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Abstract

The effects of stand structure and species composition on the forest diversity-productivity
relationship have received much attention during the last few decades. The objective of this study
was to compare dry live aboveground biomass (AGB) growth among species structures (pure
hardwood, mixtures of hardwoods, mixtures of pines, mixtures of pines with hardwoods, and pure
pine) for different stand age, stand stocking, and site productivity classes. We also examined the
relationship between AGB growth and the predictors species richness, quadratic mean diameter,
height, compacted crown ratio, relative density, slope, aspect, precipitation, and elevation. We
used data from 2554 USDA Forest Inventory and Analysis (FIA) plots in Alabama. Tukey-Kramer
procedure with multiplicity adjustment was applied to compare AGB growth among the five spe-
cies structures. Species richness was 1-17 and AGB growth was 0.01-15.68 Mg ha' yr' across
the plots. For the pooled data, there was a weak overall correlation between AGB growth and
species richness (r=0.07, p=0.001). The AGB growth of pure and mixed stands was statistically
the same. In high-stocked stands productivity (AGB growth) was statistically the same in the
different structures. There was no difference between the AGB growth rate of pure pine stands
and mixtures that contained pine. However, pure pine stands outperformed mixed stands that
did not contain pines in the mix. Species identity was an important factor for AGB growth in pure
and mixed stands. As stocking increased, species structure became less important for the AGB
growth rate. Among stands with high-stocking, pure stands were as productive as mixtures with
no overall growth benefit of monocultures. If high or medium stocking level is maintained, there is
no obvious growth benefit from monocultures or mixtures. In stands with low-stocking however,
there appeared to be a benefit to having multiple species in the composition.

Key words: aboveground biomass growth; FIA; species richness; species structures; stand
stocking.

Introduction

The quantitative relationship between bio-
diversity and ecosystem function has been
investigated for decades (Huston et al.
2000, Nadrowski et al. 2010). The ques-
tion of whether plant diversity promotes

aboveground biomass productivity has
been a matter of much interest and ex-
perimentation (Vila et al. 2003, Paquette
and Messier 2011). Grassland studies,
conducted as controlled manipulative
experiments, have found conclusive ev-
idence that plant diversity increases and
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stabilizes productivity (Tilman and Down-
ing 1994, Tilman et al. 1996, Tilman 1999,
Cardinale et al. 2006), nutrient retention,
stability of multiple functions such as soil
microbial activity and nutrient cycling, and
soil carbon sequestration (Nadrowski et al.
2010). There are no such rigorous experi-
ments showing whether a positive diversi-
ty-productivity relationship is also present
in naturally regenerated forests, where the
relationship is not necessarily the same as
in plantations (Firn et al. 2007).

Several studies of naturally regener-
ated forests found species diversity as
a significant factor for aboveground bio-
mass productivity (Caspersen and Pacala
2001, Liang et al. 2007, Vila et al. 2007,
Paquette and Messier 2011, Ojha 2015,
Liang et al. 2016), while others showed
stronger effects of species identity (refer-
ring to which (set of) species are in the
community) than diversity (Nadrowski et
al. 2010). The mechanisms explaining pat-
terns of diversity-productivity relationships
in many ecosystems depend on complex
interactions between spatial covariance
and ecological parameters (Belote et al.
2011). Several factors can have an influ-
ence on the species diversity-productivi-
ty relationships in forests, such as plant
density (He et al. 2005, Potter and Woo-
dall 2014), site quality (Rodriguez-Loinaz
et al. 2008, Thoms et al. 2010, Paquette
and Messier 2011, Potter and Woodall
2014), environment (Hooper et al. 2005,
Vila et al. 2005, Ma et al. 2010, Paquette
and Messier 2011), seed dispersal limita-
tion (Partel and Zobel 2007), evolutionary
history and latitude (Partel et al. 2007),
successional status (Caspersen and Pa-
cala 2001, Vila et al. 2003), anthropogen-
ic disturbances (Lorimer and White 2003,
Tenzin and Hasenauer 2016), and spatial
scales (Chase and Leibold 2002, Belote
et al. 2011).

In forest dynamics, the biotic tree-to-
tree interactions (competitive or facilita-
tive) are important structural mechanisms
that have been found to vary across en-
vironmental gradients and tree growth
stages (Fichtner et al. 2015). Many pro-
cesses, such as competition reduction or
facilitation, take place due to interspecific
differences in physiology, phenology, or
morphology. These and other interspecific
interactions among species may influence
the diversity-productivity relationships in
forests (Forrester and Bauhus 2016).

Mixed species forests have sometimes
been found more productive than mono-
cultures due to the complementarity inter-
actions among species, but the important
factors that influence the diversity-pro-
ductivity relationships are stand structural
attributes, resource availability, resource
uptake, and resource use efficiency (For-
rester and Bauhus 2016). While the rela-
tionship between species diversity and
productivity has received a lot of atten-
tion in many recent studies, we found far
less information about the effects of stand
and site characteristics and of species
structures (e.g., pine, hardwood, mix) on
aboveground biomass productivity.

Our knowledge of the diversity-produc-
tivity relationships in forest ecosystems is
essential for the sustainable management
and conservation of biodiversity (Mittel-
bach et al. 2001).There are several stud-
ies that used a large number of perma-
nent plots in stands of all ages to study
the relationships between tree species
diversity and productivity (Caspersen and
Pacala 2001, Liang et al. 2007, Vila et al.
2007, Moser and Hansen 2009, Paquette
and Messier 2011, Woodall et al. 2011,
Potter and Woodall 2014). However, there
is a lack of studies that compared pure
and mixed stands consisting of various
species structures (confers, hardwoods,
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mixtures of conifers and hardwoods)
for different age classes, stand stocking
classes, and site productivity classes.

Understanding the relationship be-
tween stand structure, species composi-
tion, and aboveground biomass produc-
tivity, as well as its relation to ecosystem
function, are crucial for management, so
that we can manipulate the number of
species to achieve greater aboveground
biomass production and carbon seques-
tration (Woodall et al. 2011) while main-
taining other important ecosystem servic-
es and functions.

Our study aimed to evaluate dry live
aboveground biomass (AGB) growth
among species structures (pure hard-
wood, mixtures of hardwoods, mixtures of
pines, mixtures of pines with hardwoods,
and pure pine). The study objectives
were to investigate if 1) there is a differ-
ence in AGB growth among the species
structures, 2) there is a difference in AGB
growth among species structures for a
range of species richness levels in differ-
ent stand age, stand stocking, and site
productivity classes, and 3) there is a dif-
ference in AGB growth between pure and
mixed stands of the two most dominant
tree species. We also examined the bi-
variate correlation between AGB growth,
species richness, quadratic mean diam-
eter, height, compacted crown ratio, rel-
ative density, slope, aspect, precipitation,
and elevation.

Materials and Methods

Study area

The study area was the state of Alabama
in the United States. The state represents
a southeastern humid subtropical climate
under the Kdppen climate classification
(Zifan 2016). There are about 200 tree spe-

cies and 4000 species of vascular plants
including trees, shrubs, vines, grasses,
legumes, and ferns in Alabama (Alabama
Forestry Commission 2010). The forests
in the state cover 9.2 million ha, approx-
imately seventy percent of the land area.
It consists of forty-six forest types with the
loblolly pine (Pinus taeda L.) type being
the most common forest type and cover-
ing one third of all forested area (Alabama
Forestry Commission 2010). Hardwood or
mixed pine-hardwood forests comprise fif-
ty-seven percent of the state’s forestland.
The most common hardwood species of
the state are northern red oak (Quercus
rubra L.), southern red oak (Quercus fal-
cata Michx.), white oak (Quercus alba L.),
hickories (Carya spp.), sweetgum (Liquid-
ambar styraciflua L.), and yellow poplar
(Liriodendron tulipifera L.). Ninety-four
percent of the forest is owned by private
landowners, and plantations occupy about
thirty percent of the forest area of the state
(Hartsell and Cooper 2013).

The major physiographic areas of Al-
abama are the Interior Plateau (Highland
Rim), Southwestern Appalachians (or
Cumberland Plateau), Piedmont, Ridge
and Valley, and the East Gulf Coastal
Plain (Alabama Department of Conser-
vation and Natural Resources 2006). The
average summer temperatures range
from 21 to 32 °C, and average winter
temperatures range from -1 to 10 °C (Al-
abama Department of Conservation and
Natural Resources 2006). The humid and
mild climate of the state is favorable for
the growth of many plant species.

Data

We used forest inventory data from the
US Forest Service Forest Inventory and
Analysis (FIA) database, which is pub-
licly available. The FIA uses a national
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standard sampling procedure with a qua-
si-systematic sampling design and a sam-
pling intensity of one plot for every 2428
hectares (Bechtold and Patterson 2005).
The FIA standard plot (size 0.067 ha) con-
sists of four 7.3 m radius subplots (approx-
imately 0.0168 ha) spaced 36.6 m apart in
a triangular arrangement with three plots
at each corner and one subplot in the cen-
ter of the triangle. The data from the sub-
plots included all trees of at least 12.7 cm
in diameter at breast height (dbh, 1.37 cm

above the ground).

We used plots that were measured
during the most recent periodic inventory
cycle between 2005 and 2012 in the state
of Alabama. There were a total 2554 plots,
all of which were classified as forest land
with at least ten percent cover by trees
and with no visible disturbance since the
last measurement or within the last five
years due to natural causes. The approx-
imate location of the selected plots in Ala-
bama map is shown on Figure 1.

0 2040

80 Kilometers

Levi b

Fig. 1. Map with approximate location of the 2554 FIA plots in Alabama
and an inset map of the USA.

About two thirds out of the 2554 plots
were naturally regenerated and the re-
mainder were plantations. Almost 98 %
of the plots were classified as two-sto-
ried stands (two distinct layer of the tree
crowns), 1 % were in multistoried stands
(three or more canopy layers), and 1 %

were in single-storied stands (single can-
opy layer). The plots were located in nat-
ural stands and plantations under various
ownership (private, public (both federal
and state government ownership), indus-
trial, and others). About 20 % of the plots
experienced management activities such
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as clear cut, partial harvest, shelterwood
harvest, commercial thinning, timber
stand improvement, and salvage cutting
since the last measurement.

We used the following variables from
the FIA database: species, dbh, height,
compacted crown ratio, stand age, slope,
aspect, elevation, and site productivity
class. We generated the plot level vari-
ables species richness, quadratic mean
diameter (QMD), dry above ground bio-
mass of live-trees, relative stand density,
stand age class, stand stocking class, and
species structure class. We use the terms
plot and stand interchangeably. Precip-
itation data were extracted from spatial
datasets with resolution of 800 m (PRISM
Climate Group 2016). Precipitation value
was the 30 year average for the period of
1981 to 2010.

We used primarily species richness
(number of species in the plot) among
the taxonomic diversity indices to char-
acterize species diversity. To express the
average tree diameter, we calculated the
QMD for each plot. The mean height of
the trees in a plot is the average height
of all individual trees in the subplots with
dbh of atleast 12.7 cm. Compacted crown
ratio (CCR) is the percent of the tree bole
supporting live, healthy foliage on all sides
of the stem (Woudenberg et al. 2010).
The mean CCR of a plot is the average
CCR of all individual trees in the subplots
with dbh of at least 12.7 cm. We used FIA
calculated stand age that is an average
of the ages of dominant and codominant
crown class trees (Stevens et al. 2016),
where the age of individual live trees is
determined from counting of tree rings on
increment cores from breast height. The
stand age ranged from 1 to 125 years.

The AGB of a live tree was calculated
as the sum of the biomass of the mer-
chantable bole, top of the tree, and tree

stump (Woudenberg et al. 2010). We
used the FIA method for estimating AGB
(in mega grams per hectare, Mg ha) that
was based on the published Jenkins bio-
mass equations (Jenkins et al. 2003) with
adjustment factors of the tree components
(Woudenberg et al. 2010). We define for-
est productivity as the mean annual in-
crement of AGB, referred hereafter as the
‘AGB growth’, and expressed it in mega
grams per hectare per year (Mg ha™' yr').
We computed mean annual AGB growth
(Y) of each plot as follows:

y — Z :'1:1bi

t

where b is the biomass of i, tree of a plot
that contains n trees, and t is the mean
stand age on the plot.

The FIA manual notes that stand age
may have large measurement errors.
However, as these errors are likely ran-
dom, such an error would add noise to the
data, which should not conceal a trend or
a pattern in the data. In addition, the esti-
mate of AGB growth is likely to be below its
true value because similar to other stud-
ies (Vila et al. 2007, Moser and Hansen
2009, Paquette and Messier 2011, Potter
and Woodall 2014), we did not account for
the biomass that may have been removed
since stand establishment — this was im-
possible to do with the available data.

The Gaussian distribution of AGB
growth was left skewed, so a square root
transformation was applied to satisfy the
normality and homogeneity assumptions
(Legendre and Legendre 2012). Thus, the
transformed AGB growth is referred here-
after as ‘square root AGB growth’ which
was used only in the Pearson correlation
analysis.

The aspect was transformed by mod-
ifying the azimuth from 0-360° to values
ranging from 0 to 2 (Beers et al. 1966).

(1),
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A value of 2 corresponds to northeast
facing slopes (mesic) and a value of 0 to
southwest facing slopes (xeric). We used
arcsine transformation for slope and CCR
as it is considered an appropriate normal-
izing transformation for percentages and
fractions (Legendre and Legendre 2012).

Relative stand density was calculated
by dividing the current stand density index
(SDI) by the maximum SDI (Woodall et al.
2005). We used a published regression
equation (Woodall et al. 2005) based on
wood specific gravity (Miles and Smith
2009) of each tree species in the plot to
estimate maximum SDI of each plot. Rel-
ative stand density is the stand stocking,
defined as the number equivalent of 25-
cm diameter trees per unit area in a stand
relative to the potential maximum num-
ber of trees in the same stand (Woodall
et al. 2011). We estimated SDI of each
plot based on Reineke (1933) but after a
slight modification that is useful for unev-
enaged stands, called summation method
(Long and Daniel 1990). The equation is
expressed as:

DBH,] ' @),

where tph, is number of trees per hectare
for the /" tree in the stand, and DBH_is the
diameter of the i tree in the stand (cm).

We evaluated the AGB growth among
species structures at various stand stock-
ing, stand age and site productivity class-
es. The categorical variables stand stock-
ing, stand age, site productivity and stand
structures were generated as described
below.

All the plots were divided in three stand
stocking classes, similar to Long (1985):
low stocked (relative density (RD<0.3),
medium stocked (RD of 0.3-0.6), and
high stocked (RD>0.6). Out of 2554 plots,

about 45 % were less than 25 years old
and over 95 % of the plots were under 75
years old. Thus, we formed three stand
age classes with adequate sample size
in each class: age class | (stand age less
than or equal to 25 years), age class Il (26
to 50 years), and age class Il (more than
50 years).

The FIA uses site index trees to clas-
sify the plots based on the productivity of
the site in terms of its capacity to grow
crops of industrial wood (Woudenberg et
al. 2010). The FIA uses seven productiv-
ity classes, with class 1 being the most
productive. We had plots from all class-
es except 7. We grouped the FIA site
productivity classes into three groups:
1) low (FIA site productivity classes 5 and
6 with wood growth potential less than
59 m?® ha' yr'), 2) medium (FIA site
productivity classes 3 and 4 with wood
growth potential between 5.9 and
11.5 m®ha yr'), and 3) high (FIA site pro-
ductivity classes 1 and 2 with wood growth
potential greater than 11.5 m® ha' yr').

We first divided all plots into two broad
species structures, pure (species richness
(SPR) =1) and mixture (SPR>1) and test-
ed whether the AGB growth of pure and
mixed stands differ significantly from each
other. Secondly, based on species rich-
ness, species composition and species
taxonomic identity, all the plots were then
classified into five separate species struc-
tures, namely, 1) pure hardwood (plot con-
tains single hardwood species; SPR=1),
2) mixtures of hardwoods (plot comprises
two or more hardwood species; SPR=2),
3) mixtures of pines (plot comprises of two
or more pine species; SPR22), 4) mixtures
of pines with hardwoods (plot comprises
two or more pine and hardwood species;
SPR22), and 5) pure pine (plot contain
single pine species; SPR=1). It should be
noted that the amount of non-pine coni-
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fers in the data was insignificant, so we
refer to the structures containing conifers
as simply pine structures.

The AGB growth across the plots con-
sisting of the two most dominant species,
loblolly pine and sweetgum, was exam-
ined to determine whether it was different
in pure stands and in stands where these
species grow in mixtures. Three kinds of
species composition groups for each spe-
cies were examined — for loblolly pine:
pure loblolly pine (SPR=1), loblolly pine
and hardwoods (SPR=2), and loblolly pine
and other pines and hardwoods (SPR=3),
and similarly for sweetgum, pure sweet-
gum (SPR=1), sweetgum and hardwoods
(SPR=2), and sweetgum and other hard-
woods and pines (SPR23).

Data analysis

To assess the dominancy of the species
across the plots, we calculated impor-
tance value percent (IVP) of each species
by averaging relative frequency percent,
relative density percent, and relative
dominance percent (Curtis and Mclintosh
1951). Importance values rank species
and give an estimate of influence of a
plant species in the community. The bene-
fit of using importance value is that a large
size tree or a large number of small trees
from a particular species do not influence
excessively the importance value of the
species (McCune and Grace 2002).

The relationship between AGB growth
and stand age as well as between spe-
cies richness and stand age across the
plots was examined using loess smooth-
ing curve fitted with tricube weighting and
polynomial regression using 50 % of the
data points. Loess is a non-parametric
smoothing procedure that displays func-
tional dependencies between the vari-
ables (Jacoby 2000). The loess fitting

procedure produces parsimonious graph-
ical summary of the bivariate data and is
a fairly direct generalization of traditional
least-squares methods for data analysis
that tracks the most concentrated areas of
data points and ignores the outliers (Jaco-
by 2000).

We performed analysis of variance
(ANOVA) to test whether there were any
differences among groups for a given
variable. When ANOVA showed an over-
all significant difference among group
means, we ran post hoc tests to check
where the differences occurred.

As we divided plots into five species
structures that resulted in five unequal
group sizes, we used a modified Tuk-
ey-Kramer procedure for pairwise com-
parisons of unequal size samples, as it
better addresses the variance heteroge-
neity of the groups. To handle unequal
group sizes and any possible unequal
group variances, i.e., data heteroscedas-
ticity, multiplicity adjustments are neces-
sary to take into account the denominator
degrees of freedom that are not constant
across estimates. Both the Satterthwaite
and Kenward-Roger degree of freedom
are designed for use in models with un-
balanced designs and more complex co-
variance structures (Bell et al. 2013). They
were selected to estimate the degrees of
freedom in Tukey-Kramer mean separa-
tion. Among them, the Kenward-Roger
method adjusts the covariance matrix with
a small-sample bias (Bell et al. 2013) and
therefore, it was applied when one of the
group sizes was too small compared to
other group sizes. The estimation meth-
od for the covariance parameter in the
model was based on residual (restricted)
maximum likelihood (REML). SAS®PROC
mixed procedure with multiplicity adjust-
ment for Tukey was executed to check
whether AGB growth least square (LS)
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means of the species structures differ sig-
nificantly.

We used Pearson bivariate correlation
to assess the linear relationship between
the dependent variable transformed AGB
growth and the predictor variables spe-
cies richness, quadratic mean diameter,
mean height, compacted crown ratio, rel-
ative density, slope, aspect, precipitation,
and elevation.

The descriptive statistics, ANOVA, and
multiple comparisons of the means were
performed using the IBM SPSS® 21 and
SAS® 9.3 statistical packages. Species
richness and species IVP were calculated
using PC-ORD® Version 6.12.

Results

The forests across the study area
were highly diverse with a total of 113
woody species. At the plot level, spe-
cies richness ranged from 1 to 17.
The current AGB ranged from 0.10 to
403.5 Mg ha”', while AGB growth was
from 0.01 to 15.7 Mg ha' yr' (Table 1).

Based on IVP, the three most import-
ant species were loblolly pine (31.58 %),
sweetgum (7.97 %), and water oak (Quer-
cus nigra L., 4.78 %), all of which are
shade intolerant species. The next three
most important species were yellow-pop-
lar, white oak, and red maple (Acer rubrum
L.), with IVP values from 3.08 % to 4.32 %.

The only hardwood species growing as
pure stands on more than one plot were
sweetgum, water oak, red maple, black
gum (Nyssa sylvatica Marsh.), mockernut
hickory (Carya alba Mill.), and sweetbay
(Magnolia virginiana L.). The other spe-
cies that were in pure stands, but occur-
ring on only a single plot each were Flori-
da maple (Acer barbatum Michx.), sugar-
berry (Celtis laevigata Willdenow), flower-
ing dogwood (Cornus florida L.), common
persimmon (Diospyros virginiana L.),
yellow-poplar (Liriodendron tulipifera L.),
sourwood (Oxydendrum arboreum (L.)
DC), southern red oak (Quercus falcata
Michx.), chestnut oak (Quercus prinus L.),
post oak (Quercus stellata Wangenh.),
black willow (Salix nigra Marshall), winged
elm (Ulmus alata Michx.), and the non-

Table 1. Mean, standard deviation, minimum and maximum values of the variables across 2554 FIA
plots in Alabama.

Variables Mean SD Minimum  Maximum

Quadratic mean diameter, QMD (cm) 231 5.73 12.6 941
Basal area (m? ha™') 16.2 9.14 0.19 58.96

Height (m) 16.7 3.83 6.1 32.6
Density (stems ha™) 392 229 15 1324
Relative stand density 0.4 0.15 0 0.83
Compacted crown ratio 0.39 0.10 0 0.99

Stand age (yr) 34 22 1 125
Total AGB (Mg ha™) 82.8 60.4 0.10 403.5

Mean annual AGB growth (Mg ha' yr) 2.7 1.8 0.01 15.7

Species richness (SPR) 5.8 3.36 1 17
Precipitation (cm) 142 8.4 121 172.7

Slope (percent) 12 12 0 85

Elevation (m) 138 90.45 0 677
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native chinaberry (Melia azedarach L.).
The trees recorded in the pure hardwood
plots were most likely residuals from a
previous rotation, considering that the
mean stand age in these plots was only
6 years, the mean density was 29 stems
ha', but the diameter of the residual trees
was over 12.7 cm.

It was surprising that the AGB growth
in the very young plots (less than about
5 years) was fairly high. The dbh of the
trees in these plots ranged between
12.7 cm and 42.4 cm, suggesting that
even in the recently regenerated stands,
there was a large amount of unharvested
residual trees remaining on site. Stand
age of these plots was determined by
the FIA based on a large number of small
size seedlings and saplings, likely without
taking into account the age of the much
fewer large-size residual trees (e.g., max-
imum dbh 42.4 cm at stand age 3) that
were present in the plots. Furthermore,
the seedlings, saplings, and small trees
in these young plots were dominated by
loblolly pine, pignut hickory (Carya glabra
Mill.), sourwood (Oxydendrum arboreum
L. DC), white oak, scarlet oak (Quercus
coccinea Muenchh.), and yellow poplar,
whereas the residual large trees were
primarily loblolly pine, American beech
(Fagus grandifolia Ehrh.), chestnut oak
(Quercus prinus L.), red maple, yellow
poplar, and water oak. The AGB growth
of some young plots is therefore some-
what artificially inflated because the stand

age was recorded as being quite low, but
there was actually a rather small number
of much older trees present. Therefore,
the loess smoothing curve fitting using
tricube weight and 50 % of the observa-
tions was used to show the relationship
between stand age and AGB growth, as
well as between stand age and species
richness, without the influence of such
outliers. The AGB growth rate increased
with increasing stand age up to the age of
19 years, and after that, decreased gently
with increasing stand age (Fig. 2a). Sim-
ilarly, species richness increased rapidly
with increasing stand age up to the age of
50 years and then slowed down (Fig. 2b).

There was no significant relationship
between AGB growth and species rich-
ness across the plots (Fig. 3a and 3b).

Moreover, there was no significant
AGB growth difference between pure
stands (SPR=1) and mixtures (SPR>1,
t, 36530-0-016, p=0.99, Fig. 4a). The
amount of AGB (not growth), however,
of pure and mixed stands was signifi-
cantly different, with the mixtures con-
taining about twice as much biomass
() s65.57=-18.59, p<0.001) (Fig. 4b), where
stand age was a confounding factor. The
pure stands ranged from 1 to 78 years and
about 91 % of the plots were under the
age of 25 years, while the mixed stands
ranged from 1 to 125 years and about
61 % of the plots had stand age over 25
years. Pure stands were relatively young-
er than mixed stands.
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Fig. 2. Scatterplots for (a) AGB growth and stand age, and (b) species richness and stand age,
across 2554 FIA plots in Alabama. The loess smoothing curve is fitted with tricube weighting

Fig. 3. Relationship between (a) AGB growth and species richness and (b) mean AGB growth and
species richness across 2554 FIA plots in Alabama. Means with the same letter are not significant-
ly different at a=0.05. The best fitted trendline, equation, R? and p-values show the linear associa-
tion between the variables.
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Fig. 4. Welch-Satterthwaite t-test between (a) AGB growth means of pure (species richness
(SPR)=1) and mixed species structures (SPR>1), and between (b) current AGB (not growth)
of pure and mixed species structures across the 2554 FIA plots in Alabama. Age is confounded
with species structure, as the mixtures were generally older than the pure species stands. Means
with the same letter are not significantly different at a=0.05. The number of plots for each species
structure is shown inside each bar.

Species structure and AGB
growth

Plots that contained mixture of hardwoods
had species richness of 2 to 17 (average
7), while the plots that contained mixtures
of pines and hardwoods had richness of
2 to 16 (average 7; Table 2). The mean
stand age (6 years) and stand density (29
stems ha) of the pure hardwood stands
were very low compared to other stand
structures.

We found significant difference in AGB
growth among the five species struc-
tures (F,.,,.=14.65, p<0.001, Fig. 5). The

4,2549

AGB growth was greatest in pure pine
(SPR=1), mixtures of pines with hard-
woods, and mixtures of pines. The AGB
growth of these three species structures
was not significantly different. AGB growth
was lowest in pure hardwoods (SPR=1),
whose growth was significantly smaller
than the growth in the other four groups
(Fig. 5). However, it is important to note
that the plots with pure hardwoods had at
least ten times fewer stems per hectare
than any of the other species structures
and their mean stand age was only 6
years, compared to 16 to 45 years for the
other groups (Table 2).
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Table 2. Stand characteristics of the species structure classes across the 2554 FIA plots

in Alabama. Minimum and maximum values are in parenthesis.
Species structure
. Pure hardwood  Mixtures of Mixtures of Mixtures of Pure pine
Variables . . .

hardwoods pines pines with
hardwoods

Plots 38 458 44 1737 277

Quadratic Mean  19.4(13.0,94.1) 26.2(12.6,48.0) 20.9(13.8,34.0) 23.1(13.2,56.2) 19.3(12.6,45.2)

diameter (cm)

Mean stems per 29(15,89) 283(30,1100) 379(30,981) 412 (30,1219) 502 (15,1324)
ha
Mean basal area 0.97(0.21,10.43) 16.31(0.38,53.7) 12.55(0.48,30.91) 17(0.41,58.96)  14(0.19,41)
(m?ha'")
Mean height (m) ~ 13(7.6,32.6)  18.7(7.9,29.4) 14.2(7.7,26)  16.9(7.2,28.8) 13.6(6.1,31.4)
Mean compacted  0.48(0,0.95)  0.39(0.14,0.83) 0.44(0.22,0.75) 0.39(0.16,0.8) 0.44(0.17,0.99)
crown ratio
Relative stand 0.1(0,0.5) 0.3(0,0.8) 0.3(0,0.7) 0.4(0,0.8) 0.3(0,0.8)
density
Mean stand age 6(1, 23) 45(1,114) 21(3,74) 34(1,125) 16(1,78)
(yr)
Species richness 1(1,1) 7(2,17) 2(2,3) 7(2,16) 1(1,1)
(SPR)
Mean AGB growth 1.02(0.04,14.44) 2.37(0.07,15.43) 2.54(0.11,8.25)  2.8(0.05,15) 2.94(0.01,15.68)
(Mg ha' yr)
4
F, 2549714.65
p<0.0001
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Fig. 5. Multiple comparisons (Tukey-Kramer test) of the AGB growth LS-means
among the species structures and species richness (SPR) across the 2554 FIA plots
in Alabama. LS-means with the same letter are not significantly different at a=0.05.
The number of plots for each species structure is shown inside each bar.
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Species structure, stand age, and AGB
growth

We found significant differences in AGB
growth among the five species structures
for age class | (F,,,..=14.10, p<0.001),

4,1156
and for age class Il (F,., =4.73,
p=0.0029), but not for age class II

(F;60,=0.42, p=0.73, Table 3). The ma-
jority of the plots (83 %) in age class |
were mixtures of pines with hardwoods
(SPR22) and pure pine (SPR=1), where-
as the plots in age classes Il and Il were
mostly mixtures of pines with hardwoods
(SPR=2) and mixtures of hardwoods

(SPR>2).

Table 3. Multiple comparisons (Tukey-Kramer test) between the AGB growth LS-means
of the species structures in different stand age, stand stocking, and site productivity
classes across the plots in Alabama.

. Ls- _95%CL LS- 95 % CL LS- 95 % CL
Species structure Plots mean LB UB Plots mean LB UB Plots mean LB UB
Stand age class Age class | Age class Il Age class Il

Pure hardwood 38 1.02¢ 0.30 1.74
Mixtures of hardwoods 127 2.40° 2.00 2.79 136 2.60° 238 2.83 195 2.18 205 232
Mixtures of pines 35 280® 2.05 356 5 205 086 323 4 0.88> -0.07 1.83
Mixtures of pines with 713  3.38* 3.22 3.55 646 257@ 247 268 378 2.11® 201 220
hardwoods
Pure pine 248 3.00® 2.72 3.28 24 276° 222 330 5 1.00° 0.15 1.85
Stand stocking class Low stocked Medium stocked High stocked
Pure hardwood 36 1.05° 047 163 2 0.39% -1.84 2.62
Mixtures of hardwoods 180 1.82% 1.56 2.08 254 2.60* 240 280 24 3.96® 3.06 4.86
Mixtures of pines 27 1.84%® 117 251 15 3.70%c 288 451 2 3.382  0.27 6.50
Mixtures of pines with 523 2.16* 2.00 2.31 1130 3.00®¢ 291 3.10 84 4.16@ 3.68 4.64
hardwoods
Pure pine 149  1.69° 1.41 198 118 435 406 464 10 498" 3.59 6.37
Site productivity class Low Medium High
Pure hardwood 23 0.76° 0.12 1.39 15 1.42° 044 240
Mixtures of hardwoods 248 2.18* 1.98 2.37 181 260~ 232 283 29 254> 187 3.21
Mixtures of pines 24 197 135 259 19 3.30® 243 418 1 1.89% -1.71 5.50
Mixtures of pines with 694 2.372 225 248 894 3.01® 2.88 3.13 149 3.622 3.32 3.91
hardwoods
Pure pine 85 1.93* 160 225 160 3.25° 295 355 32 4112 347 475

Note: LS — least square, LB — lower bound, and UB — upper bound. Blank spaces where data was
not available. LS-means with the same letter are not significantly different.

In age class |, the AGB growth of pure
hardwood (SPR=1) was significantly low-
er than the AGB growth of the other four
groups. While the plots with mixed hard-
woods had slower AGB growth than the
plots with a mixture of pines with hard-
woods, the pure pine plots had similar

productivity to all other groups (except the
pure hardwoods). Unlike age class |, in
age class Ill the AGB growth of the pure
pine (SPR=1) was significantly smaller
than the AGB growth of the mixtures of
hardwoods (SPR=2).
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Species structure, stand stocking, and
AGB growth

We found significant differences in AGB
growth among the five species struc-
tures in plots with low stand stocking
(Fy10 =9.07, p<0.001) and medium
stand stocking (F, ,;,, =26.40, p<0.001),
but not in plots with high stand stocking
(F; 416 =0.99, p=0.62, Table 3).

In the low stocked plots, the mixtures
of pines with hardwoods (SPR>2) had sig-
nificantly greater growth than both pure
hardwoods and pure pine (Table 3). In the
medium stocked plots, the AGB growth of
pure pine (SPR=1) was the greatest and
was significantly more than AGB growth of
all other groups, except mixtures of pines
with hardwoods (SPR2=2). However, in
high stocked plots all groups had statisti-
cally equal rates of growth.

Species structure, site productivity,
and AGB growth

We found significant differences in AGB
growth among the five species structures

in all three site productivity classes (Table
3). On the low productivity sites, the plots
with only pure hardwoods in the composi-
tion were again the least productive, and
less productive than all but the mixtures
of pines. On medium and high productivi-
ty sites, the AGB growth of pure pine was
greater than the growth of the species
structures that did not contain conifers
in the composition. On all three produc-
tivity sites, the AGB growth of pure pine
(SPR=1) was not significantly different
than the AGB growth of mixtures of pines
(SPR=2), and mixtures of pines with hard-
woods (SPR=22, Table 3).

Dominant species, species
composition, and AGB growth

The AGB growth of pure loblolly pine
(SPR=1) was not different from the growth
of the other two groups (Table 4). The
growth of sweetgum, however, was sig-
nificantly lowered when it grew in pure
stands compared to when it grew in any of
the two types of mixtures (Table 4).

Table 4. Multiple comparisons (Tukey-Kramer test) between the mean AGB growth among pure
(species richness (SPR)=1) and mixed (SPR>1) loblolly pine and sweetgum stands across
the plots in Alabama.

Species compositions Plots LS-mean LB UB
Pure loblolly pine vs. mixtures
Pure loblolly pine (SPR=1) 256 3.06%° 2.83 3.28
Loblolly pine and hardwoods (SPR=>2) 804 3.052 292 3.17
Loblolly pine and other pines and hard-
woods (SPR=3) 632 2.75° 2.60 2.89
Pure Sweetgum vs. mixtures
Pure sweetgum (SPR=1) 8 0.45¢ -0.68 1.57
Sweetgum and other hardwoods (SPR>2) 248 2.57° 2.37 2.77
Sweetgum and other hardwoods and pines
(SPR=23) 960 2.922 2.81 3.02

Note: LS — least square, LB — lower bound, and UB — upper bound. LS-means with the same letter

are not significantly different.
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Correlation of AGB growth with
species richness, stand- and
environmental variables

We found a stronger association of square
root AGB growth with the stand variables
than with the environmental variables (Ta-
ble 5). Square root AGB growth had an ex-
tremely weak association with species rich-
ness (r=0.07, p=0.001, Table 5). Square

root AGB growth had high and significant
correlation with relative stand density,
height, compacted crown ratio, and qua-
dratic mean diameter. Compacted crown
ratio, slope, and precipitation had a signif-
icant negative correlation with square root
AGB growth, but the correlation with slope
and precipitation was very weak (Table 5).
The aspect and elevation had no correla-
tion with the square root AGB growth.

Table 5. Pearson bivariate correlation between the square root transformed aboveground biomass
growth (AGBG) and other variables across the 2554 FIA plots in Alabama.

AGBG QMD SPR RD HT CCR SL AS PPT ELEV
AGBG 1 0.25** 0.07** 0.46* 0.36* -0.36** -0.07** 0.03 -0.08** -0.02
QMD 1 0.32** 0.15* 0.82** -0.23** -0.02 0.06** -0.04* 0.03
SPR 1 0.39** 0.40** -0.23** 0.26** -0.06" -0.06" 0.19**
RD 1 0.28** -0.33** 0.09** -0.01 -0.02 0.12**
HT 1 -0.53**  0.04 0.06** -0.03 0.04*
CCR 1 -0.01 -0.04 -0.06™* -0.003
SL 1 -0.42**  -0.07** 0.43**
AS 1 0.06** -0.21**
PPT 1 -0.08**
ELEV 1

Note: The ** and * indicate that the correlation is significant at =0.01 at a=0.05 level, respective-
ly. QMD — quadratic mean diameter (cm); SPR — species richness; RD — relative stand density;
HT — height (m); CCR — compacted crown ratio; SL — slope (arcsine transformed); AS — aspect
(Beers transformed); PPT — mean precipitation (Z-score transformed); ELEV — elevation (Z-score

transformed).

Discussion

The results have to be interpreted with
these three important considerations:
1) stand age range was fairly large (1 to
125 years) and only trees over 12.7 cm
in dbh were used for calculating the AGB
growth. Because the plots with stand
age of 5 years or younger also contained
some large trees (likely residuals from the
previous stand), and because stand age
was likely determined by the FIA from the
age of the seedlings and saplings only, it
is likely that there is an overestimation of
AGB growth in the plots with stand age 5

years or less; 2) past management could
not be taken into account, so it is possi-
ble that the rather common and degrad-
ing practice of selectively harvesting the
largest trees of the most valuable species
(often referred to as highgrading), would
have resulted in underestimation of the
growth in the mixed stands; and last, but
certainly not least, 3) the pine stands were
generally younger than the hardwood
stands, as they are often harvested at a
younger age.

When species structure was not tak-
en into account, there was no significant
difference between the AGB growth of
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pure stands (2.71 Mg ha™' yr') and mixed
stands (2.70 Mg ha' yr'). We observed an
increase in AGB growth with the change in
species structure from pure hardwoods to
mixed hardwoods and to a mix of pines
with hardwoods, but the pure pines and
mixed pines were as productive as the
hardwood-pine mixes. Hardwood stands
had greater species diversity (up to 17
species) than mixed pine stands (up to
only 3 species) and they also contained
species with a larger variety of shade tol-
erances than the pine stands. Facilitation,
or resource partitioning due to diversified
functional trait variation of the species,
should have been stronger in the mixed
hardwood stands than in the mixed pine
stands. The observed AGB growth rate in
our study does not support this hypothesis
however — AGB growth of the mixed hard-
woods (usually containing shade tolerant
and intolerant species) and mixed pines
(usually only intolerant species) were not
different from each other, even after taking
into account stand age, stocking, and site
productivity. There was only one exception
— at age class lll (more than 50 years old)
the mixed pine stands grew much slower
than the mixed hardwoods, but this result
is based only on 4 mixed pine plots (and
195 mixed hardwood plots) and there-
fore the result is not particularly convinc-
ing. Pangle et al. (2009) similarly found
nearly identical aboveground net primary
productivity (ANPP) in late succession-
al secondary mixed hardwood forests
(11.5 Mg ha yr') and in mature 50 year
old white pine (Pinus strobus L.) planta-
tions (10.2 Mg ha' yr') in the southern
Appalachian Mountains. Vila et al. (2007),
however, reported that the dominant tree
species were an important determinant for
wood production in forests across Cata-
lonia, Spain. The identity of the species
in the mixture sometimes determines

whether mixed stands are more produc-
tive than monospecific stands of similar
age, tree density, soil characteristics, and
management. In boreal forests for ex-
ample, the mixture of birch (Betula spp.)
with spruce (Picea abies) exhibits greater
productivity than pure spruce stands, but
mixture of birch with Scots pine (Pinus syl-
vestris) is less productive than pure pine
stands (Vila et al. 2005). Similar to the
total biomass, stemwood production also
increased with increasing species rich-
ness in sclerophilous and conifer forests
in Catalonia, Spain, where production in-
creased 19.6 % and 45.8 % in four and
five species mixtures, respectively, than
in monospecific, two or three species mix-
tures (Vila et al. 2005).

Successional stage can have signif-
icant effect on forest productivity. The
association between species diversity
and productivity can be stronger in early
successional forests than in late succes-
sional forest communities (Caspersen
and Pacala 2001) when early succession-
al forest contains multilayered trees with
greater species richness than late suc-
cessional communities that contain mon-
olayered structure with lower species di-
versity (Sprugel 1985). In our case, at age
class | (less than or equal to 25 years),
the pure pine stands were as productive,
but not more productive, than any of the
structures containing a mixture of species
(mixed hardwoods, mixed pines, mixed
pine-hardwoods). The same was true for
the older stands of age class Il (26 to 50
years), while for the oldest stands (more
than 50 years) this could not be deter-
mined with much confidence, as there
were too few plots for two of the structures.
This was likely due to the high probability
of invasion over time by more shade-tol-
erant species in the pure stands. Thus, in
our study, there was no clear importance
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of successional stage on productivity of
the different types of stands, but it should
be noted that the age range was not par-
ticularly wide.

At high stocking all structures were
equally productive, whereas at low stock-
ing the pure pines were less productive
than pine-hardwood mixes. The mixed
pines were as productive as pure pines
at all stocking levels. Weaker interspecific
competition in mixed stands than intraspe-
cific in pure stands has been proposed by
others as a possible reason for increased
productivity with increasing species diver-
sity (Amoroso and Turnblom 2006). On
the other hand, a facilitative-competitive
interactions study in old-growth European
beech (Fagus sylvatica L.) forests report-
ed that the growth rates of trees do not
necessarily depend on the density of po-
tential competitors at the intraspecific lev-
el, but on the conspecific aggregation of
large diameter trees and their functional
role (Fichtner et al. 2015). The effects of
species mixtures on productivity may vary
considerably depending upon the type
of mixture and site conditions (Pretzsch
2005). A positive relationship between
diversity and productivity is sometimes
particularly pronounced in less productive
site conditions (Potter and Woodall 2014).
The low species richness is commonly
found at high resource environments be-
cause of the presence of less environ-
mental heterogeneity and fewer niches
(Chisholm et al. 2013). Fast growing and
highly productive species can dominate
and compete well in more productive
habitats where the positive association
between tree diversity and aboveground
biomass may be weaker (Potter and
Woodall 2014). Stress-gradient hypothe-
sis is used in many forest studies to ex-
plain that complementarity increases with
harsher environmental conditions or along

gradients of declining site productivity in
forests (del Rio et al. 2014, Toigo et al.
2015, Forrester and Bauhus 2016). The
low species richness is commonly found
at high resource environments because
of the presence of less environmental het-
erogeneity and fewer niches (Chisholm et
al. 2013). Fast growing and highly produc-
tive species can dominate and compete
well in more productive habitats where
the positive association between tree di-
versity and aboveground biomass may be
weaker (Potter and Woodall 2014). The
low functional trait variation in such cases
may lead to competitive exclusion rather
than facilitation in pine forests and conse-
quently diversity is not an important factor
for productivity.

Our findings showed that, in general,
the AGB growth of the pure pine or even
pure loblolly pine (the most commonly
grown species in the state) stands was
not significantly different than the growth
of mixed stands that contained pine spe-
cies. Research in intensive silviculture has
shown that the growth of pure stands can
increase substantially as a result of various
treatments. However, we did not take ac-
count of such treatments, which may have
been applied in the pure pine stands to in-
crease the productivity. Even though some
of these stands may have indeed been
fertilized or subjected to early competition
control, the overall productivity of pure
loblolly pine was still not greater than that
of the mixtures. The productivity of some
stands that are already near the physio-
logical optimum does not increase with the
increase in species or structural diversities
because these stands would have already
benefitted from management inputs, such
as fertilizing or control of pests and inva-
sive species (Forrester and Bauhus 2016).
The combined effect of fertilizer and weed
control treatments enhanced aboveground
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dry biomass growth on average 2 and 2.8
fold for slash and loblolly pine respectively
(Jokela et al. 2004).

Sometimes, the beneficial interactions
between the species in mixtures do not
occur in enough magnitude, or do not
even exist, to produce more yield than
the monoculture of a highly productive
species (Kelty 1992). We found no rela-
tionship between diversity and produc-
tivity in pine dominated stands where no
hardwoods were present. Thus, the pure
pine stands were as productive, although
not more productive, than the stands with
other species in the mix. On the other
hand, mixed hardwood stands, as well
as pine-hardwood mixtures, were either
more productive than or as productive as
pure hardwood stands. Moreover, the re-
lationship between species richness and
aboveground biomass growth was not
significant across the loblolly pine con-
taining plots, but was positive across the
sweetgum containing plots. The associa-
tions of pines and hardwood species may
sometimes help the utilization of limiting
resources efficiently, despite the negative
effect of interspecific competition, result-
ing in equal or increased AGB productivity
with increasing species richness.

Based on the bivariate correlations, the
stand variables density and height, had
the greatest association with AGB growth
among the selected predictors. The weak
correlation of AGB growth with precipita-
tion, slope, aspect, or elevation indicates
that environmental factors explain little
variation of stand AGB growth, which may
be because of relatively low environmen-
tal and climatic heterogeneity in the study
area. Stand density can significantly affect
diversity-productivity relationships, and
the complementarity effect increases or
decreases with increasing stand density
depending on the limiting resources (or

climatic conditions) (Forrester and Bauhus
2016). In a review of large inventory data
set studies, Forrester and Bauhus (2016)
found stand density to be a stronger de-
terminant of productivity than tree species
richness and pointed out the importance
of accounting for stand density while ana-
lyzing diversity-productivity relationships,
as we have done in this paper.

Our study contributes towards the
understanding of the relationship be-
tween stand composition, structure, and
aboveground biomass growth, particularly
in southeastern US forests, where loblolly
pine is a dominant choice in forestry for
commercial wood production. The study
results are of significance to forest man-
agement strategic planning and biodiver-
sity conservation. Maintaining high pro-
ductivity is also vital for carbon sequestra-
tion and climate change mitigation. If the
objective is to maintain both species di-
versity and optimal aboveground biomass
production, maintaining mixed species is
crucial.

Conclusion

The dynamics of heterospecific forests are
much more complex and difficult to predict
than that of conspecific forests, because
productivity is related to both population
dynamics of the dominant species and dif-
ferences in resource use among species.
In the case of forest ecosystems, higher
species diversity may not always or every-
where associate with greater productivity
due to the effect of certain environmental,
ecological and management factors in the
ecosystem processes.

When all data were pooled, species
richness was not a significant factor for
aboveground biomass growth across the
forests of Alabama. The area has little
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variability in climatic condition and rep-
resents only humid subtropical climate
and was dominated by pine stands, par-
ticularly loblolly pine. The overall compar-
ison between the five species structures
showed that pure pine stands were not
more productive than mixed pine stands
and pine-hardwood mixtures, but were
more productive than mixed hardwoods
and pure hardwood stands. If the stands
are grown at high stocking however, then
all structures (pure, mixed, with or without
pine in the composition) were equally pro-
ductive.

Based on the results for age class |,
we conclude that for biomass production
on a short rotation, pure pine forests may
be as productive as mixed forests, but
without the ecological benefits, as well
as the economic benefits (but sometimes
processing disadvantages) of greater tree
species diversity. Further studies need
to increase spatial scale to observe the
diversity-productivity relationship on a
broader geographic scale and in stands
that have not experienced harvesting
since establishment. Besides the envi-
ronmental conditions, forest disturbances
and management activities have a great
influence on forest composition and pro-
ductivity and they should be accounted
for in future studies, analyses, and exper-
imental designs.
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