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Abstract

Background: This contribution evaluates the effect of forest structure and tree species diversity on plot productivity
and individual tree growth in the unique Knysna forests in Southern Africa using mapped tree data from an
observational study that has been re-measured over a period of 40 years.

Methods: The effects of tree species diversity and forest structure on tree growth and forest production are
evaluated on three levels of resolution: a) the forest community (canopy, sub-canopy species), b) the subplots
(number of trees per ha, skewness of the diameter distribution, diameter coefficient of variation) and c) the
immediate neighborhood of selected reference trees (“Mingling”, “Dominance”, Aggregation” and “Size Variation”).

Results: An analysis of the community level identified two distinct clusters, one including dominant/canopy species
with the highest growth rates and a greater variation of growth, and another cluster which includes the remaining
subcanopy species which have a smaller maximum size and lower rates of growth. The area-based structure variables
on plot level have a highly significant effect on total basal area growth. However, the effects of forest density and
species richness on productivity were not straight forward. Maximum basal area production of about 0.75 m2/ha/year
is achieved at medium levels of richness (around 20 species per ha) and medium levels of density (around 30 m2/ha
basal area) using percentile regression estimates. The relative “Dominance” of a selected reference tree had a highly
significant effect on individual tree growth on all investigated species. Other neighbourhood structure variables were
only occasionally significant or not significant at all.

Conclusion: This contribution presents a new theoretical framework for analysing natural forests that includes
community, plot and neighborhood variables of forest structure and diversity, and a first specific analysis of the structure
and dynamics of the Knysna Afromontane Forest, based on a unique set of longterm observations. The species-area
(SAR) model developed in this study, represents a new general approach that can be used to derive a common
standard of tree species diversity for different plot sizes, the species richness per hectare.

Background
Natural forests represent complex systems and the
amount of information which is required to describe
their structure and dynamics is a measure of their
complexity. Multi-species forest communities represent
a particular challenge if we wish to describe them in
ways that are easy to comprehend, yet sufficiently
detailed and comprehensive.

Structure and diversity
Structure is a fundamental notion, an open-ended theme
offering itself to interpretation within many disciplines of
the sciences, arts and humanities (Pullan and Bhadeshia,
2000). Referring to specific patterns and relationships,
structure may develop as a result of a planned design, or
through a process of self-organization. Self-organisation
involves competition and a variety of interactions between
individual trees (Gadow et al., 2011). Thus, structure and
diversity are important features of a particular forest
community. Forest regeneration and competition for
essential resources produce very specific structures which
in turn generate particular processes of growth and regen-
eration (Sahney et al. 2010). Associated with a specific
forest structure are particular patterns of diversity.
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According to Guillemot et al. (2014), the structure of a
forest has strong effects on its functioning, and there is
growing interest in understanding the link between
forest structure and ecosystem services (Gamfeldt et al.,
2013a,b). Based on an analysis of the US Forest Inventory
and Analysis database, involving more than 20,000 plots,
Caspersen and Pacala (2001) found a positive correlation
between biomass productivity and species richness.
Watson et al. (2015) compiled ground-measured data
from approximately half a million forest inventory plots
across the United States, Alaska, and northeastern China
to map tree species richness, forest stocking, and product-
ivity. Ninety-six percent of sample plots showed a signifi-
cant positive effect of species richness on site productivity.
This can be explained by the concurrent increase of
productivity based on growing season length and spe-
cies diversity towards lower latitudes. Also, on a global
spatial scale, annual productivity and species richness/
diversity both increase towards the equator (Gillman et
al. 2015). However, the increasing annual productivity is
primarily the result of longer growing seasons in the
tropics. A sufficiently clear understanding of the latitu-
dinal species diversity gradient still requires further sci-
entific scrutiny.
For tropical-type forests generally, such as the Knysna

forests, Seydack (2000) identified three canopy layer occu-
pation guilds: forest matrix occupants, canopy dominants
and supra-canopy occupants (including emergents). Can-
opy dominants and supra-canopy species achieve their
representation in the community by invading the forest
matrix (forest matrix invaders). These matrix invading
canopy species are often considered to be gap opportun-
ists and are geared to occupy upper canopy positions.
Physiologically, forest matrix occupants are persistence
specialists (stress resistance) under the resource-responsive
metabolic performance mode, underpinning persistance
capacity and niche specialisation under tropical conditions
(Seydack 2000; Seydack et al. 2011, 2012).
As demonstrated by Gentry (1982), most tropical tree

species richness/diversity is contained in the group of
relatively smaller-sized trees, i.e. represented in the guild
of forest matrix specialists. In tropical-type forests the
biggest trees are also the fastest growing trees (Clark
and Clark 1999). Basal area stocking levels and gross
basal area productivity are positively correlated (Seydack
2000). Forest patches invaded by forest matrix invading
canopy species have high stocking levels, inter alia due
to the additive basal area phenomenon and high prod-
uctivity of large trees (Midgley et al. 2002). Productivity
levels depend on the representation of upper canopy
trees, whilst species diversity is contained in the forest
matrix. Thus, a forest matrix patch with few upper
canopy trees may have a relatively high species diversity,
but will have low productivity levels. The interpretation

of structure effects on productivity is accordingly com-
plex since productivity in itself shapes structure.

The Knysna Afromontane Forests
The southernmost patches of Afromontane forest in
Africa are found in the areas of Knysna and the Amatole
mountains of South Africa. Covering an area of only
56,800 ha (Midgley et al., 1997), the Knysna forests are
located south of the mountains between Humansdorp
and Mossel Bay, at 34°S and between 22° and 25°E and
mainly below 520 m a.s.l.. The average annual maximum
temperature for the region is about 19.2 °C while the
average minimum is about 11.1 °C. Rainfall occurs in all
seasons and the climate can be considered transitional
to the tropical/subtropical and temperate regions. The
mean annual precipitation may vary between 700 and
1230 mm, subject to orographic influences and is increas-
ing from west to east. These forests represent the largest
indigenous forest complex of the country (Geldenhuys,
2012). The Amatole forests in the Eastern Cape region (at
at 32.7°S and 27.2°E) occur as a series of isolated patches
with quite distinct floristic compositions with a total area
estimated at 40,500 ha (Castley, 2001). Most tree species
are of tropical origin, except some members of an older
local non-tropical floral kingdom, e.g. Platylophus trifolia-
tus and Cunonia capensis which are also successful (von
Breitenbach, 1974; van der Merwe, 1998). These forests
are characterized by a rich variety of bryophytes, ferns, epi-
phytic lichens and orchids (Geldenhuys and MacDevette,
1989).
According to White (1983), the Knysna-Amatole for-

ests represent an archipelago-like ecoregion and form
the southernmost and largest extent of the afromontane
forest in the region (see also Low and Rebelo, 1996).
The ecoregion was identified by WWF and IUCN (1994)
as an Afromontane Regional Center of Plant Diversity.

Objectives
Diversity does not only refer to species richness, but to a
range of phenomena that determine the heterogeneity
within a community, including the diversity of tree sizes
and spatial patterns. In general, studies on complex
multi-species and highly structured forest ecosystems,
such as the Knysna-Amatole forests are relatively scarce
(Midgley et al. 2002, Midgley & Seydack 2006, Seydack
et al. 2011 and Seydack et al. 2012). Structure and spe-
cies diversity are important characteristics of a forest
community and a comprehensive description regarding
these attributes of the unique Knysna forests is still
incomplete. Accordingly, the objective of this contribu-
tion is to describe the structure and diversity at commu-
nity, plot and individual tree level, and to evaluate
effects on individual tree growth and plot production.
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Methods
This study investigates forest production and to avoid
misunderstanding, we first need to clarify our interpret-
ation regarding the terms growth and production. Incre-
ment and growth are used to express an increase in tree
size. These two terms have sometimes also been used to
quantify total production of a forest community per unit
area, which may be confusing, especially when a forest
community consists of multiple species, tree dimensions
and spatial arrangements. For this reason, it appears
more logical to use the term production for the area-
based increase of tree biomass, volume or basal area
(where volume and basal area are often used as surro-
gates for biomass).

The FVC permanent monitoring and research area
The French Volume Curve (FVC) research areas were
established in 1937 on Diepwalle State Forest (located to
the north of the southern coastal town of Knysna in
South Africa, at 33° 56’S, 23° 09’E) and used until 1954
for evaluating experimental management systems. No
further treatments have been applied since that time.
The current Diepwalle FVC Research Area forest dy-
namics monitoring project was initiated in the early
1970’s by scientists of the Saasveld Indigenous Forests
Research Centre of the South African Forest Research

Institute. All trees within the area with a diameter at
breast height (dbh) of 10 cm and greater were num-
bered, the species identified and the diameters were
measured and recorded. The point of measurement
was permanently marked by means of a painted line
(Van Daalen, 1991). Two sections of the larger FVC site,
covering a total of 67.7 ha and containing more than
50,000 trees, have been re-measured periodically since
1972. The “FVC South” (Fig. 1) has a predominantly
southerly aspect and covers a total area of 44.4 ha.
The second block known as “FVC North”, with a

predominantly northerly aspect, has a total area of
23.3 ha. The management and maintenance of these
areas was taken over by the Directorate “Indigenous
Forest Management” during the 1980’s and was trans-
ferred to the South African National Parks (SANParks) in
2005 to become part of the Garden Route National Park.
This study was conducted in the Diepwalle FVC re-

search area (517 m a.s.l.) where 15 tree species have
been defined as being canopy or emergent (Seifert et al.
2014). The FVC areas have been subdivided into parallel
longitudinal strips called virees. The virees are between
380 and 400 m long and about 30 m wide. The FVC
South and North are subdivided into 27 and 19 virees
respectively. The viree boundaries are marked in the
field by cutlines through the undergrowth, with the viree

Fig. 1 Location of Diepwalle French Volume Curve (FVC) Research Areas, indicated in dark blue shading, showing areas used for forest dynamics
monitoring projects. The block which includes virees 3, 4 and 5, used in this study, is indicated by the red arrow
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numbers painted on trees adjacent to the boundaries.
During 1997 the virees were further subdivided into
segments or parcels, making it possible to allocate the
trees to different site types (based on slope and aspect)
that do not correspond with the viree boundaries. The
segments or parcels were mapped, but are not marked
in the field. Tree positions have been plotted in some of
the virees. The height of the main canopy is 18–22 m
(Van Daalen, 1991).
The current analysis of FVC345, makes use of data

from a contiguous block which includes virees 3, 4 and
5 of the FVC South site, where all tree positions were
mapped. Figure 2 shows the tree maps corresponding
to the five enumerations between 1972 and 2007 in
FVC345.
FVC345 was subdivided into 114 cells. The cell bound-

aries are visible in Fig. 1. This analysis represents a first

attempt which uses these unique observations to improve
our understanding of the structure and dynamics of this
special ecosystem.

Community structure
The grouping of tree species into well-defined cohorts
contributes to improved understanding of the function-
ing of a species-rich ecosystem (Picard et al., 2010). A
high species diversity is usually associated with a scarcity
of data for many species which are very common. A
scarcity of data complicates or even impedes the develop-
ment of models that might enable us to improve under-
standing of complex community dynamics. Aggregating
species thus may facilitate modeling and provide a basis
for sustainable use in a wider sense.
A popular method of species grouping is “size-growth

ordenation” which involves the simultaneous consideration

1972

1978

1987

1992

1997

Fig. 2 Tree maps showing the tree locations of the contiguous observational study FVC345 for the five remeasurements 1972, 1978, 1987, 1992,
1997. Colours indicate tree species, circle radii tree dbh’s
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of maximum tree size and average growth rate. Favrichon
(1994) used size-growth ordenation, involving mean
diameter and diameter increment, in a species grouping
approach. Alder et al. (2002) presented a study involving an
ordination of species’ mean increment (Id) on the 95 %
percentile of the diameter distribution (D95), using a cluster
analysis based on Euclidian distance between points. They
compared growth rates and “typical size” for 204 tree species
from permanent sample plots in Brazil, Costa Rica, Guayana
and Papua New Guinea. Their clustering algorithm pro-
duced 16 centroids. Low growth rates associated with five of
the 16 groups were assumed to be indicators of shade
tolerance, had higher wood densities and typically occurred
in a lower canopy or understorey position. Other groups
had higher increment, and were light demanding with lower
density timber. Alder et al. (2002) assigned names to specific
group clusters, like “Pioneers”, Emergents” or “Subcanopy
Species” (see also Alder and Silva, 2000).
Following Lujan-Soto et al. (2015), we will use a bivariate

mixture model to distinguish between different species clus-
ters, based on maximum size (the mean of the 10 % biggest
diameter trees) and average diameter growth. The parameters
are estimated using the R-functionmclust (Fraley et al., 2012).

Plot-based structure variables
Area-based structure variables are used to describe a
community within a defined plot area. Five area-based
structure variables (density, crowding, richness, skewness
and size variation) are used in this study and related to
production (average increase of plot basal area). The five
variables are described as follows:

� Density (BA): the measure of plot density used in
this study is the sum of the cross-sectional areas of
all trees per unit area. This quantity is known as the
basal area and expressed in m2 per ha.

� Crowding (Nha): We define crowding as the
number of trees per ha (>10 cm DBH).

� Richness (Sha): Richness usually refers to the number
of tree species per unit of an arbitrary plot area ha.
We prefer to establish a common standard, the
richness per ha. To achieve this, we first develop a
species-area relation by calculating the mean richness
values of sample plots with a radius of 3 to 60 m. Each
of these plot sizes were randomly positioned 100,000
times within the 380x120m study area. The 58 circle
areas and associated average number of species were
used to derive a species-area relationship (SAR) for
the whole study area using the Chapman Richards
model (Shifley and Brand, 1984):

S ¼ A � 1− exp −b � areað Þð Þc ð1Þ

where S is richness, i.e. the number of species corre-
sponding to the area in m2. Assuming two specific
cases, a known richness S1 observed in a plot with
area1:

S1 ¼ A � 1− exp −b � area1ð Þð Þc ð2Þ
and an estimated richness S2 for a plot with area2

S2 ¼ A � 1− exp −b � area2ð Þð Þc ð3Þ
Solving (2) for the asymptote A:

A ¼ S1
1− exp −b � area1ð Þð Þc ð4Þ

and substituting the right hand side of equation (4) in
(2), we obtain the following equation that can be used to
estimate species richness S2 for a plot with area2 if the
richness S1 in a plot with area1 is known:

S2 ¼ S1
1− exp −b � area2ð Þð Þc
1− exp −b � area1ð Þð Þc ð5Þ

� Skewness (skew): Skewness describes the asymmetry
of the probability distribution of tree diameters
about the mean, calculated as Pearson’s moment
coefficient of skewness (Eq 6) which is based on the
2nd and 3rd moments.

b1 ¼ m3

m2
3=2

ð6Þ

A negative skewness value (representing a left-
skewed or left-tailed distribution) is characterized by
an extended left tail while the mass of the distribu-
tion is concentrated to the right of the mean value.
Accordingly, a positive skewness value indicates a distri-
bution with an extended right tail.

� Size Variation (CV): The coefficient of variation of tree
diameters (dbh’s) is equal to the standard deviation of
dbh’s divided by the mean of the dbh distribution.

Neighborhood structure
Tree-based structure refers to the unique neighborhood
constellation in the immediate vicinity of a specific tree.
We will use the following four variables to describe the
neighborhood structure of a reference tree and its four
nearest neighbors:

� Mingling (M) describes the diversity of species
within close proximity to the reference tree, and is
equal to the proportion of the four nearest
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neighboring trees of a selected reference tree that
belong to a species different from the reference tree.

� Dominance (D) describes the competitive status of
the reference tree relative to neighbouring trees and
is quantified as the proportion of the four nearest
neighbors to a selected reference tree that are
smaller than the reference tree.

� Aggregation (W) describes the spatial distribution,
or specifically the level of “clustering” of trees
nearest to the reference tree, expressed as the
number of angles between pairs of neighbours that
are smaller than some standard angle. We define
the standard angle to be 360/(n + 1) where n is the
number of neighbors.

� Size Variation (CV) describes the variability of tree
sizes, and is expressed by the coefficient of variation
of the dbh’s of all trees in the neighborhood group,
including the reference tree.

Detailed descriptions of these variables have been
published in numerous studies (see, for example Gadow
(1993, 1999); Pommerening (1997); Aguirre et al. (2002);
Pommerening (2002); Corral-Rivas et al. (2010); Hui et al.
(2011); Gadow et al. (2011); Ni et al. (2014). Thus, we
believe that this brief description will suffice. Four neigh-
bours were found to be most suitable based on practical
considerations in connection with the field assessment
(Albert 1999; Hui and Hu, 2001). A summary of the
different possible constellations for any reference tree is
presented in Fig. 3.
The relation between the basal area growth of individ-

ual trees and the four structure variables are evaluated
for all species which are represented by at least 50 indi-
viduals. These species are Olea capensis ssp macrocarpa,
Podocarpus latifolius, Ocotea bullata, Gonioma kamassi,
Apodytes dimidiata, Curtisia dentata, Elaeodendron cro-
ceum, Nuxia floribunda and Pterocelastrus tricuspidatus.

Fig. 3 The four structure variables used in this study (Mingling, Dominance, Aggregation and Size Variation). Each variable may assume five discrete
values which gives 54 = 625 possible neighborhood constellations for a given reference tree
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Results
The results are presented in three sections. First, we present
the results of the community structuring approach. We
then show the effect of area-based structure variables on
forest production. Finally, we show the response of indi-
vidual tree growth rates to the four tree-based structure
variables.

Community structure
Table 1 presents a summary of the results of the com-
munity structuring approach. The mean tree basal area
increment (cm2/year) and the mean of the 10 % biggest
diameter trees (cm) are presented for the nine species
that are represented by at least 50 individuals.
Figure 4 shows two distinct clusters, one including the

four dominant species Olea capensis ssp. macrocarpa,
Pterocelastrus tricuspidatus, Ocotea bullata and Podo-
carpus latifolius, the other including the five subdomin-
ant species Gonioma kamassi, Apodytes dimidiata,
Curtisia dentata, Elaeodendron croceum and Nuxia
floribunda.
The codes in Table 1 are used to identify the species

in the graph. These four species have higher growth
rates and also a greater variation of growth rates,
ranging between about 5 and 9 cm2/year mean basal
area increment. The second cluster includes the
remaining five species which have a smaller maximum
size and lower rates of growth ranging between about 2
and 3.5 cm2/year mean basal area increment.

New SAR model
The SAR model (1) provides a good fit with empirical
parameters

A ¼ 25:8 � ��; b ¼ −0:0002819 � � � and c
¼ 0:3586 � � � :

The residual standard error is 1.541 on 57° of freedom.
This model represents a new estimate of the tree species
diversity for different plot sizes in the Diepwalle FVC
study area. In addition, the new concept “richness per
ha” (Sha) may be used as a measure of richness that is
independent of the sample plot area. Sha is in some way
comparable to the common standards basal area per ha
and number of trees per ha. Sha may be used as a com-
mon standard to facilitate comparison among different
ecosystems with varying degrees of species richness. For
example, assuming that 12 species were observed on a
400 m2 sample plot, the number of species per ha is
estimated at 26.2, using eq (5) with the three empirical
parameters presented above.

Effect of area-based structure variables on production
Three structure variables Crowding (Nha), skewness
(skew) and diameter coefficient of variation (CV) are
highly and significantly associated with the per hectare
production expressed here by the average basal area
increment during the period 1972 to 1997 (iG72_97).
The following linear model was obtained for the 25-year
interval from 1972 to 1997:

iG7297 ¼ 0:1378 CVð Þ−0:08226 Skewð Þ
þ 0:0002565 Nhað Þ ð7Þ

The residual standard error is 0.1029 on 111° of free-
dom, and the multiple R-squared is 0.85. The coefficient
for diameter skewness is negative which means that iG
over the 25 year period is reduced if skewness values are

Table 1 Mean basal area increment (iba, cm2/year) and mean
of the 10 % biggest diameter trees (maxd72, cm) for nine
species that are represented by at least 50 individuals

code Species iba maxD72 Group

WP Apodytes dimidiata 2.91 37.4 2

Saf Elaeodendron croceum 2.34 28.7 2

Ass Curtisia dentata 3.41 30.9 2

Kam Gonioma kamassi 1.82 20.0 2

V Nuxia floribunda 2.34 33.9 2

SH Ocotea bullata 5.27 45.9 1

YH Olea capensis macrocarpa 8.70 51.5 1

Geel Podocarpus latifolius 5.33 50.5 1

Kers Pterocelastrus tricuspidatus 6.72 39.1 1
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Fig. 4 Grouping of tree species based on maximum size (mean dbh of
the 10 % biggest trees) and average growth rate (mean basal area
growth, cm2/year) during the 25-year measurement interval 1972-1997
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positive. Negative skewness implies a high proportion of
large trees in the subplot which results in significantly
greater production.

Maximum production as related to density and richness
Richness and density seem to have similar patterns of as-
sociation in respect of maximum basal area production.
Neither exhibits a clear relationship with production,
whereas both show a distinct frontier. Below those
bounds, there is great variation of production rates for
different levels of density and richness caused by other
unknown factors. Figure 5 presents the two frontiers, es-
timated by a non-linear percentile regression for the
0.99 quantile. Plot densities vary between about 10 and
50 m2/ha, and maximum production is estimated at
about 25 m2/ha.
The number of tree species varies between 10 and 30

per ha in the subplots, and maximum basal area produc-
tion is observed at medium levels of richness (around 22
species per ha).

Nearest neighbour structure and tree growth
The relationships between tree-based structural variables
and basal area increment cm2/year during the 25-year
period 1972 to 1997 and the four structure variables are
presented in Table 2. The relations are expressed by the
coefficients of a multiple linear regression, for the ten
most common species, which are represented by at least
50 individuals. All unlikely observations with negative
growth rates were disregarded. The results are listed in
Table 2.
The variable Dominance (D) is significant in all spe-

cies, although only at alpha = 0.05 in the case of Nuxia
floribunda. Mingling (M) is significant or highly signifi-
cant in three subcanopy specialists with relatively low

growth rates (Gonioma kamassi, Curtisia dentata, Elaeo-
dendron croceum). Aggregation (W) has a significant
positive effect on the growth of Pterocelastrus tricuspi-
datus and Gonioma kamassi, but the effect is negative
for Ocotea bullata, a species which tends to coppice
from existing root stocks. Basal area increment was not
sigifnicantly affected by Size variation (CV) in any spe-
cies except Podocarpus latifolius.

Discussion
This study presents a general framework for analysing
complex forests structures and represents a first de-
tailed analysis of the effects of structure in the
Knysna Afromontane forests at community, plot and
individual tree level.

Community structure
A logical first approach to identify species groups is
based on the premise that a forest community forms dis-
tinct vertical layers. Accordingly, Bossel and Krieger
(1994) classified species as understorey, “treelets”,
canopy trees, emergents and pioneers. In a two-stage
approach Köhler et al. (2000) classified species by poten-
tial height and successional status. Foresters have trad-
itionally identified canopy and subcanopy species and
such “layer” approaches are based on common sense.
Seydack (2000) developed a model identifying canopy-
layer guilds for tropical-type forests involving two main
canopy layer occupation guilds: forest matrix persistence
specialists (subcanopy species, lower canopy species and
relatively smaller-sized non-dominant canopy species)
and forest matrix- invading growth productivity general-
ists (canopy/upper canopy/supra-canopy dominants/
occupants). Forest matrix specialist species are associated
with growth-rate dependent vertical growth and stress
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Fig. 5 Effects of initial Basal Area (m2 per ha, left) and Richness (expressed as number of tree species per ha, right) on the production (average
basal area increment, m2/ha/year) assessed during the period 1972 to 1997. The lines, calculated by a 0.99 nonlinear percentile regression,
represent an estimate of the maximum production for different levels of richness and density
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resistance (persistence capacity) under the tropical-type
resource responsive metabolic performance trade-off
mode (Seydack et al. 2011, 2012). Conversely, forest
matrix invading canopy species are associated with
diameter growth productivity under the resource-
buffered metabolic performance trade-off mode more
prominently suited to temperate zone conditions (Sey-
dack et al. 2011, 2012). Tropical-type forests tend to
have a substantial species rich forest matrix content,
particularly Neotropical forests, whereas Southeast
Asian and West African tropical forests have add-
itional forest matrix-invader components, with sub-
stantially increased upper canopy contents (Whitmore
1991). In temperate forests, the forest matrix content
is relatively low in relation to canopy content. A
major problem is to differentiate between subcanopy
species that exhibit different traits. Furthermore, there
is an obvious problem of differentiating between ma-
ture and immature canopy species such that all indi-
viduals can be uniquely assigned to a specific group.
Cornelissen and Cornwell (2014) propose that plant

species effects on ecosystem functions should be
mapped onto the Tree of Life by analysing traits and
phylogenies together, thus linking ecological and
evolutionary information. Species traits which may ex-
plain differences in ecological strategy usually vary
widely. Recent advances in assessing plant species for
the traits that support certain strategies combined
with genetic screening and bioinformatics could form
the basis for developing molecular plant phylogenies
that could be used to develop distinct species clusters
for particular ecosystems. Such an advanced taxo-
nomic approach of aggregating species shows promise
for future studies.
The basic information for analysing traits and phy-

logenies together, in an attempt to link ecological and

evolutionary information, is still lacking. Therefore,
the size-growth ordenation approach used in this
study was found suitable in identifying two distinct
species groups.

Area-based structure in subplots
Five area-based structure variables were used to describe
the community within a defined plot area, and to estab-
lish a relation with plot basal area production. Three of
these variables, crowding, skewness and coefficient of
variation of the diameter distribution have a highly
significant effect. Crowding implies a relatively high
growing stock of actively growing trees. Skewness re-
flects the presence of a proportionally higher presence of
large trees. A high coefficient of diameter variation also
implies the presence of relatively large trees. These re-
sults make sense since productivity is primarily driven
by the presence of large trees (Midgley et al. 2002; Midgley
& Seydack 2006; Seydack 2000, 2012).
In studies where forest productivity has been related

to area-based variables like forest density, richness and
crowding, various effects were found. According to
Gamfeldt et al. (2013a,b), there is no clear evidence that
species richness is positively correlated with net primary
productivity in tropical forests (see also Gillman et al.
2015). However, Morin et al. (2011) found a positive
correlation in temperate forests where species richness
and productivity are both largely seated in the canopy
cohort.
A nonlinear percentile regression was calculated for

the remaining two variables, richness and density, to
provide an estimate of the maximum production for dif-
ferent levels of richness and density. Maximum basal
area production is observed at medium levels of richness
(between 18 and 25 species per ha) and density (between
15 and 30 m2 per ha). Highest gross basal area

Table 2 Relationship between by the basal area increment cm2/year during the 25-year period 1972 to 1997 and the four structure
variables (symbols defined previously), expressed by the coefficients of a multiple linear regression, for the ten most common
species, represented by at least 50 individuals. RSE = residual standard error; iba = average basal area increment cm2/year

Species N iba M D W T RSE R2

Apodytes dimidiata 124 2.9 0.8420 ns 3.333c 0.8156 ns 0.3424 ns 3.089 0.51

Elaeodendron croceum 125 2.3 1.9731b 3.1575c −0.5256 ns −0.1873 ns 1.748 0.67

Curtisia dentata 303 3.4 1.4611a 3.389c −0.1106 ns 1.131 ns 3.015 0.58

Gonioma kamassi 379 1.8 1.205 c 0.9251c 0.6956a 0.3578 ns 1.383 0.63

Nuxia floribunda 53 2.3 0.5292 ns 1.762 a 0.6324 ns 1.221 ns 1.736 0.68

Ocotea bullata 82 5.3 −0.3746 ns 6.6231b −7.1909a 5.3022 ns 6.027 0.53

Olea capensis macrocarpa 569 8.7 −0.7417 ns 11.87c 0.5479 ns 2.824 ns 7.538 0.63

Podocarpus latifolius 292 5.3 0.4192 ns 6.286c −1.235 ns 4.063b 3.957 0.69

Pterocelastrus tricuspidatus 142 6.7 0.6504 ns 7.1894c 5.0142a 1.4604 ns 5.010 0.68
aat alpha = 0.05; bat alpha = 0.01; cat alpha 0.001
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productivity levels were sustained in forest parcels/plots
with the highest basal area stocking levels (those with
the highest basal area accumulation over the preceding
period; Seydack 2000). This is congruent with Assmann
(1970) who stated that high absolute productivity of
mixed stands is usually associated with high growing
stock levels. When using basal density classes reflecting
the situation at the beginning of the increment period
(initial basal area) about 25 years ago, as in this study,
particularly plots with initially high basal area stocking
levels turned into phases of growing stock reduction
caused by the mortality of larger trees. This would ex-
plain the lower maximum productivity levels at initial
stocking levels above 30 m2 per ha (Fig. 4). This is also
in agreement with Midgley & Seydack (2006) who found
that gross production and stocking levels per plot were
positively correlated, whereas net production per plot
was not correlated with density.
We expect to find the highest species richness in plots

where the species-rich forest matrix is not crowded out
by canopy-species dominance. However, large canopy
trees are underpinning high productivity. At intermedi-
ate levels of species richness we expect the forest matrix
(contributing most to species richness) to be still intact.
Plots containing widely spaced large canopy trees are
contributing disproportionately to productivity.
Richness usually refers to the number of tree species

per unit of an arbitrary plot area. In this study, we
present a method for establishing a common standard,
the richness per ha. A three-parameter function, known
as the Chapman Richards model (Shifley and Brand,
1984), was used to estimate the species-area relation
(SAR), based on drawing 10,000 circular samples for dif-
ferent circle radii between 3 and 58 m. The Chapman
Richards model is defined by an asymptote and therefore
especially suitable in situations where the contiguous
plot area is big enough to capture all species, as in our
study. If that is not the case, for example if plot areas
are small and the maximum number of species is un-
known, a two-parameter power function (Arrhenius,
1921)) would be more appropriate for estimating the
SAR (see also He and Legendre, 1996; Tjørve, 2003).
The procedure for estimating the species per ha would
be based on the same principle as outlined in section
Community Structure for the Chapman Richards model.
Obviously, the uncertainty in estimating richness will in-
crease with decreasing contiguous plot area.

Effects of neighborhood structures
As pointed out before, this study is not about classical
competition effects (see Seifert et al., 2014), but about the
growth of individual trees in response to their specific
neighborhood constellation. Although the effects of spe-
cies diversity on forest productivity has been relatively

widely studied, the role of other structural attributes, such
as spatial heterogeneity or tree size inequality have re-
ceived less attention (Bourdier et al. 2016).
Conspecific proximity (within 6 to 8 m radius) in the

Knysna forests had growth-depressing effects, but these
were mainly by canopy-occupants exerted on conspe-
cifics of the 10–15 cm diameter cohort (Seydack et al.
2011). Conspecific growth depression manifested itself
primarily within the forest matrix and not in the
productivity-determining canopy-layer; as would be ex-
pected in temperate forests (vide Morin et al. 2011).
Mokany et al. (2008), in a controlled study considering 3
species, found that aggregation of species had an effect
on growth rate and species resource use, although the
effect was variable. In our study some species were
unaffected, while in others growth rates increased or
decreased (e.g. in Ocotea bullata, notably a species
which tends to coppice from existing root stocks).
In studies where aggregation has been considered, at least

as an influence on resource use, more clumped cases lead
to less efficient resource use (De Boeck et al. 2006; Mokany
et al. 2008). It is noteworthy, however, that variables like
species diversity and clumping are to some extent linked; in
randomly assembled communities, clumps are larger when
species diversity is lower (De Boeck et al. 2006). Using data
from forest plots across France, considering increments
between 2006 and 2011, Bourdier et al. (2016) found that
variability in stem size was negatively related to basal area
increment for seven out of the ten species investigated.
They postulated that this effect could have been the result
of reduced light interception and/or reduced light use effi-
ciency, not necessarily merely due to the shade tolerance of
the species. If a high variability of tree sizes reflects on the
presence of large trees, one could expect high variability to
be associated with higher growth rates (as found in this
study), i.e. a positive association between high variability
and tree-size driven productivity. If high tree size variability
is a reflection of the presence of numerous smaller trees, a
negative association between variability and productivity
may be expected. This would explain what Bourdier et al.
(2016) had found for seven of their ten species studied.
Local dominance of reference trees was positively

associated with tree growth for all the species studied
(Table 2). This result can be expected because of the
over-riding importance of large size for individual tree
growth, notably in tropical-type forests (see inter alia
Clark & Clark, 1999).

Conclusion
This contribution presents the first specific analysis of
the structure and dynamics of the unique Knysna Afro-
montane Forest, based on a set of longterm observa-
tions. The analysis is hierarchically structured, using a
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theoretical framework for analysing complex natural
forests that includes community, plot and neighborhood
variables of forest structure and diversity. The commu-
nity analysis facilitates species grouping while the plot-
based variables permit an assessment of the effects of
forest density and species richness on productivity. The
analysis of neighborboods was found useful for investi-
gating individual tree growth rates. The systematic appli-
cation of a set of R-scripts may help scientists to analyse
their own data sets. This includes a new approach for
developing a common standard of tree species diversity
for different plot sizes, the species richness per hectare.
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