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ARTICLE

Estimating site productivity in irregular stand structures by
indexing the basal area or volume increment of the
dominant species
John-Pascal Berrill and Kevin L. O’Hara

Abstract: Estimating site productivity in irregular structures is complicated by variations in stand density, structure, composi-
tion in mixed stands, and suppression experienced by subordinate trees. Our objective was to develop an alternate to site index
(SI) and demonstrate its application in models of individual-tree and stand growth. We analyzed coast redwood (Sequoia sempervirens
(Lamb. ex D. Don) Endl.) tree and stand growth in a grid of 234 permanent sample plots covering a 110 ha study area in north
coastal California. Partial harvesting created a mosaic of densities and openings throughout the 60-year-old redwood-dominated
forest. Redwood SI was a poor predictor of volume increment (VI) per hectare among redwood in each plot over two decades after
harvest. A new index of redwood basal area increment (BAI) productivity, calculated using inventory data for all stems in
even-aged stands and the oldest cohort of multiaged stands, was a stronger predictor of VI. Diameter increment of individual
redwood trees correlated strongly with stand density and the new BAI index. Forest managers should expect widely divergent
responses following partial harvesting in crowded even-aged stands, with the greatest response coming from dominant red-
woods with long crowns retained in areas with low residual stand density and high BAI index.

Key words: forest productivity, multiaged management, Sequoia sempervirens, site index, thinning response, tree growth, uneven-
aged silviculture.

Résumé : L’estimation de la productivité des stations qui supportent des peuplements de structure irrégulière est complexifiée
par la variation de leur densité, de leur structure, de leur composition dans le cas des peuplements mélangés et de l’oppression
subie par les arbres dominés. Notre objectif était de mettre au point une solution de rechange à l’indice de qualité de station (IQS)
et de démontrer son application à des modèles de croissance aux échelles de l’arbre et du peuplement. Nous avons analysé la
croissance du séquoia côtier (Sequoia sempervirens (Lamb. ex D. Don) Endl.) aux échelles de l’arbre et du peuplement à l’aide d’un
réseau de 234 placettes échantillons permanentes couvrant une aire d’étude de 110 ha dans le nord de la Californie côtière. Une
coupe partielle a créé une mosaïque de densités et d’ouvertures dans la forêt de séquoia âgée de 60 ans. L’IQS du séquoia était un
mauvais prédicteur de l’accroissement en volume (AV) à l’hectare des séquoias dans chaque placette au cours des 20 premières
années après la coupe. Un nouvel indice de productivité fondé sur l’accroissement en surface terrière (AST) du séquoia et calculé
en utilisant les données d’inventaire de tous les arbres dans les peuplements quiennes et de la plus vieille cohorte d'arbres dans
les peuplements inéquiennes, était un meilleur prédicteur de l’AV. L’accroissement en diamètre de séquoias individuels était
fortement corrélé à la densité du peuplement et au nouvel indice d’AST. Les aménagistes forestiers devraient s’attendre à des
réactions fortement divergentes à la suite d’une coupe partielle dans des peuplements équiennes de forte densité. Les séquoias
dominants avec une cime allongée, laissés sur pied aux endroits où la densité résiduelle du peuplement est faible et où l’indice
d’AST est élevé, devraient réagir le plus fortement. [Traduit par la Rédaction]

Mots-clés : productivité de la forêt, aménagement inéquienne; Sequoia sempervirens, indice de qualité de station, réaction à
l’éclaircie, croissance des arbres, sylviculture inéquienne.

Introduction
Estimates of forest site productivity are a central element of

forest management and planning. They provide critical informa-
tion to forecast rates of change and estimate potential production
of wood or biomass under different management prescriptions.
Site productivity is often expressed as volume per unit area using
a range of merchantable and total volume units. Actual site pro-
ductivity can be directly assessed through time-consuming repeated
measurements in permanent plots. More often, site productivity is
estimated through either geocentric methods, such as soil and other
environmental variables, or phytocentric methods such as site index

(SI) or analysis of vegetation (Skovsgaard and Vanclay 2008). These
methods are often termed “indirect” approaches to estimating site
productivity because they use other variables (e.g., vegetation, soils,
dominant height) that are related to stand-level productivity (Jones
1969; Daniel et al. 1979; Skovsgaard and Vanclay 2008). These indi-
rect approaches are then linked to productivity in volume per unit
area or some other variable that represents productivity.

The linkage between SI, which is based on the height of domi-
nant trees at some index age, and wood volume production is
generally through yield tables or growth and yield models. A yield
table or growth model generally requires an SI estimate to get a
prediction. Vegetation or geocentric approaches may provide a
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unique rating of site productivity or be linked to volume produc-
tion through SI. For example, the soil-site approach used in Pacific
Northwest Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco var.
menziesii) (Steinbrenner 1979) was related to SI, and the vegetation-
based habitat type system used in the northern Rocky Mountains
(Pfister et al. 1977) was related to site classes. Hence, SI is both an
indirect measure of site productivity and an integrating variable
for other indirect methods.

SI relies on the carbon allocation priorities in trees where
height growth is a low priority for resources (Oliver and Larson
1996; Waring and Running 1998) and, in dominant trees, where
height growth is relatively independent or insensitive to spacing
(Lanner 1985). This results in dominant height growth that is rel-
atively independent of stand density, competition, or treatment,
but sensitive to factors affecting resource availability or site pro-
ductivity. Heights and ages of dominant trees can be determined
and matched to a predetermined site–age relationship to give
index values. A tree in a dominant position throughout its devel-
opment (i.e., free-to-grow) is required because trees in subordinate
positions have reduced growth owing to competition (Ritchie and
Hann 1986).

There is currently a worldwide increase in interest in multiaged
forest management strategies (Diaci et al. 2011). Although many
multiaged stands are managed for resources other than timber
production, measures of site productivity are needed as indica-
tors of sustainability, for predicting rates of change, or estimat-
ing timber production on sites managed for timber. In irregular
stands, such as uneven-aged or multiaged, trees generally experi-
ence variable degrees of suppression when they are young (Wright
et al. 2000). These trees are therefore not suitable for estimating
SI. The only suitable empirical SI method for multiaged stands
would be based on periodic height growth increment of domi-
nant trees in the oldest cohort. However, this approach de-
pends on accurate remeasurement of tree height or reconstruction
of height increment from destructive samples, and may be better
suited to species with less interannual variation in height growth
such as species with preformed growth (Oliver and Larson 1996;
Pallardy 2010). Vegetation or geocentric approaches are appropri-
ate for irregular stands, but they often are undeveloped for all
forest types. McLintock and Bickford (1957) developed a metric
where height over diameter was used in red spruce (Picea rubens
Sarg.) to represent site quality rather than the conventional height
over age. Huang and Titus (1993) used height and diameter of
dominant and codominant trees to represent site quality in a
mixed boreal forest. Trasobaresa and Pukkalab (2004) used past
growth to improve individual-tree diameter growth models for
uneven-aged mixtures of Pinus spp. in Spain. Schmoldt et al. (1985)
represented site quality with the asymptote of a yield equation.
Skovsgaard and Vanclay (2008) suggested using stand volume
growth per unit of height growth as a measure of site quality.

Coast redwood (Sequoia sempervirens (Lamb. ex D. Don) Endl.) is a
rapidly growing tree endemic to the west coast of North America
and is used as a plantation tree in New Zealand and elsewhere. It
is tolerant of shade and can be grown in either even-aged or mul-
tiaged stand structures (Jones and O’Hara 2012). However, the
sustained mode of height growth (Oliver and Larson 1996) in red-
wood trees, including dominants, in any stand structure can lead
to an inconsistent annual height growth pattern. This suggests
that SI or periodic height increment will be imprecise estimators
of site productivity. Currently, there are no geocentric or vegeta-
tion tools for assessing site productivity in redwood stands. There
have been attempts to develop ecological classifications for red-
wood (Waring and Major 1964; Becking 1967), but these have not
been linked to estimates of site productivity.

The general objective of our study was to examine patterns of
redwood tree and stand growth across a range of stand struc-
tures and management histories. We studied a mixed redwood /

Douglas-fir forest that had received group and individual tree
selection treatments. Specific objectives were to

1. Develop an alternative index of site productivity based on its
potential to estimate stand volume increment in mixed even-
aged and multiaged stands;

2. Use data from our study site to compare performance of SI and
the new index in predicting stand productivity and revealing
other corollaries with stand growth (species composition, struc-
tural complexity, and responsiveness to partial harvesting);

3. Demonstrate application of the new productivity index by in-
corporating it into a model of redwood tree diameter growth
as a function of stand-level parameters (stand density, harvest
intensity,composition,structure,andsitequality)andindividual-
tree parameters (crown size and social position).

Methods

Study site
The Railroad Gulch study area (lat. 39°19=47==, long. 123°41=50==)

is located on Jackson Demonstration State Forest (JDSF), Mendo-
cino County, north coastal California. The 20 000 ha JDSF extends
inland from near sea level on the Pacific Coast to over 600 m
elevation, mostly situated on the coastal side of the Mendocino
Range. The climate is Mediterranean with low-intensity winter
rainfall and cool, dry summers. Mean annual rainfall increases
from 1000 mm at sea level to 1300 mm inland, with 90% of the
precipitation occurring between October and April. Coastal fog
typically extends about 16 km inland at night — covering the Rail-
road Gulch area — and retreating to the coast by afternoon. Soils
at the study site are well-drained loams formed in material de-
rived from sandstone.

Redwood occurs naturally at Railroad Gulch in combination
with coast Douglas-fir and tanoak (Notholithocarpus densiflorus
(Hook. & Arn.) Manos et al.). Less common associates are grand fir
(Abies grandis (Douglas ex D. Don) Lindl.), western hemlock (Tsuga
heterophylla (Raf.) Sarg.), Pacific madrone (Arbutus menziesii Pursh),
and red alder (Alnus rubra Bong.). Redwood-dominated stands re-
generated naturally after the old-growth forest was harvested
from Railroad Gulch around 1920. In the study area, we found
small groups of regularly spaced redwood trees indicating poor
survival of seedlings planted after logging.

In 1982, the 110 ha study area was divided into 14 contiguous
blocks including two uncut control blocks. Group selection, indi-
vidual tree selection, and combined individual tree and group
selection harvest treatments were applied to 12 square 8.1 ha
blocks. Basal area was reduced by 20%–50%. A total of 234 circular
fixed-radius 0.04 ha plots were established on random-start grids
aligned north–south in the 14 blocks, collectively covering almost
10% of the 110 ha study area.

Tree and stand data
Diameter of all trees greater than 10 cm in diameter at 1.37 m

breast height (DBH) was measured in the 234 plots before harvest-
ing in 1982, and remeasured in 1992 and 2002. Tree height and
height-to-live crown base were recorded in 1992 and 2002. Trees
located on stand edges, roads, or immediately adjacent to cut
areas were coded as “edge trees” and trees cut during harvesting
were coded as “cut trees”. Bark-to-pith increment cores collected
from four redwood trees of dominant or codominant crown class
within the overstory stratum (Oliver and Larson 1996) in each
plot gave breast height age data for the overstory. The height and
age data for these four trees were used to estimate SI — defined as
the average height of dominant trees at base age 50 years — for
each sample plot using the redwood SI equation of Wensel and
Krumland (1986).

To estimate individual-tree volumes, tree height estimates
were obtained for trees without height data using a generalized
height–diameter regression (Krumland and Wensel 1988). Tree
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stemwood volume was predicted from DBH and height using
species-specific volume equations for north coastal California spe-
cies (Wensel and Krumland 1983) and coefficients for JDSF (Griffen
1986). Tree data collected in each plot were summarized to the
hectare level, and summarized for three main species groups:
redwood, Douglas-fir, and all hardwoods. Species composition in
terms of percent basal area (BA; hectare sum of cross-sectional
stem area at breast height) was calculated for each species group
in each plot.

Basal area and volume productivity index
A new index of relative growth rate was developed, based on

either redwood BA increment or volume (hectare sum of live
stemwood volume) increment in each sample plot. Diagrams sum-
marize each part of the two-step procedure.

(i) Mitigating the influence of species composition on productivity
in sample plots

Since we expected species composition to influence stand incre-
ment, we developed a productivity index exclusively for the dom-
inant species, redwood. The redwood component within each plot
was separated from all other species present, and an estimate of
growing space in terms of stand density index (SDI) occupied by
redwood in each plot was obtained as follows: SDI was calculated
for each tree (Shaw 2000) and summed for all species combined,
and again separately for redwood trees in each plot. Dividing
redwood SDI (SDIredwood) by total SDI (SDItotal) gave the approxi-
mate proportion of growing space (defined as total plot area, Aplot)
occupied by redwood in each 0.04 ha plot. An SDI-adjusted plot
area (ASDI-adj.redwood) for the redwood component of each plot was
calculated as

(1) ASDI-adj.redwood � Aplot

SDIredwood

SDItotal

The SDI-adjusted plot area was used to represent the amount of
growing space occupied by redwood in each plot, irrespective and
exclusive of other species present. It was used to obtain hectare-
level summary data (i.e., redwood density, redwood BA, and redwood
volume per hectare) exclusively for redwood trees in each plot (Fig. 1).
In essence, the method assumes that a pure redwood stand replaced
the mixed stand sampled in each plot (Berrill et al. 2012).

Summary data and SDI were calculated using postharvest data
for 1982, 1992, and 2002 measurements. Basal area increment
(BAI) was defined as the average annual BA increment between
the first and last remeasurements (1982–2002). Tree height data
for 1982 were only available for a small subsample of trees, and in
several cases did not match later remeasurements. Therefore,
stand volume in 1982 was not calculated, and volume increment
(VI) was defined as the average annual increment between the
middle and last measurement (1992–2002).

(ii) Accounting for differences in stand density among plots
We expected plots with higher stand densities to have greater

increment. Therefore, we developed a productivity index that
accounted for differences in density between plots (Fig. 2). Re-
gressing redwood BAI and VI against stand density (in terms of
stems·ha−1, BA, or SDI) in each plot gave the “expected” average
increment for any density. Equations tested were power, hyper-
bolic (first degree inverse polynomial), Chapman–Richards, and
rational functions. Model selection was based on AIC. The selected
models were used to predict expected values of redwood BAI per
hectare (BAÎ) and redwood VI per hectare (VÎ) across the range of
redwood density in 234 sample plots. The residual value (e) for each
sample plot (i.e., distance above or below the regression line;
residual = actual – expected value) gave a percent residual (e%) be-
tween expected and actual values of BAI or VI, respectively, as

(2) e[BAÎ]% � 100
BAI � BAÎ

BAÎ
e[VÎ]% � 100

VI � VÎ
VÎ

The percent residual for each sample plot was scaled to have a
mean of one, giving a relative growth rate for redwood BA (BAI
index) or volume (VI index), where for any given density: 1 =
estimated average growth rate; 0.5 = 50% of average growth; 1.2 =
120% of average growth, etc. Therefore, larger index values for
a given sample plot indicated that redwood trees within plot
boundaries were collectively accruing (basal) girth or volume at
higher rates than trees in plots with lower productivity index
values.

Stand productivity, structure, composition, and response to
partial harvesting

Relationships between the productivity variables were exam-
ined using multiple linear regression analysis. SI and BAI index
estimates for each plot were regressed against VI data and VI
index estimates. Productivity index estimates were also regressed
against variables representing stand structural (tree-size) variabil-
ity, species composition, or aspects of the partial harvesting. Vari-
ables describing tree-size variability were standard deviation of
DBH and the ratio of additive SDI (Shaw 2000) to Reineke’s (1933)
SDIr calculated from the quadratic mean DBH (SDI/SDIr; Ducey
2009). Species composition was represented by the percentage of
stand BA in Douglas-fir or hardwood. Harvest variables were BA
cut (m2·ha−1), percent BA cut, and d/D ratio of the average DBH of
trees cut (d) to all trees (D) (Smith et al. 1997). Standardized coeffi-
cients were calculated to show relative contributions of individual
variables. Variance inflation factors (VIF) were calculated to warn
of potential collinearity problems between explanatory variables;
a VIF of one represents zero correlation and a VIF > 10 indicates
important collinearity (Neter et al. 1990).

Tree response to partial harvesting
Redwood tree diameter increment was examined using gener-

alized linear mixed model analysis to account for nesting of trees
within plots within harvest treatment blocks. Mixed models were
fitted to average annual DBH increment data for individual red-
wood trees over the first and second decade since partial harvest-
ing. Candidate predictor variables (i.e., fixed effects) tested were

Fig. 1. Diagram illustrating the SDI-adjustment procedure to isolate
the redwood stand component in each plot. SDI, stand density
index.

Fig. 2. Diagram illustrating the procedure for calculating basal area
(BA) or volume increment (VI) productivity index value for each plot.
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• Tree size (DBH or tree BA) and live crown ratio;
• Dummy variables for decade and stand edge versus interior

locations;
• SDI and species composition in terms of percent hardwood BA

or Douglas-fir BA;
• Structural diversity in terms of tree-size variability: sd DBH or

SDI/SDIr ratio;
• Sum BA of trees with larger DBH (BAL; Wykoff et al. 1982;

Ritchie and Hann 1985);
• BA cut or percent BA cut within plot boundaries, and relative

size of cut trees: d/D ratio;
• Site quality in terms of either SI, BAI index, or VI index.

Random effects in the mixed models were tree, plot, and treat-
ment block. Data were analyzed using PROC GLIMMIX in the SAS
statistical analysis software (SAS Institute Inc. 2004; Littell et al.
2006). Selection of variables for inclusion in the final model of
redwood tree DBH increment (DBHI) 0–10 years and 10–20 years
after partial harvesting was based on likelihood ratio tests com-
paring the full model against reduced models in terms of model �2

at the 95% level of significance.

Results
In 1982, at least one tree was cut in 75% of all sample plots. The

intensity of partial harvesting varied widely between plots; the BA
cut ranged from 1.5 up to 133 m2·ha−1, with between 2% and 99% of
preharvest BA cut among plots where harvesting occurred. Sum-
mary data revealed major plot-to-plot variation in postharvest
data, 20 year average BAI (ha−1), 10 year average VI (ha−1), and
redwood tree DBHI and tree BAI summary data (Table 1).

Accounting for stand density differences among plots
Redwood BAI and VI data varied widely between plots with

similar stand densities (Fig. 3). Hyperbolic models (first degree
inverse polynomial equations) were selected to describe the rela-
tionship between redwood component density and average an-
nual BAI for the 20 year period immediately after harvesting
(1982–2002), and VI for the 10 year period 1992–2002. SDI was most

strongly correlated with BAI and was adopted as the covariate
density measure for the BAI index. BA was more strongly corre-
lated with VI than either SDI or stems per hectare and was ad-
opted as the density covariate for the VI index (eq. (3) and Table 2).

(3) BAI �
SDI

a � bSDI
� � VI �

BA
a � bBA

� �

The increment–density models gave expected values of red-
wood BAI or VI after harvesting across the range of densities
at Railroad Gulch. For example, an average (expected) BAI of
1.27 m2·ha−1·year−1 was predicted for the median SDI of around
800 remaining after partial harvesting. Similarly, an average (ex-
pected) VI of 18.2 m3·ha−1·year−1 was predicted for the median BA
of around 65 m2·ha−1 of redwood remaining after partial harvest-
ing. The proportional differences (i.e., percent residual) between
the actual increment for each plot and the estimated average level
of productivity at Railroad Gulch for any density (i.e., BAI index
and VI index) varied widely between plots at Railroad Gulch and
were >50% above average (i.e., index value > 1.50) in several plots.
Redwood SI based on increment core age data was also variable
across the Railroad Gulch area, but only varied within approxi-
mately ±50% between plots, ranging from 20.6 to 40.6 m at base
age 50 years (Table 3).

Relationships between productivity indices, harvesting, and
stand variables

SI was a poor predictor of volume productivity in plots at Rail-
road Gulch. The redwood VI index correlated more strongly with
BAI index (r = 0.56; R2 = 0.32) than with SI (r = 0.34; R2 = 0.12). In
combination, redwood SI and BAI index estimates only explained
37% of variation in VI index values (Table 4) and 26% of variation in
per-hectare redwood component VI (over a wide range of densi-
ties) in plots at Railroad Gulch. Standardized multiple linear re-
gression coefficients also indicated that BAI index estimates were
stronger predictors of volume productivity than SI estimates. Low
variance inflation factors (<1.04) signaled that the collinearity be-

Table 1. Stand summary data for plots at Railroad Gulch: age, tree size, density, composition, and postharvest average
annual redwood tree (n = 1984) and stand basal area (BA) increment (BAI) and volume increment (VI) for whole stand
(all species) and redwood component (SDI-adjusted to hectare level; Berrill et al. 2012).

Data Variable No. of plots Mean sd Min. Max.

1982 Age (years) 234 58.60 3.62 46.00 62.00
Redwood DBH (cm) 234 37.12 19.33 4.57 118.87
Redwood density (stems·ha−1) 223 486.20 262.85 37.41 1653.40
Redwood BA (m2·ha−1) 223 55.93 28.58 1.58 141.59
Stand density (stems·ha−1) 234 558.84 290.67 24.71 1581.47
SDI (metric) 234 844.91 447.60 11.47 2142.28
Redwood (% BA) 234 66.92 24.69 0.00 100.00
Douglas-fir (% BA) 234 12.52 18.24 0.00 100.00
Hardwood (% BA) 234 16.15 17.47 0.00 100.00
BA cut at harvest (%) 234 31.64 26.91 0.00 99.58
Thinning type d/D (<1 = low thin) 175 1.01 0.29 0.20 2.08
Ratio additive SDI/SDIr 234 0.92 0.03 0.80 1.00

2002 Redwood DBH (cm) 223 44.05 22.82 4.57 142.24
Redwood height (m) 223 27.00 11.89 1.83 58.83
Redwood CR 223 0.39 0.14 0.05 0.90
SDI (metric) 234 1123.64 523.85 14.96 2737.96

1982–1992 Ten year redwood DBHI (cm·year−1) 234 0.40 0.34 0.00 2.36
Ten year redwood tree BAI (dm2·year−1) 234 0.30 0.34 0.00 3.16

1982–2002 Twenty year redwood BAI (m2·ha−1·year−1) 223 1.24 0.48 0.11 3.57
Twenty year stand BAI (m2·ha−1·year−1) 234 1.19 0.51 0.01 3.57

1992–2002 Ten year redwood DBHI (cm·year−1) 234 0.34 0.30 0.00 2.00
Ten year redwood tree BAI (dm2·year−1) 234 0.29 0.34 0.00 3.21
Ten year redwood VI (m3·ha−1·year−1) 223 18.69 10.00 0.15 60.95

Note: Age, average breast height age of redwood site index trees for each plot in 1982; SDI, stand density index; BA, basal area;
CR, crown ratio; BAI, basal area increment; DBHI, diameter at breast height increment; d/D, thinning ratio; VI, volume increment.
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tween SI and BAI index values for each plot was negligible, sup-
ported by a relatively weak correlation between redwood SI and
BAI index (r = 0.20; R2 = 0.04).

After accounting for variation in redwood VI index attributed to
site quality in terms of BAI index and SI, multiple linear regres-
sion analysis revealed a positive relationship at the stand level
between volume productivity (in terms of VI index) and harvest
intensity (percent BA cut) (Table 4). Stand-level variables not sig-
nificantly correlated with VI index were thinning type (d/D ratio),
structural diversity (sd DBH; SDI/SDIr ratio), and species composi-
tion (percent Douglas-fir BA; percent hardwood BA).

Factors affecting individual-tree responses to partial
harvesting

Tree diameter response to partial harvesting was associated
with tree-level, stand-level, and site quality variables. Generalized
linear mixed model analysis with a dummy variable for crown
class indicated that redwood tree diameter increment (DBHI) dif-
fered significantly between all crown classes (i.e., different inter-
cepts). A single DBHI model was developed after replacing crown
class with BA among larger trees (BAL), a continuous variable
representing tree social position within each plot. The regression
analysis indicated that redwood DBHI was significantly lower at
higher BAL, over the second decade after partial harvesting versus

the first decade, and among interior versus edge trees. On average,
redwood growth after harvest was greater among larger trees with
longer crowns (higher crown ratio; CR) in plots with lower stand
density (SDI). Percent BA cut was a better predictor of DBHI than
absolute BA cut. An interaction between harvest intensity (BA
cut%) and the dummy variable for decade revealed that the posi-
tive growth response to heavier cutting had faded by the second
decade after partial harvesting (Decade#2). Standardized regres-
sion coefficients indicated that site quality in terms of BAI index
was the second strongest predictor of redwood DBHI after tree
size (DBH). Greater structural diversity in terms of the ratio of
additive SDI to traditional SDIr in each plot (SDI/SDIr) was associ-
ated with more rapid DBH growth, but structural diversity was the
least influential among predictor variables found significantly
correlated with DBHI. Redwood tree DBHI did not correlate with
species composition variables (percent hardwood BA or percent
Douglas-fir BA remaining after harvesting), thinning ratio (d/D), or
tree-size variance within plots (sd of DBH). Likelihood ratio tests of
model performance indicated that DBHI models that included BAI
index were significantly better (at 99.9% level of significance) than
any model that did not consider site quality and models that
included SI or volume productivity (VI index). Adding BAI index to
the DBHI model reduced residual variance by 12.6%, whereas add-
ing SI only reduced it by 0.4%. Table 5 lists coefficients, standard-
ized coefficients, and fit statistics for the best-fitting DBHI model
(eq. (4)).

(4) DBHI � e��0 � d1Decade#2 � d2Edge � �1BAL0.5 � �2 ln SDI

� �3(BA cut% � 1)0.5 � �4Decade#2(BA cut% � 1)0.5

� �5DBH0.5 � �6CR � �7SDI/SDIr � �8BAI index� � 1

A series of curves represent model predictions (i.e., expected
values) for redwood DBHI after partial harvesting across the entire
range of data used to develop the model (Fig. 4). On average — for
the tree of average size and CR with average BAL for trees in each
crown class — diameter growth after harvest was greatest among
the largest dominant trees and lowest among the smallest sup-
pressed trees. Converting diameter growth to BA growth for the
average redwood tree in each diameter class demonstrated that
larger redwoods in upper crown classes were expected to accumu-
late much more wood than smaller trees. Growth was much faster
at lower stand densities. Larger redwood trees with longer crowns
had more rapid diameter growth after partial harvesting, but the
CR effect was modest when compared with tree size, stand den-
sity, and site quality effects (Fig. 4).

Discussion
Redwood SI was a poor predictor of VI index (r = 0.34).

Weiskittel et al. (2011) reported stronger correlations (r = 0.65–
0.70) between SI and gross primary productivity for various forest
types across the western US. Kimberley et al. (2005) reported much
stronger correlations between Monterey pine (Pinus radiata D.
Don) plantation SI and volume growth (r = 0.74–0.87), but found
that correlations became weaker with advancing stand age. Vari-
ation in stand volume growth independent of SI has been recog-
nized in Monterey pine (Kimberley et al. 2005) and in coast
Douglas-fir (Knowles 2005) plantations in New Zealand. These
studies present stemwood volume productivity indices for a stan-
dard silvicultural regime. Basing their indices on standard re-
gimes applied to even-aged monocultures eliminated confounding
differences in density and species composition. Our redwood pro-
ductivity indices for growth in the overstory cohort of mixed mul-
tiaged stands depend on SDI-adjustment (of plot area) and density-
adjustment procedures to overcome confounding differences in
species composition and stand density (SD) within mixed, irregu-
lar stand structures. The SDI-adjustment procedure does not ac-

Fig. 3. Sample plot data and hyperbolic models for SDI-adjusted
redwood basal area increment (BAI) as a function of stand density
index (SDI) and volume increment (VI) as a function of BA after
partial harvesting at Railroad Gulch.
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count for past disturbances that may have affected growth and
yield in some plots. Despite the uncertainty introduced by any
such effects, the procedure has proven useful in this analysis
where hardwood BA was influential and varied widely between
plots. Plots with more hardwood BA generally produced less total
volume per hectare (r = –0.49), but after isolating the redwood
component in the analysis, the percent hardwood BA no longer
correlated with the redwood VI index. The negligible correlation
between BAI index and percent hardwood BA in each plot (r =
–0.07) suggested that areas with more hardwoods were not neces-
sarily less favorable for redwood tree growth.

Partial harvesting at Railroad Gulch in 1982 contributed to vari-
ability in density among plots and, hence, variation in BAI and VI
(Table 1). Oliver et al. (1994) found that 15 years after commercial
thinning, redwood stand growth did not differ significantly be-
tween areas where stand BA was reduced by up to 50% compared
with unthinned controls; the thinned stands responded to the
reduction in density with greater individual-tree growth. Simi-
larly, our hyperbolic BAI–density model for redwood at Railroad
Gulch portrayed postharvest BAI beginning to “level out” in plots
with higher densities; increment was accruing on either fewer
large stems or more small stems. For example, we expected ap-
proximately 1.7 m2·ha−1 year−1 redwood BAI in areas with SDI =
2000, whereas only slightly less increment (1.4 m2·ha−1·year−1) was
expected in areas with half the density (SDI = 1000) (Fig. 3).

An easily measurable index of productivity is needed to (i) assess
redwood forest site quality, (ii) compare silvicultural systems and
prescriptions, and (iii) detect changes in the growth of even-aged
and multiaged stands and in the growth of the dominant species
in mixed stands. Our methods can be repeated for any forested
area. Isolating the redwood component of mixed stands using SDI
adjustment is straightforward in fixed-area plots. BAI productivity
index values can be derived from existing inventory data where
two or more repeat measurements were collected. The method of
normalizing for density in the stand or in the redwood compo-
nent can be repeated by fitting curves to increment and density
data (e.g., Fig. 3) to obtain expected BAI or VI for any forest or
region. Our increment–density models apply to thinned and un-
thinned even-aged stands and the overstory cohort of multiaged
stands, aged approximately 50–80 years old (within the area
where increment–density data were collected). For example, solv-
ing eq.s (2) and (3) for a theoretical stand with a SDI-adjusted
redwood BA of 50 m2·ha−1 and a VI of 21.6 m3·ha−1·year−1 indicated
that growth was 50% above the expected 14.4 m3·ha−1·year−1.
Given that our BAI index values were transformations of growth over
the observed period, the superiority of the BAI index over SI as a
predictor of redwood tree and stand growth may be overstated.

However, in light of the wide range of BA growth rates measured
at Railroad Gulch, any future refinement or development of stand
growth and yield models for the redwood region should include a
productivity index term as a modifier that adjusts predicted BA
growth rate to better account for differences in site quality within
and between stands. A method of observing or estimating BAI
index in advance of the growth and yield model prediction period
will be needed, presumably using repeat measurements in perma-
nent plots or increment cores to obtain growth data. Estimating
BAI index in advance of any model prediction period will likely
depend on general increment–density models covering a wide
range of overstory cohort ages and harvest return intervals.

VI is a more direct measure of site quality — as it relates to
volume or biomass productivity — than SI or site class. However,
factors confounding the relationship between stand VI and site
quality include differing growth rates between species or variable
efficiencies of individual trees in different structures (O’Hara
1996) or changes in climate (e.g., Monserud et al. 2008; Latta et al.
2010). Even after accounting for differences in species composi-
tion and density at Railroad Gulch, postharvest BAI and VI exhib-
ited variability well in excess of ±50% (Fig. 3). In addition to
differences in site quality, this variability in productivity between
plots may also relate to differences in genetics and growth of
seedling- versus sprout-origin redwood, disturbance associated
with the road installation and harvesting operations in 1982, the
lack of precision for estimates obtained from the 0.04 ha fixed-
radius circular plots capturing an average of 35.5 trees per plot
before harvesting and 22.6 trees per plot after harvesting (Berrill
and O’Hara 2012), confounding between harvest response and site
quality owing to nonrandom assignment of treatments, and age
differences among trees (Skovsgaard and Vanclay 2013). Several
factors could account for the 16 year range in age estimates for
dominant trees, including ring count errors (Waring and O’Hara
2006), slower establishment of planted redwood seedlings (Jameson
and Robards 2007), or small-scale disturbances during the first
15 years following the initiation of this stand around 1920 (Brown
and Baxter 2003). Fire probably altered the age structure of the
regenerating stand in localized areas, giving rise to patches of
trees with different ages. Studying and accounting for these
sources of variation would improve our BAI index and VI index
estimates. The strong correlation between plot BAI index values
calculated separately for the first and second decades after partial
harvesting (r = 0.80, p < 0.001) suggested that site quality indeed
varied widely between plots but not between periods, which
would be indicative of random error.

The weak correlation between redwood SI and BAI index (r =
0.20) implied that height growth (of dominant redwood trees) and
per-hectare redwood BA growth proceeded somewhat indepen-
dently. This suggested that redwood height and BA growth each
might be controlled or limited by different environmental factors.
At Railroad Gulch, redwood SI did not correlate with individual-
tree DBH response to partial harvesting. The BAI index was a
highly significant predictor of redwood tree diameter increment
in the first and second decades after partial harvesting (Table 5).
Representations of mixed model predictions in Fig. 4 depict the
magnitude of influence of each variable with all other variables
held constant at either the stand average or crown class average for
tree size, BAL, and CR; these were values and differences one

Table 2. Hyperbolic increment–density model coefficients and fit statistics for 20 year average annual basal area
increment (BAI) as a function of stand density index (SDI) and 10 year volume increment (VI) as a function of BA for
redwood component (SDI-adjusted) (eq. (3)).

Dependent variable No. of plots a Standard error (a) b Standard error (b) RMSE

BAI (m2·ha−1·year−1) 223 258.9000 33.179 0.4610 0.036 0.384
VI (m3·ha−1·year−1) 223 3.1206 0.265 0.00708 0.003 6.813

Note: BAI, postharvest average annual BA increment 1982–2002; VI, periodic average annual volume increment 1992–2002; RMSE,
root mean square error.

Table 3. Summary data for redwood productivity indices in sample
plots at Railroad Gulch.

Variable
No. of
plots Mean sd Min. Max.

SI (m at age 50 years) 234 29.37 3.55 20.56 40.64
BAI index 223 1.00 0.32 0.33 2.32
VI index 223 1.00 0.38 0.12 2.28

Note: SI, site index; BAI, basal area increment; VI, volume increment.
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would expect to encounter in a similar stand, giving a realistic
depiction of expected differences in increment between crown
classes. Dominant trees responded to partial harvesting with the
most diameter growth, followed by codominants, intermediate,
and suppressed trees, in that order, consistent with redwood
stemwood volume growth efficiency differences between over-
story tree crown classes (Berrill and O’Hara 2007). Converting DBH
increments to tree BAIs gave a better portrayal of differences in
terms of stemwood accumulation between crown classes (Fig. 4).

Our data were collected from trees remaining after partial har-
vesting in a crowded approximately even-aged stand. Individual-tree
growth responses are unlikely to rival response to harvest in
managed multiaged stands where stand density is controlled to
promote growth and vigor of smaller trees in younger cohorts.
Therefore, our mixed models of individual-tree response inform
decisions related to commercial thinning or conversion towards
multiaged management. In such situations, forest managers
interested in promoting rapid diameter growth through partial
harvesting in crowded stands should consider removing trees in
lower crown classes that were suppressed and will not respond as
rapidly when SD is reduced by cutting. Conversely, higher SDs
might be retained by managers interested in controlling redwood
DBH growth. Care should be taken to control SD if prolonged
increases in growth and vigor are sought, because of its impor-
tance as a corollary with redwood diameter growth and also its
impact on CR (Berrill et al. 2012) that has also been shown to

correlate with response of redwood to partial harvesting. Faster
redwood growth after partial harvesting on sites with higher BAI
index will result in faster re-occupation of growing space and
onset of crowding, which should be considered when planning
multiaged management to promote understory tree growth and
vigor (Berrill and O’Hara 2009).

Conclusion
Coast redwood stand growth was highly variable at Railroad

Gulch. Stand growth was slower in areas with proportionally
more hardwood BA. The method of isolating the redwood compo-
nent using an SDI-adjustment procedure proved useful in mitigat-
ing the confounding influence of growth-rate differences among
species. However, the SDI-adjusted redwood VI still correlated
poorly with redwood SI, which in turn correlated poorly with BAI.
Combined, SI and BAI index only explained 26% of variation in
per-hectare redwood VI after partial harvesting at Railroad Gulch.
SI alone cannot be expected to explain much variation in produc-
tivity; differences in BA productivity independent of SI must also
be accounted for in studies and models of redwood stand growth
and yield. The redwood BAI index methodology can be used to
compare productivity between plots, stands, or regions using data
from mixed even-aged or multiaged stands. Incorporating a BAI
index parameter into stand-level or individual-tree growth models
would involve developing and applying the appropriate increment–

Table 4. Relationships between productivity indices: multiple linear regression coefficients and fit statistics for
volume productivity index estimates (VI index; dependent variable) for redwood component (SDI-adjusted); standard-
ized coefficients indicate relative contribution of independent variables: site index (SI), postharvest basal area incre-
ment index (BAI index), and proportion of basal area cut (BA cut%).

Dependent
variable

Independent
variable

Parameter
estimate

Standard
error P > |t|

Standardized
coefficient VIF

Model: R2
adj. = 0.37; RMSE = 0.30; n = 223 plots

VI index Intercept −0.34540 0.170 0.0431 0.00 0.00
SI 0.02553 0.006 <0.0001 0.24 1.04
BAI index 0.60702 0.064 <0.0001 0.51 1.04

Model: R2
adj. = 0.39; RMSE = 0.29; n = 223 plots

VI index Intercept −0.35422 0.167 0.0353 0.00 0.00
SI 0.02627 0.006 <0.0001 0.25 1.04
BAI index 0.51979 0.071 <0.0001 0.44 1.29
BA cut%0.5 0.18715 0.067 0.0056 0.16 1.24

Note: SDI, stand density index; RMSE, root mean square error; VIF, variance inflation factor. Proportion of BA cut, where 0 = no
cutting and 1 = 100% of BA cut.

Table 5. Redwood tree diameter increment model: generalized linear mixed model coefficients, fit
statistics, and standardized coefficients for tree growth (DBHI; cm·year−1) over two decades since
partial harvesting at Railroad Gulch, as a function of tree location within stand (interior versus edge),
basal area among larger trees (BAL; m2·ha−1), stand density index (SDI; metric, additive), proportion
of BA cut (BA cut%), tree size (DBH; cm), crown ratio (CR), structural diversity index (SDI/SDIr ratio),
and redwood BA productivity index (BAI index) (eq. (4)).

Independent variable
Parameter
estimate

Standard
error P > |t|

Standardized
coefficient

Intercept �0 0.24300 0.1377 0.0777 0.2890
Decade#2 (Y/N) d1 0.12590 0.0485 0.2340 3.9654
Edge tree (Y/N) d2 0.04224 0.0071 0.1056 1.0004
BAL0.5 �1 −0.00645 0.0017 0.0002 −0.9934
LnSDI �2 −0.08818 0.0104 <0.0001 −2.5335
BA cut%0.5 �3 0.22920 0.0496 <0.0001 1.4459
BA cut%0.5 × Decade#2 �4 −0.15260 0.0443 0.0007 −5.2974
DBH0.5 �5 0.06205 0.0021 <0.0001 6.8327
CR �6 0.22390 0.0187 <0.0001 1.9907
SDI/SDIr ratio �7 −0.20980 0.0971 0.0309 −0.3376
BAI index �8 0.19600 0.0106 <0.0001 3.8855

Note: First decade, 1982–1992; second decade: 1992–2002; Proportion of BA cut, where 0 = no cutting and 1 = 100%
of BA cut; CR, range 0–1, where 1 = live crown 100% of total height; ratio of additive SDI (Shaw 2000) to traditional
SDIr (Reineke 1933); BAI index, e.g., 0.5 = 50%, 1 = 100%, 1.2 = 120%, etc. of expected BAI for given SDI.
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density model to obtain productivity index estimates for each
sample plot and then fitting growth models that included an in-
dex term. We demonstrated this approach by incorporating BAI
index into a growth model for overstory trees at Railroad Gulch.
After accounting for large differences in per-hectare BAI between
plots, our analysis revealed differences between crown classes in
terms of redwood tree diameter response over two decades after

partial harvesting. Larger trees in each crown class had greater
diameter growth response than smaller trees, and growth was
greatest among dominant redwood trees with long crowns re-
tained at low SDs after partial harvesting in an even-aged stand.
Tree and stand growth varied widely, according to differences in
BAI index and other factors, within the irregular mixed stand
structures at Railroad Gulch.

Fig. 4. Average annual redwood tree diameter or basal area increment (BAI) for crown-class average BA in larger trees (BAL) over the first or
second decade since partial harvesting at Railroad Gulch, according to tree size (DBH), stand density index (SDI), crown ratio (CR) and stand
edge versus interior location, harvest intensity (BA cut%) and structural diversity (SDI/SDIr; ratio of additive SDI to traditional SDIr), and BAI
index (1 = average productivity; 0.5 = 50% of average). Expected values generated for the range of data collected, while holding constant other
model inputs at stand average and average tree data for each crown class.
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