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DAI J, WELHAM C, CAO L & CAO F-2016. Sustainable production in subtropical hybrid poplar plantations.
Little is known of the impact of harvesting intensity on long-term productivity in subtropical forests. We
used a simulation model to evaluate whole-tree and stem-only harvesting, rotation length and planting
density on hybrid poplar (Populus spp.) stemwood biomass and volume in subtropical China. None of the
management scenarios could be sustained without fertilisation with N, the main nutrient considered in
the model. Yield decline was a consequence of losses in N capital from leaching and harvest removals and
was more severe in whole-tree harvesting versus stem-only harvesting. As nutrient capital was depleted,
understorey competition also had increasingly negative impact on stemwood biomass. Total stemwood
biomass declined with rotation length. Gains in productivity from delaying harvest were therefore not offset
by reduction in harvest frequency. Rotation length and planting density were also important determinants
of the differential in total stemwood biomass between whole-tree harvesting and stem-only harvesting.
A majority of logs were generated in the 5-20 cm dbh (diameter at breast height) class. Volumes of large-
diameter (> 20 cm dbh) logs were small on a per-rotation basis but compared favourably to natural stands
when multiple harvests were summed over the long term. These poplar plantations will need to be fertilised
and managed on a large scale in order to sustain continuous wood flow.
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INTRODUCTION

China is one of the world’s leading countries in
terms of total forest plantation area (FAO 2010).
There is an expectation that plantations will
be an important component of future wood
and fibre supply (Hong 1985) and, over recent
decades, the Chinese government has expanded
its afforestation programme, particularly with
poplar (Populus spp.) (Brown 2000). Many of
these stands have reached a stage that harvesting
is a commercially viable option, leading to the
decision of when to harvest. Delaying harvest
produces bigger trees that are utilised for
sawnwood products and are economically
more valuable (PRC 1984). Shorter rotations
allow for more frequent harvesting but produce
smaller logs. These logs (< 20 cm diameter at
breast height (dbh)) are usually chipped and
used in papermaking (PRC 1984). If rotations
are too short, there is a risk that site nutrient
capital may be depleted (Merino et al. 2005),
leading to yield decline (Bi et al. 2007, Wang et
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al. 2013). Harvest intensity is another important
management decision in these plantations. In
whole-tree harvesting, the entire aboveground
component is removed and processed offsite
which can result in high nutrient export and
stock depletion (Bélanger et al. 2003, Merino et
al. 2005, Thiffault et al. 2006, 2007). These effects
can be ameliorated through stem-only harvesting,
wherein harvest residues are retained onsite (Wei
etal. 2003). Regardless of the harvesting method,
only if rotations are sufficiently long can nutrient
stocks be restored to pre-disturbance conditions
without the addition of fertiliser (Tuskan 1998).
A key issue in managing poplar plantations in
China is how to generate high value logs over a
time frame shorter than would occur if timber
was sourced from primary forests and still sustain
long-term production.

There are four main approaches that
could be used to evaluate this issue, namely,
long-term field trials, chronosequence studies,
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retrospective analyses and simulation modelling
(Wei et al. 2003). Modelling can be undertaken
with historical bioassay and process-based
models (Korzukhin et al. 1996, Kimmins et al.
2010). Historical bioassay models are based
on empirical descriptions of growth and stand
development in relation to management inputs.
Constraints on available data undermine the
utility of this approach in poplar plantations in
China, particularly with respect to evaluating
alternative management options. Process-
based models describe a system in terms of
its major state components and the processes
dictating the transfer of energy, water, nutrients
and biomass (Pretzsch 2009). They have the
benefit of considerable flexibility in terms of the
management activities that can be represented
and are well designed for addressing cause and
effect relationships (Korzukhin et al. 1996).
A key limitation in many of these models,
however, is representation of log size. In the
stand-level forest ecosystem model, FORECAST
(Kimmins et al. 1999, 2010), stemwood biomass
of individual trees is simulated using index of
size differentiation derived from calibration data.
The model then determines annual stem growth
by allocating net primary production across the
size classes. This allows for the calculation of
traditional yield components for individual trees
and at the stand level.

Here, we employed the FORECAST
model to simulate yield in poplar plantations
established in the subtropical region of north-
east China. Model output was used to evaluate
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the impact of harvesting intensity (whole-
tree harvesting versus stem-only harvesting),
rotation length (to a 30-year maximum),
planting density (maximum 3000 stems ha'l),
and fertilisation, on the relationship between
stand biomass production and individual stem
size. Most studies to date considered each of
these factors separately but this analysis employed
a factorial design in an effort to elucidate
their joint interaction.

MATERIALS AND METHODS
Study area

Field data were derived from the 2240-ha Dongtai
Forestry Farm, Jiangsu province, China (32° 52' N,
120° 49' E; Figure 1). The region has subtropical
monsoon climate. Mean annual precipitation is
1050 mm and the mean annual air temperature
is 14.6 °C, with an average of 2.5 °C in January
and 27.7 °Cin July. The annual frost-free period
is about 220 days. Soil is a well-drained sandy
loam with pH of 8.0-8.6, and total salt content
of 1.1-2.1 g kg'!. The top 25-cm soil profile has a
carbon—nitrogen ratio ranging from 17.5 to 29.8,
and the ammonia and nitrate contents range
from 17.4 to 20.9 mg kg and 3.1 to 4.1 mg kg™!
respectively of dry soil (Fan 2014). A majority
of the farm area (about 85%) is allocated to
tree plantations. The main species are poplar
(Populus spp. about 66% of the planted area),
metasequoia (Metasequoia glyptostroboides) and
ginkgo (Ginkgo biloba).
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Figure 1 Dongtai Forestry Farm, Jiangsu province, China
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There were a total of 157 hybrid poplar
plantations used in the study, occupying a total
area of 1469 ha. Plantations were mixtures of
clones I-69 (P, deltoides), 1-72 (P. xeuranmericana
and I-35 (P, deltoides), established using 1-year-old
rooted seedlings at densities that varied between
333 and 1500 stems ha'l. The oldest plantation
originated in 1989 and was therefore 19 years
old at the time of measurement. The youngest
plantation was 3 years old. Rapeseed (Brassica
napus) or wheat ( Triticum aestivum) was sown in
spring of the first three years in each plantation.
Up to 750 kg ha! year! of undiluted urea
(CH,N,O) was applied shortly after seeding but
discontinued when crops were no longer seeded.
Crops were harvested at the end of each growing
season and all aboveground parts removed.
Plantations were minimally hand-weeded in
the years subsequent to when crops were no
longer sown to reduce understorey competition.

A total of 157 (20 m x 20 m) plots were
established in June 2008, one randomly located in
each plantation. Dbh and height were measured
within each plot for all trees with dbh > 5 cm.
These data were used in a series of allometric
equations to estimate above- and belowground
biomass (Feng 2007):

stemwood 0.051 (DQH)0.823
Whranen 0.103(D?H)0-621
Weoliage = 0.003(D2H)0-736
stembark 0.006 (D2H) 0842
Wroot = 0.005 (DQH)0.893

where W = dry weight (kg) and D and H = tree
dbh and height respectively. Plot-level calculations
were made from individual tree data and then
expressed on a ha'! basis.

The FORECAST model

FORECAST is a process-based stand-level
ecosystem management model (Kimmins et al.
2010) and has been tested and applied in tropical
and subtropical forests (Blanco & Gonzalez
2010, Wang et al. 2013, Wei & Blanco 2014). The
model employs a hybrid simulation approach in
which the rates of key ecosystem processes are
calibrated, in part, from empirical data (Kimmins
etal. 1999, Seely et al. 1999, Wang etal. 2013). It
can represent one or more tree and understorey
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species, whose growth and survival depend on
simulated competition for light and nutrients.

FORECAST employs a mass balance
approach. It therefore outputs stand-level data
on biomass of individual plant components
(stemwood, branches, foliage, roots, etc.) as well
as gross and merchantable volumes. Another
key output variable is the stemwood biomass
and dbh of individual tree. This component
is simulated using an index of individual tree
size, calibrated with data contained in the
input file that describe the stem size frequency
distribution for a given stand age. Stem-size
distribution data may be inputted for up to 10
stand ages though only one size distribution
is actually required. During a model run, net
primary production in a given year is allocated
across the distribution to calculate stem size
increase in each time step; further details are
provided in Kimmins et al. (1999). FORECAST
can accommodate a comprehensive suite of
management activities (Seely et al. 1999) and
has been applied to a broad range of tree species
(Blanco et al. 2005, Kimmins et al. 2010, Wei &
Blanco 2014), including hybrid poplar (Welham
etal. 2007).

Model calibration and validation

FORECAST requires calibration data of biomass
accumulation for each of the species to be
simulated, along with associated soil variables
(see Kimmins et al. (1999) for a complete list).
When possible, poplar calibration data were
derived from regional estimates but no data
from the Dongtai site were used for calibration;
the latter were reserved for model validation.
Biomass values were calculated from height and
dbh data in growth and yield reports (Sun et al.
2006, Xiao 2006) using the allometric equations
reported above. Other local calibration data
included stand densities (Tang et al. 2004, Xu
& Chen 1994), photosynthetic efficiency (Qi &
Chen 2011), litter decomposition rates and soil
nutrients (Lu 2011). Additional variables are
listed in Table 1.

Calibration data for wheat were derived, in
part, from harvests conducted on the Dongtai
farm. These data were supplemented with
additional measurements from local (largely
unpublished) sources and literature values (Cao
2004, Fang et al. 2005, Xie 2005) (Table 2).
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Table 1 (a) Vegetation parameters used in the hybrid poplar calibration data set, the associated N
concentrations and their annual conversion to litterfall as well as the decomposition coefficient
(k value) for each litter type and (b) soil parameters used in the calibration data set
Parameter® N (%) Litterfall k value
(proportion year™)
(a) Vegetation parameter
Sapwood 0.19 0.06 0.08
Heartwood 0.07 0.06
Live bark 0.9, 1.2, 1.35¢ 0.1
Dead bark 0.66, 0.76, 0.87 0.1
Live branches 0.7,0.8, 0.9¢ 0.04
Dead branches 0.2,0.25,0.3 0.09
Live foliage 0.8,0.9, 1.0¢ 1
Dead foliage 0.4, 0.45, 0.5P 0.5¢4
Live coarse roots 0.19¢ 0.06
Dead coarse roots 0.037 0.09
Live fine root 0.65, 0.7, 0.75¢ 1.1
Dead fine root 0.5, 0.55, 0.6 4
(b) Soil parameter Value
Soil cation storage capacity (kg N ha'!) 25, 50, 80>
Humus cation storage capacity 2.5P
(kg N tonne™! humus)
Proportion active humus 0.8
Active humus N (%) 1.5
Passive humus N (%) 5

Active humus mass loss (proportion year!') — 0.018
Passive humus mass loss (proportion year!)  0.001
Precipitation N input (kg N ha'! year!) 4.0> 8
Non-symbiotic N fixation (kg N ha! year!)  1.08

aValues as per Welham et al. (2007), except as noted, PQi & Chen (2011), “Lu (2011), dqurlg (2012), *Yu et al. (2005),

fLi et al. (2007) and 8Wei et al. (2012)

Creating the ecosystem starting condition

The first step in the application of FORECAST
is to create the ecosystem starting condition
(the ECOSTATE). The ECOSTATE reflects
the buildup of soil organic matter in terms
of its component litter and humus types and
their stages of decomposition (Kimmins et al.
1999). FORECAST can simulate availability and
competition for up to four nutrients. These
simulations are focused on N, in part, because
itis generally limiting throughout warm, humid
subtropical China (Blanco et al. 2012), and
relatively little is known about limitations and
tissue concentrations of additional nutrients. In
addition, N fertilization is widespread in China
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ostensibly to correct deficiencies in this nutrient
(Ju et al. 2009).

The ECOSTATE was created by simulating
a 30-year period of site management prior to
establishing the poplar plantations, as follows.
In this period, wheat was sown annually at an
initial ground cover in each year at 10%. For
the first 29 years, wheat growth occurred with
the nutrient feedback algorithm in FORECAST
disabled. This meant that, in every year, nutrient
demand was always satisfied and the crop was
therefore able to achieve its maximum biomass,
as dictated by the calibration data set. At the
end of each year, the wheat was harvested. All
biomass components except the seeds were
left on-site in order to build up soil organic
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Table 2 FORECAST calibration data for wheat ( Triticum aestivum)
Parameter Value
Maximum aboveground biomass (kg ha') 9300
Maximum seed yield (kg ha'!) 4720
N (%)

Live stem 0.71-1.34
Dead stem 0.51-1.00
Live foliage 1.87-2.69
Dead foliage 1.57-2.12
Live roots 0.38-0.62
Dead roots 0.35-0.53
Fruit 1.59-1.87

matter and its associated N capital. In the 30th
year, nutrient feedback was turned on, which
initiated nutrient competition, and potentially
some limitation of biomass accumulation. The
wheat was then planted and harvested as in the
previous years. Note that atmospheric deposition
was fixed at 4 kg N ha! year! in this and
all simulations.

After implementing the setup protocol,
the final soil organic matter and total available
N (the amount of N accessible to plants) in
the ECOSTATE file was 112.6 Mg ha! and
438.4 kg ha’l, respectively. This compares
favourably to measurements at the Dafeng
Forestry Farm (33° 03' N, 120° 43' E), where Li
(2012) reported 118.3 Mg ha'! for soil organic
matter and 433.2 kg ha'! of available N. Dafeng
is nearby to Dongtai and has similar soil and
management regimes (Li 2012).

Model scenarios

Poplar was planted in the model as 1-year-old
seedlings at densities of 1000, 2000 or 3000
stems hal. These densities were considered
sufficient to ensure full stocking but still have
the potential to generate larger diameter logs
(Hemery et al. 2005). Stands were permitted to
grow for 10, 20 or 30 years before harvesting,
except with the fertiliser scenario (see below)
when a 5-year rotation was also added. Thirty years
is considered the age after which senescence
and decay begin to impact stand integrity. Any
mortality incurred during stand development
was left on site.

Two levels of harvesting intensity
were simulated, whole-tree harvesting and
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conventional, stem-only harvesting. Stem-only
harvesting removed only stems and all other
biomass components were left on site. With
whole-tree harvesting, all aboveground biomass
(stems, branches and foliage) was removed.
Harvesting was assumed to occur during summer
when foliage was present on the trees.

For purposes of analysis, harvested
stemwood was allocated into three classes based
on top (inside bark) diameter limits, namely,
< b cm, 5-20 cm and > 20 cm. The smallest size
class can be used for bioenergy (Mead 2001).
The intermediate size class is considered suitable
for pulping, while the largest diameter logs can
be utilised as structural timbers (PRC 1984), the
latter of which are of much higher value.

A second set of simulations was conducted
with N fertilisation, using the same management
regimes as described above and with the addition
of a b-year rotation. N was applied sequentially
at a rate of 100, 150 or 200 kg N ha! annually
on a schedule designed to generate a level of
stemwood biomass in subsequent rotations
(i.e. after the first harvest) that was within 10%
of the biomass produced in the first rotation.
The application schedule was derived for each
rotation using an iterative exercise in which
fertiliser was applied in contiguous years and
across rotations until sustained productivity was
realised. Fertiliser was applied in the first year
of planting and continued for either four or
five years thereafter. Table 3 shows the total
fertiliser added across the 120-year simulation
period. In China, annual fertiliser application
rates up to 600 kg N ha! have been reported
(Ju et al. 2009). Hence, the rates used in the
simulations are not atypical.
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Total nitrogen (N) added as fertiliser (kg N hal) across the 120-year simulation period,

Planting density
(stems ha'l)

Rotation length

5 years 10 years 20 years 30 years
WTH SOH WTH SOH WTH SOH WTH SOH
1000 5450 2700 6600 5500 3300 2200 2000 1650
2000 8950 4450 8800 4750 4050 2250 2300 1950
3000 13,700 6800 9900 5300 4550 2650 2650 1850

WTH = whole-tree harvesting; SOH = stem-only harvesting

In the first rotation of all simulations, an
understorey population of wheat was sown in
conjunction with poplar at 10% cover density.
This occurred only in the first three years of
the plantation. An amount of 200 kg N ha'!
was also applied in each of these years but not
thereafter. The wheat was harvested annually
and all aboveground biomass removed. In all
other simulation years and subsequent rotations,
wheat was sown at 1% cover density and simply
harvested each year with all materials left on
site. This protocol was designed to emulate
anticipated natural ingress. Finally, a subset
of runs was conducted with no understorey
present to evaluate its competitive influence
on poplar productivity. Poplar was established
at combinations of 1000 and 3000 stems ha’l,
harvested using whole-tree harvesting and stem-
only harvesting at 10- and 30-year rotations
respectively and with fertilisation in the first
rotation only, as described previously.

Assessing model performance

Model performance was assessed by comparing
measured versus predicted trends in height,
dbh, stemwood biomass and total tree biomass.
Five performance assessments were undertaken
(Wang etal. 2013): (1) the Pearson’s correlation
coefficient was calculated from linear regression
of predicted versus observed values, (2) Theil’s
inequality coefficient, U (Theil 1966)—a zero
value for U meant the model generated a perfect
prediction; as values increased, model predictions
became progressively worse (Bliemel 1973) and
(3) modelling efficiency (Vanclay & Skovsgaard
1997). The modelling efficiency index generates a
relative scale of the difference between predicted
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and observed data. Modelling efficiency = 1
indicates perfect fit, while declining values
indicate progressively poorer performance. The
fourth and fifth assessments were calculations
of average bias and mean absolute deviation
respectively (Lo et al. 2011). Average bias was
calculated to identify the overall directionality
of the bias; positive and negative values indicate
over- and under-estimate respectively. Mean
absolute deviation was computed to determine
overall magnitude of error.

RESULTS
Model evaluation

FORECAST output constituted a good fit to dbh
and height measurements as well as calculations
for stemwood and total tree biomass (Figure 2).
Pearson correlations (r) were 93% or higher
(Table 4). Modelling efficiency (> 84%) and
Thiel’s coefficient (< 0.18) highlighted overall
fit of the model. Finally, average bias and mean

absolute deviation were within acceptable limits
(Table 4).

Yield decline

First rotation stemwood biomass production
varied from 2.7 to 13 t ha! year! (Table 5).
Production increased with planting density
and decreased with rotation length at a given
density. With the exception of continuous N
fertilisation, all scenarios showed evidence of
yield decline, which was more severe at shorter
rotations, and with whole-tree harvesting versus
stem-only harvesting (Figure 3, Table 5). The
N accumulated in as part of the ecosystem
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Figure 2 Height, diameter at breast height (Dbh), stemwood biomass and total tree biomass in
poplar stands at the Dongtai Forestry Farm (n = 157); solid lines are predicted relationships
from the FORECAST model

Table 4 Model performance metrics in poplar plantations collected from the Dongtai Forestry Farm

Index Height Dbh Stemwood biomass Total tree biomass
Pearson's r 0.94 0.95 0.93 0.93
Modelling efficiency 0.86 0.90 0.84 0.85
Theil's coefficient 0.10 0.10 0.18 0.17
Average bias -0.56 0.19 2.85 -2.64
Mean absolute deviation 1.72 1.65 7.76 13.70

Dbh = diameter at breast height

starting condition and the application of fertiliser
contributed to an abundance of N in the first
rotation (Figure 4). Without additional fertiliser,
N availability diminished sharply in subsequent
rotations and was always lower in whole-tree
than stem-only harvesting. For a given harvesting
system and planting density, average available
N year! was lower in the 10- versus 30-year
rotation. For example, for the two rotation years,
available N was 28.3 versus 42.2, and 45.9 versus
51.3 kg N ha'! year!, for whole-tree and stem-
only harvesting respectively at 3000 stems ha’!
planting density (Figure 4).
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Understorey competition was another factor
influencing stemwood biomass production,
with yield declines varying from 6 to 38%
(Figure 5). The decline was more severe in stem-
only harvesting than whole-tree harvesting, and
at the lower planting densities.

Total stemwood biomass

Total stemwood biomass harvested over the
120-year simulation period declined as rotation
length increased (Figure 6). The decline was
more pronounced with stem-only than whole-

196
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Table 5 Stemwood biomass yields (t ha'lyear!) in the first and last rotations at three planting densities and
10-, 20- and 30-year rotations
Density 10 years 20 years 30 years
(stems ha'l) g Last First Last First Last
SOH WTH SOH WTH SOH WTH

1000 6.8 1.2 0.8 4.0 1.0 0.6 2.7 0.9 0.6
2000 10.6 1.8 1.1 5.9 1.4 0.8 3.9 1.2 0.8
3000 13.0 2.4 1.3 7.2 1.7 1.0 4.8 1.4 0.9

Last rotation yields are in relation to stem-only and whole-tree harvesting; WITH = whole-tree harvesting;

SOH = stem-only harvesting
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Figure 3 Stemwood biomass for poplar stands planted at 1000 and 3000 stems ha! and harvested
on either (a) 10- or (b) 30-year rotation over a 120-year simulation period

tree harvesting. For a given planting density and
rotation length, whole-tree harvesting generated
lower total stemwood biomass than stem-only
harvesting. The difference was proportionately
less as the rotation length increased. Increasing
planting density always increased total stemwood
biomass. Doubling the initial planting density
increased the whole-tree and stem-only
harvesting total stemwood biomass yields by
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44 and 50% respectively, whereas at triple the
initial planting density, yields increased by only
74 and 85% respectively.

Stem size
Total stem volumes from the first harvest

ranged from 66-456 m® ha! (Figure 7). No
large-diameter logs were produced on 5-year
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Figure 4 Nitrogen availability (N) for stands planted at 3000 stems ha! (sph), and harvested on
either (a) 10-year or (b) 30-year rotation, over a 120-year simulation period; dotted and
solid lines denote whole-tree harvesting and stem-only harvesting respectively.

rotations but a maximum of 60 m? ha! was
produced at 1000 stems ha! planting density
and 30-year rotation. First rotation volumes were
not good indicators of long-term (120-year)
productivity. The highest total volume (4650 m?),
for example, was generated on a 5-year rotation
at 3000 stems hal. However, the greatest volume
of large-diameter logs (423 m®) was produced at
1000 stems ha! planting density and a 10-year
rotation (Figure 7).

DISCUSSION

Yield decline

Yields from 2.2 to 13.5 t ha'! year are typical in
intensively managed short rotation (< 5 years)

commercial plantations (Mitchell et al. 1999).
In our systems, stemwood production in the
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first rotation was within this range (Table 5).
Without additional fertiliser, however, yields
could not be sustained and indeed were much
reduced in subsequent harvests, more so with
whole-tree versus stem-only harvesting. Final
yields were approaching stability but at values
below 2 tonnes ha'! year!. Productivity less than
7 tonnes ha! year! is considered uneconomical in
short rotation systems (El Kasmioui & Ceulemans,
2012, Schweier & Becker 2013), which suggests
that none of the management scenarios for
poplar would be feasible without fertilisation.
Nitrogen depletion is likely to be
problematic in the subtropics and tropics. This
is, in part, because the favourable soil moisture
and temperature regime may stimulate nutrient
cycling but high water fluxes introduce a risk
of loss through leaching (Fang et al. 2008). In
our simulations, yield decline was indeed partly
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(a) First rotation and (b) total volume over a 120-year simulation of small diameter at breat height

(dbh) (5-20 cm) and large dbh (> 20 cm) logs; diamonds, squares, circles and triangles denote 5,
10, 20 and 30-year rotations respectively; values are the initial planting density (stems ha'l); total
volumes were generated with the application of fertiliser in every rotation; dashed lines are added

for clarity

a consequence of leaching losses. In the initial
rotation, a large amount of N was available over
the first five years, which is a typical response
in land conversion (Kimmins 2004). Hybrid
poplar grows quickly, has high tissue nutrient
concentrations and is deciduous (Brown & van
den Driessche 2005). Its nutrient demands are
therefore high but given that stand biomass was
not well developed at this time, N demand and
uptake were small relative to supply (Welham
et al. 2007). Similar conclusion was reported
for fertilised willow (Salix viminalis) stands (Jug
et al. 1999). One means of reducing leaching
losses is by establishing a fast-growing perennial
ground cover (Mc Laughlin et al. 1985, Welham
et al. 2007). In these plantations, however, the
understorey (combined with the poplar) had
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only a relatively minor impact on N retention
relative to what was released.

Harvesting in the first rotation was an
additional factor in yield decline because of
the amount of N capital contained within the
harvested biomass. Yield decline in Chinese
fir (Cunninghamia lanceolata) occurred in
conjunction with a reduction in N capital that
accompanied each harvesting event (Bi et al.
2007). Declines in two other species, Phoebe
bournei (Wang et al. 2013) and Pinus contorta
(Wei et al. 2000, 2003), were also attributed
to biomass removals that led to a decrease in
available nutrients, particularly N (Switzer et
al. 1981). In Europe, fertile agricultural soils
appear to be capable of supplying enough N to
support two or three 5-year rotations of poplar
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(Makeschin 1999). However, overall production
was lower than occurred here (Hofmann-Schielle
etal. 1999), which was reflected in lower export
of N capital from harvesting (Jug et al. 1999).

Harvest intensity

For a given rotation length and planting density,
total stemwood biomass was always lower under
whole-tree harvesting than stem-only harvesting.
Stemwood had much lower N concentration
relative to foliage and branches (Table 1) and
when the latter were removed during whole-
tree harvesting, there was higher export of N
capital relative to stem-only harvesting. We
estimated that the N removed in foliage and
branches exceeded that from stemwood alone by
a minimum of 1.78 (data not shown). A model
for the long-term decline (whole-tree harvesting
> stem-only harvesting) in biomass production of
sub-boreal lodgepole pine forests showed that N
removals under whole-tree harvesting exceeded
stem-only harvesting by a factor of 1.9 (Wei et
al. 2000, 2003)

Rotation length was an important
determinant of the differential in harvest
production between whole-tree harvesting and
stem-only harvesting. In comparing the 10, 20
and 30-year rotations, total stemwood biomass
after the 120-year simulation was about 35,
30 and 20% lower respectively in whole-tree
harvesting than stem-only harvesting (Figure 6).
Wang et al. (2013) reported a difference of
9.8% in aboveground carbon sequestration
for whole-tree harvesting compared with stem-
only harvesting in a 40-year rotation (over a
240-year simulation period) of P. bournei stands in
subtropical China (Jiang et al. 2009). In cool and
dry sub-boreal lodgepole pine forests, 40- and
60-year rotations had 12 and 10.8% decline
in total biomass production for whole-tree
and stem-only harvesting (240-year simulation
period) respectively (Wei et al. 2000, 2003).
Taken together, these results emphasise that if
stands are to be managed on shorter rotations,
retention of harvest residues (as per stem-only
harvesting) should be utilised to protect fertility
and minimise yield decline (Kimmins 1976,
Jacobson et al. 2000). Nevertheless, for most
forest types, maintaining long-term productive
capacity at rotations of 60 years or less will likely
require additional N inputs (Wang et al. 2013).
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Total stemwood biomass declined with
rotation length and gains in productivity from
delaying harvest were therefore not offset by
the reduction in harvest frequency. The relative
benefit of harvesting on short rotation, however,
also decreased with planting density and more
so with stem-only harvesting than whole-tree
harvesting. Typically, the impact of rotation
length on forest productivity has been assessed
after holding additional variables constant (Wei
et al. 2000, Wang et al. 2013). As our results
indicated, harvest intensity and planting density
were important covariates.

Weed competition can negatively impact
productivity, either directly (Walmsley et al.
2009) or in conjunction with site fertility (Bi et
al. 2007, Welham et al. 2007). In our simulations,
the addition of understorey reduced stemwood
biomass production by as much as 38% but
relative impact of competition depended on
interaction between planting density, harvest
intensity and rotation length (Figure 5). Short
rotation harvesting triggers a loss of soil fertility,
which is followed by associated reduction in
tree growth that favours understorey growth
because of reduced shading (Bi et al. 2007).
There was evidence of competitive inhibition in
our stands after the first rotation when nutrients
became limiting and which was more severe at
shorter rotations (Figure 5). Competition was
also greater at lower planting densities suggestive
of reduced understorey shading. However, this
hypothesis did not explain why the understorey
had stronger competitive effect in stem-only
harvesting compared with whole-tree harvesting,
given there was less N available in the latter. It
may be that the very low nutrient levels triggered
by whole-tree harvesting might depress tree
growth sufficiently that understorey competition
had relatively little additive impact.

Volumes

If plantations are to be an effective substitute
for harvesting in primary forests, they must
be capable of supplying the same high quality
products and in the amounts sufficient to be
economical (Johansson & Lofgren 1985). These
poplar systems demonstrated that significant
volumes were produced at the first harvest on
short rotation (Figure 7). However, ongoing
fertilisation was required to maintain production.
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Large-diameter logs are key features of many
primary forests but they are usually the result
of many decades of growth. In our case, large-
diameter (> 20 cm dbh) volumes were small on a
per-rotation basis but they compared favourably
to natural stands when multiple harvests were
summed over the long-term. Between 150
and 440 m® ha! could be generated over a
120-year rotation. To generate a continuous
and economical wood flow, these systems would
need to be implemented on a large scale. This
should not be problematic if volume of smaller
diameter (5-20 cm) logs was also considered.
There was no benefit to extending the
rotation length beyond 10 years, either in terms
of generating larger logs or maximising harvested
volumes (and biomass). The latter occurred in
5-year rotation (planting density 3000 stems ha'!)
but only allowed for production of small-diameter
logs. Doubling the rotation length to 10 years
might be a favoured option because it generated
large-diameter logs with only a small decline
in total volume (Figure 7). Reducing planting
density also favoured production of larger logs
though there were minimum rotation lengths
that constrained the effectiveness of this option.

CONCLUSIONS

First rotation yields were not reliable indicators
of long-term trends in these subtropical poplar
plantations. Total production was very high when
high planting densities were combined with short
rotations but average tree size (diameter) was
small. Planting at wider spacing can generate
larger individual trees thus highlighting the
inverse relationship between planting density and
mean tree size. Stocking control and fertilisation
(In our case, nitrogen) are essential if larger-
diameter logs are to be produced on shorter
rotational cycle.
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