparable results
under a satisfactory model fit (IM-test).

Amount of ingrowth

Once the probability of recruitment is determined, the next
stage is to predict the conditional number of trees. Only the
106 sample plots where ingrowth occurred were used to fit
this equation. An exploratory analysis of the data suggested
that recruitment was related to N and D2, and that none of
the climatic variables had a significant influence. The
empirical ratio estimator suggested by Snowdon (1991)
was 1.1897. The amount of ingrowth is worked out
according to the following formulation:

In(Ning) = by + byln N + byl /py2 (5)

where Nj,, is the number of recruitments (trees/ha), N is the
number of trees per hectare, and D,, is average diameter
(cm). All parameters (by, b; and b,) and standard devia-
tions are shown in Table 3 and were significant (P <
0.001).

Parameter of the number of trees per hectare was neg-
ative, and inverse of square average diameter of the stand
were positively affected, so ingrowth was lower where
competition was greater. In general, the model results
revealed significant differences between the predicted and
the observed number of recruits (Table 5), shown on the
coefficient of determination (Rﬁdj) for linear regression of
observed versus predicted data of this conditional model
(0.364) and the coefficient of variation (0.28). The cor-
rected residual was —3.19 E-13, although the absolute
mean residual was 161.31. The residuals form lines (Fig. 5)
owing to small plot size, meaning that the measured values

Table 5 Fit statistics for the conditional model for number of recruits
applied to both fitting and test data set

Evaluation criteria Fitting data Test data
Mres —3.19 E-13 10.18

VR 0.28 2.24
RMS 433302.66 88945.14
Amres 161.35 188.38
R*/Mef 0.358 0.108

Mres = mean residual; VR = variance ratio; RMS = residual mean
of squares; Amres = absolute mean residual; R>Mef = coefficient of
determination/model efficiency of linear regression of observed ver-
sus predicted data
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Fig. 5 Plot of standard residual (predicted ingrowth—observed
ingrowth) against number of predicted ingrowth trees per hectare
calculated according to Eq. 5

can only have certain values (maximum of 10 ingrowth
trees for radius 5 m subplot).

Discussion

The first stage of the two step model for pyrenean oak
predicts the probability of ingrowth occurrence from
square mean diameter and average stand height. The sec-
ond stage predicts the expected amount of ingrowth (where
this is predicted to occur) using density and average stand
diameter as input variables.

The data set was drawn from the Spanish National
Forest Inventory (SNFI) permanent plots with variable
radius, which ensured a representative distribution of
ecological characteristics. The circular plot with variable
radius is often the only feasible method to sample irregular
stand structures as coppices efficiently (Trasobares et al.
2004). The problem with this data source was that the only
suitable data to fit the ingrowth model was that obtained in
the smallest radius subplots (5 m), since these were the
only ones in which the minimum size for NFI measurement
of stems was 7.5 cm, so larger random errors can be
expected because ingrowth often is clustered. Although the
probability of recruitment is lower in a smaller sized plot,
the conditional number of recruits per unit area will be
relatively large, so an appropriate final level can be
determined (Lexergd and Eid 2005). Another weakness
associated with this data source is that all the independent
variables used were registered in the larger plot (radius
25 m), including those of the ingrowth sample plot (radius
5 m). It is unlikely that the potential differences in these
variables biased the parameter estimates since they can be
treated as random measurement errors, and the relatively
large number of plots reduces the effect of extreme com-
binations of variables (Lexergd and Eid 2005).
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The two-stage model presents several advantages over a
single model (Hamilton and Brickell 1983): (1) The
residuals from a single model are rarely either normally
distributed or homogeneous; (2) the two stage model is a
much higher resolution model than the single model, since
the former is capable of describing the process more
completely than would be possible with a single model,
regardless of its functional form.

Current recruitment depends on regeneration conditions
of previous years (canopy, climate, harvesting, etc....)
(Leak and Graber 1976) and the minimum diameter of the
dbh-distribution used in the inventory (here 75 mm). Gap
dynamics is characterized by small or micro-scale distur-
bance of the mature forest canopy. Trees die standing, snap
off, or are blown to the ground, creating a “hole” in the
canopy. The death of a single stem or a few stems releases
available growing space. This growing space is then
occupied by tree regeneration, usually as a result of
released advance regeneration or recruitment from buried
or dispersed seed (McCarthy 2001). In general, the longer
the time after harvesting, the greater the amount of natural
regeneration (Hao et al. 2005). Furthermore, there is an
anthropogenic influence in terms of recurrent fires, grazing
livestock, collection of firewood and poles as well as har-
vesting of non-timber products on pyrenean oak stands.
Silvicultural practices are not common in these stands and
in any case, information regarding such interventions does
not appear in the SNFI data set. Therefore, these variables
were not considered in this study.

Ingrowth models for Quercus species are scarce. Pyre-
nean oak is characterized by its stump and root sprouting
capacity. This type of structure makes modelling the
dynamics of the stand more difficult in comparison with
other species which only regenerate through stump
sprouting or natural seeding. Published results for broad-
leaf trees have displayed relatively large differences
between the expected and the observed number of recruits
as obtained results in this paper. Bendzsak (2004) con-
cluded in his work, that the only variables that were
directly related to recruitment, for various species includ-
ing red and white oak, were the pH of the A soil horizon
and the elevation. Lexergd and Eid (2005) developed
recruitment models for some broadleaf species (including
oaks) in young growth forests in Norway with variables
describing location, site and stand conditions. However, for
Q. pyrenaica, neither biogeoclimatic strata nor ecological
tested variables have been found to be significant, although
soil data were not available.

Negative parameters for both average height (H,,) and
square mean diameter effects imply that the ingrowth rate
of trees generally decreases as they increase. Greater
average height and square mean diameter indicate older
trees or mature stands, so, they show smaller ingrowth
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occurrence probability than younger stands. Whereas,
others studies result density variables as significant (i.e.
basal area (Buongiorno et al. 1995; Hao et al. 2005) or
density (Qin 1998; Lexergd and Eid 2005).

In stands with ingrowth occurrence, the number of
ingrowth trees is related to stand density, where the number
of recruits decreases as N values increase. For a given stand
development stage, this variable is closely related to
growing space and availability of resources to trees, so high
density values lead to increased competition and mortality
(Lexergd and Eid 2005). Finally, the mean stand diameter
is also significant in the recruitment quantification model,
since the ingrowth process is negatively affected by the
presence of greater competition and older stands.

The correlation between the amount of ingrowth, certain
independent variables, and the statistical results are low,
indicating either that the relationships are strongly non-
linear or that there is a high degree of natural variability in
the ingrowth process (Qin 1998). Variability in ingrowth
can be due to factors that are not contemplated in the
models (site index, soil characteristics, fires, grazing live-
stock, etc....), to the stochastic nature of the ingrowth
process, and to the small plot size. Significant increases in
the precision of ingrowth predictions seem unlikely unless
the suite of independent variables considered is expanded
or the model recalibrated for a more limited set of forest
conditions. In other words, improved predictions may be
possible by incorporating additional site-specific informa-
tion or by performing the analysis on a more geographi-
cally restricted data set (Shifley et al. 1993).

Independent data were available for model evaluation.
The application of logistical model to find out which plots
will present recruitment was satisfactory (71.7% of plots
classified correctly), although the amount of ingrowth
produces worse result (coefficient of determination equal to
0.108). These results are similar to fitting results. Huang
et al. (2003) asserted that the quality of the model fit can
also be assumed to reflect the quality of predictions when
the data are collected through a well-designed and repre-
sentative sampling-process, when the models will be used
within the range of the data and when the models are
biologically realistic.

This study is the first to focus on ingrowth models for
mediterranean oak species in Spain and provides a foun-
dation for further investigation. Although a selection of
plots according to a stand typology was made to fit the
ingrowth model, data set still presents high variability in
silvicultural and ecological conditions. The regeneration of
pyrenean oak generally takes place through stump and/or
root sprouting; therefore, it may be essential to consider
factors such as silvicultural treatments, forest fires or
livestock grazing in the ingrowth model. This information
is not available in the Spanish National Forest Inventory,
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the source from which the data for this study was drawn,
although additional measurements could significantly
improve our understanding of pyrenean oak stand dynam-
ics. Because of the biological importance of the species,
this study also represents a starting point for further studies
concerning yield optimisation and the evaluation of alter-
native management regimes for the species, and it is an
important component of stand growth and yield models.
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