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Forest plantation growers in Vietnam commonly burn residues after harvesting and often apply suboptimal
amounts of nutrients during plantation establishment. We examined whether the retention of forest residue, and
application of phosphorus fertiliser at higher rates, can increase rates of growth. A factorial combination of residue
management (burning vs retention) and phosphorus fertiliser application at planting (15 vs 100 kg ha™') treatments
were applied at a steeply sloping site in northern Vietnam. Two adjacent experiments were established, one with
Acacia mangium and the other with a Eucalyptus hybrid (Eucalyptus urophylla x Eucalyptus pellita). Standing
volume and leaf area index in A. mangium were greater following burning; this was mostly attributable to the signifi-
cantly higher survival rate of seedlings. Burning of residues was associated with increases in the number of large
branches per tree, and a higher crown damage index (CDI). In the Eucalyptus hybrid, diameter and height responses
to the higher rate of fertiliser were observed at age 6 and 12 months, but not beyond. High phosphorus applica-
tion also led to higher CDI. Standard fertiliser treatment, applied in amounts equivalent to 17, 15 and 8 kg ha™ of
nitrogen, phosphorus and potassium, respectively, was adequate to meet the early growth requirement of eucalypt
and acacia plantations at this site. The relatively low amounts of harvest residue and high fertility levels at the site
may have masked more significant responses of trees to the silvicultural treatments applied in this study. On steep
slopes, especially if soil is poorly fertile, harvest residue retention with adequate weed and termite control may be
preferential to burning as it is closely correlated with reducing factors that negatively impact productivity, i.e. water

run-off and soil erosion.
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Introduction

Plantation forestry makes a crucial contribution to the
economy of rural areas in Vietham through the provision
of export wood-chips, and timber for a growing domestic
furniture industry (Nambiar et al. 2015). By 2013 and since
the 1990s, approximately 3.4 million ha of mainly acacia
and eucalypt plantations had been established (MARD
2014). They are managed on 5- to 8-year rotations, and
many are located on sites with steep slopes (Sam and
Binh 2001; Cao and Son 2014). The current inter-rotational
practices involve repeated burning of residues and litter
after harvesting with application of only low amounts of
organic and/or inorganic nutrients at planting (Dung et al.
2012; Nambiar et al. 2015). There is a concern that soil
fertility (Dong et al. 2014; Huong et al. 2015; Hung et al.
2017) and yields (Dung et al. 2005; Cao and Son 2014;
Khiet 2014) have been declining and that current residue
management practices will not be able to sustain potential
yield (Dung et al. 2005, 2012; Huong et al. 2015; Nambiar

et al. 2015). In addition, damage from insect pests and
diseases is further reducing yields (Ngoc et al. 2011;
Thu et al. 2012).

Mismanagement of site resources during the inter-
rotational phase in a short-rotation silvicultural system can
impact negatively on future productivity (Gongalves et al.
2013). ‘Slash and burn’ cultivation in which the forest is
clear cut, the wood removed and any remaining vegeta-
tion burnt is a traditional method of site preparation that is
still used in plantation forestry in some countries, including
Vietnam (Tran et al. 2011). This practice has been reported
to have negative effects on the growth of eucalypts
(Deleporte et al. 2008; Rocha et al. 2016), and the tree form
of acacias (Eldoma et al. 2015). Burning of residues have
been linked to the loss of up to 86% of nitrogen (N) and
60% of phosphorus (P) in smoke and through volatilisation,
and the loss of P, potassium (K) and calcium (Ca) through
leaching, wind-blown ash, surface run-off and erosion
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(Gongalves et al. 2007). Furthermore, nutrient losses have
been shown to be greater on exposed sites and those with
steep slopes (Edeso et al. 1999; De et al. 2008; Sidle et al.
2006). Fast-growing short-rotation plantation acacias and
eucalypts require a large nutrient supply, especially of N, P
and K, at planting (Melo et al. 2016, Mendham et al. 2017);
burning on steeply sloping sites therefore has the potential
to reduce this supply.

In contrast, retention of harvest residues has been shown
to lead to increased growth of A. mangium in Indonesia
(Hardiyanto and Nambiar 2014), Eucalyptus grandis
in Brazil (Rocha et al. 2016) and E. globulus in Australia
(Mendham et al. 2008). The increase in tree growth has
been associated with the retention of nutrients (Huong et
al. 2015), enhanced soil microbial activity (Mendham et al.
2002) and increased nutrient mineralisation (Nzila et al.
2002; O’Connell et al. 2004). On steep slopes, retention of
residues from harvesting can also reduce water run-off and
soil erosion (Edeso et al. 1999; Costantini and Lcoh 2002;
Khan et al. 2016).

Supplying nutrients as fertiliser at planting is a common
practice in short-rotation forestry, and often improves
productivity on nutrient-deficient sites (Xu et al. 2001; Melo
et al. 2016; Mendham et al. 2017). Eucalypt plantations have
been shown to respond to both N and P applied at planting
(Judd et al. 1996; Xu et al. 2001; Melo et al. 2016) and
acacias to P applied at planting (Beadle et al. 2013; Huong
et al. 2015; Mendham et al. 2017). However, responses
can vary across sites depending on soil fertility and tree
requirements (Sankaran et al. 2007; Mendham et al. 2017).
As acacias are N-fixing, they are generally considered
to have an increased requirement for P compared with
non-leguminous species (Ingestad 1980). However,
responses to high rates of P at planting have also been
found in eucalypt plantations (Judd et al. 1996), especially
in soils with low levels of extractable P (Xu et al. 2001; Melo
et al. 2016). Thus, high rates of P may need to be applied at
planting of both acacia and eucalypt plantations to maintain
and improve productivity, especially in northern Vietnam
where most soils have low levels of extractable P that are
considered to limit growth (Sam and Binh 2001).

On steep slopes, forest plantation productivity has also
been shown to be influenced by slope position (Qingshan
et al. 1998; Omary 2011). For example, in central Vietnam,
Harwood et al. (2017) found that stem volume of an
Acacia hybrid (A. mangium x A. auriculiformis), grown on
a moderate slope, was significantly lower at the top than
in the middle and bottom of the hill. This was attributable
to differences in soil moisture, nutrient status and topsoil
quality (De et al. 2008; Hardie et al. 2018), as well as
incident solar radiation (Auslander et al. 2003), between
slope positions. Hence, understanding the impact of slope
and its position on tree growth could provide useful informa-
tion for sustaining productivity of acacia and eucalypt
plantations managed on steep slopes.

The productivity of eucalypt and acacia plantations
worldwide is also increasingly threatened by insect
pests and pathogens (Wingfield et al. 2015; Crous et
al. 2017). Growth rates of Acacia mangium have been
reduced from 23.5 to less than 15 m® ha™' y~' as a result
of fungal diseases (Ganoderma philippii and Ceratocystis

manginecans) in Sumatra, Indonesia (Harwood and
Nambiar 2014). Among the most serious pests of
eucalypts in Asia is the gall wasp Leptocybe invasa (Dell
et al. 2012; Thu 2016; Tong et al. 2016), which caused a
20% reduction in productivity of eucalypts (E. tereticornis,
E. camaldulensis and E. saligna) in Tanzania (Kurganova
et al. 2018). In Brazil, volumetric growth of Eucalyptus
urophylla and its hybrid (E. urophylla x E. grandis) has
been found to be reduced by up to 82% after 30 months
infection by Ralstonia solanacearum (Ferreira et al.
2018). Tropical acacias and eucalypts are also affected
by termites (Calderon and Constantino 2007; Ngoc et al.
2011), with up to 30% of seedlings being infested in many
young acacia and eucalypt plantations across Vietnam
(Ngoc et al. 2011). However, there has been limited studies
linking plantation health to silvicultural practices (Jactel
et al. 2009). In Australia, Pinkard et al. (2006) found that
fertiliser application as N or N + P improved crown health
and productivity of a three-year-old E. globulus plantation
that suffered attack from the eucalypt weevil (Gonipterus
scutellatus). Residue management has been found to
influence community structure of invertebrate pests in
wattle (Acacia mearnsii) plantations in South Africa with a
greater infestation of soil invertebrate pests on sites where
the plantation residue was windrowed—burnt-weeded
or ‘broadcast’ (20.34%) than in the other treatments
(windrowed-burnt-ripped or fallow; 2.36%) (Govender
2014). Hence, the effect of silvicultural treatments to be
trialled on potential biotic damage should be taken into
account in any experimental design.

This study examined whether residue retention and
higher levels of P fertiliser application at planting can
be used to arrest any yield decline on a steeply sloping
sites and provide a pathway for sustaining higher yields
in acacias and eucalypts planted in Vietham in the longer
term. We examined the effects of burning harvest residues
(current practice) compared with residue retention, and the
interactions between harvest residue management and P
fertiliser application (current practice vs a higher rate) on
the productivity of Acacia mangium and a Eucalyptus hybrid
(E. urophylla x E. pellita).

Materials and methods

Study site

The study site was located 170 km north of Hanoi at
latitude 21°51' N, longitude 105° 00’ E, and altitude 100 m
in a commercial forest area in Yen Bai province, Vietnam.
The mean annual temperature is 22.9 °C, relative humidity
is commonly >75% and mean annual rainfall is 1 808
mm (range 1 396-2 140 mm), most falling from May to
September (Figure 1).

The site had slopes ranging from 5-10° (at the top of the
hill) to 25-30° (in the middle) and 30—40° (at the bottom).
The soils at the site are classified as ferric (Ferralic)
Acrisols (FAO 1988) and had mean soil pH (1:5; H,0) of 3.8
and Bray extractable P of 3.5 mg kg™' (Table 1).

Land-use history, stand harvest and site preparation
Historically, the site was converted from secondary forest
(degraded natural forest) to plantation Styrax tonkinensis
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(Pierre) Craib in the 1980s, followed by two rotations of
A. mangium planted in 2000 and 2008. Site preparation
on each occasion involved the burning of post-harvest
residues and, at planting, the application of small amounts
of inorganic fertiliser.

The previous stand of A. mangium was clear-felled in
January 2015. The detailed measurements, analyses and
descriptions of the stand were presented in Bich et al.
(2018). In brief, at harvesting the stand had a mean height
of 14.5 m, stem diameter (DBH) of 13.2 cm, mean annual
increment (MAI) of 13.3 m® ha™' y-' and aboveground
stand biomass of 60.8 Mg ha~'. Stemwood, without bark, of
commercial size (diameter > 3 cm over bark) was removed
from the site. The other stand components (estimated to
be 18.1 Mg ha™), including bark (8.9 Mg ha™'), branches
(<3 cm in diameter, 6.6 Mg ha'), leaves (2.5 Mg ha™') and
forest floor, including litter (5.8 Mg ha™') and understorey
vegetation (3.3 Mg ha'), were retained on the site. The
total initial nutrient contents in all residues maintained
on the site were estimated to be 440, 15, 61, 185 and
20 kg ha™ of N, P, K, Ca and magnesium, respectively.
The residue was distributed evenly prior to the imposition of
treatments. The site then was planted with the Eucalyptus
hybrid experiment in March—April 2015 and the A. mangium
experiment in June 2015.

Experimental design and treatments

A randomised complete block experiment with five replica-
tions was applied to both the A. mangium and Eucalyptus
hybrid experiments. Replicate blocks were located so as
to account for slope effects, with the plots in each block
having a similar slope range (5-10°, 20-30° and 30-40°
at the top, middle and bottom position of the hill, respec-
tively). Availability of the land area dictated that there was
one replication at the top, two in the middle and two at
the bottom of the hill for the Eucalyptus hybrid, whereas
for the A. mangium experiment there was sufficient space
for two replications at the top, two in the middle, and one
at the bottom. Four treatments were imposed: a factorial
combination of residue management (burning vs retention)
and P fertiliser application (current practice vs a higher
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Figure 1: Mean monthly temperatures (continuous line) and rainfall
(vertical bars) during the experimental period in northern Vietnam

level of P fertiliser). Details of the treatment combinations

are given below.

The two residue management treatments were:

(1) SO: Residues burnt: harvest residues evenly distributed,
and then all residues subsequently burnt 60 d after
clear-cutting and two weeks before planting

(2) S1: Residues retained: harvest residues evenly
distributed and no burning.

The plantation soils are dominated by acidic and leached
Acrisols with low available soil P (Sam and Binh 2001;
Phuong et al. 2012; Sang et al. 2013; Hung et al. 2017) and
P at planting is a critical requirement for growth (Hai et al.
2005; Son et al. 2006). A zero P treatment therefore was
not applied and the two P fertiliser treatments were:

(1) P15: Current fertiliser practice: 17 kg ha™' of N, 15 kg ha™
of P and 8 kg ha' of K, applied as N:P:K 5:10:3 fertiliser.

(2) P100: High P fertiliser: as for P15 plus 85 kg ha™' of P,
applied as superphosphate (16% P,O;), thus a total of
100 kg ha™' of P.

The total treatment area for the 40 plots (20 plots of
20 m x 30 m for the Eucalyptus hybrid, and 20 plots of
25 m x 30 m for A. mangium) was 2.7 ha, i.e. 1.2 ha for
the Eucalyptus hybrid and 1.5 ha for A. mangium. The
seedlings were sourced from a national seed orchard in
Ba Vi established by the Forest Tree Improvement and
Biotechnology Research Institute, Vietnamese Academy of
Forest Sciences, Hanoi. Seedlings were planted in 30 cm
x 30 cm x 30 cm planting holes with spacing between
plants of 2 m x 3 m (1 666 trees ha™') in the Eucalyptus
hybrid trial, and 2.5 m x 3 m (1 333 trees ha™') in the
A. mangium trial. To minimise loss of P as a result of the
high P-fixing capacity of the Acrisols soil (Sam and Binh
2001), fertiliser was applied in the base of the planting hole
without mixing through the soil and covered by a soil layer
before planting the trees. Weed control was applied to the
whole area across all treatments, using a wood-handle
machete, at six-monthly intervals following planting and
until canopy closure. The tree measurements were made
on net plots (a sampling area within the treatment area)
of six rows of six trees to provide plot areas of 216 m? and
270 m? in the Eucalyptus hybrid and A. mangium, respec-
tively. Each net plot was surrounded by two rows of buffer
trees on all sides.

Table 1: Soil chemical properties at 0-10 cm soil depth sampled
immediately before establishment of the Eucalyptus hybrid and
Acacia mangium ftrials in northern Vietnam (n = 5). Soil sampling
and analysis were based on the method of Hung et al. (2016)

Eucalyptus A. mangium
Soil chemical property hybrid ’
Mean SE Mean SE

pH,,0 (1:5 water) 3.79 0.04 3.79 0.03
Total C (g kg™) 2751 270 2910 2.60
Total N (g kg™) 230 0.10 210 0.10
Total P (g kg™") 0.08 0.00 0.09 0.00
Bray extractable P (mg kg™) 294 041 4.04 0.51
Exchangeable K (cmol kg™) 0.10  0.01 0.12  0.01
Exchangeable Ca (cmol kg™") 0.21 0.01 0.70 0.1

CEC (cmol kg™ 1083  0.63 781 074
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Experimental measurements and calculations

Tree growth

Tree size was measured at 6, 12, 18 and 24 months after
planting. Diameter (DBH; cm) at breast height (1.3 m) was
measured, as was total tree height (H; m). Numbers of
dead trees were recorded in each plot. Stem volume (V) of
A. mangium and Eucalyptus hybrid was calculated using
Equations 1 and 2 (MARD 2001), respectively:

V =mn/4 x DBH?2 x H x 0.490 (1)
where 0.490 is the stem form factor and

V =0.3256 x (DBH? x H)09108 @)

Standing volume was calculated as the sum of the
individual stem volumes per plot, and expressed per hectare.

In addition to the tree growth measurements, geographic
location and slope angle of each plot were determined with
a GPS (Garmin 60CSx; Garmin Ltd, Olathe, KS, USA) and
Abney hand level (CST/berger 5.25" 17-640), respectively.
Furthermore, three soil pits per slope position (a total of
nine pits, representing three slope positions, i.e. top, middle
and bottom) for each species were dug to measure soil
profile and soil depth.

Leaf area index

Leaf area index (LAI) was determined at age 6, 12, 18 and
24 months after planting using a destructive harvesting
method (du Toit and Dovey 2005). Ten trees representing
the range of diameter classes of each species were
destructively sampled from the buffer rows of the experi-
mental plots at each assessment time. After felling the
trees, DBH and H of the trees was assessed, and fresh
mass of leaves of each tree was determined in the field.
A sample of 20 representative fresh leaves per tree was
selected. The sample leaves were scanned with a Canon
scanner (Canon Scanner Lide 210) and leaf area was
determined using LIA32 V0.377e software (Yamamoto
2004). All samples were then oven dried to constant
mass at 65 °C and then weighed for conversion of fresh
sample mass to oven-dry mass and calculation of specific
leaf area (the ratio of leaf area to leaf dry weight; m? kg™")
of each sample tree. Leaf area of each sample tree was
determined by multiplication of the leaf dry mass and its
specific leaf area. Leaf area of the destructive sample
trees was regressed against the tree diameter (DBH) and
height (H), and the models explaining the largest portion of
the variation were used to estimate leaf area of individual
trees in plots (for Eucalyptus hybrid: leaf area = 0.8421 x
DBH'%228 R2 = 0.88, p < 0.001; and for A. mangium: leaf
area = 3.5965 x DBH - 0.7609, R? = 0.90, p < 0.001).
Total leaf area per plot was calculated as the sum of
the leaf area of individual trees in the plot. The LAl was
determined as the total leaf area of the plot divided
by the plot area.

Tree form

Tree form was assessed at age 12 months. The number
of competing leaders per tree and the number of large
branches > 10 mm in diameter from the main stem (or
stem with the largest diameter if not single-stemmed) were

measured (Medhurst et al. 2003; Beadle et al. 2007). As the
preferred form for harvesting is single stems (Beadle et al.
2007), more competing leaders or large branches per tree
are associated with poorer tree form.

Crown damage index

Crown damage was assessed at age 12 months using
the methodology developed for young eucalypts by Stone
et al. (2003).

Crowns of each tree were divided vertically into thirds
based on tree height, and a separate assessment done
for each third. Three types of leaf damage were assessed:
defoliation (damage from chewing insects), necrosis
and discolouration. Crown condition of both species was
expressed as the crown damage index (CDI):

DSXD,+NS><Ni+CS><C, (3)
100 100 100

CDI=

where D denotes defoliation, N denotes necrosis and C
denotes foliage discolouration. The subscript i is incidence,
estimated as the percentage of leaves in the crown affected
by the specified type of damage relative to the crown of an
undamaged tree on that site, and s is severity, estimated
as the average percentage area of leaf with the specified
type of damage. The CDIs for each third of the tree were
summed to calculate the CDI per sampled tree.

Visual standards for D, N and C for the Eucalyptus hybrid
were based on Stone et al. (2003). Using on-site material, a
visual standard was developed for A. mangium (details are
given in Supplementary Figure S1) based on the range of
leaf areas showing each type of damage. In both species,
a time limit was not set for each evaluation, but assessors
were asked to walk around the tree and assess damage
looking away from the sun (Smith et al. 2005). Prior to the
assessments, all assessors were trained in the method and
tested for consistency in their assessments.

Foliar sampling and analysis

Foliage was sampled at ages one and two years after
planting (in March 2015 and 2016 for the Eucalyptus hybrid,
and June 2015 and 2016 for A. mangium). Foliar sampling
and analysis procedures were based on those of Judd et al.
(1996). In brief, a single bulked sample of 40 fully expanded
leaves was sampled from the outer branch position of the
upper third of the crown of five dominant and co-dominant
trees in the inner rows of each plot (total of 20 samples per
species per collection time).

The samples were dried to a constant weight at 65 °C
and then ground to pass through a 2 mm mesh sieve.
The ground material was redried (65 °C overnight) prior to
digestion in concentrated sulphuric acid and 30% hydrogen
peroxide and all nutrients were measured from that digest.
Total N was analysed by Automatic Kjeldahl distillation
(UDK 149; PLT Scientific Sdn Bhd, Puchong, Selangor
Darul Ehsan, Malaysia), P by spectrophotometry (Jasco
7800 spectrophotometer; JASCO International Co. Ltd,
Tokyo, Japan), K by flame photometry (Model 410 Flame
Photometer Range; Sherwood Scientific Ltd, Cambridge,
UK), and Ca and magnesium by atomic absorption spectro-
scopy (Berry and Johnson 1966).
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Statistical analysis

The effect of treatment on survival, growth (DBH, H and V),
LAI, form (the number of competing leaders and the number
of branches > 10 mm), CDI and foliage nutrient concentra-
tion was investigated using two-way analysis of variance of
two levels of P fertiliser and two types of residue manage-
ment in five topographically arranged blocks. The effects
of slope (which was used as a surrogate for position in the
landscape) on the tree growth parameters, LAI, form and
CDI were explored using regression analysis. Statistical
tests were conducted with SPSS for Windows version 22.0
(IBM Corporation, Armonk, NY, USA, 2013).

Results

Survival

Survival of trees to age 24 months was consistently high in
all treatments in the Eucalyptus hybrid trial (95%—-96%) but
was variable in the A. mangium (82%-93%) trial (Table 2).
A lower survival rate in the A. mangium plots was observed
when residue was retained rather than burned (p < 0.05;
Table 2, also see Supplementary Table S1 for summary
of statistical analysis). Rate of P fertiliser application did
not significantly affect survival of either A. mangium or the
Eucalyptus hybrid in either trial, nor did residue manage-
ment in the Eucalyptus hybrid trial.

Regression analysis showed that slope had no signifi-
cant effect on survival in either the Eucalyptus hybrid or
the A. mangium trial for the duration of the study period
(p > 0.10; data not shown).

Growth
There was no significant interaction between residue
management and rate of P fertiliser application on measures

of tree growth (DBH, H and V) for either species (p > 0.05).
Therefore, only the main effects are presented.

The standing volume (V) of A. mangium at age 24 months
after planting was significantly higher when residue was
burned than when residue was retained (p < 0.05; Table 3,
Supplementary Table S1). Neither stem diameter (DBH)
nor tree height (H) of A. mangium responded significantly
to the residue management treatments at age 6, 12, 18 or
24 months after planting (p > 0.05; Table 3). The higher
levels of competition in the residue-retained treatments
might have masked other growth responses to treatments
if weeds were not adequately controlled. Residue manage-
ment had no effect on tree growth in the Eucalyptus hybrid
trial (p > 0.05; Table 3).

In the Eucalyptus hybrid trial, DBH and H responded
significantly to the higher level of P application at ages 6 and
12 months; however, there were no significant differences
between treatments at age 18 and 24 months (Table 4).
There were no significant differences at 24 months between
the fertiliser treatments as measured by DBH and H of
A. mangium and in standing volume of either A. mangium or
Eucalyptus hybrid at 24 months (p > 0.05; Table 4).

Negative relationships between tree growth (DBH, H and
V) were observed with slope early in stand development in
A. mangium, but disappeared with time (data not shown).
There was no effect (p > 0.05) of slope on the growth (DBH,
H and V) of the Eucalyptus hybrid (data not shown).

Leaf area index

Mean values of LAl at ages 6, 12, 18 and 24 months
after planting for the Eucalyptus hybrid were 1.2, 2.2, 2.3
and 2.9 m? m2, respectively, and for A. mangium were
0.3, 1.4, 2.9 and 3.5 m? m?, respectively. There was no
significant effect of residue management, or interaction

Table 2: Mean survival (%) of trees at 6, 12, 18 and 24 months (mo) after planting according to the residue management or fertiliser
treatments in an Eucalyptus hybrid and Acacia mangium residue management and fertilisation trial in northern Vietham. Means within a
column sharing the same superscript letter are not significantly different (P < 0.05). The full analysis is shown in Supplementary Table S1

Treatment Eucalyptus hybrid Acacia mangium
6 mo 12 mo 18 mo 24 mo 6 mo 12 mo 18 mo 24 mo
Residue management' SO 982 972 962 962 952 932 932
S1 962 952 952 91°b 88p 83P 82°
Fertiliser application? P15 982 972 962 922 902 86° 862
P100 972 962 952 952 942 892 882

' S0 and S1 are burning and retention of residue, respectively
2P15is low (15 kg ha™*) and P100 is high (100 kg ha™") rates of phosphorus fertiliser

Table 3: Mean stem diameter (DBH), tree height (H) and standing volume (V) of the Eucalyptus hybrid and Acacia mangium in response to
residue management treatments (burning vs retention) at 6, 12, 18 and 24 months (mo) after planting in northern Vietnam. Standing volume
was not calculated at age 6 months. Means within a column sharing the same superscript letter within each growth attribute are not significantly

different (P < 0.05). The full analysis is shown in Supplementary Table S1

Eucalyptus hybrid Acacia mangium
Tree growth Treatment 6 mo 12 mo 18 mo 24 mo 6 mo 12 mo 18 mo 24 mo
Stem diameter at 1.3 m (cm) Burning 2.92 5.12 6.72 7.52 1.42 3.42 6.12 7.02
Retention 2.8° 5.12 6.8° 7.72 1.32 3.22 5.9 6.72
Tree height (m) Burning 4.02 6.72 9.72 10.22 2.22 3.52 6.12 6.82
Retention 412 6.92 9.92 10.52 2.12 3.4 6.0° 6.5°
Standing volume (m?® ha™) Burning - 5.82 13.0° 39.5° - 2.52 14.42 21.72
Residue — 6.0° 13.42 42.02 — 1.8° 11.52 17.0°
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Table 4: Mean stem diameter (DBH), tree height (H) and standing volume (V) of the Eucalyptus hybrid and Acacia mangium in northern
Vietnam at ages 6, 12, 18 and 24 months (mo) in response to fertiliser treatments applied at planting. Standing volume was not calculated at
6 months. Means within a column sharing the same superscript letter within each growth attribute were not significantly different (P < 0.05).

The full analysis is shown in Supplementary Table S1

] Eucalyptus hybrid A. mangium
Tree growth Treatment 6 mo 12 mo 18 mo 24 mo 6 mo 12 mo 18 mo 24 mo
Stem diameter at 1.3 m (cm) P15 278 5.02 6.72 7.52 1.32 3.32 6.12 7.02
P100 3.0° 5.26 6.92 7.7° 1.42 3.32 5.92 6.72
Tree height (m) P15 3.9 6.62 9.72 10.22 2.12 3.4 6.12 6.72
P100 4.2° 7.00 9.92 10.52 2.22 3.52 6.02 6.52
Standing volume (m? ha™") P15 - 5.62 12.82 40.22 - 2.12 13.72 20.42
P100 — 6.22 13.62 41.32 — 2.2° 12.22 18.22
P15 and P100 are low (15 kg ha™") and high (100 kg ha") rates of phosphorus fertiliser
between residue management and fertiliser, on LAl for the 4} (a) - (b) *i

Eucalyptus hybrid (p > 0.05; Figure 2a), but burning resulted
in a significantly increased LAl of A. mangium at age 12,
18 and 24 months (p < 0.05; Figure 2b, Supplementary
Table S1).

Application of 100 kg ha™" of P fertiliser at planting of the
Eucalyptus hybrid resulted in a higher LAl than the lower
rate at age 6 months (p < 0.05), but the effect was no
longer significant at age 12, 18 and 24 months (p > 0.05;
Figure 3a). Application of the higher rate of P had no
effect on the LAl of A. mangium (p > 0.05; Figure 3b,
Supplementary Table S1).

At 24 months, there was no effect of position on the
landscape on LAl of both the Eucalyptus hybrid and
A. mangium plantations (data not shown).

Form

Twelve months after planting, the percentage of the trees
that had less than two large branches (>10 mm) was 80%
and 25% in the Eucalyptus hybrid and A. mangium ftrials,
respectively. The percentage of the trees with a single
leader was >90% and >70% in the Eucalyptus hybrid and
A. mangium ftrials, respectively. There was no effect of
residue management and fertiliser on tree form for either
species (p > 0.05).

The residue-management treatment had no effect on
either the number of large branches or competing leaders
per tree for the Eucalyptus hybrid (p > 0.05; data not
shown). In contrast, residue management had a significant
effect on the number of large branches (p < 0.05), but not
on the number of competing leaders per tree (p > 0.05) for
A. mangium, with a lower percentage of trees having less
than two large branches per tree and a higher percentage
of trees having >8 large branches per tree when residue
was burned compared with it being retained (p < 0.05;
Figure 4).

Fertiliser treatment had no significant effect on either the
number of large branches or number of competing leaders
for both A. mangium and Eucalyptus hybrid at 12 months
after planting (p > 0.05; data not shown).

Regression analysis showed that slope had no signifi-
cant effect (p > 0.05) on the form of the Eucalyptus hybrid
(data not shown). A higher slope significantly increased the
number of large branches per tree in A. mangium (p < 0.05),
but there was no effect on the number of competing leaders
per tree (p > 0.05; data not shown).

1 ---l-- Burning
—O— Retention

I I I I I I I I
6 12 18 24 6 12 18 24

STAND AGE (months)

Figure 2: Leaf area index of the Eucalyptus hybrid (a) and Acacia
mangium (b) according to residue management treatments at 6, 12,
18 and 24 months after planting in northern Vietnam. The asterisk
denotes a statistically significant difference between treatments (P
< 0.05). Error bars represent the SE

Crown damage index

Mean CDI at age 12 months across the treatments of both
species was 5.2%. The mean score of each component of
the CDI (defoliation damage from chewing insects, necrosis
or discolouration) of both species was <3%. The major
contribution to the CDI of the Eucalyptus hybrid was fungal
diseases, whereas the CDI of A. mangium was mostly
attributable to insect pests.

Burning residue after harvesting had no effect on CDI
of the Eucalyptus hybrid (p > 0.05; Figure 5a), but it did
significantly increase the CDI of A. mangium (p < 0.05;
Figure 5b). Conversely, higher fertiliser application signifi-
cantly increased the CDI of the Eucalyptus hybrid (p < 0.05;
Figure 5a), but not that of A. mangium (p > 0.05; Figure 5b,
Supplementary Table S1).

Regression analysis showed that higher slope significantly
decreased the CDI of both species (p < 0.001; Figure 6).

Foliar nutrient concentration

Harvest residue management and P fertiliser application
treatments had no effect on foliar nutrient concentration of
either the Eucalyptus hybrid or A. mangium at ages one
and two years after establishment (p > 0.05). Therefore,
only the average values are presented (see Supplementary
Table S2).
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Figure 3: Leaf area index of the Eucalyptus hybrid (a) and Acacia
mangium (b) according to the amount of P fertiliser applied (P15 =
15 kg ha™', P100 = 100 kg ha™') 6, 12, 18 and 24 months after
planting in northern Vietnam. The asterisk denotes a statistically
significant difference between treatments (p < 0.05). Error bars
represent the SE
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Figure 4: Effect of residue management treatment on the number
of large branches > 10 mm per tree 12 months after planting in
Acacia mangium plantations in northern Vietnam. The asterisk
indicates a significant difference (p < 0.05). Error bars represent
the SE

Discussion

This study investigated the influence of high P fertiliser
applied at planting and the inter-rotational practice of
residue burning or retention on tree growth, LAI, form and
CDI. While these silvicultural treatments have previously
been explored in acacia and eucalypt forestry in South-east
Asia and elsewhere, this study focused on a planta-
tion established on a steeply sloping site that is typical of
many in Vietnam and other South-east Asian countries.
The results demonstrated that the current practice of
applying 15 kg ha " of P (P15) was adequate to address
any P deficiency in the first 2 years after planting. Residue
management treatments had no effect on DBH and H of
either A. mangium or the Eucalyptus hybrid; however,
retention of harvest residue improved tree form and crown

(a) (b)
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Figure 5: Crown damage index of the Eucalyptus hybrid (a) and
Acacia mangium (b) with residue management treatment (SO =
burning, S1 = retention) and amount of P fertiliser applied at
planting (P15 = 15 kg ha™', P100 = 100 kg ha™') 12 months after
planting in northern Vietnam. The asterisk indicates a significant
main effect of treatment (p < 0.05). Error bars represent the SE

health of A. mangium compared with that of A. mangium in
the burning treatment.

Residue treatment had no significant effect on DBH,
H, V or LAI of the Eucalyptus hybrid at age 24 months.
Burning of residues after harvesting has been shown to
increase tree diameter and height in the short term because
of the release of nutrients from ash and the higher rates
of mineralisation (Deleporte et al. 2008; Gongalves et al.
2008), though the growth response can be dependent on
site fertility. For example, Mendham et al. (2008) found
that there were no differences in the growth of E. globulus
between treatments where residue was retained or burnt on
a highly productive red earth site in south-western Australia;
however, on a low productivity grey sand site there was
a growth response to residue retention (Mendham et al.
2008). Soil total C and N ranges in the present study were
27.5-29.1 g kg™' and 2.1-2.3 g kg™', respectively. These
are high values for Vietnam (Dong et al. 2014; Hung et al.
2017) and at least average for a range of tropical forest
soils (Tiarks and Ranger 2008). This suggests that the Yen
Bai site has at least moderate inherent fertility that may
have masked any increase in the nutrient supply following
burning. That the standing volume of the Eucalyptus
hybrid at 24 months (39.5-42.0 m® ha™') was high for this
environment in Vietnam (Nghia et al. 2010; Thinh et al.
2015) supports this assertion. The relatively low mass of
residues (27 Mg ha™') compared with that in other studies
in the tropics of 38-135 Mg ha™' (Hardiyanto and Nambiar
2014; Huong et al. 2015) may also have been insufficient
to significantly change the supply at this site. In E. grandis
and E. tereticornis in India, lack of response of tree growth
(DBH, H and V) to residue management treatments was
due to the low amount of harvest residue retained at the
sites, such as Punnala and Surianelli, or being masked by
high inherent soil fertility in the Vattavada site (Sankaran et
al. 2007). Thus it appears that, in the eucalypt in this study,
the low amount of harvest residue and high site fertility
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Figure 6: Relationship between slope within trial site and crown
damage index of Eucalyptus hybrid (a) and Acacia mangium (b) 12
months after planting in northern Vietnam

resulted in the absence of growth response to the residue
management treatments.

In contrast, burning led to higher V and LAl at 24 months
in A. mangium; V was 28% greater (21.7 vs 17.0 m® ha™)
and LAI was 22% greater (3.9 vs 3.2 m? m=2) than where
residue was retained. However, this difference can be
largely attributed to the 13% higher survival rates of trees
in the burning treatment at that age. The higher rates of
survival were most likely due to lower termite damage in the
burnt treatment (Hoang Van Thanh, Vietnamese Academy
of Forest Sciences, pers. comm., 2017).

Compared with 15 kg ha™', application of 100 kg ha™" of
P fertiliser significantly increased the DBH and H of the
Eucalyptus hybrid at ages 6 and 12 months, but this benefit
disappeared at the later ages. Early growth responses of
eucalypts to P fertiliser at planting can be dependent on the
underlying soil P concentration (Xu et al. 2001; Melo et al.
2016). For eucalyptus hybrids (E. grandis x E. urophylla
and E. urophylla x E. globulus) planted in Brazil at a site
with resin-extractable soil P of 1.4 mg kg™, stand volume
responded positively as P fertiliser application at planting
increased from 13 to 40 kg ha™'; however, there was no
response to P fertiliser when resin-extractable soil P was
8.7 mg kg™ (Melo et al. 2016). At sites in China, DBH and
H of E. urophylla and E. globulus also responded positively
up to age 3 years to P fertiliser applied at planting; the
optimum rates of application for V production at that age
were 200 and 40 kg P ha™', respectively, where soil Bray
extractable P was 1.5 mg kg™ and 8.7 mg kg™' (Xu et al.
2001). For E. globulus at several sites in Australia where
Bray extractable P ranged from 7.1 to 26.7 mg kg™, applica-
tions of P up to 50 kg ha™' to age 9 months led to volume
gains up to age 26 months (Judd et al. 1996). In the current
study, soil Bray extractable P was 2.9 mg kg™, at the lower
end of the range of P in the sites reported above, and high
P also accelerated early growth. By 18 months, however,
there were no longer any growth responses to the high P
fertiliser at planting treatment.

Demand for P by eucalypts declines with time, a finding
that is supported by a decreasing growth response to P
fertiliser at later stages of stand development (Melo et al.

2016); for example, the annual demand for P in a short-
rotation E. grandis plantation in Brazil was greatest in the
first year (Leite et al. 2011). Early growth requires a high
uptake of nutrients to support rapidly developing root and
leaf biomass (Miller 1995). As a tree ages its root system
(and associated mycorrhizae) extends and accesses
increasing amounts of resident soil P (Harrison et al. 1988;
Miller 1995; Gongalves et al. 2004). Crown development
leads to an increase in LAl (Smethurst et al. 2003), which
results in the faster development of intraspecific competition
in higher P treatments because of the greater retransloca-
tion of P within the tree (Miller 1995; Gongalves et al. 2004;
Niederberger et al. 2017). Thus, high P applied at planting
can be used to stimulate more rapid early establishment
and may bring forward the harvest age at some sites, but
its relative effect compared with a lower application of P
is likely to decline with stand age and, as with the present
study, it can disappear entirely.

In contrast to the Eucalyptus hybrid, the higher level of P
had no significant effect on DBH, H, V or LAl of A. mangium.
While tropical acacias can respond to P fertiliser applied
at planting, the quantity required for optimum response
has generally been low (Hardiyanto and Nambiar 2014;
Huong et al. 2015). Mendham et al. (2017) applied four
rates of P fertiliser (0, 10, 20 and 100 kg ha") at planting to
A. mangium across 11 sites in South Sumatra, Indonesia.
At 10 of these sites there were significant responses of V
to P, and at nine sites V was more than double that in the
zero P-fertiliser treatment up to age 3 years. However,
the quantity of P fertiliser required to achieve this level of
response was generally low and it declined over time, with
an average across sites of 23, 5.1 and 2.7 kg ha™ of P at
establishment able to provide 90% of maximum growth
at ages 1, 1.5 and 3 years, respectively (Mendham et al.
2017). In some cases, the lack of a growth response to high
P application may be due to induced nutrient imbalances,
such as N:P ratio (Glsewell 2004). In the current study, foliar
concentration of N, P and N:P ratios of A. mangium ranged
from 2.8%—-3.0%, 0.15%—0.17% and 17-19, respectively,
during 12 and 24 months following planting and these are
within the range observed for A. mangium in tropical planta-
tions (Majid and Paudyal 1999; Hardiyanto et al. 2004),
suggesting that neither N nor P were limiting tree growth
(Paudyal and Majid 2000). Thus, the current practice of
applying 15 kg P ha™" in northern Vietnam (P15) should
remain adequate to address any P deficiency in the first
2 years after planting.

Phosphorus fertiliser and residue management treatments
had no effect on the number of large branches and leaders
per tree of the Eucalyptus hybrid or the number of leaders
per tree of A. mangium. Fertiliser application can increase
branch size and/or numbers of competing leaders (Neilsen
1996; Wiseman et al. 2006; Bon and Harwood 2016). In
Eucalyptus nitens and E. regnans in Australia, greater
branch size and numbers of competing leaders were found
on trees that received 151, 74 and 186 kg ha™* of N, P and
K, respectively, between two to eight months after planting
compared with no fertiliser (Neilsen 1996). Similarly, applica-
tion at planting of 18, 50 and 9 kg ha™" of N, P and K, respec-
tively, resulted in greater branch size in an Acacia hybrid in
southern Vietnam compared with a no-fertiliser treatment
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(Bon and Harwood 2016). However, in these same studies,
there was a 72% increase in DBH and 22% increase in H
at age 12 months in the E. nitens and Acacia hybrid (Acacia
mangium x A. auriculiformis), respectively. In the current
study the growth difference between the 100 and 15 kg ha™'
P-fertiliser treatments, although significant in the Eucalyptus
hybrid at age 12 months, was only 4% and 6% in DBH
and H, respectively. Although P fertiliser did not influence
tree form in A. mangium, burning did lead to a signifi-
cantly greater number of large branches, but not competing
leaders, in this species. In Malaysia, there were greater
numbers of competing leaders in A. mangium following
a burning treatment compared with a residue-retention
treatment; branch size was not measured (Eldoma et al.
2015). Compared with the burnt treatment, the more rapid
development of weeds in the current study where residue
was retained, particularly between ages 6 and 12 months
(Hoang Van Thanh, pers. comm.), may have resulted in
more competing vegetation, which can suppress branch size
(Petersen et al. 2008).

There have been limited studies linking plantation health
to silvicultural practices in tropical eucalypts and acacias.
In the present study, a higher CDI was observed in the
higher P treatment at planting in the Eucalyptus hybrid, and
in the burning treatment compared with residue retention
in A. mangium. Damage from insect pests and diseases
is often linked to a wide range of biotic and abiotic factors
(Pinkard et al. 2010; Dell et al. 2012). One factor is the
nutritional status of the host. Actively growing plants can
rapidly develop canopies and regular flushes of new
succulent leaves with a nutritional status favouring pest
infestation (de Bruyn et al. 2002; Rashid et al. 2017). The
CDlIs decreased from the top to the bottom position on
the slope for both species, which might be explained by
differences along the slope in host vigour (de Bruyn et al.
2002) and/or access to the canopy by wind-disseminated
insect pests and fungal spores (Hardwick 2002). Although
the average level of CDI across species and treatments
was low and the effects on productivity are likely to have
been small (Pinkard et al. 2006), it can be seen that there
was an influence of different silvicultural treatments on the
levels of pest damage and disease.

Conclusions

We concluded that the application of a high level of P
fertiliser (100 kg ha™' at planting) had little benefit on
the growth of both Eucalyptus hybrid and A. mangium
compared with the standard dose (15 kg ha'). The low
amount of harvest residue and reasonably high fertility
levels at the experimental site may have masked the
response of tree growth to the residue-retention treatments.
Poorer form in A. mangium following burning residue
could increase production costs in plantations managed
for sawlogs if more singling (removing multiple stems
from trees to leave a single stem) and pruning is required.
Harvest residue retention with adequate weed and termite
control may be preferential to burning on a steep slope
because the residue can reduce the speed of water run-off
and soil erosion (Edeso et al. 1999; Oyarzun and Pefa
1995; Costantini and Lcoh 2002).
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