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Abstract

Genetic gains in forestry are often implemented by producing improved forest seeds
in seed orchards. However, unwanted alien genotypes are often accidentally intro-
duced into seed orchards, or genotypes are planted in incorrect locations, both of
which can reduce genetic gains. Such errors can be detected using markers, mainly
isoenzymatic proteins and microsatellite DNA. These markers differ in their sensiti-
vity, meaning that they can yield different assessments of seed orchard genetic ma-
terial even when plant material is identical. The main objective of this paper was to
compare these two verification methods and their consequences for genetic impro-
vement. Two uneven-aged Scots pine clonal seed orchards were analysed using sets
of isoenzymatic and microsatellite loci identified in other studies. The statistical ana-
lysis allowed comparison of the actual architecture of seed orchards to the planned
layout. The number of clones was also compared to the effective number of clones.

' Forest Research Institute, Department of Silviculture and Forest Tree Genetics.
*Corresponding author: Pawet Przybylski, p.przybylski@ibles.waw.pl
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The results of microsatellite DNA analysis indicate that misplaced ramets are present
from 12.29% to 30.89% of the time. Errors had an impact on breeding efficiency by
reducing the relative effective number of clones. Isoenzyme and microsatellite met-
hods had different discriminatory powers, which affected the results of the study. This
study indicates that seed orchards can contain large numbers of incorrectly identified
individuals. Microsatellite DNA analysis is recommended over isoenzyme analysis for
detecting such errors, as the former is a more sensitive analytical method.

Zusammenfassung

Der Zuchtungsfortschritt im Forstwesen wird meistens durch die Verwendung von
verbessertem Material aus Samenplantagen erreicht. Ziichtungsprogramme der
Forstbdaume fiihren in der Praxis oft zum Auftreten fremder Genotypen in Samen-
plantagen, welche den Erfolg des Zlchtungsfortschritts reduzieren. Molekulare
Marker wie Isoenzyme und DNA-Mikrostelliten eignen sich, um solche Fehler fest-
zustellen. Diese Methoden unterscheiden sich hinsichtlich ihrer Genauigkeit des Er-
gebnisses. Daher ist es moglich, fir identisches Pflanzenmaterial zu unterschiedli-
chen Ergebnissen zu kommen. Der Vergleich dieser Uberpriifungsmethoden und die
Konsequenzen der getroffenen Entscheidung ist das Ziel dieser Arbeit. Die Analysen
wurden auf zwei nicht-gleichaltrigen Klonsamenplantagen unter Anwendung von
Isoenzym- sowie Mikrosatellitenmarkersets durchgefiihrt. Eine statistische Analyse
ist erfolgt. Sie ermdglichte sowohl den Vergleich zwischen dem Plan und der tatsach-
lichen Anordnung der Klone als auch eine Schatzung der effektiven Anzahl der Klo-
ne. Die Ergebnisse basierend auf Mikrosatellitenmarkern beweisen das Auftreten von
fremden Genotypen in einer Haufigkeit zwischen 12.29 % und 30.89 %. Die Fehler
beeinflussten die Ziichtungseffizienz negativ dadurch, dass die effektive Anzahl der
Klone reduziert war. Unterschiede bei der Aussagekraft der beiden Ansdtze hatten
einen Einfluss auf die Ergebnisse. Die vorliegende Studie unterstreicht den Nutzen
von Klonidentifikationsanalysen in Samenplantagen. Es empfiehlt sich, auf Mikrosa-
telliten-DNS als die sensitivere analytische Methode zurlickzugreifen.

Introduction

Modern forest management can benefit from advances in scientific knowledge,
everywhere from seed production to felling technology. In many countries, seed pro-
duction is based on forest tree breeding. In practice, this means that seeds obtained
from clonal seed orchards account for an increased share of the seeds used in fo-
rest regeneration (Przybylski et. al. 2015). Gains from forest tree breeding are based
on phenotypic selection of forest trees displaying desirable traits. Clones of selec-
ted individuals are then reproduced within seed orchards (Chatupka et al. 2011). For
maximum genetic gains, it is necessary to avoid errors when establishing orchards,
because mistakes cause undesirable genotypes to be present in an orchard’s genetic
pool (Kaya & Isik 2009). Genotypes not from a plus tree ramet may be accidentally
introduced into clonal seed orchards, displacing a plus tree from the gene pool of
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the orchard. This phenomenon was mentioned by Paule (1991), Burczyk et al. (2000),
GOmory et al. (2003) and Kaya & Isik (2009). Two categories of errors in Polish seed
orchard establishment were described by Odrzykoski (2007). Category | errors are
caused by mistakes in the spatial architecture of the seed orchard, due to planting
ramets in the wrong place but using clones that are a part of the seed orchard design.
Category Il errors arise from misidentification, which place individuals that are not
part of the breeding population into the orchard (Odrzykoski 2007).

Detection of alien genotypes in seed orchards can be done using molecular mar-
kers, which help identify planting errors. Markers can be divided into three groups:
morphological markers, biochemical markers and DNA markers (Dzialuk and Burczyk,
2001). This paper focuses on the use of biochemical and DNA markers.

Until recently, the analysis of morphological features was the primary method of de-
scribing tree population genetic variability. However, plant phenotype is of limited
value because morphological variability among genotypes can be low and the num-
ber of useful phenotypic features is limited. Therefore, the probability of committing
an error using morphological markers is high. In addition, determining the inheri-
tance of traits and environmental effects on overall morphological variability is not
possible, and therefore morphological features are of limited value beyond the initial
stages of clone identification (Dzialuk and Burczyk, 2001).

The application of biochemical marker analyses was a breakthrough in population
genetics. These approaches were used by a number of researchers investigating graft
errors in seed orchards, such as Breitenbach-Dorfer et al. (1992), Burczyk et al. (2000),
GOmory et al. (2003), and Przybylski et al. (2019). One of the newer techniques for
identifying individuals is microsatellite DNA markers (Simple Sequence Repeats; SSR),
used in criminal trials for alleged theft of wood (White et al. 2000). They are widely
used in affinity relatedness and to obtain unique genetic profiles to identify individu-
als (Burczyk 2006; Dzialuk, 2009). Unfortunately, SSR markers have some disadvan-
tages, such as the presence of null alleles and high costs of testing.

Comparative tests using molecular markers involve developing a set of markers that
will provide the maximum chance to detect differences between genotypes, with
minimal financial outlay. In the human population, the discriminatory power of an
11 SSR marker set reaches 0.949156 (94.91%), which is accepted for identification of
individuals in cases of criminology and contested paternity (Konarzewska et al. 2006).
The highest discriminatory power of DNA markers obtained in tests reach 0.99999
(99.99%) (Wysocka et al. 2008). Recent studies of plant populations have achieved
high discriminatory power using SSR markers (de Barba et al. 2016).

A review of literature showed that two biochemical testing tools, isoenzymatic mar-
kers and microsatellite DNA, may be used to verify seed orchard identities. Howe-
ver, these methods differ in discriminatory power. The main objective of the present
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study was, therefore, to evaluate the discriminatory power of systems based on iso-
enzymatic proteins and DNA and to evaluate the consequences of applying these
methods on estimates of breeding efficiency.

Methods
Plant material

The study consisted of the molecular verification of individuals in two scots pine clo-
nal seed orchards. The Susz District seed orchard (N53°45°21", E19°12°16") was esta-
blished in 1977-1978 and Pniewy District seed orchard (N52°30°32", E16°15°24") was
established in 1993 (Figure 1). These are first generation seed orchards, and as a result
the genetic value (breeding value) of cloned plus trees planted in these orchards is
unknown. In the Susz seed orchard, 9 838 ramets were planted from 50 plus tree clo-
nes, and in Pniewy, 1 733 ramets were planted from clones of 53 plus trees. Material
from 138 ramets at Suszand 131 ramets at Pniewy was collected for molecular analy-
ses. Samples were collected from two blocks within each analysed seed orchard from
all trees that remained after the most recent systematic thinning.
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Figure 1: Pinus sylvestris (L) occurrence range (source IUFRO) and location analyzed seed orchards in
Poland.

Abbildung 1: Vorkommensbereich von Pinus sylvestris (L.) (Quelle IUFRO) und Lage der untersuchten
Samenplantagen in Polen.

The reference samples for the Susz seed orchards came from the original parental
plus trees. When it was not possible to collect reference material in this way, because
plus trees were dead, a repeated set of 4 ramets from the tested seed orchard cons-
tituted the reference sample. For the Pniewy orchard, the reference samples were
obtained from a clonal archive outside of the seed orchard.

Genotype analysis
Isoenzymatic proteins (1Z0)

Variation was examined in eight enzymatic proteins (Table 1) extracted separately
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from winter buds. Protein extraction was conducted using a 150-pl extraction buf-
fer (Odrzykoski, 2002). After filtering through Miracloth filter paper, the resulting so-
lutions were used to moisten pieces of Whatman 3ET filter paper, which were sub-
sequently placed onto electrophoresis gel. Using two buffer systems (Odrzykoski,
2007), the electrophoresis was conducted in 13% starch gel (Starch-Art). Following
electrophoresis, gels were cut into 1.5-mm slices, which were individually used to
visualise the phenotype of the analysed proteins. Location of individual bands was
determined using the methods of Conkle et al. (1982), with a modification compri-
sing the use of an overlay procedure with 2% agar, excluding EstB and Got. Identifica-
tion of the loci and interpretation of the obtained zymograms were carried out using
the approach described by Odrzykoski (2002).

Table 1: List of buffer systems (A, C), enzymes with European Community numbers (E.C.), and enzyme loci
used in this study.

Tabelle 1: Liste der Puffersysteme (A, C), Enzyme (mit E.C. Nummern) und Enzymort, die in dieser
Studie verwendet wurden.

System | Enzyme No. E.C. Locus
A Esterase 3.1.1.2 EstB
Glutamate-oxaloacetate transaminase 2.6.1.1 GotA
GotB
GotC
NADH-diaphorase 1.8.1.4 DiaC
Glutamate dehydrogenase 1412 Gdh
C 6-phosphogluconate dehydrogenase 1.1.1.44 PgdA
Shikimate dehydrogenase 1.1.1.25 SdhA
SdhB
NAD-dependent malate dehydrogenase 1.1.1.37 MdhA
MdhC
Alcohol dehydrogenase 1.1.1.1 AdhA
AdhB

Microsatellite DNA (SSR)

DNA was isolated with a commercially available set of microsatellite markers (Mar-
chel-Nagel - Nucleo Spin Plant Il) after extraction from 3-4 needles from each graft.
Needles were ground in a mortar using liquid nitrogen, until obtaining about 20 mg
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of dry powdered mass. The yield of DNA extracted for each sample was evaluated by
measuring absorbancy at wavelengths of 260 and 280 nm. (Quawell Q500). An ave-
rage absorbancy for wavelengths of 260/280 nm was 1.80, at which the samples pro-
duced 80 ng DNA/ul, which was diluted to 20 ng DNA/ul. Four microsatellite loci were
used in testing: Spac11.6, Spag7.14 (Soranzo et al. 1998), and PtTX3107, PtTX4001
(Elsik and Williams 2001), which differ in the type of repeating motif and the length
of alleles. A multiplex PCR was used for loci Spac11.6, PtTX3107 and PtTX4001. A se-
parate reaction was used for locus Spag7.14. In all cases, reactions were performed
with 25pl of a solution composed of ultrapure water, Tag DNA polymerase (0.1 U/ul),
MgCl2 (4mM), dNTPs (0.5mM), primers and matrix DNA. The optimised thermal profile
of the reaction is provided in Table 2. For locus Spac11.6, the touchdown PCR met-
hod was used (Balletti et al. 2012). The mixture of all PCR products was separated in
a Beckman Coulter sequencer, in the polymer LPA |, using the Frag | length standard
(as recommended by the manufacturer). The results obtained were analysed with
CEQ™800 software, which provided chromatograms that then were used to determi-
ne the lengths of individual alleles.

Table 2: Thermal profile of PCR used in this study.

Tabelle 2: Thermisches Profil der verwendeten PCR.

Step Temperature (°C) Time (minutes)

First denaturation 94 5

Denaturation 92 1 40 cycle’s
Annealing 58 - 60 1

Elongation 72 1

Finish elongation 70 7

Deficiency of heterozygotes may prove the presence of null alleles, which may not be
detected in the sample directly. Therefore, an analysis was carried out to determine
their presence and frequency, using the methods of Chakraboty et al. (1992), Brook-
field (1996) and van Oosterhout et al. (2004). Analyses were performed by Micro Che-
cker v2.2.3. (van Oosterhout et al. 2004).

Statistical analyses
To determine the discrimination power of the clonal verification system, the cumu-

lative probability of obtaining identical genotypes (P;p) for two different clones was
calculated as:

Po=2((3 p?)?*- 3 p?)
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where p; = the mean allele frequency (italleles) in the sample of grafts from the two
tested seed orchards combined (Taberlet & Luikart, 1999). Calculations were perfor-
med using GeneAlIEx 6.5 software (Peakall & Smouse, 2006). The genotypes obtained
were used to estimate the rates of category | and Il errors in seed orchards. In order
to assess the impact of errors on genetic variability, the actual composition of geno-
types and their spatial arrangement (W1) was compared with the originally designed
seed orchard population (WO0). For WO, it is assumed that no errors were made and
all ramets were planted as specified in the planting plan. For both W0 and W1, the
effective numbers of clones (Nc) was calculated based on Kang & Lindgren (1999) and
Kang et al. (2001):

Ng

Nc= o —
%
(Gog)+1

where: Ng = corrected census number of genotypes after molecular verification and
CV% = coefficient of variation for the number of ramets. The relative effective number
of clones was calculated as Nr = Nc¢/N (Kang et al. 2001).

Results

Null alleles were not relevant for the interpretation of the results. Based on the data
obtained, null alleles were proven to be present for the locus Spac11.6 in Susz and for
loci PtTX3107 and Spag7.14 in Pniewy. The null allele frequency ranged from 0.09 to
0.14 (Table 3).

Table 3: Seed orchards and loci, in which null alleles were detected using Micro Checker software. Allele
frequency was estimated by four software methods: p1 - Chakraborty et al. (1992), p2 — Brookfield (1996),
p3 - modified Brookfield method (1996), and p4 — Oosterhout et al. (2004).

Tabelle 3: Samenplantagen und Enzymort (Locus), in denen mit der Micro-Checker-Software Null-
Allele nachgewiesen wurden. Die Allelfrequenz wurde mit vier Softwaremethoden geschétzt: p1 -
Chaakraborty et al. (1992), p2 - Brookfield (1996), p3 - modifizierte Brookfield-Methode (1996) und
p4 - Oosterhout et al. (2004).

Seed orchards Locus pl p2 p3 p4 Means
Susz Spac 11.6 0.11 0.09 0.07 0.09 0.09
Pniewy PtTX3107 | 0.13 0.17 0.13 0.12 0.14
Pniewy Spag7.14 0.09 0.10 0.07 0.08 0.09
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The discriminatory power of markers varied. Using four microsatellite DNA loci, discri-
minatory power was 4x10%, while the use of thirteen isoenzymatic loci resulted in a
sensitivity of 8x107%, which is one order of magnitude less (Table 4). It should be noted
that any of the proposed marker systems can be used to verify identity in clonal seed
orchards.

Table 4: Comparison of the individual and accumulated probability of obtaining identical genotypes (Pin)
for unrelated ramets in clones from two seed orchards combined. Loci were added in the order given in
column one.

Tabelle 4: Vergleich der individuellen und kumulativen Wahrscheinlichkeit, um identische Genotypen
(Pip) filir nicht verwandte Ramete in Klonen aus zwei kombinierten Samenplantagen zu erhalten. Loci
wurden in der angegebenen Reihenfolge hinzugeflgt.

Locus | Loci SSR | Pp Pp LociIZO 13 | P Pp

(by locus) | (locus combination) (by locus) | (locus combination)
1 Spacll.6 | 046 0.46 EstB 0.41 0.41
2 PtTX3107 | 0.03 0.01 PgdB 0.39 0.1637
3 PtTX4001 | 0.06 0.0009 SdhA 0.52 0.0858
4 Spac7.14 | 0.005 | 0.000004 SdhB 0.82 0.0708
5 MdhA 0.82 0.0581
6 MdhC 0.41 0.0238
7 Gdh 0.39 0.0093
8 DiaC 0.54 0.0051
9 GotA 091 0.0047
10 GotB 0.31 0.0014
11 GotC 0.37 0.005
12 AdhA 0.41 0.0002
13 AdhB 0.38 0.00008

The presence of category | and category |l errors was proven in both seed orchards.
The error rates differed depending on verification method. A category Il error was
found using SSR, while the 1ZO verification system for the same ramets either did
not detect an error or indicated a category | error. The SSR and 1ZO methods gave
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different results for 11 ramets from the Susz seed orchard and for 3 ramets from the
Pniewy seed orchard. In addition, for SSR analyses, due to the poor quality of ex-
tracted DNA, genotype was not determined for 15 ramets from Susz and 9 ramets
from Pniewy. Due to differences between analytical methods, the error rate in seed
orchards is interpreted as a percentage ratio between false ramets and all ramets
analysed in a seed orchard. A detailed summary of false ramets is given in Table 5. On
the basis of 1ZO, the category | error rate ranged from 10.69% in the Pniewy orchard
to 13.04% in Susz orchard. For SSR analyses, category | error rate was 5.69% in Susz
and 8.20% in Pniewy. The number of category Il errors for IZO ranged from 9.16% in
the Pniewy orchard to 24.64% in Susz and for SSR it ranged from 12.29% in Pniewy to
30.89% in Susz.

Table 5: Summary information on the two seed orchards used in this study, and the number of ramets that
were in correct and incorrect locations and that were alien genotypes.

Tabelle 5: Informationen zu den beiden Samenplantagen dieser Studie, die Anzahl der Rameten, die
richtig bzw. falsch lokalisiert wurde sowie die fremden Genotypen.

Susz Pniewy
Year of establishment 1977-78 1993
Number of clones 50 53
Number of ramets in seed orchards 9838 1733
Number of studied ramets 138 1ZO 131 1ZO
123 SSR 122 SSR
Number of correctly located ramets 86 1Z0 105 1ZO
78 SSR 97 SSR
Number of incorrectly located ramets — Category I error 18 [ZO 14 1ZO
7 SSR 10 SSR
Number of ramets of alien genotypes — Category 11 error 34120 12 1ZO
38 SSR 15 SSR

Error rates affected seed orchard parameters. The results showed that the planned
number of genotypes was lower than the actual number of genotypes in orchards,
where the latter increased from 10 to 13 genotypes per orchard for SSR analyses (Ta-
ble 6). This indicates an average increase in the number of orchard genotypes by 0.22.
The SSR method allowed reporting of the increased number of additional genotypes,
with 1 to 3 additional genotypes, depending on orchard (Table 6). Additional geno-
types affected the effective and relative effective number of clones. In summary, in
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each case, alien genotypes decreased the relative effective number of clones, from
0.14 for the Susz seed orchard to 0.04 for Pniewy using SSR analyses (Table 6).

Table 6: Corrected number of genotypes after molecular verification (Ng), the mean number of ramets per
genotype (Nsg) and effective (Nc) and relative effective (Nr) number of clones in seed orchards. Results
show in two variants analysis: WO, originally planned composition of the seed orchards; W1, both seed
orchards after molecular verification.

Tabelle 6: Korrigierte Anzahl der Genotypen nach molekularer Identifikation (Ng), mittlere Anzahl der
Rameten pro Genotyp (Nsg) sowie effektive (Nc) und relative effektive Anzahl (Nr) der Klone in den
Samenplantagen: WO, urspriinglich geplante Zusammensetzung der Samenplantagen; W1, beide
Samenplantagen nach molekularer Identifikation.

Susz Pniewy
SSR WO Wi WO Wi
Ng 50 60 53 66
Nsg 2.46 2,05 2,30 1,85
Nc 38.12 | 43.28 42.88 51.42
Nr 0.86 0.72 0.81 0.77

1ZO0 WO Wi WO Wi

Ng 50 57 53 65
Nsg 2.76 2.42 2.47 2.01
Nc 43.28 41.13 44 .81 50.92
Nr 0.87 0.72 0.84 0.78
Discussion

In most clonal seed orchards that have been verified, errors involving incorrect graft
assignment were identified (Burczyk et al. 2000, Dzialuk 2009, GGmory et al. 2003).
Alien genotypes are introduced when errors occur during the complex procedures
of establishment and maintenance of seed orchards. Errors have various causes,
but since they are all due to human mistakes, with care they can be eliminated. The
main causes of errors include: misidentification when collecting plant material; errors
made during work in a forest nursery; poor legibility of labels or label removal during
ramet transport; errors when manually copying seed orchard designs; and cases whe-
re the rootstock outgrows the scion. It appears that errors during the establishment
of orchards are not large (Suchowera and Chetminski 2009). Regardless of the cause
of an error, the impact of each type of error is different. Category | errors do not alter
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the gene pool of a seed orchard. However, they can increase the risk of self-pollina-
tion. In contrast, Category Il errors modify the gene pool by introducing alien pollen,
which reduces breeding efficiency (Kaya et al. 2006). Alien genotypes may also modi-
fy the basic genetic characteristics of seed orchards, influencing heterozygosity and
introducing unwanted alleles into the gene pool of seed orchard progeny (Stoehr et
al. 2004).

The discriminatory power of a microsatellite DNA marker set can be evaluated by cal-
culating the probability that two different individuals in a population have identical
genotypes (Pp) for the marker set. Dzialuk and Burczyk (2005) used P, to evaluate the
discriminatory power of a set of 7 microsatellite loci (5 chloroplast loci and 2 nuclear
loci), which can be used to identify stolen trees. A probability of P, from 103 to 10 is
usually accepted as sufficient to identify individuals (Waits et al., 2001). Similar values
could be adopted to identify Scots pine plus trees in Poland. The calculation of P, re-
quires data on allele frequency in a reference population. Where ramets are identified
in seed orchards, a reference population should consist of all Scots pine plus trees.
Unfortunately, no such data exist for loci used in the present study. For the current
analysis, material from 245 Scots pine plus trees was available. Polish populations of
Scots pine are distinctive, with low interpopulation diversity, as determined using
microsatellite loci, with Fs; = 0.033 (Nowakowska, 2007). This feature is common in
various Pinus species (e.g. Marquardt and Epperson, 2004). Considering this, it can
be assumed that allele frequencies in the 245 plus trees in this study provides a re-
liable estimate of allele frequency in the entire population of Scots pine plus trees in
Poland.

An important result obtained here is that the discriminatory power of microsatellite
markers is higher than that of isoenzymatic loci. This is consistent with other studies
(Cieslewicz 2009). In the present study, a higher value of P, obtained for microsatel-
lite DNA markers allowed category Il errors to be identified, which has not been ob-
served in isoenzymatic analyses. On the other hand, although isoenzymatic analyses
are an older analytical technique than molecular biology, their effectiveness in ver-
ifying seed orchard identities remains high. The usability of isoenzymatic techniques
is confirmed by the values of P, obtained using it. Przybylski et al. (2019) found PID
of 0.0001, while Dzialuk & Burczyk (2005) report a P of 0.004. Thus, given there are
around 3,650 plus trees in Poland (unpublished data from the Forestry Research Ins-
titute), it is possible to assign an individual genotype to each ortet in seed orchards
throughout Poland. It should be added that isoenzymatic tests are cheaper than mi-
crosatellite DNA analysis, the issue being that many steps in microsatellite cannot yet
be automated.

Markers selected in this study were used previously for verification of ramets in seed
orchards. Breitenbach-Dorfer et al. (1992), in studying a polymorphism of four en-
zymatic loci in Abies alba, demonstrated the usefulness of these loci for identifying
individual clones. Burczyk et al. (2000), in analysing the variability of 14 isoenzymatic
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loci, detected errors in the distribution of plus tree grafts in one plot of the Gniewko-
wo seed orchard. GGmory et al. (2003) used 12 isoenzymatic loci to verify the identity
of clones in three seed orchards, detecting errors of from 27% to 49% in graft as-
signment. In turn, Lewandowski (2006) describes using eleven isoenzymatic loci to
identify grafts in a seed orchard. The analysis of 10 microsatellite loci from chloroplast
DNA enabled the identification of erroneously distributed grafts in one plot of a seed
orchard in the Gniewkowo forest district (Burczyk et al., 2000). Slavov et al. (2004),
using three microsatellite loci, verified 152 ramets representing genotypes of 59 trees
in a Douglas spruce orchard.

The presence of alien genotypes should be considered in terms of their effects on
genetic gain in clonal seed orchards. Genetic gain refers to the capacity to pass ge-
netic information on to the next generation (Trojankiewicz and Burczyk 2005). One
important factor determining the high genetic gain of clonal seed orchards is the uni-
form distribution of unrelated clones in an orchard, which determines the maximum
distance between ramets of the same clone. The lack of quantitative balance and the
non-synchronised phenology of flowering between individual clones can lead to ma-
ting of related individuals (Burczyk 1998). This study has shown the negative effects
of unwanted genotypes on the relative effective number of clones, which was redu-
ced by 0.14. Moreover, errors in identification increased the number of genotypes by
0.22, thus reducing the efficiency of spatial arrangements in seed orchards.

Production seed orchards are created by planting a limited number of individuals.
The main purpose of production orchards is to produce seeds that transfer desirable
genetic traits to the progeny. For this reason, special attention should be paid to es-
tablishing an orchard correctly, arranging it with optimal clone spacing and ensuring
a balanced representation of clones. Since errors in establishment of clonal orchards
are common, clones in existing orchards should be verified. The best tool for verify-
ing seed orchard clonal identities is microsatellite DNA markers, which possess high
discriminatory power. The lower accuracy of isoenzymatic markers, as with morpho-
logical markers, makes them more appropriate for earlier stages of verification.
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Abstract

If the additivity of the biomass allometric equation is not taken into account, it can
result in erroneous estimation of forest biomass. The aim of this study was to evalua-
te biomass allocation patterns within separate tree parts, and to develop additive
allometric equations for Mytilaria laosensis in southeast China. For this study, 42 de-
structive sampled trees were used to develop allometric equations for total biomass.
We estimated biomass allocation by calculating the biomass fraction of each com-
ponent (stem, branches, roots and leaves). We examined the relationships between
each biomass fraction and diameter at breast height, tree height and crown diameter
as independent variables. The seemingly unrelated regressions method was used to
fit the biomass into additive allometric equations. The stem had the largest propor-
tion of biomass (70.44%), followed by roots (20.35%), and branches (7.17%), with the
smallest proportion of biomass being in the leaves (2.04%). Stem, leaf, and branch
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biomass ratios increased with diameter at breast height, while a reverse trend was
found for belowground biomass ratios. The additive biomass models showed a good
model fit explaining 94-98% of variance. This study contributes to species-specific
allometric equations and the knowledge of crown, aboveground, and total biomass,
which is lacking for most subtropical forests. The allometric biomass model construc-
ted in our study can be used to estimate the biomass and carbon pool of Mytilaria
laosensis plantations in Southeast China.

Zusammenfassung

Wenn die Additivitat in allometrischen Biomassefunktionen nicht beriicksichtigt
wird, kann dies zu fehlerhaften Schatzungen der Waldbiomasse fiihren. Das Ziel
dieser Studie war es, die Allokationsmuster fiir Biomasse in einzelne Baumkomparti-
mente zu evaluieren und additive allometrische Gleichungen fiir Mytilaria laosensis
im Sudosten Chinas zu entwickeln. Fur diese Studie wurden 42 geféllte Baume ver-
wendet, um allometrische Gleichungen firr die gesamte Biomasse zu entwickeln. Wir
berechneten erst die Anteile von Stamm, Asten, Wurzeln und Bléttern. Wir untersuch-
ten dann die Beziehungen zwischen Biomassefraktionen und Brusthéhendurchmes-
ser, Baumhohe und Kronendurchmesser als unabhdngige Variablen. Die ,seemingly
unrelated regressions’ Methode wurde verwendet, um die Biomasse mit additiven
allometrische Funktionen zu ermitteln. Der Stamm hatte den gro3ten Anteil an Bio-
masse (70.44 %), gefolgt von Wurzeln (20.35 %) und Asten (7.17 %) mit dem gerings-
ten Anteil an Biomasse in den Blattern (2.04 %). Das Anteil von Stamm-, Blatt- und
Astbiomasse nahm mit dem Durchmesser in Brusthohe zu, wobei der Anteil der
unterirdischen Biomasse mit Durchmesser abnimmt. Die additiven Biomassemodel-
le zeigten eine gute Modellperformance mit einer erklarten Varianz von 94-98 %.
Unsere Baumart-spezifischen allometrischen Gleichungen tragen zum Wissen Uber
Kronen-, ober- und unterirdische Biomasse subtropischer Walder bei, die noch wenig
untersucht wurde. Die in unserer Studie erstellten Funktionen kdnnen nun verwen-
det werden, um den Biomasse- und Kohlenstoffpool von Mytilaria laosensis Planta-
gen in China abzuschatzen.

1. Introduction

Forest biomass is an important indicator to evaluate forest ecosystem productivity
(Bond-Lamberty et al. 2002), to quantify vegetation carbon pools, and to examine
ecosystem structure and function (Garkoti et al. 2008; Overman et al. 1994). Forests
dominate terrestrial biomes, and are in consequence important for the earth’s bio-
sphere, playing a key role in maintaining regional ecological environments, carbon
balance, and mitigating global warming (Brown et al. 1999; Bayen et al. 2016).

This important role makes it imperative to estimate forest biomass accurately. De-
structive biological sampling (Brown et al. 1997) involves felling of all trees within
a certain area, followed by measuring the weight of each of their parts (Basuki et al.
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2009). While this sampling method is most accurate, it is expensive, labor-intensive
and time-consuming. Destructive sampling is thus suitable only for a small areas or
with small sample sizes (Mensah et al. 2017). Combining non-destructive sampling
and allometric biomass models is trade-off of accuracy and costs. The allometric
equations permit estimating biomass at different scales and multiple time steps
(Ter-Mikaelian and Korzukhin 1997). Allometric biomass models are essential for con-
verting non-destructive obtained tree information, from ground-based investigation
or remote sensing to biomass (Dimobe et al. 2018).

Different biomass estimation models have been established globally (Lambert et
al. 2008; Jenkins et al. 2003). Several predictive variables, such as diameter at breast
height (DBH), tree height, crown diameter (CD), crown area, or wood density have
been considered in such models, depending on study objectives and the species
of interest. DBH, irrespective which biomass is studied, is the most commonly used
predictive variable in allometric equations, because its measurements are easy and
accurate (Riofrio et al. 2015; Chen et al. 2017; Xiao et al. 2011). Many other allometric
growth equations use tree height (Dimobe et al. 2018), CD (Kuyah et al. 2012; Schnei-
der et al. 2011; Makeld and Albrektson 1992), or wood density (Basuki et al. 2009; Ka-
lita et al. 2015) as additional predictive variables. The results from these studies show
that combining different predictive variables can improve the model performance at
different locations and tree species (Dimobe et al. 2018; Schneider et al. 2011; Yang
et al. 2017; Sileshi 2014).

Until now, there have been a few studies based on the allometric growth equations
that considered the biomass additivity of individual tree parts (Behling et al. 2019;
Affleck et al. 2016). If the relationships between the individual tree parts are ignored
in estimating biomass with a model, this may result in differences between the sum
of the predicted values calculated from the separate biomass models for each com-
ponent and the value predicted from the biomass model for the whole tree. Thus, the
construction of additive biomass models has attracted the attention of many resear-
chers (Affleck and Diéguez-Aranda 2016; Xu et al. 2015; Carvalho and Parresol 2003),
in which the biomass model for each part of a tree must be an additive to satisfy the
requirements for demonstrating logical relationships (Silenshi 2014). There are seve-
ral methods that can ensure the additivity of such equations, including the adjusted
proportion (AP) (Dong et al. 2014), generalized method of moments (GMM), and see-
mingly unrelated regression (SUR) (Tang et al. 2001; Parresol 2001). Of these, SUR has
been widely used as it considers the correlation between the equations and ensures
high efficiency of additivity (Riofrio et al. 2015; Bi et al. 2004).

Mytilaria laosensis Lecomte is a valuable broadleaved tree species mainly distributed
in South China and Southeast Asia (Guo et al. 2006). It is well known for fast-growing
high-yield plantations and has a broad biological adaptability to soil type and en-
vironmental condition (Huang et al. 2009). The M. laosensis wood has high quality
due to moderate density and not easy to crack and it is therefore widely used as raw
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material for high quality furniture and covering plywood (Liang et al. 2007). In ad-
dition, it also has strong carbon sink potential (Ming et al. 2014). Zheng et al. (2014)
studied the carbon storage and distribution pattern of different indigenous species
plantations system in subtropical China and found that M. laosensis had large car-
bon storage capacity. Consequently, M. laosensis is expected to become one of the
main tree species used in afforestation in the subtropical forests in China (Liu et al.
2012). However, only a few allometric growth equations are available for measuring
its above- and belowground biomass (Zhang 2016; Ming et al. 2012; Wu 2005), and
no additive allometric model for M. laosensis has been developed. The lack of accu-
rate species-specific allometric models may lead to inaccurate estimations of carbon
stocks (Van Vinh et al. 2019; Mahmood et al. 2019). In addition, different management
and geographical conditions also lead to differences in above- and belowground bio-
mass allocation (Meng et al. 2019). The objective of this study was to develop additive
allometric biomass models for M. laosensis.

2. Materials and Methods
2.1 Study Sites

The study was conducted in Xijiang Forestry Station, Yunfu City, Guangdong Pro-
vince, southeast China (23°07°N, 111°51°E) (Figure 1). The site has south subtropical
monsoon climate with annual average temperature of 21.5°C. The average annual
frost-free period is about 315-340 days. The average precipitation is 1600-1700 mm
per year with the wet season extending from April to September and the dry season
from October to March. The understory shrub layer consists of Microstegium vagans
(Nees ex Steud.), Mimosa bimucronata (DC.) Kuntze, and llex asprella (Hook. Et Arne.)
Champ. Ex Benth. The studied plantation was established in early 2010 by planting
1-year-old seedlings, with an average seedling height of 0.6 m. The density of the stu-
died plantation was 1667 trees per hectare, the survival rate was 97.1%, the average
DBH was 15.23 cm, the average tree height was 16.41 m, and the basal area was 22.37
m2 per hectare. The plantation has not been thinned.
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Figure 1: The Location of the study site.

Abbildung 1: Der Standort des Untersuchungsortes.

2.2 Biomass Data

In July 2018, six sampling plots (each 20 m x 30 m) were established at random loca-
tions in this M. laosensis plantation forest. Then we measured the diameter at breast
height (DBH) using a diameter tape. We chose and excavated seven sample trees for
biomass evaluation. The DBH of the sampled trees ranged from 10.5 cm to 21.5 cm,
and the tree height from 14.1 m to 18.2 m (Table 1). The DBH of each tree was measu-
red before being cutting the tree. Tree height, lowest living branch height, and crown
diameter (CD)in four directions were recorded after felling.
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Table 1: Range of diameter at breast height, tree height, crown diameter and biomass of sampled trees.
(mean * standard deviation).

Tabelle 1: Durchmesserbereich in Brusthohe, Baumhohe, Kronendurchmesser und Biomasse der
untersuchten Baume.( Mittelwerte + Standardabweichung).

Diameter at Biomass (kg)
Tree Crown Number of
breast height
height (m) diameter (m) Stem Branch Leaf Root harvested tree
range (cm)
10—12 14.50+0.28 245+ 0.06 29.56 +3.46 270+0.32 0.76 £0.07 10.84 £ 0.74 4
12—14 15.16£0.22 297033 45,18 £2.54 449 £0.61 133£0.15 14.47 £ 1.04 7
14—16 15.86+0.24 354+031 61.72+7.25 6.18 £1.26 182+0.22 17.77 £2.31 6
16—18 16.72+0.32 413+0.15 80.34+7.42 8.02+1.03 227 +0.31 2153+1.83 11
18—20 17.44+038 468+0.18 101.75 +£9.66 10.82+1.73 297 +0.31 27.04+278 11
20—22 18.01£0.17 4.74 £0.09 12634+123 1455+1.18 391+0.26 35.46 £ 545 3

To measure stem biomass, stems were cut into 2 m long pieces, and the fresh weight
of each segment was measured in the field. A thin disc was then cut from each piece
to determine the weight with an accuracy of 0.5 g. The samples were then transpor-
ted to the laboratory and dried to a constant weight in an oven at 75°C. From stem
moisture content we the calculated stem biomass. The tree crown was evenly verti-
cally divided into three layers, and all branches, including leaves, were weighted in
the field with a precision of 0.5 g. We separated leaves and wood for three selected
branches and weighted wood and leaves separately and the ratio between leaves
and branch mass were used to estimate leaf mass of the other branches. Finally, the
samples (minimum 200 g) were taken back to the laboratory and dried to a constant
mass in an oven at 75°C, after which the dry weight was measured, and the moisture
content of each layer was calculated to obtain the biomass of branches and leaves
(Ketterings et al. 2001).

Then we excavated a hole with radius of 1 m around each tree to a depth of 0.5 m
and extracted the all root components including the broken roots. All roots were se-
parated into thick roots (= 5 cm diameter), medium roots (2-5 cm diameter), fine
roots (< 2 cm diameter) and stump. Representative samples (minimum 500 g) of each
root fraction were weighed in the field. Then all samples were taken to the labora-
tory, dried to a constant weight, and the total belowground biomass was calculated
(Wang 2006).

2.3 Data Analysis
The allocation of biomass to the stems, branches, leaves, and roots was estimated by

calculating the ratio of the biomass of each part to total biomass. Statistical factors,
such as arithmetic mean and standard deviation of total biomass (e.g., stem, bran-
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ches, roots, and leaves) were calculated. The biomass portioning was used to test sig-
nificance (p < 0.05). Additionally, the one-way ANOVA was used to test the differences
between the biomass portions. The relationship between the explanatory variables
(DBH, height, and CD) and the dependent variables (biomass stem, branch, leaf, and
root) was evaluated using graphs to determine the abnormal values that might af-
fect the fitted results. The allometric equations were created for the leaves, branches,
roots, stems and total components depended on three different non-linear models
with DBH, height (H) and CD as independent variables: equation (1), DBH as the only
predictor variable; equation (2), DBH combined with tree height; and equation (3),
DBH combined with tree height and CD as additional predictor variables. Logarithmic
transformation was used to correct heteroscedasticity. The allometric models for the
biomass of different parts (W) related to DBH, H and CD were established (Brown et
al. 1989; Chave et al. 2005):

In (Wi) = In (a;) + i In (DBH) Eq.(1),
In (Wi) = In (ct) + Bi - In (DBH2 x H) Eq.(2),
In (Wi) = In (@) + i - In (DBH2 x H) +v1 - In (CD) Eq.(3),

The integration of DBH and tree height as a combined variable could solve the prob-
lem of collinearity and explain the changes in DBH at different heights (Dimobe et al.
2018).The SUR (Riofrio et al. 2015) fitting biomass model realized the additivity of the
equation by constraining the equation parameters. This technique explained the cor-
relation between regression residues, resulting in a small variance of the regression
coefficients (Parresol 1999). The aggregated additive allometric equation satisfied the
following conditions: (1) the sum of the biomass of individual part was equal to the
total biomass; (2) the sum of the biomass of stem, branches, and leaves was equal to
the aboveground biomass; and (3) the sum of branches and leaves was equal to the
crown biomass. Estimation of three systems of equations were conducted by the SAS
procedure of PROC model (SAS Institute Inc, Cary, NC, USA). For equation (1):

In (Ws) = In (as) + Bs - In (DBH)

In (W) = In (atw) + Be- In (DBH)

In (Wi) = In (cu) + pi - In (DBH)

In (W:) = In (o) + B- - In (DBH)

In (We) = In (a - DBHPs + ou - DBHF)

In (Ws) = In (as - DBHF: + a - DBHPs + a1 - DBHE)

In (Wy) = In (& - DBHP:+ s - DBHE + aw - DBHPs + i - DBHE)

Where W,, Wy, W,, W,, W, W,, W, are stem, branch, leaf, root, crown, aboveground, and
total biomass (kg), respectively; and a;, 3;, and y; are the coefficients.
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For equation (2):

2 =In (as) + B: - In (DBH2 x H)

v) = In () + Bs - In (DBH2 x H)

)=In (o) + i~ In (DBHZ x H)

3 =In (a) + B: - In (DBH2 x H)

9 =In (at» - (DBH2 x H)Ps + ax1 - (DBH2 x H)#))

o) =In (as - (DBH2 x H)& + o - (DBH2 x H)Po + o1 - (DBH2 x H)#y

)=In (o - (DBHZ x H)E: + ats - (DBHZ x H)f+ o - (DBH2 x H)fs + cu - (DBH2 x H)f)

2222222

In (
(
(
(
(
(
(

5555555

For equation (3):

In (W) =In (as) + Bs- In (DBH2 x H) +ys - In (CD)

In (W) = In () + Pb - In (DBH2 x H) + s - In (CD)

In (W) = In () + B - In (DBH2 x H) + y1 - In (CD)

In (W:) =In (&) + B: - In (DBH2 x H) + y: - In (CD)

In (We) =In (aw- (DBH? x H)B - (CD) + a1 - (DBH?2 x H)fi - (CD) %)

In (Wa) =In (as - (DBH2 x H)fs - (CD)¥s + atv - (DBH?2 x H)Ps - (CD)% + ot - (DBH2 x H)f1- (CD) 1)

In (W) = In (&t - (DBH2 x H)f; - (CD)¥: + s - (DBH2 x H)# - (CD)¥s+ o - (DBH2 x H)fs - (CD) ¥ +
a1+ (DBH2 x H)# - (CD) )

The use of logarithmic allometric equation may produce the systematic deviations
of the response variable when converting back to the original scale (Ledermann and
Neumann 2006; Eckmiillner 2006). To correct this bias, the correction factors (CF) of
these equations were computed (Baskerville 1972; Sprugel 1983).

SEE?
CF = exp( 3 ) Eq.(4)

SEE is the standard error of the estimates. The model was evaluated by the following
three goodness-of-fit statistical methods: root mean square error (RMSE), Akaike in-
formation criterion (AIC), and the adjusted coefficient of determination (Adj. R?) (Cai
et al. 2013). The most suitable model was that with the lowest RMSE and AIC, and
the highest Adj. R%. A t-test was used to examine significant deviations between the
observed and estimated values of the crown, aboveground, and total biomass, and
graphical analyses between the predicted vs. observed values were carried out using
the best additive allometric models.

N (vi-%)?
RMSE = B (i1 Eq.(3),

AIC =nln (SSR) + 2(k+1) - nln(n) Eq.(6),

AdjR2=1-(1- 200D Eq.(7).

R (¥i-D)? )ik
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\LVhere Y. is the observed value, Y: is the estimated biomass values based on models,
Yi is the mean value of the biomass, n is the number of samples, and k is the number
of parameters.

3. Results
3.1 Biomass Partitioning

The biomass of the different M. laosensis tree parts (stems, roots, branches, and lea-
ves) were significantly different (p < 0.001). The stem accounted for the largest con-
tribution to the total biomass at 70.44% + 2.33 (mean = SD), while the contributions
of the belowground, branch, and leaf biomass were 20.35% + 2.80, 7.17% + 0.84, and
2.04% + 0.18, respectively. The proportion of stems, branches, and levels biomass ex-
hibited similar incremental trends with DBH (Figure 2). With increasing DBH from 10.5
to 21.5 cm, the proportion contributed by the stem to the total biomass increased
from 65.85% to 75.60%, while that of the branches and leaves increased from 5.05%
10 9.27% and 1.59% to 2.41%, respectively. In contrast, the proportion attributed to
belowground biomass decreased from 26.39% to 18.15%.
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Figure 2: Partitioning of total biomass in relation to diameter of M. laosensis, percentage of (a) stem
biomass, (b) leaf biomass, (c) branch biomass, (d) belowground biomass.

Abbildung 2: Verteilung der Gesamtbiomasse in Bezug auf den Durchmesser von M. laosensis,
Prozentsatz von (a) Stammbiomasse, (b) Blattbiomasse, (c) Zweigbiomasse, (d) unterirdische
Biomasse.

3.2 Biomass Allometric Equations

The non-linearity trend in the observed values for tree height, crown, aboveground,
and total biomass as a function of DBH is displayed in Figure 3. Our results showed
model 1 with DBH as the only predictor, could effectively explain the biomass of indi-
vidual part, with R? > 94% and RMSE < 0.1 (Table 2). The addition of tree height into
the biomass model significantly improved the fit of some models, while the addition
of CD only significantly improved the fit of the root biomass model. For leaf biomass,
model 2 had a larger R? and smaller RMSE and AIC, and the addition of CD did not
improve the fit of the model. For branch biomass, model 1 was a better fit. For stem
biomass, each model had a similar fit, but model 2 showed a better fit with respect
to R?, RMSE, and AIC. For root biomass, the addition of height and CD improved the
overall fit of the model, and model 3 had a larger R? and smaller RMSE and AIC.
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Figure 3: Relationships between DBH and (a) tree height, (b) crown biomass, (c) aboveground biomass,
and (d) total biomass of M. laosensis.

Abbildung 3: Beziehungen zwischen DBH und (a) Baumhohe, (b) Kronenbiomasse, (c) oberirdischer
Biomasse und (d) Gesamtbiomasse von M. laosensis.

To estimate the biomass of M. laosensis more accurately, the optimal biomass model
for an individual part was used to construct the multivariate additive biomass model
(Table 2). The R2 values for total biomass and the biomass of individual parts in the
optimal additive biomass models were more than 95%, and the RMSE was relatively
small (Table 3). The correction factors for the optimal equations were also listed (Ta-
ble 3). The fit of the stem, aboveground, and whole plant biomass models was better
(R2 was relatively large and RMSE was relatively small) than that of the biomass mo-
dels of leaves, branches, roots, and crowns (smaller Rz and larger RMSE values). Figure
4 shows the linear 1:1 trend for the scatter plot of the observed and predicted crown,
aboveground, and total biomass.
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Table 2: Regression equations for estimation of leaf, branch, stem, and root biomass through seemingly
unrelated regression in M. laosensis. a, B, and y are the coefficients used in the model. DBH, diameter at
breast height; H, tree height; CD, crown diameter; RMSE, root mean square error; AlC, Akaike information
criterion; Adj. R?, adjusted coefficient of determination.

Tabelle 2: Regressionsgleichungen zur Schitzung der Biomasse von Blattern, Asten, Stamm und
Wurzeln durch seemingly unrelated regressions bei M. laosensis. a,  und y sind die im Modell
verwendeten Koeffizienten. DBH, Brusthohendurchmesser; H, Baumhdohe; CD, Kronendurchmesser;
RMSE, quadratischer Mittelwertfehler; AIC, Akaike-Informationskriterium; Adj. R? angepasster
Bestimmungskoeffizient.

. Regression coefficients Performance criteria
Model Predictors Comp

B v RMSE AIC Adj. R?
1 DBH Leaf 2437+ 0.08 0.093 -76.148 0.959
2 DBH**H Leaf 1.03"10.03 0.092 -76.614 0.959
3 DBH™H;CD Leaf 1.207+0.12 —0.36™+0.25 0.093 -76.56 0.955
1 DBH Branch 258"+ 0.09 0.107 -64.913 0.952
2 DBH**H Branch 1.097+0.04 0.110 —62.408 0.950
3 DBH**H,CD Branch 1.017+0.15 0.17"+£030 01m —60.754 0.948
1 DBH Stem 2297+ 0.05 0.064 —-108.021 0.978
2 DBH**H Stem 097"+ 0.02 0.061 =-111.397 0.980
3 DBH™H;CD Stem 0.96™ +0.08 0.02™+£0.17 0.065 -109.418 0977
1 DBH Root 1777+ 0.07 0.083 —86.291 0.940
2 DBH**H Root 0.75™+0.03 0.081 -88372 0.943
3 DBH**H;CD Root -4.77""+£0.58 1.027+0.09 -0.57"+0.20 0.074 -94.167 0.952

*** Significance level: p < 0.001. ** Significance level: p < 0.01. The final selected models of each biomass part are in bold.

Table 3: Selected biomass equations simultaneously fitted through seemingly unrelated regression in
M. laosensis. AGB, aboveground biomass; TGB, total biomass; DBH, diameter at breast height; H, height;
CD, crown diameter; RMSE, root mean square error; AlC, Akaike information criterion; Adj. R? adjusted
coefficient of determination; CF, logarithmic correction factor.

Tabelle 3: Ausgewahlte Biomassegleichungen, die gleichzeitig durch scheinbar nicht verwandte
Regression bei M. laosensis angepasst wurden. AGB, oberirdische Biomasse; TGB, Gesamtbiomasse;
DBH, Durchmesser in Brusthohe; H, Hohe; CD, Kronendurchmesser; RMSE, quadratischer
Mittelwertfehler; AIC, Akaike-Informationskriterium; Adj. R?, angepasster Bestimmungskoeffizient;
CF, logarithmischer Korrekturfaktor.

Components Biomass equations RMSE SSJ CF
Leaf In Wie=~7.86 + 1.03In(DBHH) 0.092 0.959 1.110
Branch In W= ~5.19 + 2.58In(DBH) 0.107 0.952 1124
Stem InW;=—3.84 + 0.97In(DBH?H) 0.061 0.98 1.096
Root In W= -4.77 + 1.02In(DBH’H) - 0.52In(CD) 0.074 0.952 1.061
Crown In We, = In(e7*5(DBH?H)"** + e 5%(DBH)?*#) 0.087 0.972
AGB In W,o = In(e 2#(DBHH)**" + e 7#%(DBH?H) %3 + ¢73'?(DBH)>%) 0058 0.981

TGB In Wyg = In(e*”” (DBH?H)'“(CD) " + e**(DBH?H)**” + e "**(DBH’H)"** + &~>'*(DBH)***) 0055 0.979
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Figure 4: Scatterplots for the observed biomass and the predicted biomass of (a) crown, (b) aboveground,
(c) total biomass of additive equations. Lines are 1:1 equivalence.

Abbildung 4: Streudiagramme fiir die beobachtete Biomasse und die vorhergesagte Biomasse von
(a) Krone, (b) oberirdisch, (c) Gesamtbiomasse der additiven Gleichungen. Linien entsprechen 1:1.

4. Discussion

Biomass is a form of energy accumulated in the process of plant growth and develop-
ment (Mensah et al. 2017; Dong et al. 2014). Plant species, age, and the external en-
vironment can change biomass distribution patterns in various parts of forest trees.
Our results demonstrated that the stem accounted for the largest proportion of the
total biomass (nearly 72%), followed by the roots (19.5%). Leaf biomass contributed
the smallest amount to the total biomass, about 2%; this is similar to the proportion
determined in other studies (Zhang 2016; Wu 2005). Our biomass results suggest that
photosynthetic products in M. laosensis are primarily concentrated in the stem and
roots. Biomass accumulation in the stem promotes large diameter wood in the tree
species, while the well-developed root system promotes the absorption of water and
nutrients, thereby supporting tree growth. In our study, the biomass proportion of
the stem, branches, and leaves increased, and root biomass decreased with increa-
sing diameter class. These results contradict those of previous studies on M. laosensis,
and we speculated that this might be owing to the difference in growth periods of the
studied tree species or the strategies. As a shade-intolerant tree species, M. laosensis
competes in the initial growth stages for limited terrestrial resources, such as light.
In forests, trees with more branch biomass have a competitive advantage, mainly
through advantage in tree height and expansion of the crown resulting in shading of
neighboring trees (Dimobe et al. 2018). Similar growth trends have also been found
in a previous study with fast-growing Eucalyptus spp., which allocate more biomass in
the stem compared with leaves and branches (Kuyah et al. 2012).

When constructing the biomass model, the sum of the biomass of individual part was
equal to the total biomass (Dimobe et al. 2018; Behling et al. 2019; Meng et al.2019).
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When the correlation between the total biomass and that of individual part was ta-
ken into account, the fitting equations were required to be additive. Some of the
published biomass equations are not-additive because they were estimated by or-
dinary least-squares regression (OLS) (Cai et al. 2013; Blujdea et al. 2012). The use of
SUR to construct an additive allometric growth equation can however account for
the correlation between the biomasses of individual part, resulting in more effective
parameter estimation (Parresol 2011); SUR is not only able to determine the additivity
of the equation, but also reduces the predicted interval of biomass estimation (Bi et
al. 2004; Parresol 2001; Dong et al. 2015).

In the current study, a logarithmic transformation equation was used to estimate
the relationship between biomass and explainable variables. When an estimated va-
lue was converted back to the original untransformed value, the expected biomass
will still be underestimated. To correct this deviation, Baskerville (1972) and Sprugel
(1983) proposed a correction factor (CF) method, which is often used to correct sys-
tem errors. Consequently, the results of this study indicated that a few deviation were
produced on the process of using logarithmic transformation to fit the biomass all-
ometric equations. Some researchers believe that the correction is unnecessary, since
the difference in biomass estimation can be considered negligible (Malimbwi et al.
1994). However, it is suggested to analyze each case individually to make sure the
necessity of CF in biomass estimation.

Most studies on allometric models have been based on DBH to predict tree biomass
(Xiang et al. 2016; Kusmana et al. 2018). In our study, the model containing DBH as
the variable had an explanation rate of over 90% for stem, branch, leaf, and below-
ground biomass variability. Consistent with previous studies (Dimobe et al. 2018; Van
Vinh 2019; Xiang et al. 2016 ), the addition of tree height as an independent variable
to the equation improved the fit of the equation. It has also been suggested that the
estimation of biomass could be improved by combining wood density and CD as
predictors (Chave et al. 2005; Ploton et al. 2016). In our study, however, the addition of
CD as a predictor variable into the equation reduced root RMSE from 0.083 to 0.074,
and slightly increased the fitting degree from 0.94 to 0.952, indicating a close rela-
tionship between the crown and belowground part (Kuyah et al. 2012; Harrington
et al. 2003). Additionally, the crown height, a potential and efficient input variable in
other studies (Ledermann and Neumann 2006; Repola 2009) can be studied in further
research on this species.

To date, there have been few studies on the allometric growth equation regarding the
biomass of M. laosensis, and only a few researchers (Zhang 2016; Ming et al. 2012; Wu
2005) from Guangxi and Fujian in China have studied M. laosensis. The published all-
ometric growth equation for M. laosensis only uses DBH as predictor variables (Zhang
2016; Ming et al. 2012; Wu 2005). In our study, we added CD into the predictive va-
riables of biomass for this species, but the fitting effect was not improved. We also
compared the equations of this paper with other biomass allometric equations for
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M. laosensis (Figure 5). For the same DBH, the models construct by Ming et al. (2012)
and Wu (2005) gave higher total biomass values than our study. Ming et al. (2012)
established an allometric growth equation for the biomass of 28-year-old M. laosensis
in Guangxi using DBH and tree height as explanatory variables, with a sample size of
13 trees (DBH range of 17 cm to 31 cm, compared with the range in our study of only
10.5 cm to 21.5 cm). Paul et al. (2018) stated that a sample of fewer than 15 indepen-
dent samples may give inaccurate results; however, Ming et al. (2012) used a sample
size smaller 15. Therefore, the accuracy of equation previously published needs to be
improved. Zhang (2016) studied the biomass of a 22-year-old M. laosensis plantation
in the Fujian area of China, with a sample size of 15, but their sampling DBH range was
not reported. However, it can be inferred from the comparison with the equations in
this paper that the range of the DBH of the equation should be close to our paper.
Wau et al. (2005) established biomass models for the branches, bark, leaves, and stems
of 15-year-old M. laosensis, but they had a small sample size (only four), this may also
result in the low accuracy. In their study, the individual branch and leaf biomass were
estimated based on the basal diameter of the branches, and then the branch and
leaf biomass of the whole tree was calculated. Compared with the method used in
our study, the method used by Wu et al. (2005) was complex, the sample size was
small, additivity was not taken into account, and the accuracy of model fit was low. In
addition, the root sampling method may also cause a few discrepancies for biomass
estimation in those studies. Excavation was used to determine the belowground bio-
mass in this paper, which was the same way as Ming et al. (2012). Zhang (2016) stu-
died the roots by collecting along a 1.2 m deep soil profile, which was divided into 6
layers of 20 cm sampling depth each. Wu (2005) estimated the root biomass by the
root-shoot ratio of the forest communities. Currently, few studies have considered
the correction for the loss of the roots on M. laosensis for instance using Goff’s ap-
proach (2001). Furthermore, the discrepancies between the current studies of total
biomass by comparing the biomass of single compartments (Supplementary Figure
S1) were further explored and the results indicated that the discrepancy by Wu (2005)
is mostly caused by branches and roots, while for Ming (2012) it is stem and roots,
especially for larger diameters. For Zhang (2016), the discrepancy was mainly attribu-
table to branches. In all, the differences in the estimated biomass between this study
and other studies may be due to differences in sampling sites, the DBH ranges, sam-
pling approach, number of samples, and management. The accuracy of the model
increases with increasing sample size (Kusmama et al. 2018). There should be already
enough material available to make a robust widely applicable biomass model for M.
laosensis, at least for certain regions.
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Figure 5: Scatterplots for the observed biomass and the predicted biomass of total biomass of (a) Ming et
al (2012), (b) Zhang (2016), (c) Wu et al (2005). Lines are 1:1 equivalence.

Abbildung 5: Streudiagramme fiir die beobachtete Biomasse und die vorhergesagte Biomasse der
Gesamtbiomasse von (a) Ming et al. (2012), (b) Zhang (2016), (c) Wu et al. (2005). Linien entsprechen
1:1.

5. Conclusions

Mytilaria laosensis allocates more biomass in the woody parts, especially in stem, pro-
bably to confer a competitive advantage over its surrounding competitors. DBH is
effective in estimating branch biomass; the introduction of the independent variable
of tree height can improve the accuracy of determining leaf and stem biomass, while
the addition of CD as a variable can improve the prediction of belowground biomass.
The biomass model constructed in our study can be used to estimate the biomass
and carbon pool of M. laosensis plantations from the same region and exhibiting si-
milar stand properties (DBH, height, CD) as the studied stands. However, this newly
constructed allometric model must be used cautiously in estimating the biomass of
trees in other locations with different tree growth patterns and sizes.
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Diameter at Tree height Crown Biomass (ko)

breast height (e} m} diameter (m} Leaf Branch Stem Root
10.5 141 2.4 0.73 2.46 27 10.82

10.9 14.5 25 0.7 2.39 26.26 9.81
na3 14.6 2.38 0.88 2.95 33.29 11.22
1.4 14.8 25 0.75 3.01 31.72 11.51
12.7 15.2 28 1.4 4.67 48.45 14.71
13 158 245 1.35 4.14 431 1513
13.1 154 295 1.61 4.57 46,15 14.37
13.2 15 28 132 3.26 43.49 16.35
135 14.9 3.2 1.24 4.99 41.81 13.42
13.5 15.28 3.5 132 4,95 45.15 13.37
13.5 14.9 34 112 4.86 48.15 13.99
14.2 155 3.15 1.68 4.61 54.11 14.41
14.4 15.8 3.2 1.57 4.98 55.63 17.12
15 16.6 3.51 1.71 5.95 59.19 18.22
15.2 157 3.69 1.73 6.38 60.24 16.54
15.8 16.3 3.96 23 7.68 69.75 19.25
15.9 158 3.74 19 7.52 71.44 21.12
16.1 16.5 4,03 214 7.07 73.84 20.78
163 16.4 3.98 2.24 7.33 74.28 21.69
163 16.7 4,12 1.89 7.37 75.27 20.69
163 171 4.3 215 7.62 79.87 20.89
16.6 165 4,03 227 8.41 78.52 20.58
16.9 6.7 4,12 211 7.99 B4.76 22,13
17 16.5 4.03 2.54 10.55 B85.74 23.85
17 16.8 4.16 21 7.21 7343 19.71
17 16.4 3.98 1.99 8.1 73.21 18.47
178 17.5 4.44 261 9.2 91.66 24.21
179 17 4325 298 79 93.27 23.88
181 174 4.44 26 1042 98.03 25.74
18.1 173 4.4 292 8.26 94,63 244
183 17.9 4.25 2.88 11.5 95.42 27.79
183 17.6 4.54 278 8.73 91.95 21.86
18.4 17.8 4.64 287 10.86 103.06 27.28
185 16.8 4.16 247 8.53 10015 2493
189 17.5 449 3.3 12,53 106.22 27.94
19.2 17.8 4.64 3.29 1161 104.79 27.84
19.2 17.5 4.49 322 1096 115.05 29.46
19.8 17.1 4.3 35 13.75 103.21 2787
19.9 18.1 4.8 3.12 1197 116.74 324
205 17.9 4.8 37 133 112.25 3021
209 18.2 4.85 381 14.71 131.87 35.07

215 17.9 4.6 4.2 15.66 134.9 41.1

Appendix: Supplementary Figure S2.

Anhang: Supplementary Figure S2.
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Allometric Equations
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Abstract

Investigating the eco-stoichiometric characteristics of carbon (C), nitrogen (N), and
phosphorus (P) in plants, leaf litter, and soil of revegetated forests in areas of karst
rocky desertification can improve our understanding of nutrient cycling and stabi-
lity of karst ecosystems. In this paper, we selected five forest types typical for South
China karst regions to study the stoichiometry of C, N, and P, and their internal cor-
relation with the "plant leaf-litter-soil continuum”. The five forest types were Chinese
weeping cypress (Cupressus funebris Endl.) mixed with Eucalyptus (Eucalyptus robusta
Smith), loquat (Eriobotrya japonica (Thunb.) Lindl.), Chinese prickly ash (Zanthoxylum
bungeanum Maxim.), walnut (Juglans regia Linn.), and teak (Tectona grandis Linn. f.).
The average C, N, and P contents in the leaves of the five species were 481.66, 14.68,
' School of Karst Science, Guizhou Normal University / State Engineering Technology Institute for Karst Desertification Control,

Guiyang, 550001, China
*Corresponding author: Kangning Xiong, hxcandzy@163.com
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and 2.23 mg g, respectively; in leaf litter 434.52, 9.22, and 1.70 mg g7', and in soil
36.74, 2.85, and 0.64 mg g~'. The vegetation of the eco-economic forest in the karst
areawas low in N, rich in P, and had a relatively high C storage. The order of C:N ratios
was leaf litter > plant leaf > soil for all forests, except for the teak forest. No statistical-
ly significant difference was observed in soil C: N (P>0.05). N and P content in plant
leaves was significantly positively correlated with that in leaf litter (P<0.05), although
the reabsorption rate of N and P was relatively low. The reabsorption rate may not be
an important adaptation mechanism to plant nutrient limitation, but appears to be
an intrinsic characteristic of the studied species. Productivity was not correlated with
C, N, or P in plant, litter, and soil and was probably influenced by other factors than
nutrient supply. The grade of rocky desertification strongly affected the C storage.
For our study region we estimated a potential C sequestration in litter alone of 3748 t
C (in decreasing order, the potential, mild, moderate, and severe rock desertification
areas contributed 1220.40 t, 1566.87 t, 556.60 t, and 403.59 t). This study contributes
to our understanding of nutrient uptake and utilization of nutrients by tree species in
karst areas and provide a theoretical basis for vegetation restoration and reconstruc-
tion to control karst rocky desertification.

Zusammenfassung

Eine Untersuchung der stochiometrischen Eigenschaften von Kohlenstoff (C), Stick-
stoff (N) und Phosphor (P) in Pflanzen, Streu und Boden von rekultivierten Waldern
in einem o©kologisch fragilen, zum Karst verwusteten, felsigen Gebiet ermdglicht
ein besseres Verstandnis deren Nahrstoffkreislaufe. In dieser Studie haben wir fiinf
Waldtypen des stidchinesischen Karst ausgewahlt, Zypresse (Cupressus funebris Endl.)
gemischt mit Eukalyptus (Eucalyptus robusta Smith), japanische Mispel (Eriobotrya
japonica (Thunb.) Lindl.), Szechuan-Pfefferbaum (Zanthoxylum bungeanum Maxim.),
Walnuss (Juglans regia Linn.) und Teak (Tectona grandis Linn. f). Es zeigte sich, dass der
durchschnittliche Gehalt von C, N und P in der Laubmasse der fiinf Pflanzen 481.66,
14.68 und 2.23 mg g™' war, in der Laubstreu 434.52, 9.22, und 1.70 mg g~' und im
Boden 36.74, 2.85 und 0.64 mg g~'. Die Vegetation dieser Walder war somit arm in
N, reich an P und zeigte eine relativ hohe Kapazitat fur C-Speicherung. Das C:N Ver-
haltnis war in der Reihenfolge Laubstreu > Pflanzenblatt > Boden, auf3er flir den Teak
Wald. Wir fanden keine statistische Signifikanz in den C:N-Verhaltnissen in den Béden
(P > 0.05). Der Gehalt von N und P in den Blattern war signifikant positiv korreliert
mit C und N in der Laubstreu (P < 0.05). Die Reabsorptionsrate von N und P war re-
lativ gering und offensichtlich ist die Reabsorptionsrate in einem Karst-Milieu kein
wichtiger Mechanismus zur Anpassung an den Nahrstoffbedarf von Pflanzen. Die Re-
absorptionsrate scheint hingegen ein inhdrentes Merkmal der untersuchten Baum-
arten zu sein. Produktivitat hatte keinen Zusammenhang mit C-, N- und P-Gehalt und
steht offensichtlich unter dem Einfluss anderer Faktoren. Die Kohlenstoffspeicherung
wirdentscheidend vom Grad der Verkarstung beeinflusst. Schatzungen der poten-
ziellen Kohlenstoffreserven in der Streu sind 3478 t fuir das Untersuchungsgebiet (in
absteigender Reinfolge potenzielle, milde, mdBige und schwere Verkarstung 1220.40
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t, 1566.87 t, 556.60 t und 403.59 t). Diese Studie kann zu einem Verstandnis von Nahr-
stoffaufnahme in Aufforstungen in Karstgebieten beitragen. AuBBerdem liefert sie
eine theoretische Basis fir die Restoration und Rekonstruktion von Vegetationen zur
Kontrolle von Verkarstungen.

1. Introduction

Ecological stoichiometry studies the interaction of various elements in ecosystems,
mainly how the balance and interaction of carbon (C), nitrogen (N), and phosphorus
(P), and other elements affect ecosystems and ecological processes (Sterner and Elser
2002). C, N, and P are essential elements for all living matter. Soil nutrient supply,
plant nutrient requirements, self-regulation of nutrient requirement by plants, and
nutrient return by litterfall and litter decomposition are accomplished through trans-
formation of C, N, and P. Therefore, ecological stoichiometry is an important method
for the study of chemical cycles in biological systems (Agren and Bosatta 1998; Shen
etal. 2019).

There are differences in the stoichiometric characteristics of different climatic regions.
Studies have shown that the productivity of temperate and boreal forests is mainly
limited by N, while the productivity of tropical rainforests and subtropical evergreen
forests is generally limited by P (Aerts and Chapin 2000; Aerts et al. 2003). These fin-
dings have been confirmed at a global scale; however, there is a sparsity of research
on the stoichiometric characteristics of vegetation at a regional level and within
various landform types. Currently, much research is conducted on the coupling of
stoichiometric characteristics and environmental factors, mostly focusing on three
ecosystems: forests, wetlands, and grasslands (Kerkhoof et al. 2006; Yan et al. 2010;
Zhang et al. 2017; Ye et al. 2016; Zhao et al. 2016). Previous research focused more
on stoichiometric characteristics of different successional stages, seasonal changes,
vegetation types, different plant organs, and spatial variability such as latitude and
longitude (Liu et al. 2010; Zhou et al. 2010; Wardle et al. 2004; Sun et al. 2018; Zhao et
al. 2018; Wang et al. 2018). Stoichiometry studies have often focused on single com-
ponents (soil or vegetation) or single plant organs (plant leaves or fine roots). Conse-
quently, there are still many research gaps in the study of stoichiometry in terms of
vegetation, litter, and soil as a whole system, particularly at a regional scale.

Karst rocky desertification is a process of land degradation caused by dissolution of
soluble rocks such as limestone and dolomite. Human activities can promote karst ro-
cky desertification by vegetation damage and soil erosion, which increase the speed
by which rock is exposed, eventually leading to a decline in land productivity. Finally,
the soil surface becomes dominated by bare rocks which is visually similar to a desert
landscape (Yuan 1997). Karst landforms are frequent worldwide, particularly in Medi-
terranean Europe, south Australia, the Russian Ural mountains, Kentucky and Indiana
in the United States, South China, and Cuba (Gao et al. 2003).
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Consequently, many countries have paid attention to the effect of karst on soil forma-
tion and vegetation. In China, karst landforms are particularly widespread, covering
an area of 1.24 million ha (approx. 13% of the total land mass of China). China's karst
rocky desertification is mainly present in the southwest centered on the Guizhou
Plateau, and it represents one of three major ecological problems in China (Xiong
et al. 2012; Yuan and Zhang 2008; Yue et al. 2011). The main challenges caused by
karst rocky desertification are its ecological fragility, low ecological carrying capacity,
and slow recovery, which impairs the economic and social sustainable development
of karst-affected regions. Unsuitable land use is the dominant reason for rocky karst
desertification in the southwest karst region (Yuan 1997). Karst rocky desertification
restricts plant growth, the establishment of secondary forests leading to stunted tree
growth, and it is problematic both for regional socio-economic development and the
healthy ecological functioning of ecosystems (Gra and Hetherington 2004). Therefo-
re, to control karst rock desertification, the ecological and economic functions of eco-
systems have to be balanced to ameliorate environmental conditions and improve
ecosystem health. Studies have shown that afforestation of woody plants with high
calcium and drought tolerance, and conservation of soil and water, are important
for sustainable land management in karst regions (Zhang et al. 2019). Afforestation,
which considers local conditions, may be an effective way to ecologically restore and
control karst rocky desertification.

The ecosystems in southwest China karst are fragile and sensitive to environmental
stress and disturbances (Xiong et al. 2016; Xiong et al. 2017). Since the 1990s, a large
number of vegetation restoration projects have been carried out to control karst
rocky desertification, and large-scale eco-economic forests have been planted. The
ecological status of karst has been significantly improved since the development of
these projects. To date, China has planted 5.5 million hectares of Chinese weeping
cypress (Cupressus funebris Endl.), 4.5 million hectares of Eucalyptus (Eucalyptus ro-
busta Smith), 13,000 hectares of loquat (Eriobotrya japonica (Thunb.) Lindl.), 833,300
hectares of Chinese prickly ash (Zanthoxylum bungeanum Maxim.), 440,000 hectares
of walnut (Juglans regia Linn.) and 4,000 hectares of teak (Tectona grandis Linn. f.) (Xi-
ong et al. 2002). However, studies on vegetation restoration in the control of karst
rocky desertification have largely focused on grassland productivity and establishing
economic forests (Xiong et al. 2002). There has been limited research on the mecha-
nisms of degradation and the effect of adaptive rehabilitation technology such as
afforestation. The interactions between plants, litter, and soil in these ecosystems are
still unclear, which may potentially lead to continued degradation, and a decrease in
productivity or failure of restoration projects.

The aims of this study were to investigate the stoichiometry of C, N, and P of leaf-lit-
ter-soil in eco-economic forests in karst rocky desertification areas. The objectives
were:

1. to quantify nutrient cycling and nutrient absorption of five important ecoecono-
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mic forest types in SE China karst regions, and explore the relationship between
nutrient cycling and productivity, and

2. to provide a theoretical basis for the restoration, reconstruction, and management
of eco-economic forests in karst rocky desertification regions.

2. Material and Methods
2.1 Study region

South West China has eight provinces with karst formations, and our study region
is located in Guizhou province (Fig. 1). The demonstration area of Guanling-Zhen-
feng Huajiang for studying comprehensive treatments for karst rocky desertification
is located in the southwest part of the Guizhou province (105°36°30"-105°46"30°E,
25°39°13"-25°41°00"N). Huajiang canyon of the Beipanjiang river is a typical karst val-
ley area on the Guizhou Plateau. It has a subtropical monsoon climate (Fig. 1) with an
annual average temperature of 18.4 °C, an annual average rainfall of 1100 mm, and
the elevation ranges from 450 to 1450 m. The experimental plots used in this study
are located at elevations from 526 to 1133 m, representing a wide elevation gradient,
which may also cause differences in soil fertility and nutrients between the sites. The
karst area accounts for 87.92% of the total demonstration area of 51.62 kmz, and the
area of karst rocky desertification is 13.52 km?2 with potential, mild, moderate, and se-
vere karst rocky desertification contributing to 3.32 km2 (24.54%), 5.47 km?2 (40.48%),
2.42 km2 (17.93%), and 2.31 km2 (17.06%) of the area, respectively (Fig. 2). The domi-
nant soil types are calcisols with discontinuous distribution and poor water-holding
capacity, which are inadequate for agriculture or as pasture due to the shallow soil.
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Figure 1: Location of study area for karst rocky desertification control in Guizhou in southeast China and
the grades of desertification.

Abbildung 1: Lage des Untersuchungsgebietes in Guizhou, Stidostchina, und die unterschiedliche
Intensitat der Verkarstung.

We studied five tree species, which are favoured for karst rocky desertification con-
trol: cypress (Cupressus funebris Endl) mixed with eucalyptus (Eucalyptus robusta
Smith), loquat (Eriobotrya japonica (Thunb.) Lindl.), Chinese prickly ash (Zanthoxylum
bungeanum Maxim.), walnut (Juglans regia Linn.), and teak (Tectona grandis Linn. f.).
The management of the forests is conducted under the guidance of the provincial
government. The selected stands are about 20 years old. For the duration of the re-
search, the stands received the same fertilizer treatment with a compound fertilizer
applied in April and August at 45 kg per hectare. Trunk diameter was measured at
50 cm height in Chinese prickly ash, and at 1.3 m for other tree species. 5 m X 5 m
subplots were established in three 30 m x 30 m plots, and the number of plants and
their trunk diameters were measured in each plot. The number of plants and their
diameters (basal area) per hectare were estimated by averaging the number of trees
and diameter in the three plots. The basic characteristics are summarized in Table 1.
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Table 1: Stand characteristics of the studied forests. KRD is kart rocky desertification.

Tabelle 1: Zusammenfassung der Bestandeseigenschaften der untersuchten Walder. KRD ist der
Verkarstungsgrad.

Average Tree
Altitude Grade of Slope Stem number Basal area Age Canopy cover
Forest type Location diameter height
(m) KRD © (ha') (m%ha) (year) (%)
(cm) (m)
Mixed cypress and 25° 42" 16" N
1133 Severe 18 800 11.68 9.50 24 11.28 88
eucalyptus 105° 37" 11" E
25° 41" 32" N
Loquat 817 Moderate 7 400 11.89 4.56 18 9.34 80
105° 37" 58" E
25° 39" 23" N
Chinese prickly ash 773 Severe 15 600 5.64 1.68 20 203 68
105° 38" 35" E
25° 39" 24" N
Walnut 804 Mild 12 420 1091 3.92 23 8.13 81
105° 38" 21" E
25° 40" 25" N
Teak 526 Potential 15 700 12.90 9.43 19 13.54 73
105° 39" 56" E

2.2 Field sample collection and pretreatment

Three plots of 30 m x 30 m were used for each of the five forest types. All field mea-
surements were taken in late August 2017. Five to six plants with similar growth were
randomly selected in the plots, and 1,000 g of healthy mature leaves (50% sun lea-
ves, 50% shade leaves) from four directions of the canopy were collected, mixed, and
dried in the lab at 105 °C for 15 min. Undecomposed and semi-decomposed litter was
collected from multiple areas in four plots sized 1 m X 1 m, mixed and brought back
to the lab. Tree branches, humus, and other debris in the litter layer were removed
in order to analyze the relationship between plant leaves and leaf litter. All samples
were dried at 65 °C in an oven until constant weight was reached. A subsample of the
plant leaves and the leaf litter was pulverized into 0.1 mm powder with a shredder
to determine the soil organic C, total N, and total P. Soil was collected from the root
zones of three or four small plots along an "S" route at a depth of 0-10 cm (the actual
soil depth was recorded, if the soil depth was less than 10 cm). After thorough mixing,
about 1 kg of soil from each forest type was sampled by quartation and taken back to
the lab. They were air-dried and separated from impurities such as animals, plant de-
bris, and gravel. Then, the soil samples were ground with an agate pestle and mortar.
After sieving through a 100-mesh nylon screen, the resulting samples were stored in
plastic bags for the determination of chemical properties.
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Figure 2: Study site for mixed cypress and eucalyptus.

Abbildung 2: Untersuchungsflache mit Zypressen gemischt mit Eukalyptus.

Figure 3: Study site of walnut (left) and Chinese prickly ash (right).

Abbildung 3: Untersuchungsflache mit Walnuss (links) und Szechuan-Pfefferbaum (rechts).
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2.3 Elemental analysis

Organic C was measured using the modified Mebius method (Nelson et al. 1982). To-
tal N was measured using the modified Kjeldahl wet digestion procedure (Gallaher et
al. 1976) and a 2300 Kjeltec Analyzer Unit (FOSS, Sweden), and total P was measured
using the molybdate-blue reaction (Bao 2000) with a UV-2450 spectrophotometer
(Shimadzu Scientific Instruments, Japan). This method was used for plant leaves, lit-
ter, and soil.

2.4 Data processing and statistical analysis

The initial analysis and sorting of data were carried out with MS Excel 2010, and sta-
tistical analyses were performed by SPSS 20.0 (SPSS, Chicago, IL, USA) software. One-
way ANOVA was employed to test the significance of the nutrient content in leaves,
leaf litter, and soil, and their ratios (C:N, C:P, N:P). Least Significant Difference method
was applied for multiple comparisons. Pearson correlation analysis was used to show
the relationship of each component’s ecological stoichiometry.

Litter and potential storage of soil carbon were calculated by carbon storage per unit
area and the area of rocky desertification of different grades. Mixed cypress - euca-
lyptus and Chinese prickly ash both belong to severe rocky desertification areas, and
their carbon storage per unit area was estimated as the average of the two. Soil depth
was different in the severe karst rocky desertification compared to the other grades
of desertification. The average thickness of the severe rocky desertification area was 5
cm, and 10 cm for other classes. The graphs were drawn with the program Origin8.6.
The equation is as follows:

1-G

SOC=CxXxDXEX 10

In the formula, SOC is the soil organic carbon storage (t ha), Cis the soil organic car-
bon content (g kg™), D is the soil bulk density (g cm™), E is the soil thickness (cm), G is
the volume proportion of gravel with diameter > 2 mm (%).

Potential C storage = C density x Karst rocky desertification area

Nutrient (N and P) reabsorption rate was calculated as the percentage of the diffe-
rence in the nutrient content between plants and leaf litter and the nutrient content
in plants, and it was calculated as previously described by Wang et al. (2011). The
equation is as follows:
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N(P)content in plants — N(P)content in litter

x 1009
N(P)content in plants "

N(P)Reabsorption rate(%) =

3. Results
3.1 The characteristics of C, N, and P in plant leaf-litter-soil

The standing leaf litter of mixed cypress and eucalyptus was 4.53 t ha™', for loquat
5.35tha™!, Chinese prickly ash 3.48 t ha™', walnut 6.51 t ha™', and teak forest was 8.80
t ha'. The average contents of C, N, and P in leaves from the five plant communities
were 481.66, 14.68, and 2.23 mg g, respectively. The content in leaf litter was 434.52,
9.22,and 1.70 mg g~', which was 36.74, 2.85, and 0.64 mg g~' of soil, respectively. The
content of C, N, and P in plant leaves was significantly different from those in soil in
all five forests, and the order of the average C, N, and P content was plant leaves>lit-
ter>soil. In addition, significant differences were observed in N and P content in diffe-
rent plant communities (Table 2).

Table 2: Content of C, N, and P in plant, leaf litter, and soil from five communities (mg g~') (Mean + standard
error). Different capital letters in the same column indicate significant differences (P<0.05) between plant
-litter -soil in same nutrient. Different lowercase letters in the same row indicate significant differences
(P<0.05) among different species.

Tabelle 2: Gehalt von C, N, und P in Pflanzen, Laubstreu und Bdden in fiinf Gemeinden (mg g™)
(Mean * Standardfehler). Unterschiedliche Gro3buchstaben in derselben Spalte zeigen signifikante
Unterschiede (P<0.05) zwischen den Nahrstoffen in den Pflanzen, Laubstreu und Bdden an.
Unterschiedliche Kleinbuchstaben in derselben Spalte weisen auf signifikante Unterschiede (P<0.05)
zwischen unterschiedlichen Spezies.

Mixed cypress Chinese prickly Teak forest
Content Item Loquat forest ‘Walnut forest
and eucalyptus ash forest
plant 489.09+33.122A | 483.24+18.182A | 458.01+£16.652A | 503.80+17.572A | 474.14+19.12:4
C
litter 441.04+6.682A 427.75+35.6124 433,76+4.9924 442.37+27.90:8 427.70+0.342A
(mg g!)
soil 39.92+1.69:B 26.02+1.91b8 40.37+0.527:8 9.57+0.38<C 67.79+8.0848
plant 9.89:+0.0824 11.67+0.03b4 22.46+0.20c4 18.81+0.08¢A 10.59+0.15¢A
N
litter 5.89+0.3828 8.81+0.368 11.68+0.088 13.20+0.4748 6.50+£0.342B
(mgg")
soil 3.9240.75C 2.55+0.18%C 3.82+0.152¢ 2.46+0.02°C 1.49+0.09<C
plant 1.40+0.0224 1.23+0.08b4 3.81+0.01c 2.69+0.0144 2.00£0.04<A
P
leaf 1.095+0.063B 1.10+0.022AB 3.04+0.08%8 2.17+0.098 1.07+028
(mgg")
soil 0.9440.05C 0.98+0.03°8 0.23+0.00<¢ 0.90+0.01°C 0.16+0.014¢
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3.2 The ecological stoichiometric ratio of C-N-P

The CN ratio ranged from 20.39 to 49.48 of the leaf materials from five communities
with an average of 36.58. In leaf litter, its range was 33.51-83.77 with an average of
54.54. In soil, it was 3.89-45.82 with an average of 16.20. The averages of C:P of leaf,
leaf litter, and soil were 257.60, 334.88, and 134.59, respectively, which indicates that
the differences were significant between leaf materials from different communities.
The averages of N:P were 6.96, 6.10, and 7.09 in leaf, leaf litter, and soil. Thus, vari-
ous communities varied in their stoichiometric ratios, and differentiation regularities
were completely consistent, showing that C:N and C:P were higher than N:P. Except
for teak forest, C:N ratios of leaf-litter-soil followed the pattern of litter>leaf>soil, and
no significant difference of C:N was observed among soil samples (P>0.05) (Fig. 4).
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Figure 4: C:N, C:P, and N.P of leaves, leaf litter, and soil from five plant communities (Mean + standard
error). Different capital letters indicate significant differences (P<0.05) among different species in the same
component, different lowercase letters indicate significant differences (P<0.05) between plant - litter - soil.

Abbildung 4: C:N, C:P und N:P fir Blatter, Laubstreu und Béden von fiinf Pflanzengemeinschaften
(Mean = SE). Unterschiedliche GroBbuchstaben zeigen signifikante Unterschiede (P<0.05) zwischen
unterschiedlichen Spezies, unterschiedliche Kleinbuchstaben signifikante Unterschiede (P<0.05)
zwischen Pflanzen-Laubstreu-Boden.
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3.3 Carbon and nutrient pools in afforestations in karst rocky desertification
areas

Litter C storage in cypress and eucalyptus was 199.79 g m; loquat, 230.05 g m; Chi-
nese prickly ash 149.64 g m? walnut 286.44 g m? and teak 376.37 g m™. Average
litter C for the entire demonstration area was 249.15 g m2 The estimated potential
carbon reserves of litter in the potential, mild, moderate, and severe rock desertifica-
tion areas were 1220.40 t, 1566.87 t, 556.60 t, and 403.59 t, respectively (sum 3748 t).

Carbon storage in the soil under the trees was 6980 g m™ for teak, 2694 g m? for
loquat, 973 g-m™ for walnut, 3730 g m? for Chinese prickly ash, and 1900 g m? for
cypress and eucalyptus. They represent four different grades of rocky desertification
areas. According to calculations, the potential carbon reserves of soil in the poten-
tial, mild, moderate, and severe rock desertification areas were 23172.47 t, 5302.64 t,
6520.00t, and 4439.04 t, respectively (sum 39434 t). Soil carbon storage was thus 10.5
times higher than litter carbon.

Table 3: Carbon storage of litter and soil.

Tabelle 3: Kohlenstoffspeicherung von Streuschicht und Boden.

Karst Litter
Total Soil Bulk Volume of
rocky Area | carbon soc Total soil
) litter depth | density | gravel > 2
desertifi | (km?) | density (g m?2) | carbon (t)
carbon (t) | (cm) (g em?) | mm (%).
2
cation g m™)
Potential | 3.32 | 376.37 122040 | 10 67.79 10 6980 23172.47
Mild 547 | 286.44 1566.87 | 10 26.02 14 973 5302.64
Moderate | 2.42 | 230.05 556.60 10 9.57 12 2694 6520.00
Severe 231 174.72 403.59 5 40.145 | 15.5 2815 4439.04
All 13.52 3747.37 39434.15

3.4 The correlation of ecological stoichiometric characteristics

The correlation analysis of leaves, leaf litter, soil, and productivity (diameter of basal
area) showed no correlation between C and tested elements. The N and P content
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of plant material exhibited a significant correlation to N, P, C: N, and C:P in leaf litter
(P<0.05). The correlation between plant N and P and the stoichiometric ratio of plant
and leaf litter was relatively significant, and a very close correlation was observed
between living leaf material and leaf litter. Soil N exhibited an extremely significant
positive correlation to C: N and C:P with a correlation coefficient of 0.889 and 0.890,
respectively. In addition, soil P was significantly correlated to C:P and N:P in both
plants and soil, suggesting that the soil element dynamic balance affects the storage
characteristics of nutrient stoichiometry of leaf material. Productivity (basal area)
showed no correlation with the tested elements (P>0.05).

Table 4: The correlation between the ecological stoichiometric characteristics of plant-litter-soil. Yellow
and blue indicate significant correlations at the p < 0.05 and 0.01, respectively.

Tabelle 4: Korrelation zwischen den 6kologisch-stéchiometrischen Eigenschaften der in Pflanzen-
Laubstreu-Boden. Gelb und blau weist darauf hin, dass die Korrelation signifikant sind auf der p <
0.05 und p<0.01.

plant litter soil plant litter soil productivity
Hiam basal
c N P c N P c N P | oN | cp | NP |oN|cP| NP | CN|CP| Np
area
C 1
plant N -0.191 1
P 0318 | 0931 [
C 023 | 0104 | 049 1
litter N 0116 | 0889 D002 0193 | 1
P 0239 | 0985 | 0956 | 0.129 | 0mO8 | 1
C 0013 | 0306 | 0243 | 0.258 | 0.097 | 0406 | 1
soil N 0477 | 0399 | 0.059 | 0267 |09 0299 | 0249] 1
P 053 | 0289 | -0.587 | 0.142 | 0.027 | -0.357 | 0.201 [i-0m@a| 1
CN_ | 0257 | -0984 | 0898 | -0.066 | 0908 | -0947 | 0.178| 0411 | 0279 | 1
plant GP | 0288 | -0.831 | -0.955 | 0024 -0.627 | -0.846 | -0.027| -0.05 |08 0.813 1
NP | 0227 | 0258 | 0575 | 0.053 | 0.038 | 03341 ] 0.079 | 0599 | 0.798 | 0.158 |L0m2%, 1
CG:N_ | -0.049 | -0857 | 1500664 -0.019 | 0967 | -0.767 | -0.026 [L06aN| 0.019 | 0.892 | 0565 | 0118 | 1
litter C:P 0.106 -0.987 -0.927 -0.05 | -0879 | -0.976 | -0319| 0407 0.262 0.957 0.843 0.307 0.838 1
NP | 0344 | -0583 | -077 | -0.057 | -0.198 [Re0698] -0.529 | 0251 | 0.549 | 0.481 | OWMBN| 0S80 0.09 | 0.618 | 1
C:N -0.315 -0.445 -0.143 | -0303 [ -0568 [ -0.412 [[S0647| 0.889 [S0.6641| 0.402 -0.052 -0.541 0.501 | 0.445 0.03 1
soil CP | -0414 | 0149 | 0.18] | -0228| -037 | -0.096 | -05 | 0.89 | -0.886| 0.132 | -0.337 |00 0311 | 0.164 [-0235| 093 | 1
N:P -0.581 0.557 0.769 -0.059 | 0.162 0.652 0.267 0.48 -0.861 | -0.504 |FS0IG99 | FS0648 ] -0.198 | -0.519 SOGSOY 024 0.554 1
productivity | basal
areay| 06 | 03673 | 0628 | 0194|0067 | 0624 | 0572 | 044 | 0629 | 0.626 | 05124 | 0592 | 0547 | 0514 | 0345 0519 [ 0487 | 062 1

3.5 The reabsorption rate of N and P in five tree communities

The reabsorption rates of N in the five plant communities ranged from 19.98% to
48.75% with an average of 36.30%, and its range was 5.88%-47.56% of P with an
average of 23.61%. The highest reabsorption rate of N among the five species was ob-
served in Chinese prickly ash forest, followed by cypress and eucalyptus, teak, loquat,
and walnut. Teak exhibited the highest reabsorption rate of P, followed by cypress
and eucalyptus, Chinese prickly ash, walnut, and loquat. Overall, teak showed a relati-
vely high reabsorption rate of N and P, and the reabsorption rate of N was higher than
that of P in all plant communities except for teak (Fig. 5).
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Figure 5: The reabsorption rate of C and P of five plant communities. Different lowercase letters indicate
significant differences (P<0.05). The box represents 95th and 5th percentile; line in the box is median; * is
maximum value; X is minimum and B is mean.

Abbildung 5: Die Reabsorptionsrate von C und P in fiinf Pflanzengemeinschaften. Unterschiedliche
Kleinbuchstaben weisen auf signifikante Unterschiede (P<0.05) hin. Die Box ist 95% und 5%
Perzentile, die horizontale Linie in der Bok ist der Median, # ist der Maximalwert, X ist das Minimum,
und M ist der Mittelwert.

4. Discussion
4.1 The content characteristics of C, N, and P of plant leaf-litter-soil

Our data demonstrated that the C, N, and P content of five economic tree species in
the dry hot karst valley exhibited the order of plant leaf>litter>root soil. The C content
in leaves was higher than that in leaf litter; this is because organic components such
as crude fat, tannin, and soluble sugar decompose after leaf fall (Yang et al. 2007)
resulting in a significant decrease in C content in leaf litter. It may also be related to
the slower leaf growth rate and reduced photosynthesis prior to leaf fall. The average
content of N and P in leaf litter was lower than that in leaves, the reason for which
may be that partial nutrients are transferred to other components, reabsorbed, and
reused. The decrease of N may also result from the utilization of N for photosynthesis,
and the higher N utilization rate lowers the nitrogen level in leaf litter (Zhang et al.
2016); this result is consistent with a previous study by Bai et al. (2016), in which N and
P content followed the order of leaf > litter > soil in three types of cultivated forests.

Cis the structural element of plants (Xiang et al. 2006), while N and P are the main Ii-
miting elements that regulate plant growth in terrestrial ecosystems (Han et al. 2005).
In this paper, the average C content in plant leaves was 481.66 mg g~' higher than
that reported by Wang et al. (2017) in the plants of natural secondary forest in the
Loess Plateau (468.67 mg g7'), and it was also higher than the average C content of
492 terrestrial plant leaves, which was 464 mg g~' reported by Elser et al. (2000), in-
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dicating a relatively strong C storage capacity in the ecoeconomic forest in the karst
area. This may be determined by the sampling time that was right at the peak of the
growth stage in our study, or by the availability of soil elements in sampling areas.
The average N content in the leaves of the five plant communities was 14.68 mg g/,
lower than that of the Loess Plateau 21.36 mg g™' (Yang et al. 2014), the average of
753 terrestrial plants of China 18.6 mg g™’ (Han et al. 2005), and the average N con-
tent of plant leaves worldwide (20.09 mg g~') (Reich and Oleksyn 2004). Previous stu-
dies demonstrated that P content in terrestrial plants in China is lower than that on
a global scale (Ren et al. 2007). In this paper, the average P content in the five plant
communities was 2.23 mg g7, significantly higher than the global scale by 0.43 mg
g~' (Reich and Oleksn 2004), and it was also higher than the average for terrestrial
plantsin China (0.77 mg g') (Han et al. 2005). The N deficiency and P rich status of the
ecoeconomic forest of karst is mainly due to the substantial bare rock, low vegetation
coverage, enriched nutrition in the tree layer, lack of a symbiotic nitrogen fixation
system, and low weathering of soil (Hedin 2004). In addition, high P can facilitate
the metabolic rate to support the energy demand of macromolecule synthesis, and
further protect vegetation against the harsh environment in karst areas (such as poor
moisture retention capacity and soil nutrient loss).

Leaf litter plays an important role in forest ecosystems, which is an intrinsic compo-
nent of nutrient cycling in forest ecosystems and the main source of soil organic mat-
ter. The average contents of C, N, and P in leaf litter of five plant communities were
434.52, 9.22, and 1.70 mg g7, respectively. It was lower than the global scale of N
(10.9 mg g™"), while higher than the global scale of P (0.90 mg g™") (Kang et al. 2010),
indicating that leaf litter shows exactly the same characteristics as plants. The reason
for such phenomena is that in artificial or secondary forests the dominant tree spe-
cies and plant community structure are relatively simple and variation in leaves and
leaf litter is limited.

Soil nutrient composition is a key factor affecting plant growth, and it plays import-
ant roles in maintaining biological and mineral metabolism, providing nutrients and
other ecological processes (Bin et al. 2014). The average C, N, and P content in the top
0-10 cm soil layer of five plant communities in the karst area was 36.74, 2.85, and 0.64
mg g, respectively, higher than those of forest ecosystems in hilly and gully regions
of the Loess Plateau (23.21, 1.91,and 0.57 mg g7') (Zhao et al. 2017), higher than tho-
se of temperate grasslands of Inner Mongolia 0-10 cm soil layer (25.30, 1.70, 0.10 mg
g™") (Yin et al. 2010), and also higher than the 0-20 cm soil layer of north China larch
plantations by 13.01, 1.51, and 0.61 mg g™' (Bai et al. 2015). Although the soil layer in
the karst area is thin, the nutrient content in the surface soil is very high, the reasons
for which may be that the humid and hot climate conditions in the southwest karst
area are favorable to the growth of soil microorganisms and small animals, leading to
a stronger capacity for "self-fertilization" than other areas (Zeng et al. 2015). Alterna-
tively, it may be attributable to the release of nutrients to soil when a large amount of
tree leaf litter, root residues, and secretions decompose together, which is consistent
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with the study of Zhang et al. (2012) showing that soil nutrient characteristics in the
tree layer are significantly higher than shrub, grassland, and bare land in karst areas.

4.2 The stoichiometric ratio of C, N, and P in plant-litter-soil-productivity and
their correlation

C:N and C:P ratios of plants usually reflect the utilization efficiency of N and P in
plants, and partially reflect the supply status of N and P in soil (Zeng et al. 2015).
Because different pathways control the assimilation of C in photosynthesis and ab-
sorption of plant nutrients, C content is high with little variation in most plants, and
Cis usually not a limiting element for plant growth (Reich and Oleksyn 2004). In this
study, C:N and C:P ratios of leaves were 36.57 and 257.60, respectively, higher than
those of the global average level (22.50 and 232) (Elser et al. 2004), further suggesting
that C:N and C:P ratios are relatively high in the dry hot valley area of karst rocky de-
sertification, and suggests a relatively high utilization rate of N and P. Previous studies
have demonstrated that plants exhibit a higher nutrient utilization rate in nutrient
deficient conditions, which is a survival strategy for plants to adapt to low nutrient
levels (Bowman 1994).

The N:P critical ratio of plant leaves can be regarded as an indicator to assess the
nutrient supply status of the environment to plant growth (Aerts and Chapin 2000).
The growth rate hypothesis argues that organisms accumulate large amounts of P
into rRNA during high-speed growth so that ribosomes can rapidly synthesize large
amounts of protein to accelerate growth rate (Elser et al. 2003). The average N:P ratio
of the plant leaves in this study was 6.96, which was lower than that of 753 terrestrial
plants of China (16.3) (Elser et al. 2004), lower than that of forest leaves in Dinghushan
mountain (25.84) (Liu et al. 2010), and lower than that of plant leaves of different life
types in north Tianshan mountain (17.36) (Xie et al. 2016). Studies have shown that
when the N:P ratio is greater than 16, the ecosystem is restricted by P, the ratio less
than 14 indicates that the ecosystem is restricted by N, and when it is between 14 and
16, the ecosystem is simultaneously limited by N and P or nutrients are so abundant
that it is not limited (Koerselman and Meuleman 1996). According to the above de-
finition, we found that the N:P ratio of five plants in the karst dry valley is lower than
14, indicating that it is mainly restricted by N and the application of N fertilizer can
increase the biomass yield of vegetation. The reason is that in the management of
plantation forests in the study area, the application of compound fertilizer is the main
method, and the fertilization method is relatively extensive. In addition, the shallow
soil layer and the surface-subsurface binary loss exacerbate the drought stress and
lack the medium for nutrient dissolution and migration, leading to a lack of synergy
between water and fertilizer supply, and low efficiency of nutrient use.

The average ratios of C:N and C:P in the leaf litter were 54.54 and 334.88, respective-
ly, which were lower than the global scale (57.30 and 1175.60), as well as Changbai
Mountain, Jilin (39.43 and 552.00) (Wang et al. 2011; McGroddy et al. 2004), indicating
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the limited content of N and P in leaf litter of the karst area. A significant positive cor-
relation was observed between N and P content of plant leaves and N and P content
of leaf litter. It is possible that N and P contents of plant leaves are reduced due to
nutrient reuse before leaf fall, but it is insufficient to change the relationship between
N and P content in leaves. Thus, the N and P content of leaf litter was similar to that of
living leaves, which is consistent with the study by Zhu et al. (2017).

Soil C:N is inversely proportional to the decomposition rate of organic matter and
affects the mineralization rates of N and P, so it is a sensitive index to demonstrate va-
riations in soil quality. The average C:N ratio of five plant communities in the hot dry
valley of the karst area was 16.20, higher than that of the natural secondary forests
in the Ziwuling area of the Loess Plateau (11.9), that of global forest (12.40), and that
of grassland (11.80) (Cleveland and Liptzin 2017) at a depth of 0-10 cm. It indicates a
high-level organic matter content, a low mineralization rate of N, as well as a strong
retention potential of Cand N in the study area, which is consistent with the study by
Ye et al. (2016). Soil C:P is generally considered as an indicator of soil P mineralization
ability, and it is also a marker to indicate P release from the organic matter in microbi-
al mineralized soil or the potential of P absorption and fixation from the environment
(Pang et al. 2018). High soil C:P can cause soil microorganisms to compete with plants
for soil inorganic P, which is unfavorable for plant growth. On the contrary, low C:P can
facilitate microbial decomposition of organic matter to release nutrients and increase
the content of available P in soil, so it can also represent high P availability in soil. The
average C:P of five vegetation types in the karst rocky desertification area was 134.59,
higher than global forest (81.90) and grassland (64.30) (Ye et al. 2016), indicating that
soil microorganisms competed with plants for soil inorganic P, which is not favorable
to plant growth. N in soil mainly originates from the leaf litter and the deposition of
atmospheric nitrogen (Liu et al. 2010), and N:P in soil indicates the supply status of
soil nutrients during plant growth. Our study showed that the average soil N:P of five
plots was 7.09<14, suggesting N deficiency, which impedes vegetation growth. The
reason for such low N:P is that N is enriched in the surface layer of soil due to uneven
topography, the severe cave, and fissures in karst, and surface water leakage; N then
moves through fissures to lower layers along with water (Li et al. 2006), resulting in N
deficiency in the dry hot valley area in Southwest China with ample rainfall.

Some studies have shown that soil nutrient status limits productivity (Ning et al.
2006). However, similar results have not been obtained in this study. The results sho-
wed that there was no direct relationship between plant, litter, soil, and productivity.
It may be affected by the heterogeneity of the rocky desertification environment, and
other factors.
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4.3 Carbon and nutrient pools in afforestations on karst rocky desertification

Studies showed that nutritional reserves of litter C in cypress and eucalyptus were
199.79 g m? in loquat were 230.05 g m? in Chinese prickly ash were 149.64 g m?
in walnut were 286.44 g m? and in teak were 376.37 g m™ The average reserves of
litter Cin the entire demonstration area were 249.15 g m? Teak litter had the highest
carbon storage and the teak test plot was located in a potential rocky desertification
area, with thick soil, low rock exposure rate, and high carbon storage per unit area.
Cypress-eucalyptus and Chinese prickly ash grow in the area of severe rocky deserti-
fication, and the carbon storage per unit area is small. Loquat and walnut grow in mo-
derate and mild rocky desertification areas, with moderate carbon reserves. It is ob-
vious that the grade of rocky desertification affect the carbon storage of litter. From
the current rock desertification control projects in the demonstration area, these five
types of eco-economic forests are mainly used. Thus we can estimated the potential
carbon reserves of litter in the potential, mild, moderate, severe rock desertification
areas are 1220.40t, 1566.87 t, 556.60 t, and 403.59 t, respectively.

Studies showed that the soil organic carbon densities of the four grades of desertifi-
cation were quite different, which indicates that the soil of karst rocky desertification
is scattered, the thickness of the rock exposed soil layer is obviously different, and the
environmental spatial heterogeneity is large. The results were consistent with those
of Zhang Zhenming et al. (2017). The average carbon storage of soil in four grades of
rocky desertification area was 3.26 kg m™. It was smaller than the national average
level (9.6 kg m™) (Zhao 2005), for the Loess Plateau (10.92 kg m?) (Xue et al. 2015), or
the Sanjiang Plain (9.72 kg m?) (Mao et al. 2015). Due to the special dual hydrological
structure, complex topography and landform in karst areas, the rock fracture structu-
re causes a large amount of soil organic carbon loss.

4.4 The characteristics of the reabsorption rate for N and P

Nutrient reabsorption refers to the process of nutrient transfer from old tissues and
organs to other fresh organs and it is an important component of the nutrient cycle,
reflecting plants' ability to conserve, utilize nutrients, and to adapt to nutrient-poor
environments. Our data showed that the N reabsorption ranged from 24.48% to
40.37% with an average of 36.27%, and the range of P reabsorption was 10.28%-
46.52% with an average of 23.61% in the ecoeconomic forest of the hot dry valley in
the karst area, which is significantly lower than those of 172 species of woody plants
in East China 49.1% and 51.0%, respectively; Tang et al. (2013) and those of 199 spe-
cies of woody plants worldwide (57.4% and 60.7%) respectively; Han et al. (2014).
The low reabsorption rate in Han'’s study indicated that the contents of N and P were
relatively abundant in the study area, which is inconsistent with the first result of
N deficiency in our study. This is because vegetation can directly absorb and utilize
effective nutrients, not total nutrients (Bai et al. 2015). In addition, microbial decom-
position absorb some N and P from soil and leaf litter, thus affecting nutrient cycling.
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Therefore, there can be high total N and P in root-soil with a high reabsorption rate,
or low total N and P with a low re-absorption rate, indicating no correlation of the
reabsorption rate of N and P with the availability of N and P in soil, which is similar
to the previous study by McGroddy et al. (2004). High N and P transfer rates may be
an inherent characteristic of species, but not an important adaptation mechanism of
plants to N and P nutrient stress (Wang et al. 2018). Such results are consistent with
Aerts et al. (2000), in which the conclusion that evergreen plants occupy more barren
habitats and have higher nutrient reabsorption rates is not supported. Plants adapt
to the environment mainly by absorbing nutrients from the root zone, and not by a
capacity for reabsorption.

5. Conclusions

The vegetation of the ecoeconomic forest in the karst area was deficient in N, rich
in P, and exhibited a relatively high capacity for C storage. The N and P content of
leaf litter was similar to that of living leaves, so leaf litter possessed exactly the same
characteristics as plants. There was no direct relationship between plant, litter, soil,
and productivity. The grade of rocky desertification will affect the carbon storage of
litter. Low carbon storage in karst rocky desertification areas. In general, the soil was
limited by N, so appropriate application of N fertilizer could facilitate plant growth.
Plants adapt to the environment mainly by absorbing nutrients from root soil, but not
by reabsorption capability.
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Abstract

Shorea robusta is one of the most widespread timber species in the forests of sout-
hern Nepal. Large parts of Shorea robusta forests of Nepal were degraded in the re-
cent past due to policy conflict between the government and local users. After the
introduction of community forestry, these forests have been regenerating gradual-
ly and the proportion of juvenile individuals in the forest is now very high. In the
absence of biomass models of juvenile individuals, almost all forest inventories are
neglecting the contribution of juvenile individuals in total carbon sequestration and
storage. To close this knowledge gap, we developed a height and biomass prediction
model for juvenile Shorea robusta in Nepal using an individual-based modelling ap-
proach. The models were calibrated with data from 110 destructively sampled trees
and validated with 45 trees. We tested different model forms to select the best suited
height and biomass prediction model. Once the best model form was selected, we
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calculated several models using different combination of predictor variables (i.e. tree
diameter, tree height and wood density). Linear form (coefficient of determination
R? 0.80) for height and power form (R? 0.89) for biomass prediction were selected as
the best model forms. Product of diameter squared and height (R? 0.91) and product
of wood density, diameter squared and height (R? 0.94) for the density-dependent
model were the best predictors for biomass model. Due to different input data the
predicted biomass by the models of this study differed substantially from biomass
predictions using previously developed models of Shorea robusta. Thus, site- and si-
ze-specific models are required for accurate predictions of biomass and height of Ju-
venile of Shorea robusta. The model introduced here is site-specific and its application
should be limited to conditions similar to this study.

Zusammenfassung

Shorea robusta ist eine weit verbreitete Baumart in den Waldern im siidlichen Nepal.
Grol3e Teile des Shorea robusta Waldes in Nepal wurden in der jiingsten Vergangen-
heit aufgrund politischer Konflikte zwischen der Regierung und lokalen Nutzern de-
gradiert. Nach Einfiihrung der kommunalen Forstwirtschaft haben sich diese Walder
allmahlich verjingt und der Anteil an Jungbdaumen ist jetzt sehr hoch. Weil geeignete
Modelle zur Vorhersage des Biomassezuwachses von Jungbdaumen fehlen, vernach-
lassigen derzeit fast alle Waldinventuren den Beitrag der Jungbaume zur Kohlenstoff-
speicherung. Um diese Wissensliicke zu schlie3en, haben wir ein auf Einzelbaumen
basierendes Modell zur Schatzung der Wuchshdéhe und Biomasse von jungen Sho-
rea robusta aus Nepal entwickelt. Die Modelle wurden mit 110 destruktiv beprobten
Jungbdumen kalibriert und 45 Baumen validiert. Wir testeten verschiedene Varianten
der Modelle, um das beste Modell zur Vorhersage von Wuchshéhe und Biomasse zu
finden. Nachdem die beste Variante des Vorhersagemodells ausgewahlt worden war,
wurden mehrere Modelle mit unterschiedlichen Kombinationen der Pradikatorvaria-
blen (Durchmesser, Baumhohe und Holzdichte) entwickelt. Die beste Modellvariante
war eine lineare Funktion (R? 0.80) fiir die Hohe und eine Potenzfunktion (R? 0.89) fiir
die Biomasse. Das Produkt aus Hohe und Durchmesser zum Quadrat (R? 0.91) und
das Produkt aus Holzdichte, Hohe und Durchmesser zum Quadrat (R? 0.94) waren die
besten Modelle fiir die Biomasse. Die Modelle dieser Studie ergeben deutlich unter-
schiedliche Biomasse von Shorea robusta als die zuvor entwickelten Modelle. Es zeigt
sich somit, dass standort- und gré3enabhdngige Modelle wichtig sind fir eine ge-
naue Abschdtzung der Biomasse von Shorea robusta. Unser Modell ist standortspezi-
fisch und seine Anwendung sollte daher auf Bestande beschrankt werden, die den
dieser Studie zugrunde liegenden dhnlich sind.

1. Introduction
Forest biomass is relevant for both forest productivity and climate change (Berndes et

al., 2016; Kilpelainen et al., 2014). Regarding forest productivity, more biomass results
in a higher yield, while regarding climate change, more biomass has a positive role in
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minimizing the impact of climate change through sequestering a higher amount of
atmospheric carbon dioxide (Chen et al.,, 2017). Accurate estimation of forest biomass
is thus very important. Forest biomass consists of aboveground and belowground
biomass (Nonini and Fiala, 2019). Empirical measurements of belowground biomass
are time-consuming, costly and difficult, therefore, belowground biomass is often
estimated using a constant proportion of aboveground biomass (Zhao et al., 2019;
Addo-Danso et al., 2016). This study focusses on aboveground biomass at individual
tree level. Aboveground biomass is measured using the direct or the indirect method.
In the direct method, individual trees are felled destructively and weighed (Devi and
Yadava, 2009; Ravindranath and Ostwald, 2008; Chung-Wang and Ceulemans, 2004).
The direct method is more accurate, however, requires a large amount of time and re-
sources (De Gier, 2003). The direct method is often used to develope allometric equa-
tions (i.e., an indirect method) that can be applied on larger areas and whole forests
(Shrestha et al., 2018; Sharma et al., 2017; Navar, 2009; Segura and Kanninen, 2005).
The indirect method estimates biomass without felling the individual trees and thus
can be applied to larger forest areas. The indirect method can employ the shape, size
(diameter, height), wood density in the form of allometric equations to predicted bio-
mass (Ravindranath and Ostwald, 2008; Montes et al., 2000; Brown et al., 1989).

Allometric models establish a quantitative relationship between two or more variab-
les (Klingenberg, 2016). The variable, that is more difficult to assess, is used as the
dependent variable, while variables, that are easy to measure, are used as predictor
variables. The allometric relationship is developed based on the accurate and detai-
led measurement on a small sample of typical individuals which are assumed to hold
true for other individuals of a similar size and nature from the similar population.
The application of allometric relationship enables estimation and prediction of dif-
ferent variables of individual trees and forest (Altanzagas et al., 2019; Daba and So-
romessa, 2019). In published allometric models, tree height is predicted from stem
diameter (Sharma, 2009; Huang et al., 1992) and biomass is predicted from stem dia-
meter (Chapagain et al.,, 2014; Ong et al., 2004; Clough et al., 1997), stem diameter
and height (Chapagain et al., 2014; Subedi and Sharma, 2012), stem diameter, height
and wood density (Shrestha et al., 2018; Sharma et al., 2017). Most of the available
biomass models were developed using data from large trees (Shrestha et al., 2018;
Sharma et al., 2017; Nam et al., 2016; Huy et al., 2016; Clough et al., 2016; Chave et
al.,, 2014; Paul et al., 2013; Blujdea et al.,, 2012; Subedi and Sharma, 2012; Navar, 2009;
Chave et al., 2005; Tamrakar, 2000). Contribution of large-sized trees to biomass and
carbon storage is high, but the contribution of juvenile (defined as a plant 230 cm
in height and <5 cm in diameter at 10 cm above ground surface) individuals is not
negligible. Juvenile individuals can contribute around 5% biomass in forest depen-
ding on successional stage (Francis, 2000). Juveniles do not only contain biomass and
carbon, but are also an important indicator of sustainability of forest management,
reducing soil erosion and a predictor variable in analysing neighbourhood compe-
tition (Ter-Mikaelian and Parker, 2000). Despite their importance, few studies have
focussed on juvenile trees. Chaturvedi et al. (2012) developed the multispecies bio-
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mass model for 47 dry tropical woody species at the juvenile stage. Chapagain et al.
(2014) developed allometric biomass models to estimate juvenile biomass of three
tropical tree species (Shorea robusta, Acacia catechu and Terminalia tomentosa). BK
et al. (2019) developed the allometric biomass model for juveniles of Rhododendron
arboreum from the temperate region of Nepal.

Shorea robusta (C.F. Gaertn.,) (family Dipterocarpaceae) is a large tree reaching 30-
50 m height and 3-3.5 m diameter at breast height (dbh) (Chitale and Behera, 2012;
Jackson, 1994). Itis found across Nepal, India, Bangladesh and Myanmar (Gautam and
Devoe, 2006; Stainton, 1972). In Nepal, it grows from 120 m to 1200 m elevation, but
is more common at elevation lower than 800 m (Sah, 2000; Jackson, 1994). The con-
tribution of Shorea robusta in total standing volume in Nepal is 19.28% (31.76 m3/ha)
with a stem number of 65 trees per hectare (=10 cm dbh), covering 15.27% of forest
area (DFRS, 2015). These most recent estimate of standing volume, stem number and
coverage of Shorea robusta are lower than the numbers reported in DFRS (1999). The
different parts of Shorea robusta trees have been extensively used such as the stem
as timber, construction material and fuelwood (Jackson, 1994), the leaves as fodder
(Kibria et al., 1994) and dining plates (Kora, 2019), the resin as medicine of dysentery
and gonorrhoea (Joshi, 2003).

Most of the Shorea robusta forest of Nepal was degraded in the recent past due to
policy conflict between the government and local users (Sah, 2000; Land Resources
Mapping Project, 1986). But after the introduction of community forestry system,
these forests have been rejuvenated gradually (Paudel and Sah, 2015) and the pro-
portion of the juvenile plants is high. Ample research in community forest (CF) of
Nepal has demonstrated the positive impact of CF on forest conservation and re-
generation (Bhattarai and Conway, 2008) and local livelihoods (Chhetri et al., 2012).
Indeed, this positive effect has also raised the attention for estimating the biomass
of juvenile plants to promote ecological sustainability in CF of Nepal. CF, one of the
most successful participatory forestry programs implemented in Nepal, is joint ven-
ture of government and local user for conservation, protection, management and uti-
lization for forest resources (Aryal et al., 2019; Nuberg, et al. 2019; Luintel et al., 2018).
In Kankali CF (study area of this study), the average stand density of the CF is 7687 ha"
whereas stand density with trees >10 cm dbh is 572 ha™ and trees <10cm dbh is 7115
ha'. The biomass and carbon measurement guideline of Nepal has recommended
the allometric equation of Tamrakar (2000) (log biomass = a +b log (dbh)) to estimate
the biomass/carbon of plants having dbh <5 cm, although this equation was develo-
ped using few data from small-sized trees. This equation includes a large number of
data from large sized trees and a small number of data from small sized trees. In the
case of Shorea robusta, the equation was developed using the data ranging from 3
cm to 20 cm dbh (Tamrakar, 2000). Biomass and carbon estimation from the equation
of Tamrakar (2000) might induce significant errors in the case of small-sized plants.
Another model for estimation of juvenile biomass of three tropical tree species inclu-
ding Shorea robusta is developed by Chapagain et al. (2014) for western Nepal. The
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model of Chapagain et al. (2014) was developed using the data from the three CFs in
Bardiya district (28.3102° N and 81.4279° E) of province number five of Nepal (Figure
1). Even though, the study area of Chapagain et al. (2014) and the study area of this
study lies on southern Nepal, the climate, physiography, stand density, site quality
and human disturbance differs. The average annual precipitation of Bardiya district is
1118 mm (Chapagain et al., 2014) while the average annual precipitation of Chitwan
district (study area of this study) is 1916 mm (DFO Chitwan, 2017). The altitudinal ran-
ge of Bardiya district is 138 to 1279 m above mean sea level (Chapagain et al. 2014),
while the altitudinal range of Chitwan district is 100 to 815 m above mean sea level. A
model developed for a specific site may not be suitable for another site with different
climate, physiography, stand density, site quality and human disturbance.

To minimize the error in biomass and carbon estimation, species-specific and si-
ze-specific equations including juvenile individual is required. Therefore this study
aimed to develop allometric equation to predict height and biomass for juveniles of
Shorea robusta. To achieve this aim, we selected the best form of the model out of se-
veral available height and biomass prediction models. In the case of biomass model,
we further improved the model using the different combination of predictor variab-
les. We further categorized the developed models into wood density-independent
and wood density-dependent, to make our models easier applicable depending on
the availability of predictor variables. We validated these developed models using a
subset of data which was not used in the model development. We also compared our
biomass models with the previously developed biomass models of Shorea robusta.

2. Materials and Methods
2.1 Study Area

The study was conducted in Kankali CF of Khairahani Municipality of Chitwan district
Nepal (27.5291° N, 84.3542° E) (Figure 1). The forest coverage in the district is 63.25%
(DFRS, 2015) and the 14.94% forest of the district is managed by 87 community forest
user groups (CFUGS) in the form of CF including 43,313 households (DOF, 2017). The
altitude of the district ranges from 100 m to 815 m above mean sea level. The average
minimum and maximum temperature is 9.4 °C in January and 33.7 °C in June and
average annual rainfall is 1916 mm (DFO Chitwan, 2017). The studied forest is 760
ha in area and has been managed by local CFUG since 1995. The CFUG is implemen-
ting different forest management activities like weeding, cleaning, climber cutting,
pruning, thinning and other selective cutting. The forest type is natural and mixed in
composition with Shorea robusta as dominant species. Terminalia belerica, Terminalia
tomentosa and Terminalia chebula are other associate species of the forest. According
to the operational plan, the CF has good quality stands and crown coverage is more
than 65%. A part of this forest had been studied for carbon sequestration and a mo-
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nitory value of carbon credit had been paid through a REDD+ pilot project in Nepal
funded by a Norwegian development aid agency (NORAD) (Saito-Jensen et al.,, 2014).

N

A Chapagain et al. (2014)
A This study

0 45 90 180 KM
-

Figure 1: Map of Nepal showing the location of this study and the study site of Chapagain et al. (2014).

Abbildung 1: Karte von Nepal, die das Untersuchungsgebiet dieser Studie und das
Untersuchungsgebiet der Studie von Chapagain et al. (2014) zeigt.

2.2 Sampling and Measurement

The operational plan of the CF was used to detect the variation in the size of the
individuals of Shorea robusta (Operational Plan, 2019). 155 individual juveniles were
selected purposively from the whole study area to represent existing variation of the
site conditions, stand density, tree size (Chapagain et al., 2014; Adinugroho and Sidi-
yasa, 2006; Dorado et al., 2006; Edwards Jr et al., 2006). The individuals with a broken
top, abnormal stem, diseased, dead and dying were excluded from measurement. We
collected data on measured parameters (diameter, height, stem volume, total fresh
weight of stem, branches and leaves, sample fresh weight of stem, branch and lea-
ves) and derived parameters (total dry weight of stem, branch and leaves and wood
density). Vernier Calliper (precision 1 mm) was used to measure the diameter of each
juvenile at 10 cm above the ground level by following the method of Chapagain et al.
(2014) and BK et al. (2019). Hereafter the diameter is referred as D. Then, the juvenile
individual was felled by hand saw. Total height (H) was measured from base to tip
of the juvenile using linear tape (precision 1 mm). A separate weight of stem, leaves
and branches were recorded (precision 0.1 gram). At least 100 gram (g) of stem, lea-
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ves and branches were weighed and placed in a labelled bag and transported to the
laboratory as sample for oven dry weight. If a part (stem or branch or leaves) of the
juvenile individual was less than 100 g, whole part was used for drying the samples.
The fresh volume of the stem sample was determined using the principle of water
displacement (BK et al., 2019; Shrestha et al., 2018; Chapagain et al., 2014; Chaturvedi
and Khanna, 2011). The samples (leaves, branches, stem separately) were dried on
an oven at 90°C till the constant weight was achieved to determine the dry weight
of the sample. The weight of the samples was first recorded after 24 hours and then
repeated at the interval of 12 hours. The wood density (p) was determined as the ra-
tio of the dry weight of stem sample and its fresh volume (Equation 1). The total dry
weight of leaves, branches and stem was determined using the ratio of dry weight
and fresh weight of samples of leaves, branches and stem respectively. The total dry
biomass of each juvenile individuals was calculated by adding the dry biomass of
leaves, branches and stem. The descriptive statistics of the data used for modelling is
given in Table 1.

oven dry weight of sample
Wood density (p) = y weight of P 1
fresh volume of sample
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Table 1: Descriptive statistics of the variables used for modelling the juvenile aboveground biomass of
Shorea robusta.

Tabelle 1: Zusammenfassung der Shorea robusta Jungbdume, die fir die Modellierung der
oberirdischen Biomasse verwendet wurden.

Diameter class (cm)  Variables

Mean =+ Standard deviation (range)

0-1 Diameter (cm)
Height (m)

0.502 £ 0.172 (0.2-0.91)
0.79 £ 0.29 (0.33-1.49)

Wood density (g cm?®)  0.29 + 0.08 (0.05-0.47)

Biomass (g) 15.10 £ 11.58 (1.30-45.33)
Number 40

1-2 Diameter (cm) 1.39 +0.28 (1.00-1.97)
Height (cm) 1.53 £0.35 (0.91-2.62)

Wood density (g cm™)  0.38 +0.07 (0.20-0.53)

Biomass (g) 91.59 + 50.08 (33.66-259.69)
Number 38

2-3 Diameter (cm) 2.52+0.28 (2.09-2.94)
Height (cm) 2.10+0.56 (1.25-4.07)

Wood density (g cm™)  0.46 £0.11 (0.30-0.71)

Biomass (g) 354.14 £ 164.11 (129.23-918.14)
Number 26

3-4 Diameter (cm) 3.51+£0.27 (3.09-3.96)
Height (cm) 3.16 £0.73 (1.88-4.77)

Wood density (g cm™)  0.49 £ 0.07 (0.38-0.64)

Biomass (g) 875.83 £432.66 (403.12-2005.19)
Number 23

4-5 Diameter (cm) 448 +0.30 (4.02-4.96)
Height (cm) 3.63+0.86(2.11-5.55)

Wood density (g cm?)  0.49  0.09 (0.25-0.68)

Biomass (g) 1563.33 + 518.14 (883.61-2630.12)
Number 28

Total 0-5 Diameter (cm) 2.22 +1.48 (0.20-4.96)
Height (cm) 2.06+1.19(0.09-5.55)
Wood density (g cm?®) 0.41 £0.11 (0.05-0.71)
Biomass (g) 499.06 + 643.18 (1.30-2630.12)
Number 155

2.3 Modelling approach

We fitted different forms of models including linear, logarithmic, inverse, quadratic,
power, sigmoid and exponential (Table 2) to our data to select the best height and
biomass prediction models. For height prediction, we fitted the models with height
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as the dependent variable and diameter as the predictor variable. For biomass pre-
diction, we fitted the models with biomass as the dependent variable and dimeter as
the predictor variable. The parameters and fit statistics for each model were estima-
ted in Rusing the Im, nls and nIsLM function in the minpack.Im package (R Core Team,
2017), and evaluated using different criteria including significance of estimated para-
meters (at 5% level of significance); coefficient of determination (R2; higher values
indicate better models); root mean squared error (RMSE; lower values indicate better
models) (Montgomery et al,, 2001); and Akaike Information Criterion (AIC; lower va-
lues indicate better models) (Akaike, 1972; Burnham and Anderson, 2002). Distribu-
tion of residuals was also considered in selecting the best model.

Table 2: Different forms of models and their equations used in height and aboveground biomass modelling
of juveniles of Shorea robusta (Y is dependent variable and X is predictor variable.

Tabelle 2: Modellformen und Gleichungen, die bei der Modellierung der Wuchshéhe und der
oberirdischen Biomasse von Jungbdumen der Shorea robusta verwendet wurden (Y ist abhdngige
Variable und X Pradikatorvariable).

Model form Equation
Linear Y=a,+ta, X +¢;
Logarithmic Y =a; +a;log (X) + &;
Inverse Y =a + az + &y

X
Quadratic Y=o +a, X +az X* +¢
Power Y =a; X% +g;
Sigmoidal @z

Y=exp(a1+ X)+£ij

Exponential Y = aq exp (az X) + &;

Once the best form of biomass model was selected, a different combination of pre-
dictor variables was used in that form of biomass model. The different combinations
of predictor variables used were diameter alone (D), product of diameter and height
(DH), product of square of diameter and height (D?H), product of wood density, dia-
meter and height (pDH) and product of wood density, square of diameter and height
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(pD?H) (BK et al., 2019; Shrestha et al., 2018; Chapagain et al., 2014).
2.4 Validation

The whole data (n = 155) was split into calibration data (n = 110) and validation data
(n = 45). The validation data was used in the best-selected model to analyse the mo-
del performance. We estimated the correlation coefficients between the predicted
values and observed value of validation data. Correlation coefficient was categorized
as very high (>0.9), high (0.7-0.9), moderate (0.5-0.7), low (0.3-0.5) and negligible (0-
0.3) (Mukaka, 2012). Plots of predicted versus observed values were also generated to
evaluate whether the model prediction is similar to observed data or not. Furthermo-
re, we used a paired sample t-test to test whether there was a significant difference
between observed and predicted values at 5% level of significance.

2.5 Comparison of validated models with previously developed biomass
models

We compared our biomass models with two categories of previously developed bio-
mass models. The first category of models was biomass prediction models of juvenile
individuals of Shorea robusta. Chapagain et al. (2014) had developed eight biomass
models for juvenile individuals of three tropical tree species including Shorea robusta
in Nepal. We compared our models (based on D, D?H and pD?H) with three models
of Chapagain et al. (2014) (Equation 2, 3 and 4) which predicts the biomass of Shorea
robusta based on D, D*H and pD?H.

Biomass (g) = 71.9320 (1.6991+0.0585 D) 9
Biomass (g) = exp(4.1580 (D2H)°1380) 3
Biomass (g) = exp(4.4790 (pD2H)1322) 4

Where D is diameter (cm) measured at 10 cm above the ground level, H is total height
(m) and p is wood density (g cm?).

The second category of models were biomass prediction models of large sized trees
of Shorea robusta. Sharma and Pukkala (1990) (Equation 5, 6), Tamrakar (2000) (Equa-
tion 7) and Subedi (2017) (Equation 8, 9) had developed biomass models for Shorea
robusta in Nepal. These models were based on dbh (cm) and/or height (m) of the Sho-
rea robusta, however, our models were based on diameter at 10 cm above the ground
level and height. We developed a simple power function model to predict the dbh
from the diameter at 10 cm above the ground level (Equation 10).
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In(Volume) = —2.4554 + 1.9026 Indbh + 0.8352 In height 5
Biomass (Kg) = Volume * 880 6
In(biomass) = a + b In(dbh) 7
In(Volume) = — 8.04674 + 2.26641 Indbh 8
Biomass (Kg) = Volume * 880 9
dbh = 0.7031 D927 10

Where dbh is diameter at breast height at 1.3 m above ground (cm) and D is diameter
(cm) at 10 cm above the ground level.

For comparison, we predicted the biomass using the models of Chapagain et al.
(2014), Sharma and Pukkala (1990), Tamrakar (2000), Subedi (2017) and the models
developed in this study. Then we plotted the predicted biomass against the predictor
variables (Figure 5). Paired sample t-test was used to test whether the predicted bio-
mass by the model of this study and other previously developed models was same.
Correlation coefficient (r) was used to evaluate the relationship between the models
developed in this study and each of the previously developed models.

3. Results

The result showed that the stem, leaf and branch biomass of juvenile individual co-
vers 83%, 11% and 6% of total biomass respectively. Leaf and branch biomass of ju-
venile covers 12% and 7% of total stem biomass. Similarly, branch biomass of juvenile
covers 57% of leaf biomass.
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Figure 2: Model predictions of Shorea robusta; (a) tested tree height models, (b) tested aboveground
biomass models, (c) best performing biomass model using diameter at 10 cm above ground (D) and tree
height (H) and (d) best performing biomass model using D, H, and wood density (p).

Abbildung 2: Modellschdtzungen von Shorea robusta; (a) getestete Baumhohen-Modelle, (b)
getestete Biomasse-Modelle, (c) bestes Biomasse-Modell unter Verwendung des Durchmessers 10
cm Uber dem Boden (D) und der Baumhohe (H) und (d) bestes Biomasse-Modell unter Verwendung
von D, H und Holzdichte (p).

3.1 Model for height prediction

All model parameters were significant at a 95% confidence interval except one para-
meter of the quadratic form of the model (p = 0.59), which we excluded from further
analysis. The inverse form of the model only described 49% of the variation in total
height with highest RMSE and AIC than other models (Table 3). Logarithmic form of
model overestimated the height for smaller juveniles and underestimated for larger
juveniles, however, the sigmoidal model underestimated the height for smaller ju-
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veniles and overestimated the height of larger juveniles (Figure 2a). The exponential
model overestimates the height for smaller juveniles (Figure 2a). Linear and power
form of the model described more than 80% of the variation in total height. Further-
more, the linear and power form of the model produced smaller RMSE and AIC than
other models. Out of the remaining two models, the linear model described higher
variability in height with a lower RMSE and AIC than the power model (Table 3). Fi-
gure 3a showed negligible curvature and outliers while plotting the unstandardized
residuals against the predicted height. The absence of curvature and outlier in the
linear model suggests the absence of local bias. Thus, we selected the linear model
(M1, Table 3) for predicting height from the diameter, though the difference of fit
statistics between the linear model and power model was very small.

Table 3: Tested height models with equation and coefficients, their respective coefficient of determination
R?, root mean square error (RMSE) and Akaike’s Information Criterion (AIC) used diameter for juvenile
Shorea robusta. H is tree height and D tree diameter 10 cm above ground.

Tabelle 3: Getestete Baumhohen-Modelle, deren Gleichungen und Koeffizienten mit jeweiligen
Bestimmtheitsmall R?, RMSE und AIC unter Verwendung des Durchmessers von Shorea robusta
Jungbdumen (H ist die Hohe und D der Stammdurchmesser).

Model form Equation R? RMSE AIC
M1  Linear H=042+073D 0.80 0.53 178.95
M2  Logarithmic H=149+117log D 0.72 0.64 219.02
0.91
M3  Inverse H =288 0.49 0.87 284.48
D
M4  Power H =117 D075 0.80 0.54 182.13
i i 1.37
M5  Sigmoidal H = exp (1.51 _ ) 0.70 0.66 224 .82
D
M6  Exponential H = 0.88exp (0.32D) 0.78 0.56 190.50

3.2 Model for biomass prediction

We employed similar criteria like height prediction model to select the best biomass
prediction model. The parameter estimates of the quadratic model were non-signi-
ficant (p = 0.06) at a 95% confidence interval and therefore excluded from further
processing. The inverse and logarithmic models describe low variability in biomass of
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juveniles (Table 4). Linear model overestimated the biomass for smaller juveniles and
underestimated for larger juveniles (Figure 2b). The sigmoid model underestimated
and exponential model overestimated the biomass for smaller juveniles (Figure 2b).
The power model described higher variability in biomass of juveniles with minimum
RMSE and AIC than other models (Table 4). Thus, power model was selected for pre-
dicting biomass of juveniles, though the difference in fit statistics among the power,
sigmoid and exponential models was very small.
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Figure 3: Distribution of residuals for four selected models for Shorea robusta, M1 predicts tree height,
M13, M15 and M17 predicts aboveground biomass.

Abbildung 3: Verteilung der Residuen fiir vier ausgewahlte Modelle fir Shorea robusta, M1
prognostiziert die Baumhohe, M13, M15 und M17 prognostizieren die oberirdische Biomasse.
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Table 4: Tested biomass models with equation and coefficients, their respective coefficient of determination
R?, root mean square error (RMSE) and Akaike’s Information Criterion (AIC) used diameter for juvenile
Shorea robusta. B is tree biomass and D tree diameter 10 cm above ground.

Tabelle 4: Getestete Biomasse-Modelle, deren Gleichungen und Koeffizienten mit jeweiligen
Bestimmtheitsmall R?, RMSE und AIC unter Verwendung des Durchmessers von Shorea robusta
Jungbdumen (B ist die Biomasse und D der Stammdurchmesser).

Model form  Equation R2 RMSE AIC
M7  Linear B =-338.02+ 38281D 0.77  305.81 1560.91
M8  Logarithmic B = 242.31+54131logD 0.54 43491 1638.70
364.75 . . .
M9  Inverse B=8275] — 0.28 550.14 1688.93
M10 Power B = 26.89 D%7? 0.89  214.71 1483.81

M11 Sigmoidal 10-34) 0.88  221.58 1490.68

B =exp (9.70 N

M12 Exponential B = 50.53 exp (0.76 D) 0.88  222.70 1491.78

We also examined the power form of the model using a different combination of
predictor variables to optimize the predictive capacity of the model (Table 5). The es-
timated parameters for five different categories of the power model were significant.
In density-independent categories, the model with D°H demonstrates the highest
R2, lowest RMSE and AIC than others. On the other hand, the model with pD?H as
predictor variable demonstrates the best fit (highest R?, lowest RMSE and AIC) in the
group of density-dependent models (Table 5). The unstandardized residuals against
the fitted values with a smooth superimposed curve for power model of biomass
prediction (M13, M15 and M17) is presented in Figure 3b,c,d. Here we examined for
evidence of curvature and outliers. The graph of power model (M13, M15 and M17)
showed minimum error in M17 with negligible curvature and outliers. The absence
of curvature in these models suggests the absence of local bias in the model. Overall,
the model (M17) with the inclusion of wood density in the predictor variable (pD?H)
best described the variations in biomass of juveniles of Shorea robusta. The curve of
the model M15 and M17 overlaid on the observed data showed a good match to the
data (Figure 2¢, d).
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Table 5: Variables and the estimated coefficients used for biomass models of juveniles of Shorea robusta
in power form with their respective R?, RMSE and AIC (D is stem diameter, H height and p wood density).

Tabelle 5: Variablen und die geschatzten Parameter der Biomasse-Modelle von Jungbdumen der
Shorea robusta der Potenzform mit jeweiligen R?, RMSE und AIC (D ist der Stammdurchmesser, H
Hohe und p Holzdichte).

Variables a b R? RMSE AIC Rank
M13 D 26.89 272 0.89 214.71 1483.81 A
M14 DH 5272  1.18 0.90 205.02 1473.75 v
M15 D2H 37.50 0.86 0.91 184.44 1450.69 I
Ml16 pDH 119.84 1.21 0.92 176.59 1441.20 II
M17 pD2H 60.05 091 0.94 148.84 1403.94 I

3.3 Validation

By using the generated models for prediction of height (M1, Table 3) and biomass
(M13, M15 and M17, Table 5), we executed prediction runs based on the validation
dataset. The correlation coefficients between observed and predicted height was
high (r = 0.87) (Figure 4a) and between observed and predicted biomass was very
high (r =0.91 to 0.97) (Figure 4b, c, d). The paired sample t-test showed that the ob-
served and predicted values of height (Figure 4a) and biomass (Figure 4b, ¢, d) did not
differ statistically (p>0.05).
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Figure 4: Relationships of observed and predicted values of four selected models of Shorea robusta (r
= correlation coefficient and p = p-value); (a) model M1 predicts height from diameter; (b) model M13
aboveground biomass based on diameter only; (c) model M15 predicts biomass prediction model using
product of diameter square and height; (d) model M17 predicts biomass prediction model from product of
wood density, diameter squared and height.

Abbildung 4: Zusammenhang zwischen beobachteten und geschatzten Werten ausgewahlter
Modelle von Shorea robusta (r = Korrelationskoeffizient und p = p-Wert); (a) M1 Modell berechnet
Hohen mit Durchmesser; (b) M13 Modell berechnet Biomasse ausschlieBlich mit Durchmesser; (c)
M15 Modell berechnet Biomasse aus dem Produkt von H6he und Durchmesser zum Quadrat; (d) M17
Modell berechnet Biomasse aus dem Produkt von Holzdichte, Hohe und Durchmesser zum Quadrat.
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3.4 Comparison of validated models with previously developed biomass
models

Juvenile biomass predicted by the model of this study (M13, M15 and M17) and the
previous models of Sharma and Pukkala (1990), Tamrakar (2000), Chapagain et al.
(2014) and Subedi (2017) showed a higher degree of positive correlation (r = 0.97
to 0.99). The predicted biomass by the model of this study (M13, M15 and M17) was
significantly different (p<0.05) with the predicted biomass of each of the previous
models except one model of Chapagain et al. (2014) which is based on D (p = 0.08)
(Equation 2).
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Figure 5: Comparison of the models introduced in this study with published models of Shorea robusta with
different combinations of predictor variables (D, D°H, pD’H, dbh) (a) biomass models based on diameter
10 cm above ground (D) only; (b) biomass models based on product of diameter squared and height only;
(c) biomass models based on product of wood density, diameter squared and height; (d) biomass model
based on diameter at breast height (dbh) (M13 has power form using the predicted dbh in cm and biomass
in kg).

Abbildung 5: Vergleich unserer Modelle mit friiheren Modellen der Shorea robusta mit verschiedenen
Kombinationen von Pradikatorvariablen (D, D?H, pD?H, dbh) (a) Biomasse-Modelle, die nur
Durchmesser (D) verwenden; (b) Biomasse-Modelle, die auf dem Produkt von Hohe und Durchmesser
zum Quadrat basieren; (c) Biomasse-Modelle, die auf dem Produkt von Holzdichte, Durchmesser
zum Quadrat und Héhe basieren; (d) Biomasse-Modelle, die den Durchmesser in Brusthohe (dbh)
verwenden (Modell M13 ist die Potenzfunktion mit geschatztem dbh in cm und Biomasse in kg).
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4. Discussion

This study showed the best performance of a liner model (M1) in diameter-height
allometry. This result is inconsistent with the results of Sharma (2009) and Thapa et
al. (2013), who reported a non-linear relationship in diameter-height allometry. As
the growth in diameter and height is linear in nature during the juvenile stage of
individual trees, the linear function may have explained a higher amount of variation
in height. As the individual tree increases in age, the growth in height speed up until
the individual tress reached the middle stage (Chaturvedi and Khanna, 2011), howe-
ver, there will be less growth in diameter. As the individual trees reach the middle
stage, the height growth tends to decrease and diameter growth tends to increase.
The different rates of growth of individual tree at different stages of life introduced a
non-linear relationship between diameter and height. The non-linear relationship of
diameter-height allometry in large-sized individual trees has been well established
(Deng et al., 2019; Ng'andwe et al., 2019; Subedi et al., 2018; Khadka et al., 2015).

Similar to studies (BK et al., 2019; Kebede and Soromessa, 2018; Sharma et al., 2017;
Shrestha et al., 2018; Pastor et al., 1984), we found a simple power function as the
best form of the model to predict the aboveground biomass of juvenile individual
of Shorea robusta. Biomass of individual trees correlates non-linearly with individual
tree variables, however, the form of non-linearity differs with species, stand density,
site index, geographic regions and climate (Luo, 2020; Xing et al., 2019; Nam et al.,
2016; Chave et al., 2014; Chapagain et al., 2014; Chave et al., 2005).

Biomass of individual trees is the sum of the biomass of stem, branches and foliage,
however, a major portion of the biomass is contributed by stem of the individual
trees (Ketterings et al., 2001). Therefore a number of biomass prediction models have
found diameter as the best predictor variable (Pastor et al., 1984), which is not consis-
tent with the result of this study. We found weakest performance while using diame-
ter alone (M13) in the biomass prediction model (Table 5) compared to the models
which uses diameter, height and wood density. As individual juveniles having the
same stem diameter may vary in height, they may also vary in biomass. Therefore, the
model with diameter and height as the predictor variables explained more variation
in biomass. We observed this in our study as the model M14 and M15 performed
better than model M13 which is consistent with many other studies (Xing et al., 2019;
Kebede and Soromessa, 2018; Shrestha et al., 2018; Nam et al., 2016). As the indivi-
dual juveniles having the same stem diameter and height may vary in wood densi-
ty, they may also vary in biomass. Therefore, the model with diameter, height and
wood density as the predictor variables explained more variation in biomass (Shrest-
ha et al,, 2018; Alvarez et al., 2012; Chaturvedi et al., 2012). This was also proved in
our study as the model M16 and M17 performed better than model M13, M14 and
M15.The model M17 performed best from the group of density-dependent models.
The wood density does not improve the model always for example, Chapagain et al.
(2014) found that the model with diameter and height better than the model with
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diameter, height and wood density. We tested slenderness coefficient as predictor
variable, however, it did not improve the model. Our models which were developed
using ordinary least square regression showed a good fit to the data, however, there
is still possibility of improving these models using mixed effect modelling approach.
We could not use mixed effect modelling approach because the data were collected
only at one time using individual juveniles selected purposively.

Model validation is one of the important step in the development of models as it
increases the credibility and confidence about the predictive capacity of the mo-
dels (Soares et al., 1995; Vanclay and Skovsgaard, 1997). A high (r=0.87) to very high
(r=0.97) correlation coefficients between observed and predicted values suggested
that our models are well validated (Figure 4). This validation was further supported
by non-significant difference at a 95% confidence interval in paired sample t-test. It
shows that the models selected in this study are capable to predict as accurately as
field-measured biomass.

Biomass predicted by model of this study (M13) and Chapagain et al. (2014) using D
as predictor variable (Equation 2) did not differ significantly, however, the biomass
predicted by the model of this study (M15, M17) and Chapagain et al. (2014) using
D?H and pD?H as predictor variables (Equation 3, 4) differed significantly. The reason
behind this difference may be the high variation in height and wood density of the
juveniles that are growing in two different geographical areas thus, differences in the
stand density, site quality, topography and climate. The average and range values of
height and wood density of juveniles used in this study was higher than those used
in Chapagain et al. (2014). The differences in predicted biomass was small for smaller
juveniles, however, difference increased with an increase in values of predictor va-
riable (Figure 5b, c).

As expected, the predicted biomass by our model (M13) and predicted biomass by
previous models of Sharma and Pukkala (1990), Tamrakar (2000) and Subedi (2017)
showed a significant difference (p<0.05) (Figure 5d). Two reasons may explain these
differences. The first reason may be the differences in the size of the trees used in
the model development. Our study used juvenile individuals of Shorea robusta (D =
0.20 cm to 4.96 cm) while Sharma and Pukkala used larger sized individuals of Shorea
robusta (dbh = 12.70 cm to 144.50 cm). The dbh of Shorea robusta trees used in the
model of Subedi (2017) ranged between 30.10 cm to 108.50 cm. The second reason
may be the extent of area covered during sample data collection. The data for Sharma
and Pukkala (1990) was collected from the whole range of distribution of Shorea ro-
busta whereas the data for Subedi (2017) was collected from two districts (Kailali and
Kanchanpur) of far western Nepal. The data for the present study was collected from
the one community forest of Chitwan district of central Nepal.

As the altitudinal, climatic and species variation is very high in Nepalese forest, a uni-
versal model for all size, site and species is not suitable. The model developed from
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the data of large sized individual may not predict the biomass of small sized indivi-
dual and the model developed from one site of the country may not be suitable in
another site. Therefore, new models that are size specific, site specific and species
specific are required for accurate prediction of individual tree biomass.

Data collected using destructive sampling method were used to develop the models
and the number of juvenile individuals used (n=155) in this study was larger than
those used in other studies (BK et al., 2019; Shrestha et al., 2018; Subedi and Shar-
ma, 2012; Sharma, 2011) which ranged from 27 to 66 individuals. Data from smaller
number of sampled trees have also performed good results in biomass model de-
velopment if they have been collected from destructively sampled trees represen-
ting potential sources of variation. The large-sized individual showed relatively high
residuals, however, the overall distribution of residual was random (Figure 3). Similar
trend of residuals have also been observed by Bk et al. (2019). The absence of system-
atic trend or bias in the residuals also confirms the higher degree of precision in our
models. The precision of the model have also been proved from the validation of the
models (Figure 4). The models developed in this study are applicable to a variety of
predictor variables. For example, the biomass model is applicable if only the diameter
is available, or diameter and height is available or diameter, height and wood density
is available. The models with wood density provide higher precision, however, requi-
re more resources and time to determine wood density.

The direct application of the models developed in this study is to predict and es-
timate the height and biomass of juvenile individual of Shorea robusta. These mo-
dels may help to minimize the lack of biomass models for the juvenile stage which
has caused a substantial underestimation of the total biomass and carbon in forests.
The models may contribute to adding the economic value of carbon trading from
juvenile individuals. Prediction and estimation of biomass of juvenile individuals are
used in quantification of forest fuels, assessing the potential of young stands as a fib-
re source and indicating net primary production (Wagner and Ter- Mikaelian, 1999).
The juvenile individual biomass may be used as a response variable in evaluating the
impact of neighbourhood competition (Ter-Mikaelian and Parker, 2000). In addition
to these applications, juvenile individuals play an important role in balancing forest
ecosystems.

5. Conclusions

Among several forms of the model tested, a linear form for height prediction and
power form for biomass prediction performed better than other forms of the model.
Different combinations of predictor variables further improved the biomass model.
Product of square of diameter and height (R?> = 0.91) for density-independent and
product of wood density, square of diameter and height (R? = 0.94) for density-depen-
dent model showed the strongest fit statistics and smaller variations of the residuals.
The developed models were well validated as the correlation coefficients between
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observed and predicted values ranged from high (0.87) to very high (0.97) and the
difference between observed and predicted values was non-significant. As the pre-
dicted biomass by the models of this study differed significantly with the predicted
biomass by the previously developed models of Shorea robusta, site and size specific
models are required for accurate prediction of biomass of Shorea robusta. Future re-
search is recommended from a wider geographical area including the variables that
describes site quality, stand density, growth stage, climate and species distribution to
make the model more applicable in wider areas.
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