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Abstract

+ Key message The 19-year monitoring study revealed continuously positive and dynamic responses of tree growth to
logging residue loadings. However, the lack of changes in soil nutrients suggested that increased growth might result from
enhanced nutrient cycling with no net accumulation in the soil.

+ Context Understanding how logging residue loadings affect soil nutrients and forest growth is critical for designing manage-
ment strategies for sustaining long-term productivity in forest ecosystems.

« Aims We aimed to examine the relationships among logging residue loadings, soil nutrients, and tree growth over a long-term
field experiment in lodgepole pine (Pinus contorta Doug. ex Loud.) forests.

« Methods We established a field experiment in 1996 to examine the responses of lodgepole pine growth and soil nutrients to four
residue loading treatments in the central interior of British Columbia, Canada. The four treatments were removal of all residues on
the forest floor (N, 0 mg haﬁl), residues loading similar to whole-tree harvesting (W, 3545 mg ha ! ), residues loading similar to
stem-only harvesting (S, 60—70 mg ha '), and residues loading similar to that found in disease- or insect-killed forests (D, 100—
120 mg ha ).

* Results Logging residue loadings had significantly positive and dynamic effects on diameter and height growths. The logging
residue loadings did not significantly change soil nutrients in mineral soil pools in the long run, and there was no difference in tree
growth between the treatments S and W over the study period.

+ Conclusion Logging residue loadings significantly improved tree growth. The lack of response of soil nutrients leads to the
hypothesis that nutrient fluxes from logging residues might play a more important role in tree growth in lodgepole pine forests.
Our results can have important implications for bio-energy production and designing of nature-based practices for sustainable
forest productivity.

Keywords Sapling growth - Logging residue loading - Forest management implications - Lodgepole pine - Soil nutrients

Handling Editor: Andreas Bolte

Contribution of the co-authors XW acquired funding and designed the
experiment. JW, MW, GQ and XW collected and analyzed the data. The
authors jointly contributed to manuscript completion.

Department of Earth, Environmental and Geographic Sciences,
University of British Columbia, 3333 University Way,
Kelowna, BC V1V 1V7, Canada

>4 Jianping Wu
jianping.wu@ynu.edu.cn

Xiaohua Wei

adam.wei@ubc.ca 2 Ministry of Forests, Lands and Natural Resource Operations,

Michaela J. Waterhouse 200-640 Borland Street, Williams Lake, BC V2G 4T1, Canada

michaela.waterhouse @gov.bc.ca N ) )

Laboratory of Ecology and Evolutionary Biology, and Yunnan Key
Guang Qi Laboratory of Plant Reproductive Adaption and Evolutionary
qiguang594@163.com Ecology, Yunnan University, Kunming 650500, China

INRAQ s


http://crossmark.crossref.org/dialog/?doi=10.1007/s13595-020-00968-8&domain=pdf
http://orcid.org/0000-0002-5784-834X
mailto:jianping.wu@ynu.edu.cn

61 Page2of10

Annals of Forest Science (2020) 77: 61

1 Introduction

Harvesting or logging residue including litter and woody de-
tritus plays an important role in regulating soil nutrients and
tree growth in forest ecosystems globally (Bradford et al.
2016; Harmon et al. 2011). Various case studies have exam-
ined the effects of logging residue loading on soil productivity
(Eisenbies et al. 2009; Walmsley et al. 2009; Wei et al. 1997)
and tree growth (Nettles et al. 2015; Wei et al. 2012). Regional
experiments investigating the impacts of harvesting and site
management on forest production have also found the impor-
tance of logging residue from tropical to boreal forests (Morris
et al. 2019; Nambiar and Kallio 2008). However, in spite of
the growing interest in this subject, the effects of forest log-
ging residue loading cannot be generalized in terms of the
amount of residue loading, growth dynamics, and site charac-
teristics (Clarke et al. 2015; Egnell 2017; Thiffault et al.
2011). For example, large replicated experimental designs
conducted in Canada (14 experimental sites of the LTSP
network—Morris et al. 2019) or in Europe (Olsson et al.
1996; Walmsley et al. 2009) did not find clear effects of res-
idue removal on tree growth. In contrast, some significant
effects of residue loadings on forest production have been
detected in European regions (Egnell 2017; Vanguelova
et al. 2010). The inconsistent responses of forest growth to
logging residue loadings clearly suggest that more case studies
are critically needed.

Growing recognition of the ecological role of logging res-
idue loading has shifted the management paradigm from
“what should we take from forests” to “what we should leave
behind” (Scott and Dean 2006; Parolari and Porporato 2016).
Some woody materials such as CWD and standing dead trees
have been considered biological legacies as they take longer to
decompose (Bradford et al. 2014; Janisch et al. 2005) and
serve for recovery and growth of subsequent forests
(Bradford et al. 2014; Harmon et al. 2011). Moreover, there
is a practical question of how much residue loading should be
maintained after logging. Identification of loading levels
would have important implications for designing management
practices such as choice of harvesting techniques and residue
utilizations, application of slash burning, or nitrogen pollution
to soil and surface waters from fine brash decay (Clarke et al.
2015; Jerabkova et al. 201 1; Parolari and Porporato 2016; Wei
et al. 2003). Thus, understanding of long-term relationships
among logging residue loading, soil nutrients, and growth is
prerequisite for determining suitable residue loading levels for
maintaining long-term productivity in forest ecosystems.

Previous studies showed that the effects of logging residue
loading on tree growth varied with forest age and structure of
the next rotation (e.g., Thiffault et al. 2011). For example, Wei
et al. (2012) found that the differences in seedling growth
between various logging residue loadings were not detected
in the first 3 years after treatment, but the difference between
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the highest and the lowest residue loading became statistically
significant after that. It has been reported that average levels of
logging residues can eliminate the site preparation disturbance
from harvesting during the first 5 years (Eisenbies et al. 2005).
After 10 years of treatment, removal of residues significantly
reduced sapling growth in two Norway spruce stands
(Jacobson et al. 2017). All above suggest that the relationships
between logging residue loadings and tree growth are likely
dynamic over time. However, the dynamics of tree growth in
response to logging residue loadings at longer time scales are
still unclear. The present study added additional 10-year mea-
surements to the data reported by Wei et al. (2012), which
would further improve understanding of the changes that con-
tributed to the difference in tree growth.

Sustainable site management is important for achieving
sustainable productivity in forest ecosystems (Sanchez et al.
2006). Previous studies showed that positive responses of
seedling growth are normally expected from slash burning
due to large amounts of nutrients released from the burning
or through leaching of nutrients from the fine brash compo-
nents (Jerabkova et al. 2011; Thomas et al. 2000), but those
positive responses gradually diminished over a longer term as
a result of removal of residue materials and consequent nutri-
ent depletion (Kimmins 1997). Sapling growth responses to
logging residue removal varied among different tree species
over time (Barrett et al. 2016), which suggests that long-term
experiments are needed to capture those possible long-term
dynamic responses (Eisenbies et al. 2009; Kurth et al. 2014;
Thiffault et al. 2011). However, only a few long-term exper-
iment studies (about 20 years or longer) have been reported in
the literature (e.g., Jurevics et al. 2016; Thiffault et al. 2011;
Vanguelova et al. 2010). To fill this gap as well as to assess the
mechanisms with which the positive relations between log-
ging residue loadings and tree growth can be better under-
stood, we collected data on soil nutrients at several points of
time during the 19-year study period and analyzed their rela-
tionships to the loading levels and tree growth. In addition,
data on foliar nutrients were also collected and their relation-
ships with soil nutrients were analyzed in this study as foliar
nutrients may provide useful and diagnostic information about
soil nutrients (Carter and Brockley 1990).

Lodgepole pine (Pinus contorta Doug. ex Loud.) forests
distributed widely throughout North America, and the tree
species is considered a fire-adapted and shade-intolerant tree
species (Burns and Honkala 1990). Numerous studies have
focused on lodgepole pine emergence, growth, nutrient dy-
namics and their responses to climate, and natural or human
disturbance (Cirelli et al. 2016; MacLachlan et al. 2017,
Nelson et al. 2016; Turner et al. 2016). There are two harvest-
ing methods applied widely in British Columbia (BC),
Canada, including whole-tree harvesting (WTH) and stem-
only harvesting (SOH). The key difference between WTH
and SOH is whether crown materials (branches, twigs, and



Annals of Forest Science (2020) 77: 61

Page3of10 61

foliage) are removed with stems or left as logging residues
(Bélanger et al. 2003; Thiffault et al. 2011). We hypothesized
that (1) the responses of tree growth to the logging residue
loading levels would be positive and dynamic over the long
term; and (2) the positive responses of tree growth are related
to improvement of soil nutrients as a result of logging residue
loadings. We tested those hypotheses using our long-term (19
years) field experiment established in a lodgepole pine forest
in the BC interior of Canada in 1996.

2 Materials and methods
2.1 Study site

The experiment was conducted near Satah Mountain (52° 28’
N, 124° 43" W), located about 110 km northwest of Alexis
Creek, west-central British Columbia, Canada. The region has
a mean annual precipitation which varies between 300 and
800 mm, and much of it comes as snow during the winter.
The mean annual temperature is 1.3 °C, and the snow covers
usually from November to April. Severe frosts as well as
frequent droughts are common throughout the summer
(Sagar et al. 2005; Sagar and Waterhouse 2015). Soils are
Gray Luvisols with a sandy loam texture on glaciofluvial par-
ent material (Berch et al. 2010). The study is located in the
Sub-Boreal Pine Spruce and Montane Spruce biogeoclimatic
zones.

2.2 Experimental design

The study is part of the Itcha-Ilgachuz Project, which aimed to
test the effects of various silvicultural systems on forest func-
tions and processes (Sagar and Waterhouse 2015). The exper-
iment is an update of our previous study with further extension
of the 10-year-long growth data. Briefly, four experimental
treatments were randomly arranged into five blocks which
are over 100 ha each. Four 20 m x 20-m plots were established
in each block. The treatments previously described by Wei
et al. (2012), were (1) removal of all logging residues (N,
0 mg ha '), removed manually; (2) logging residue loading
similar to whole-tree harvesting residuals left on site (W, 35—
45 mg ha 1); (3) logging residue loading similar to stem-only
harvesting residuals left on site (S, 6070 mg ha '); and (4)
logging residue loading similar to double that of stem-only
harvesting and similar to disease and insects killed stands
(D, 100-120 mg ha™"). Additional debris was spread uniform-
ly by hand. The N, W, S, and D treatments were randomly
assigned to the plots within each block, and no further mea-
surements of the debris weight change over time were made
(Wei et al. 2012).

2.3 Measurement of sapling growth

Basal diameter and height of seedlings in each plot were mea-
sured 10 times (years 1, 2, 3,5, 6,9, 10, 11, 14, and 19) over
the study period (1996 to 2015). Since the measurements were
conducted at different intervals, the annual average growths
for diameter (basal location) and height were estimated from
the differences between two consecutive measurements divid-
ed by associated time intervals. We replaced the dead saplings
with new ones due to a severe early spring frost in July 1997,
ranging from 5 to 20% among the treatment blocks. To ensure
consistent comparison, the 1997 replacement seedlings were
not included in the statistical analysis, even though they were
measured in subsequent years. The present study examines the
net increments of basal diameter and height during the 19-
year-long growth, which is different with our previous paper
that reported the basal diameter and height in the first 10 years
(Wei et al. 2012).

2.4 Analysis of soil and foliage samples

In order to investigate the relationships between soil nutrients
and tree growth, three mineral soil cores per plot were com-
bined to form one composite soil sample per sampling year in
2001, 2006, and 2015. All soil samples were collected from 0
to 20-cm mineral layer after removing the humic litter and
organic horizon. Two composite foliage samples per plot were
also collected in the summer of 2015 to test the correlations
between soil nutrients and foliage chemistry. Green needles,
which were identified by eyes, were sampled in the four car-
dinal directions, i.e., east, south, west, and north of the sam-
pled trees. All soil samples were analyzed for total carbon (C),
total nitrogen (N), available phosphorus (P), and exchange-
able cations (Ca, K, Mg). Foliage samples were analyzed for
N, P, Ca, K, Mg, Zn, Cu, B, and sulfur (S). Soil and foliage
samples were analyzed at the chemistry laboratory of the
British Columbia Ministry of Forests, Lands and Natural
Resource Operations following their standard analytical pro-
tocols (Carter and Gregorich 2006). C and N were analyzed by
elemental analyzer (Thermo Electron Corporation, MA,
USA), metal elements mentioned above were analyzed by
inductively coupled plasma mass spectrometer (ICP-MS,
Agilent, Santa Clara, CA, USA), and available P was mea-
sured with a UV-visible spectrophotometer after extraction
with acid-ammonium fluoride solution. All data have been
deposited into the website Dryad (Wu et al. 2020).

2.5 Statistical analysis
Data on annual net tree growth (diameter and height) were
used for data analysis. The treatments (N, W, S, and D) and

year of measurement were fixed factors. Seedling diameter
and height were tested by analysis of variance using a mixed
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model with repeated measures. The initial seedling size was
used as covariate in the statistical analysis. Effects of treat-
ments on soil nutrients in 2006 and 2015 were also analyzed
using the same method. Pearson correlations were used to
detect the relationships between soil nutrients, foliage nutri-
ents, and tree growth during different stand ages.
Homogeneity and normality of data sets were checked before
conducting analysis. Differences of treatment means in each
sampling interval were compared using a Tukey’s test.
Significance was set at P < 0.05. All statistical analyses were
performed with R version R 3.3.2 (R Core Team 2016).

3 Results

Treatment N displayed the lowest diameter growth while
treatment D had significantly positive effects on diameter in-
crement of lodgepole pine seedlings since the third year as
compared with the other three treatments (Fig. 1a and
Table 1). Diameter growth was not significantly different
among treatments N, S, and W until the 11th and subsequent
years, when diameter growth in treatment S was significantly
higher than that in treatment N (Table 1).

Table 1  Results of one-way ANOVA concerning the differences in
diameter growth and height growth among the four treatments by using
Tukey’s test.

Year

1 2 3 5 6 9 10 11 14 19

Treatment

Diameter N a a a a a a a a a a
w a ab a a a a a ab b b
S a b a a a a a b b b
D a b b b b b b ¢ c c

Height N a a a a a a a a a a
W b ab a a a a a ab b b
S b ab a a a a a b b b
D b b b b b b b ¢ c c

The different letters in the same column mean significant difference in the
sampling year after treatments. The mean difference is significant at the
0.05level, n=>5

Tree height growth responded more quickly than diameter
growth as the difference in height growth between treatments
D and N was detected 1 year after treatment (Fig. 1b and
Table 1). Treatment D had the largest height growth, while
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8 ®
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Fig. 1 Annual mean diameter growth (a), mean height growth (b)
dynamics, annual mean diameter (c¢), and mean height (d) in four
logging residue loading treatments over the 19-year study period. The
N, W, S, and D treatments were (1) removal of all organic matter (N),
(2) logging residue loading similar to whole-tree harvesting residuals left
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Year after treatment (yr)

o site (W), (3) logging residue loading similar to stem-only harvesting
residuals left on site (S), and (4) logging residue loading double that of
stem-only harvesting and similar to disease and insects killed stands (d),
respectively. The P values were from the repeated measure ANOVA that
concerns sampling year, residue loading treatments, and their interactions
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Table2 Mean values of soil nutrients in three sampling years (2001, 2006, and 2015, respectively).

Total C (%) Total N (%0) C:N Avail. P (mg/kg) Exch. K (cmol+/kg) Exch. Ca (cmol+/kg) Exch. Mg (cmol+/kg)
2001 N 1.90+£025 0.789+£0.01 2395+1.15 36.41 +£6.23 0.30 £ 0.05 3.14+0.82 0.96 £0.36
W 2.17+£0.13 0.885+0.01 24.61+0.045 3623+6.71 0.33 +£0.06 3.32+0.60 0.91+0.20
S 205+0.13 0.809+0.01 25.36+0.50 3791 +5.55 0.39+£0.07 3.64 £0.83 0.95+0.27
D 241+1.15 0993+0.01 24.36+0.14 45.35+10.50 0.47 £0.09 4.15+0.93 0.94+0.24
2006 N 1.82+0.29 0.692+0.01 2520=+1.12 38.48 £ 7.83 0.28 £0.06 2.61+0.73 0.87 £0.32
W 201+0.16 0.723+0.01 27.89+1.33 41.96 £5.18 0.34 £0.02 3.40 £0.85 1.09 £0.25
S  204+021 0.740+0.01 26.99+142 37.71+£1.79 0.30 +0.08 2.93+1.02 0.75+0.25
D 199+£032 0.740+0.01 27.20+1.25 42,71 +£8.02 0.35+0.06 2.93 +£0.56 0.97 +£0.23
2015 N 149+£024 0.608+0.01 25.12+1.59 41.03 +9.91 0.43 +0.08 3.53+0.87 1.11+£0.30
W 1.73+£022 0.629+0.01 26.40+0.70 46.71 £ 6.54 0.29 +0.05 2.80+0.38 0.86+0.12
S  1.82+022 0.700£0.01 26.29 +0.83 4723 +4.43 0.26 +£0.06 3.14+0.90 0.88 +£0.30
D 203+£025 0.786+0.01 2585+1.22 50.74 £13.10 0.33 +0.05 2.97+0.73 1.03+0.28

“Avail.” means “available”; “Exch.” means “exchangeable”

Total C, total carbon in soil; Total N, total soil nitrogen; C:N, ratio of soil organic carbon to total nitrogen

Values are the means + SE, n =5

no significant differences were detected among treatments N,
S, and W until the 11th and subsequent years, when the height
growth in treatment S became significantly larger than that in
treatment N. The difference in height growth between treat-
ments W and N was not significant until the 14th and subse-
quent years (Table 1). Significant interactions between sam-
pling year and logging residue loading treatments were found
for diameter growth (Fig. 1).

Sampling year but not logging residue loading had signif-
icant effects on soil nutrient contents (Tables 2 and 3). The
logging residue loading treatments did not significantly affect
foliar nutrients except boron (B). Foliar B content from the
treatment D was significantly higher than that found in treat-
ments N and W (Fig. 2). Foliar nutrients N and P were signif-
icantly related to soil nutrients, while K, Ca, and Mg were not
(Fig. 3). Foliar SO4—S and Ca in 2015 had a significant but
negative relation with the diameter growth in the period of
2010-2015, respectively (Annex Table 6).

There was no significant correlation between soil nutrients
in 2006 (year 10) and the diameter growth in the period of
2001-2006 (Table 4). Soil C, N, C:N, and available P collect-
ed in 2015 were positively related to the diameter growth in
the periods 2010-2015. All soil nutrients except soil N in
2015 positively related to the height growth in the period of
2010-2015 (Table 5). Soil C:N positively related with the
height growth in the periods 2010-2015 (Table 5).

4 Discussion

Our results indicate that sapling growth as measured by diam-
eter and height increased with logging residue loading over
the 19-year study period in young lodgepole pine forests,
which supports the first hypothesis. Treatment D, the highest
residue loading treatment, had the greatest and earliest posi-
tive effects on seedling growth; while treatment N, the lowest

Table 3 P values for repeated

measures ANOVA concerning Soil nutrients

the effects of sampling year (SY),

logging residue loading SOC TN C:N Avail. P Exch. K Exch. Ca Exch. Mg
treatments (T), and their
interactions on soil nutrients after  SY 0.04 <0.001 0.001 0.031 0.046 0.009 0.792
5 years (2001), 10 years (2006), T 0506 0554 0562 0887 0.84 0.996 0.984
and 19 years (2015). SYXT 0762 0558 0876 0926 0.001 0.037 0.299
2001 a a b b a a a
2006 a b a ab b b a
2015 b b a a b b a

The comparisons among the three sampling years were conducted using Tukey’s test. The different letters in the
same column mean significant difference among the sampling years after treatments. The mean difference is

significant at the 0.05 level, n =5
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Fig. 2 The difference in foliar boron (B) contents after the 19-year period
between four logging residue loading treatments. Values are the means +
SE of five plots. The different letters in the same column mean significant
difference based on ANOVA and Tukey’s test (P < 0.05)

residue loading, had the lowest seedling growth response.
Treatment D, in comparison with treatment N, had a signifi-
cantly positive effect in year 2 and about 1.6-fold higher by
the end of the study period. Our results are consistent with
several other studies (Harrington et al. 2013; Vanguelova
et al. 2010). For example, Harrington et al. (2013) found that
the remaining both 40% and 80% of logging debris facilitated
growth of Douglas-fir compared with removal of all logging
debris. The positive and dynamic relationships between log-
ging residue loading and seedling growth from our study
clearly suggest that retention of logging residue has long-
term effects on seedling growth, and the long-term experi-
ments may be the suitable way to reveal such dynamic
relationships.

The significant differences in sapling growth between treat-
ment D and treatments S and W suggest that enhanced residue
loading levels higher than those from treatments S and W
(equivalent loading levels from SOH and WTH harvesting
methods, respectively) can further significantly improve sap-
ling growth in the sub-boreal forests. However, the loading
level from treatment D is higher than what current harvesting
methods (SOH and WTH) can produce in the study region.
The positive effects from higher residue loading indicate that
the residue loading from natural disturbance may confer a
longer term positive benefit to sapling growth than from nor-
mal timber harvesting, and this should be recognized when
designing forest management strategies at the landscape scale.
We also point out that large amount of logging residue loading
would increase fire hazard and enhance N leaching from sites,
which could then negatively affect the forest ecosystems.

Our result indicated that tree growth was not significantly
different between treatments W and S during the 19-year
study. The similar sapling growth of these two logging residue

25 INRA

loading methods may indicate that choice of harvesting sys-
tem should be based on other factors in addition to site pro-
ductivity in our study area (Waterhouse et al. 2010). This
result is consistent with the simulation result from Wei et al.
(2003) where there was no much difference in long-term site
productivity between WTH and SOH (equivalent to our treat-
ments W and S, respectively) in lodgepole pine forests in the
same region. It is also consistent with the results from the
experiment involving residue removal in 14 experiments in
Canada (Morris et al. 2019). However, the lack of significant
difference in tree growth between S and W treatments may be
due to the following reasons. The first one is that the responses
of tree growth and soil nutrients may be relatively resilient to
logging residue loading, and consequently, the gap between
the loading levels of W and S might not be sufficiently large to
lead to the so-called statistical difference, despite the fact that
the logging residue loading levels in both S and W in our
study are larger than annual averaged logging residue
(26 mg ha ') in Canadian forests (Barrette et al. 2018). The
second is that a large portion of the logging residue in our
study is coarse woody debris (51% and 70% for S and W,
respectively) in our experiment, which may play a limited role
in soil nutrient capitals due to slow decay in their early decay
stage following disturbance (Herrero et al. 2010; Wei et al.
1997). Whether the amount of coarse woody debris in our
experiments would drive the different responses between S
and W in the future requires a longer monitoring.
Nevertheless, several other long-term (23-31 years long) stud-
ies indicated that tree growth in SOH was larger than that in
WTH in Norway spruce, Sikta spruce, Chinese fir, and Scots
pine forests (Egnell 2011; Nambiar and Kallio 2008;
Walmsley et al. 2009). All these results suggest that the effects
of tree species and their harvesting intensities on tree growth
are complex, which may require a much longer term monitor-
ing before any general conclusions can be derived.

Our study detected dynamic correlations between soil nutri-
ents and sapling growth, which partially supported our second
hypothesis. There were few correlations between soil nutrients
and tree diameter and height growth in the early stage (e.g.,
2006), while more correlations were detected in the later stage
(e.g., 2015). The significant relationships were detected be-
tween some soil nutrients in 2015 and tree growth in the period
of 2010-2015. Like the dynamic responses of sapling growth
to different residue treatments, the relationships between soil
nutrients and sapling growth also varied with treatment time.
The dynamic relationships between logging residue loading
and tree growth, and between soil nutrients and tree growth,
have also been shown to be significant by Sanborn (2001), who
reported that logging residue loading affects sapling growth
through their influence on soil nutrition.

To our surprise, the residue loading treatments did not sig-
nificantly affect soil nutrient contents, which did not fully
support the second hypothesis. Here are our explanations.
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Fig. 3 Relationships between soil and foliar nutrients after the 19-year organic residue loading treatments

Firstly, the mineral soils in the study region are highly resilient
to soil managements. This is consistent with the results by
Sanchez et al. (2006) and Kishchuk et al. (2014), who found
that soil nutrients were not significantly changed after land
management treatments (not even by the extreme treatment),
and concluded that the soils are highly resilient to forest man-
agement perturbations. The possible reason is that the soils in
the study region are relatively young and have limited capac-
ity to store nutrients. Secondly, because of the limited nutrient
storage capacity in the soils, nutrient fluxes released from
logging residue loadings might play a more important role in
promoting tree growth than the stored nutrients in the mineral

soil pools (Reid et al. 2015). This is clearly evidenced from
more correlations detected in the latter stage of the study pe-
riod as more coarse woody debris likely releases more nutri-
ents. It is also supported by our data. For example, treatment D
has much higher loading levels than treatment N so that treat-
ment D has more nutrient fluxes and consequently greater tree
growths. While forests normally rely on nutrient storage in
mineral soil pools, some forests may be dependent upon nu-
trient fluxes or nutrient cycling (Jurevics et al. 2016;
Smolander et al. 2019). For example, Grau et al. (2017) found
that nutrient cycling mechanisms other than the direct absorp-
tion from mineral soil may control forest structure and
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Table 4 Pearson correlations between soil nutrients and diameter
growth with » and p values.

Diameter 2001-2006 20102015
Soil 2006 2015

r p r P
Total C —0.06 0.79 0.75 < 0.001
Total N -0.17 0.46 0.63 0.002
CN 0.39 0.091 0.56 0.009
Avail. P 0.13 0.60 0.73 < 0.001
Exch. K —0.01 0.97 —0.62 0.004
Exch. Ca -0.15 0.52 —0.63 0.003
Exch. Mg -0.20 0.39 —0.63 0.003

“Avail.” means “available”; “Exch.” means “exchangeable”

Total C, total carbon in soil; Total N, total soil nitrogen; C:N, ratio of soil
organic carbon to total nitrogen. The soil data were collected in 2006 and
2015, while the diameter growth data were estimated for the annual av-
erage increment of the measuring periods of 2001-2006 and 2010-2015.
The data were the values from each plot of four treatments, n = 5

dynamics in poor Amazonian soils. Based on the above rea-
sons, it is possible that the increasing role of nutrient fluxes in
tree growth in the latter stage of the study period further en-
larged the difference in tree growth so that the correlations
between nutrients and tree growth became statistically
significant.

Our study showed that nutrients including nitrogen and
phosphorus in soil and foliar samples, collected in 2015, were
significantly related, and this has also been shown in the study

Table 5 Pearson correlations between soil nutrients and height growth
with 7 and p values.
Height 2001-2006 20102015
Soil 2006 2015

r p r p
Total C -0.29 0.22 0.559 0.01
Total N -0.39 0.09 0.38 0.10
C:N 0.38 0.10 0.687 0.001
Avail. P 0.005 0.98 0.63 0.002
Exch. K 0.02 0.94 -0.57 0.008
Exch. Ca -0.02 0.92 -0.52 0.02
Exch. Mg —0.06 0.81 -0.55 0.01

“Avail.” means “available”; “Exch.” means “exchangeable”

Total C, total carbon in soil; Total N, total soil nitrogen; C:N, ratio of soil
organic carbon to total nitrogen. The soil data were collected in 2006 and
2015, while the height data were estimated for the annual average incre-
ment of the measuring periods of 2001-2006 and 2010-2015. The data
were the values from each plot of four treatments, n = 5
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by Fan et al. (2015). However, other nutrients such as Ca, Mg,
and K did not show any statistical relationships between soil
and foliage samples in our study. We speculate that the top 20-
cm mineral soil layer does not represent the nutrient condition
of whole soil and the resorption may have had different pat-
terns among nutrients (Sterner and Elser 2002), which resulted
in inconsistent outputs. Retranslocation of N, P, and K is usual
from old leaves to new leaves, but the resorption of Mg and Ca
may show a confounded pattern (Fife et al. 2008). In addition,
our results indicated that there were few correlations between
foliar nutrients and seedling growth and between foliar nutri-
ents and logging residue loading. We only found that foliar
boron increased with the amount of organic matter added.
Boron is important for primary growth and physiological
functions of vegetation (Lehto et al. 2010). According to
Carter and Brockley (1990), boron deficiency is common in
soils in the study region. A larger amount of logging residue
loading would potentially result in more availability of nutri-
ents, i.e., boron for tree growth, which partially supported that
the highest loading level (D) promoted nutrient flux and tree
growth than treatment N did.

5 Conclusions

Based on our long-term experiment, we have the following
conclusions. Firstly, the amounts of logging residue loading
had significant and positive effects on tree growth of
lodgepole pine, and the largest residue loading produced the
greatest growth response. Secondly, the lack of significant
responses of soil nutrients to logging residue loadings clearly
demonstrated highly resilient soils in the study region. The
correlations between some soil nutrients (i.e., soil available
P and exchangeable K, Ca, and Mg) and tree growth became
significant after year 10. Those results suggested that nutrient
fluxes from logging residue loadings might play a more im-
portant role in tree growth, which requires further investiga-
tions. Thirdly, the lack of difference in sapling growth be-
tween stem-only harvesting and whole-tree harvesting treat-
ments suggests selection of either harvesting method may not
cause any different effects on tree growth in young lodgepole
forests. All above conclusions can have important implica-
tions for designing of nature-based management practices
for sustainable forest productivity. However, a suitable
amount of logging residue loading should be designed in the
context of broader management objectives including protec-
tion of wildlife habitat and biodiversity, bio-energy produc-
tion, and reduction of fire and disease hazards.
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Annex

Table 6 Pearson correlations between foliar nutrients and diameter and
height growths with » and p values. The foliage data were collected in
2015, while the diameter and height growth data were collected for the
periods of 2010-2015

Diameter Height

¥ p r p
Al -035 0.14 -0.19 0.43
B 0.16 0.51 0.15 0.53
Ca -0.28 0.24 -047 0.04
K -0.19 0.43 0.18 0.45
Mg -0.18 0.45 -0.20 0.39
Mn -023 0.33 -0.28 023
Na -0.03 0.89 —-0.06 0.81
N 0.08 0.75 0.25 0.28
C:N -0.10 0.69 -025 0.28
P -0.10 0.68 0.16 0.50
S —0.42 0.07 -0.09 0.69
SO,~S —0.54 0.02 —0.34 0.14
Zn 0.12 0.62 —0.02 0.92
Cu -0.37 0.11 -0.12 0.60
Fe -033 0.16 -0.21 0.37
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