
ii F o r e s tF o r e s t
Biogeosciences and ForestryBiogeosciences and Forestry

Biochar amendment regulated growth, physiological, and biochemical 
responses of conifer in red soil
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The addition of Biochar (BC) into the soil is expected to improve soil physico-
chemical  properties  and  plant  growth.  However,  few studies  have verified
such an effect on the growth and physiological characteristics of conifers. The
current study aims to assess the efficacy of novel physiological parameters as
an indicator for assessing the impact of hardwood biochar (BH) on the develop-
ment of Fokienia hodginsii seedlings to strengthen our understanding of the
impacts of the BH on soil to optimize the achievement of BC-based restoration
projects. The BH was applied to the soil under four different levels (0, 5, 20,
and 80 g Kg-1  of soil) to assess their influence on the leave’s photosynthetic
pigments, photosynthesis (Pn), and biochemical traits of F. hodginsii seedlings
in four different seasons, and on biomass and soil physicochemical properties
at final harvest under greenhouse conditions for one year. In the first two sea-
sons, BH20 and BH80 amended seedlings responded with an improved photo-
synthetic rate with more production of photosynthetic pigments and biochemi-
cal attributes. However, none of the BC doses increased the Pn of seedlings in
the final season. Nonetheless, after one year a rise in soil pH as well as P and
K availability resulted in a maximum 25% increase in biomass of  F. hodginsii
under BH80 amendments. Our findings reveal that the incorporation of BH (20
and 80 g kg-1 of soil) has a substantial positive effect on seedling biomass and
soil fertility. However, the application of BH into acidic soils may be effective
in restoring degraded soils  if  initially  combined with fertilizers.  We recom-
mend a careful approach to the selection of BC because its influence may vary
between different soil types, plant species, and BC feedstocks.
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Introduction
Soil fertility is a key factor of forest pro-

ductivity  and  its  long-term  maintenance
without harming the environment is a cru-
cial and challenging goal. A comprehensive
understanding is required to evaluate the
soil’s  ability  to  ensure  plant  growth.  Re-

cently, the use of biochar (BC) as an organ-
ic  amendment has become an alternative
to  returning  biomass  into  the  soil  to  ad-
dress  numerous  agronomic  and  environ-
mental problems (Nobile et al. 2019). BC is
a  rich  carbonaceous  material  obtained
from biomass via the thermochemical proc-
ess (pyrolysis) under limited or no oxygen
(Videgain-Marco et al.  2020). Owing to its
advantageous  properties  (rich  carbon  C
and larger surface area), its application into
the soil is expected to improve the soil fer-
tility and biological activity (Levesque et al.
2018).  Its  compositions  make  it  stable  in
many soils from a hundred years to poten-
tially a thousand years (Haefele et al. 2011).

Fokienia hodginsii (Dunn) A. Henry & H.H.
Thomas (Fujian cypress) is a valuable tree
species native to southern China, Vietnam,
and Laos. It has received much attention in
China  because  of  its  high-quality  timber
(export)  and aromatic  essential  oil  (Siam-
wood  essential  oil).  During  the  last  few
decades,  its  populations  have  been  re-
duced  and  recently  it  is  listed  as  threat-
ened in the red list of IUCN (International
Union for Conservation of Nature). 

Large areas in tropical and subtropical re-
gions of southern China are characterized
by acidic soils, which hinders plant growth
by affecting many physiological processes
(Haynes & Mokolobate 2001). The physio-

logical  characteristics  of  a plant  are  re-
garded as a primary indicator of  its health
and  fitness.  For  instance,  photosynthetic
activity mainly relies on the concentration
of chlorophyll pigments (Chen et al. 2018),
which is related to the nitrogen (N) status
of the plant, and carotenoid concentration
is a proxy of plant sensitivity to light inten-
sity  (Tarin  et  al.  2020).  Biochemical  traits
such as amino acids, total soluble proteins,
etc.  are  environmentally  controlled  fea-
tures that vary in different seasons (Zema-
nova et al. 2017). Yet, there is limited infor-
mation regarding the response of the phys-
iological attributes of forest trees to the BC
amendment to develop sustainable strate-
gies for forest management.

Several investigations have been focused
on the impact of BC as an amendment on
plant  growth  and  soil,  mostly  on  crops
rather  than  forest  tree  species.  For  in-
stance,  Uzoma et  al.  (2011) reported that
BC amended soil  increased the soil  cation
exchange  capacity  and  the  availability  of
nutrients  which  improved  maize  growth
and yield. Moreover, seedlings of Solanum
lycopersicum and  Oryza  sativa emerged
rapidly under soil amended with rice husk
BC  (Anyanwu  et  al.  2018).  Lusiba  et  al.
(2018) demonstrated that  the addition of
BC significantly  enhanced  the  biomass  of
chickpea combined with P fertilizer in clay
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soil. Recently, BC mixed in growing media
promoted the biomass of lettuce and basil
(Nobile et al. 2019).

To date, there are limited BC studies that
support such an influence on the physiol-
ogy  and  biochemical  of  woody  plants  in
forest soils. For example, Choi et al. (2009)
demonstrated that the BC amendment to
soil  significantly  increased  photosynthetic
activity in Pinus densiflora. Omil et al. (2013)
reported  the  positive  effects  of  BC  and
mixed wood ash on growth in  Pinus radi-
ata. Tree seedlings growth responded posi-
tively  under  charcoal  amended  soil  with
low phosphorus (Pluchon et al.  2014).  Za-
hedifar & Najafian (2017) noticed the posi-
tive effect of BC on height, leaf area, and
nutrient  uptake (N,  P,  and K)  of  Ocimum
basilicum L. grown on calcareous soil. Bu et
al. (2020) suggested that adding 1-2% of BC
greatly increased the germination of seeds
and the seedling development of  Robinia
pseudoacacia L. Conversely, the BC amend-
ment to soil gave opposing results on Prun-
ella vulgaris photosynthesis (Thomas et al.
2013), while had no effect on the growth of
Douglas-fir  seedlings  (Sarauer  &  Coleman
2018),  thus  demonstrating  that  plant  re-
sponses to the incorporation of BC into the
soil are highly inconsistent. 

Most of the above BC studies focused on
the analysis  of  biomass production.  How-
ever, to understand how plant growth can
be affected by BC, further parameters re-
lated to plant physiological status need to
be explored.  In  view  of  this,  the  current
study aims to assess the efficacy of physio-
logical  parameters  as  an  indicator  of  the
impact of BC amended soil on  F. hodginsii
seedling development. 

The main goals of this study were to in-
vestigate the influence of varying levels (0,
5, 20, and 80 g Kg-1  of soil) of BH amend-
ment to red soil on: (i) photosynthetic pig-
ments, biochemicals, and gas exchange at-
tributes of F. hodginsii seedlings in four dif-
ferent seasons; (ii) biomass and soil physic-
ochemical properties at final harvest under
greenhouse  conditions  for  one  year.  We
hypothesized an overall  positive effect of
BH addition to soil fertility and key physio-
logical features of F. hodginsii seedlings.

Material and methods

Description of the study area and 
design

The present work was carried out at the
Bamboo Institute of Fujian Agriculture and
Forestry  University,  Fuzhou,  China.  Hard-
wood biochar (BH) was produced from Pi-
nus  massoniana  and  Cunninghamia  lanceo-
lata at 420 °C, purchased from Nanjing Qin-
feng Straw Technology Co. Ltd., China. The
physicochemical properties of the soil and
BC were both characterized prior to its ap-
plication (Tab.  S1  in Supplementary  mate-
rial). In March 2017, one-year-old seedlings
of F. hodginsii were subjected to four differ-
ent treatments characterized by increasing
BC  addition  to  soil,  namely:  (i)  B0  (no

biochar/control);  (ii)  BH5 (5 g kg -1  of soil);
(iii) BH20 (20 g kg-1  of soil); and BH80 (80 g
kg-1  of soil). Seedlings were collected from
forest nursery (Anxi County, Fujian, China).
A total of 32 seedlings were grown in PVC
pots (height: 18 cm; top circumference: 62
cm;  bottom  circumference:  52  cm;  soil
weight: 5 kg per pot) under four different
BC levels  in a  completely  randomized de-
sign. In order to produce healthy seedlings,
all  replicates were placed in a  glasshouse
with natural light and full irrigation. In addi-
tion, after 15 days from the establishment,
10 grams per pot of NPK fertilizer (15:15:15)
was applied as recommended by the Anxi
Forest Nursery.  After three months (June
2017),  physiological  attributes  (gas  ex-
change)  were  recorded  and  leaf  tissues
were  analyzed  for  photosynthetic  pig-
ments and biochemical composition. Simi-
larly, these parameters were systematically
recorded at three-month intervals on Sep-
tember  2017,  December  2017,  and  March
2018. Besides, soil physicochemical proper-
ties, plant morphological attributes (height
and diameter), and total biomass were de-
termined at the final harvest.

Characterization of biochar and soil 
physicochemical properties

Before the experiment, both soil and BC
were  assessed  for  basic  physicochemical
properties  (see  Tab.  S2  in  Supplementary
material).  In  addition,  soil  samples  were
taken from each replicate at the final har-
vest to assess the physicochemical proper-
ties of the soil, including pH, total nitrogen
(N),  total  carbon  (C),  total  and  available
phosphorus  (P),  and  available  potassium
(K).  The  soil  samples  were  air-dried  and
then  passed  through  a  2/0.149  mm  sieve
and  the  fractions  were  analyzed  for  se-
lected physicochemical properties. The soil
pH  (1:2.5  soil/water  suspensions)  was  re-
corded using a portable pH meter (INESA
Science  Instrument  Co.,  Ltd.,  Shanghai,
China) as described by  Tarin et al.  (2020).
Total  N  and  soil  TC  were  determined
through  the  Elemental  analyzer  (Thermo
Scientific™, Waltham, MA, USA). Total and
available P were measured using the alkali
fusion-Mo-Sb  anti-colorimetry  method  on
the  spectrophotometer  (BioTek,  Epoch2,
Winooski, VT, USA) as described by Watan-
abe & Olsen 1965. The extraction of avail-
able potassium (AK) was carried out using
a flame photometer (FP640®, AOPU Analyt-
ical  Instruments,  Shanghai,  China)  in  am-
monium acetate solution according to Pan-
su & Gautheyrou (2007).

Light-response curves and gas exchange
During each season (June 2017 to March

2018),  upper-middle  healthy  leaves  from
each replicate were selected for recording
gas  exchange attributes  and constructing
light-response  curves  of  Pn.  All  the  mea-
surements were conducted between 09:00
and 11:30 a.m. Before each measurement,
photo-induction of 30 mins at 800 µmol m -2

s-1 was ensured as suggested by Chen et al.

(2018).  The  photosynthetic  photon  flux
density  (PPFD)  at  15  different  concentra-
tions  (2000,  1600,  1200,  1000,  800,  600,
400, 200, 100, 80, 60, 40, 20, 10 and 0 µmol
m-2  s-1)  and  single  CO2  concentration  (400
µmol mol-1) were fixed in a portable Pn sys-
tem  (LI-6400XT®, LI-COR  Biosciences,  Lin-
coln, NE, USA). We used a modified model
of rectangular hyperbola with highly fitted
data  (approx.  R2 >  0.99)  for  the  light-re-
sponse curves and photosynthetic parame-
ters as described by Chen et al. (2018). The
detailed information and equations of the
modified  model  of  rectangular  hyperbola
are presented in Appendix 2 (Supplemen-
tary material).

Photosynthetic pigment contents and 
leaf biochemical traits

In each season, healthy leaves from seed-
lings were collected, washed, and dried on
filter  paper  to  assess  the  concentrations
of  biochemicals.  The  photosynthetic  pig-
ments were determined immediately after
the collection of the samples by retaining
leaves in 80% acetone for 48-72 h in dark-
ness at 4 °C until their color changed com-
pletely to white. Further absorbance of ex-
tractions for chlorophylls (a, b), total, and
carotenoids were determined at 663, 645,
and 470 nm, respectively, and calculated by
using the equations of Lichtenthaler (1987)
(Appendix 1 in Supplementary material).

The total soluble protein (TSP) at absor-
bance 595 nm and amino acids at 650 nm
was determined following the procedures
of  Bradford  (1976).  The  concentration  of
ascorbic acid (absorbance at 536 nm) was
determined as described by  Keller & Sch-
wager  (1977).  Soluble sugars  (absorbance
at  620 nm)  were  estimated with  the  An-
throne reagent (Cakmak & Horst 1991). The
equations  and  formulas  used  for  calcula-
tions are described in Appendix 1 (Supple-
mentary material).

Determination of morphology and 
biomass

Before the final  harvest,  the height  and
diameter of seedlings were determined us-
ing a diameter tape and a vernier caliper,
respectively. To determine biomass, all the
seedlings  were  uprooted,  washed  with
care, dried on filter paper, and fresh weight
was examined. These seedlings were then
tagged and oven-dried at 80 °C for 48 h to
record dry weight.

Statistical analysis
All the data  are expressed as means and

standard  errors.  Analysis  of  variance
(ANOVA) was performed using SPSS® ver.
17.0 (SPSS Inc., Chicago, IL, USA) to deter-
mine the effect of soil BH treatments, and
Tukey-HSD test was used to identify signifi-
cant  differences  between  mean  treat-
ments. The softwares Origin® v. 8.5 (Origin-
Lab  Corp.,  Northampton,  MS,  USA)  and
Prism  v.  8.0.1  (GraphPad,  San  Diego,  CA,
USA)  were  used to  fit  the light  response
curves and produce graphs, respectively.
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Biochar affects growth response of conifer in red soil

Results

Influence of BC on physicochemical 
properties of soil

The  increase  in  BC  application  rates  re-
sulted in a significant (p < 0.05) rise in soil
pH under BH20 and BH80 treatments com-
pared  with  B0  and  BH5.  Total  nitrogen
(TN), total carbon (TC), and organic matter
(OM)  content  increased  significantly  (p  <
0.05) in all BH amended soils over B0 (Fig.
1). Moreover, among each BH levels, there

was no significant difference (p < 0.05) for
total phosphorus (TP) and available phos-
phorus (AP) contents. However, compared
to B0, TP, AP, and AK contents increased
significantly  (p  <  0.05)  under  BH20  and
BH80 amendments.

Influence of BC on photosynthetic 
pigments and photosynthesis

Overall,  seedlings  treated  with  BH80
showed a significant impact on total chlo-
rophyll (TC) concentrations throughout the

year as compared to B0 (Fig. 2). At first sea-
son (June 2017), all BH amended seedling’s
TC  concentrations  were  significantly  (p  <
0.05)  higher  than  B0,  and  BH80  treated
seedlings  effectively  increased  their  TC
concentrations,  with  an  increase  of  34%
compared to B0 (Fig. 2a).  During the sec-
ond season (September  2017),  except for
BH80, none of the other BC levels signifi-
cantly affected TC concentrations (Fig. 2b),
and an increase of 9% was observed in TC
concentrations for BH80 treated seedlings

iForest 13: 490-498 492

Fig. 1 - Physicochemical properties of soil treated with different levels of hardwood biochar (BH). (B0): control soil without hard -
wood biochar amendment; (BH5): hardwood biochar-amended soil at 5 g kg -1; (BH20): hardwood biochar-amended soil at 20 g kg -1;
(BH80): hardwood biochar-amended soil  at 80 g kg -1, respectively. (TN): total nitrogen; (TP): total phosphorous; (AP): available
phosphorous; (AK): available potassium; (OM): organic matter; (TC): total carbon. Significant differences (p < 0.05) among various
treatments are shown by various letters. Vertical bars represent the standard error of the mean (n=4).

Fig. 2 - Photosynthetic pigments con-
centrations in four seasons under vari-
ous level of hardwood biochar. TC and

CARO indicate total chlorophyll and
carotenoid, respectively. (B0): control

soil without hardwood biochar amend-
ment; (BH5): hardwood biochar-

amended soil at 5 g kg-1; (BH20): hard-
wood biochar-amended soil at 20 g kg-1;

(BH80): hardwood biochar-amended
soil at 80 g kg-1, respectively.  (a): 1st sea-

son (June 2017); (b): 2nd season (Sep-
tember 2017); (c): 3rd season (December

2017); (d): 4th season (March 2018). Dif-
ferent letters indicate significant differ-

ences (p < 0.05) among treatments. Ver-
tical bars represent the standard error

of the mean (n=4).
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relative to B0. In the third season (Decem-
ber 2017), there was a reduction in photo-
synthetic  pigment  concentrations  for  all
seedlings,  but  the  seedlings  in  BH20 and
BH80 treatments showed significant influ-
ence (p < 0.05) compared to B0, and there
was an increase of 3% in TC concentrations
under  BH80 amended seedlings  (Fig.  2c).

Likewise,  in  the  fourth  season  (March
2018), the highest dose of BC (BH80) influ-
enced the TC concentration significantly (p
< 0.05) compared to other levels and an in-
crease  of  13%  was  observed  for  BH80
seedlings as compared to B0 (Fig.  2d).  In
BC  amended  seedlings,  carotenoids  con-
centration was significantly impacted (p <

0.05)  in  the  first  season.  Whereas  in  the
third and fourth seasons,  none of the BC
rates influenced the concentration of caro-
tenoids compared with B0.

The values of photosynthetic parameters
such as initial  slope (α),  maximum photo-
synthetic  rate  (Pn-max),  light  saturation
point  (LSP),  light  compensation  point
(LCP), rate of dark respiration (Rd), and ad-
justed R2 are depicted in  Tab. 1. Photosyn-
thetic rate (Pn-max) increased with a rise in
gradient  (PPFD),  as  shown  in  Fig.  3 and
reached LSP, while with further increase in
gradient,  Pn  started  to  decrease  due  to
photo-inhibition.  Based  on  the  results  of
the modified model  of rectangular hyper-
bola,  Pn-max,  and  LSP  both  were  de-
creased while LCP was increased (Tab.  1).
In the first season, BC amended seedlings
showed significantly (p < 0.05) higher Pn-
max values (5.42, 6.32, and 6.72 CO2  µmol
m-2  s-1 for  BH5,  BH20,  and  BH80,  respec-
tively) compared to B0 (3.48 CO2 µmol m-2

s-1).  During  the  second  season,  seedlings
under BH20 and BH80, the Pn-max values
(6.94 and 7.24 CO2 µmol m-2 s-1, respectively)
were significantly  higher compared to B0
and BH5 (Tab.  1).  A similar  trend was no-
ticed for all  BC amended seedlings in the
third season, when a reduction in the Pn-
max range for all amended seedlings com-
pared  to  the  previous  season  was  re-
corded. Nevertheless, BC altered seedlings,
especially BH20 and BH80, showed signifi-
cantly higher Pn-max values (3.86 and 4.04
CO2 μmol m-2  s-1) compared to B0, respec-
tively.  During the fourth season, no signifi-
cant differences were noticed under the BC
treated and B0 seedlings for Pn-max. Addi-
tionally, conductance to H2O (Cond), inter-
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Tab. 1 - Season-wise comparison in photosynthetic parameters of seedlings treated with varying levels of hardwood biochar (BH).
(α): initial slope; (Pn-max): maximum photosynthetic rate; (LSP): light saturation point; (LCP): light compensation point; (Rd): rate
of dark respiration; (R2): adjusted R2; (B0): control soil without hardwood biochar amendment; (BH5): hardwood biochar-amended
soil at 5 g kg-1; (BH20): hardwood biochar-amended soil at 20 g kg -1; (BH80): hardwood biochar-amended soil at 80 g kg -1. Significant
differences (p < 0.05) among treatments are indicated by different letters. Values are means ± standard errors (n=3).

Date Treatments α 
Pn-max 

(CO2 µmol m-2 s-1)
LSP

(µmol m-2s-1)
LCP

(µmol m-2s-1)
Rd

(CO2 µmol m-2 s-1) R2

Jun-17 B0 0.06 ± 0.01 a 3.48 ± 0.38 a 745.17 ± 79.82 a 16.01 ± 4.88 b 0.81 ± 0.07 a 0.98 ± 0.07 a

BH5 0.10 ± 0.01 ab 5.42 ± 0.34 b 948.51 ± 6.86 ab 8.57 ± 2.55 b 0.89 ± 0.28 a 0.98 ± 0.01 a

BH20 0.09 ± 0.01 ab 6.32 ± 0.08 bc 856.35 ± 22.38 ab 3.61 ± 1.36 a 0.35 ± 0.13 a 0.99 ± 0.01 a

BH80 0.10 ± 0.01 b 6.72 ± 0.34 c 1111.30 ± 131.27 b 5.025 ± 0.95 a 0.53 ± 0.12 a 0.99 ± 0.01 a

Sep-17 B0 0.08 ± 0.03 a 5.12 ± 0.15 a 729.30 ± 31.42 a 5.46 ± 1.77 a 0.47 ± 0.16 a 0.98 ± 0.02 a

BH5 0.08 ± 0.04 a 5.53 ± 0.49 a 853.07 ± 88.36 ab 4.873 ± 1.91 a 0.42 ± 0.17 a 0.99 ± 0.04 a

BH20 0.09 ± 0.04 a 6.94 ± 0.32 b 1030.46 ± 62.91 bc 3.97 ± 1.31 a 0.35 ± 0.12 a 0.99 ± 0.02 a

BH80 0.08 ± 0.04 a 7.24 ± 0.25 b 1102.68 ± 92.00 c 3.21 ± 0.61 a 0.28 ± 0.04 a 0.99 ± 0.01 a

Dec-17 B0 0.06 ± 0.01 a 3.01 ± 0.24 a 733.42 ± 30.58 a 15.05 ± 0.09 a 0.93 ± 0.13 a 0.98 ± 0.03 a

BH5 0.07 ± 0.02 a 3.30 ± 0.18 ab 780.39 ± 69.98 a 12.60 ± 0.80 a 0.95 ± 0.03 a 0.98 ± 0.04 a

BH20 0.08 ± 0.01 a 3.86 ± 0.27 b 819.21 ± 122.80 a 12.16 ± 2.36 a 0.92 ± 0.08 a 0.98 ± 0.05 a

BH80 0.08 ± 0.01 a 4.04 ± 0.19 b 805.57 ± 129.43 a 11.66 ± 2.46 a 0.90 ± 0.09 a 0.99 ± 0.01 a

Mar-18 B0 0.08 ± 0.01 a 3.95 ± 0.36 a 711.93 ± 63.01 a 11.87 ± 1.41 a 0.94 ± 0.07 b 0.99 ± 0.06 a

BH5 0.06 ± 0.01 a 4.32 ± 0.069 a 752.32 ± 65.55 a 12.25 ± 0.76 a 0.85 ± 0.02 b 0.99 ± 0.01 a

BH20 0.08 ± 0.01 a 4.37 ± 0.13 a 809.25 ± 108.94 a 7.34 ± 3.05 a 0.56 ± 0.17 ab 0.99 ± 0.01 a

BH80 0.08 ± 0.01 a 4.43 ± 0.37 a 975.94 ± 74.84 a 6.16 ± 1.81 a 0.51 ± 0.15 a 0.99 ± 0.02 a

Tab. 2 - Season-wise biochemical attributes in seedlings treated with different levels
of  biochar  (BC).  (B0):  control  soil  without  hardwood  biochar  amendment;  (BH5):
hardwood biochar-amended soil at 5 g kg-1; (BH20): hardwood biochar-amended soil
at 20 g kg-1;  (BH80): hardwood biochar-amended soil at 80 g kg -1. Significant differ-
ences (p < 0.05) among treatments are shown by different letters. Values are means ±
standard errors (n=4).

D
at

e Treat-
ments

Amino acid
(µg g-1)

Ascorbic acid 
(µg g-1)

Soluble sugar
(µg g-1)

Total Soluble
Protein
(g L-1)

Ju
n-

17

B0 4.04 ± 0.38 a 19.58 ± 1.22 b 11040.97 ± 495.12 a 0.23 ± 0.02 ab

BH5 5.17 ± 0.26 ab 19.01 ± 0.90 b 12458.47 ± 134.26 b 0.20 ± 0.03 a

BH20 7.01 ± 0.26 b 14.57 ± 2.28 b 12558.13 ± 76.72 b 0.28 ± 0.04 b

BH80 8.76 ± 1.00 b 9.52 ± 1.06 a 15049.83 ± 191.81 c 0.40 ± 0.02 c

Se
p-

17

B0 1.00 ± 0.29 a 186.16 ± 17.36 b 24316.80 ± 3953.43 a 0.42 ± 0.01 a

BH5 2.29 ± 0.15 b 124.36 ± 20.30 a 35241.51 ± 3130.46 a 0.64 ± 0.01 b

BH20 2.70 ± 0.23 b 113.50 ± 4.45 a 35561.35 ± 6541.47 a 0.69 ± 0.02 b

BH80 2.96 ± 0.28 b 130.31 ± 13.90 a 34843.34 ± 2321.57 a 0.83 ± 0.01 c

D
ec

-1
7

B0 1.44 ± 0.35 a 76.84 ± 6.55 c 34623.27 ± 392.65 a 0.16 ± 0.06 a

BH5 2.83 ± 0.52 a 41.31 ± 0.99 b 36870.68 ± 1845.46 a 0.16 ± 0.05 a

BH20 2.89 ± 0.67 a 7.93 ± 0.95 a 47086.20 ± 1037.59 b 0.17 ± 0.04 a

BH80 2.64 ± 0.52 a 6.17 ± 0.24 a 51801.72 ± 2485.96 b 0.17 ± 0.03 a

M
ar

-1
8

B0 1.32 ± 0.47 a 37.74 ± 0.50 c 36000.00 ± 1076.49 a 0.17 ± 0.04 a

BH5 1.32 ± 0.47 a 17.02 ± 1.12 b 37028.45 ± 486.15 a 0.17 ± 0.03 a

BH20 1.51 ± 0.38 a 5.08 ± 0.14 a 37045.97 ± 521.88 a 0.18 ± 0.04 a

BH80 2.02 ± 0.45 a 4.61 ± 0.16 a 37568.96 ± 180.55 a 0.20 ± 0.02 a
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cellular CO2 concentration (CI), and transpi-
ration rate (Trmmol) were also recorded at
different PPFD, where greater Cond and Tr-
mmol increased with Pn and decreased CI
(see Fig. S1,  Fig. S2, and Fig. S3 in Supple-
mentary material).

Influence of BC on biochemical 
attributes

The effect  of  BC as  soil  amendment  on
the  biochemical  attributes  of  F.  hodginsii
seedlings  is reported  in  Tab.  2. Seedlings
showed  significant  differences  (p  <  0.05)
for  amino  acid  under  BH20  and  BH80
amendments  in  the first  two consecutive
seasons,  compared  to  B0.  Nevertheless,
none  of  the  BC  doses  influenced  amino
acid  concentrations  during  the  final  two
seasons (Tab. 2).  Ascorbic acid concentra-
tions decreased significantly (p < 0.05) by
increasing  the  level  of  BC.  During  the
whole  study  period,  BH20  and  BH80
treated seedlings showed significant differ-
ences over B0 (Tab. 2). Likewise, compared
with  B0,  concentrations  of  soluble  sugar
under BH20 and BH80 amended seedlings
were significantly higher (p < 0.05) in the
first and third seasons (June and December
2017).  Total  soluble protein (TSP) concen-
trations were influenced significantly (p <
0.05) for all  BH amended seedlings in the
second  season.  However,  during  the  last
two seasons, the addition of BC did not af-
fect  TSP  concentrations  in  comparison
with B0 (Tab. 2).
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Fig. 3 - Response of net
photosynthetic rate at dif-

ferent photosynthetic pho-
ton flux density levels

(PPFD) under different BH
levels. (B0): control soil

without hardwood biochar
amendment; (BH5): hard-

wood biochar-amended
soil at 5 g kg-1; (BH20):

hardwood biochar-
amended soil at 20 g kg-1;

(BH80): hardwood biochar-
amended soil at 80 g kg-1,

respectively. (a): 1st season
(June 2017); (b): 2nd season

(September 2017); (c): 3rd

season (December 2017);
(d): 4th season (March

2018). Vertical bars repre-
sent the standard error of

the mean (n=3).
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Fig. 4 - (a) Height and 
diameter (b) biomass 
and dry weight of 
seedlings treated 
with different levels 
of hardwood biochar. 
(B0): control soil 
without hardwood 
biochar amendment; 
(BH5): hardwood 
biochar-amended soil 
at 5 g kg-1; (BH20): 
hardwood biochar-
amended soil at 20 g 
kg-1; (BH80): hard-
wood biochar-
amended soil at 80 g 
kg-1, respectively. A 
significant difference 
(p < 0.05) among 
treatments is indi-
cated by different let-
ters. Vertical bars rep-
resent the standard 
error of the mean 
(n=4).
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Influence of BC on plant morphological 
features and plant biomass

In  terms  of  morphological  attributes,
seedlings of  F. hodginsii established under
BH20 treatment significantly (p < 0.05) in-
fluenced the plant height compared to B0.
However,  no  significant  differences  were
observed  for  seedling’s  diameter,  under
varying  levels  of  the  BC  (Fig.  4a).  Com-
pared to B0, the total biomass of seedlings
treated  with  BH20  (21%)  and  BH80  (25%)
was significantly higher. Similarly, seedlings
treated  with  BH80,  BH20,  and  BH5  en-
hanced the plant dry weight (5.38%, 4.79%,
and 0.154% respectively)  over  B0 with  no
significant differences (Fig. 4b).

Discussion
The  amendment  of  BC  has  been  sug-

gested to enhance soil nutrients dynamics,
quality,  and  plant  productivity  (Du  et  al.
2018). In this study, under BC addition, soil
physicochemical properties were improved
after one year in the glasshouse pot experi-
ment. BC incorporation influenced the soil
pH significantly (p < 0.05) under BH20 and
BH80 amendments. The great liming effect
of BC has also been  reported in previous
studies on acidic soils. In this study, the rise
in soil pH improved the availability of nutri-
ents, particularly P and K, which is consis-
tent with previous findings (Bu et al. 2020).
BC  amendment  significantly  affected  the
TN and TC of soil  by increasing the level,
which  is  attributed  to  the  presence  of  N
and C contents in the BC feedstock. Bieder-
man et al. (2017) stated that increased TN
retention in BC amended soil is due to ni-
trates recycling because of the higher avail-
ability  of  C.  Soil  P and K availability  were
significantly improved under higher doses
of BC (BH20 and BH80), due to the greater
concentrations of available P and K in the
BC being released into acidic soils (Fig. 1).
Prendergast-Miller  et  al.  (2014) showed
that BC particles not only hold the soil N in
the form of nitrate but also supply P to the
soil  and  plant,  as  observed  in  this  study.
Moreover,  Agegnehu  et  al.  (2015) stated
that ash contents in BC alleviate the soil pH
which improves the availability of the nutri-
ents (K, Ca, and Mg).

Biochemical leaf traits and photosynthet-
ic pigments are the key indicators of plant
metabolism that  are mainly influenced by
the availability of resources (nutrients) and
environmental conditions. BC increases the
absorption of  nutrients  by  enhancing the
physiological  state  of  the  entire  plant
(Backer et al. 2017). Overall, the seedlings
treated with BC showed higher concentra-
tion  of  amino  acids  in  the  first  season,
whereas TSP concentrations were greater
in the second season. One possible reason
for  this  rise  in  amino  acid  concentration
was owing to the addition of NPK fertilizer
applied to all seedlings in the first season.
Indeed, previous  studies  on  BCs  proved
that  BC efficacy can be  improved if  com-
bined  with  fertilizers.  Greater  concentra-
tions of TSP at the second season under BC

amended seedlings are attributed to allo-
cations of nutrients. The highest photosyn-
thetic pigment concentrations (Fig. 2b) un-
der  BC  treated  seedlings  indicates  the  N
status  of  plants  compared to B0,  as con-
firmed in previous studies (Mastalerczuk et
al.  2017).  Besides,  the  growing season  of
this conifer is July-September where plants
produce higher concentrations of biochem-
icals.  Similar  to  our  findings,  Gezelius  &
Hallen (1980) revealed that the concentra-
tion of needle TSP in Scots pine started to
decline in April and then increase in July. In
addition, in the current research, seedlings
were  able  to  grow  under  normal  condi-
tions. However, there were plenty of differ-
ences  in  air  temperature  in  four  seasons
(Fig. S4 in Supplementary material).  Zema-
nova et al.  (2017) stated that both amino
acids and TSP are environmentally depen-
dent  factors  as  their  concentrations  vary
with  fluctuation  in  temperature,  and  the
plant  produces  high  concentrations  of
amino acids under favorable conditions.

The variations in concentration of soluble
sugars and ascorbic acids were also due to
temperature  fluctuations  in  various  sea-
sons. Ascorbic acid is an antioxidant mole-
cule  which plays a  key role  in  the mecha-
nisms  of  defense  against  environmental
stress due to temperature variations (Fig.
S4  in  Supplementary  material).  The  most
effective function of ascorbic acid is to pro-
tect lipids and proteins against  salinity  or
oxidative  adverse  reactions  caused  by
drought (Naz et al.  2016). Plants exposed
to environmental stress have the tendency
to accumulate osmotic substances in cells
(Kazemi et al. 2010), such as proline, solu-
ble sugar, ascorbic acid, and various osmo-
protectants. Besides, the application of BC
to the soil can also substantially alters the
soil  structure  and  field  capability  and  ex-
hibit the antioxidant activity by decreasing
the membrane permeability  and contents
of ascorbic acid. BC incorporation at higher
levels reduced the concentrations of ascor-
bic acid, which is in accordance with previ-
ous studies (Wang et al. 2014).

Based on biochemical  and molecular  re-
search,  soluble  sugars  play  a  key  role  in
controlling plant metabolism. In our experi-
ment, BC amended seedlings accumulated
more soluble sugars at first and third sea-
son compared to B0. Increased concentra-
tions  of  soluble  sugars  enable  plants  to
cope with cold stress in winters (Shao et al.
2008). Similar to our findings, Yuanyuan et
al.  (2010) confirmed  that  soluble  sugars
concentrations  under  low-temperature
(winters)  increase  (Dec-17)  and  decrease
(Jun-17) in summers.

Several  environmental  factors  affect Pn,
including  light,  temperature,  air  CO2 con-
centration,  water  supply,  the  vapor  pres-
sure  differential  between  leaves  and  air,
soil fertility, salinity, toxins, applied chemi-
cals, insects, diseases, and various interac-
tions  between  them.  Among  them,  light
and  temperature  are  the  most  influential
factors involved in species survival,  devel-

opment, and reproduction. Their responses
usually cause physiological changes, which
are decisive for assimilating CO2 and opti-
mizing gas  exchange (Cai  et  al.  2020).  In
the current study, variations in Pn and pho-
tosynthetic  pigments  in  different  seasons
might be  due to variation in temperature
and daylight (Sarauer & Coleman 2018). For
instance,  all  the  BC treated seedlings  en-
hanced their photosynthetic pigments and
Pn-max during the first season (Fig. 2, Tab.
1). The addition of BC to soil has been sug-
gested as a way to increase soil water hold-
ing  capacity,  nutrient  retention,  and  soil
aeration  and  respiration  (Shaaban  et  al.
2018). Higher concentrations of photosyn-
thetic pigment under BC treated seedlings,
particularly  in the first season, was due to
the  availability  of  essential  nutrients.  As
stated before, NPK fertilizer was applied to
all seedlings and the combined application
of BC with fertilizer improved the concen-
tration  of  photosynthetic  pigments  and
thus  Pn-max.  Chen  et  al.  (2018) demon-
strated that Pn is highly dependent on the
concentration of photosynthetic pigments.
Another possible reason for  the improved
Pn  in  BC amended seedlings might be the
presence of  available P.  The P availability
through BC is  likely  to improve the Pn in
red soil, owing to its vital role in the regula-
tion of electron transport (Xu et al. 2015).

The  above  mentioned  beneficial  effects
of soil BC amendments together lead to a
significant  increase  in  plant  physiological
and biochemical efficiency. The use of BC in
vineyards enhanced the soil water content
and then improved the plant supply of wa-
ter  and  Pn  activity  in  the  leaves  of  Vitis
vinifera L. (Baronti et al. 2014). Plant water
status  plays  an  important  role  in  plant
growth and photosynthetic efficiency. Our
research  confirmed  the  findings  that  the
addition of BC to soil  increased the avail-
ability of water, which is responsible for in-
creasing Pn and Cond. A similar impact of
BC on the availability of soil water has also
been determined by previous studies (Abi-
deen  et  al.  2020,  Kammann  et  al.  2011).
However,  at  the  final  harvest,  seedlings
treated with BH80 showed a noticeable in-
fluence  on  photosynthetic  pigments  (TC)
but no effect on Pn-max over B0.

During the third and fourth seasons, sup-
pression in Pn-max in plants was caused by
the combined effects of daylight and tem-
perature (Fig.  S4 in Supplementary  mate-
rial).  As  reported  in previous studies,  low
temperature inhibits Pn by reducing the ac-
tivity of Calvin cycle enzymes (Weng et al.
2005), whereas the absorption of light en-
ergy beyond that which could be used in
low-temperature  Pn  induces  photo-inhibi-
tion of Photosystem II (PSII  – Streb et al.
1998). Similar to our findings, various stud-
ies have seen fluctuations in the Pn capac-
ity of other conifers (spruce and pine spe-
cies) and demonstrated that changes in Pn
capability  are  closely  related  to  seasonal
variations in air temperature (Lundmark et
al. 1988,  Weng et al. 2005). Moreover, the
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activity  of  Ribulose-1,5-biphosphate  car-
boxylase (Rubisco),  the enzyme responsi-
ble for the fixation of CO2 in chloroplasts,
varies  with  the  season,  with  significantly
higher activity during summer than in win-
ter (Naidu & Swamy 1995). A strong corre-
lation has  been reported in several  cases
between Rubisco activity and TSP concen-
tration in leaves (Weng et al. 2005). In addi-
tion, chlorophyll concentrations have been
shown  to  decrease  in  winter,  under  low
temperature  and  short-day  conditions
(Chen et al. 2018,  Tarin et al. 2020). There-
fore, the observed decrease in Pn-max dur-
ing the third season may also be associated
with a  decrease in  chlorophyll  concentra-
tion.

The process of acclimatization to high-ir-
radiance environments is very complex, in-
volving both water and nutrient availability
(De Carvalho  Goncalves  et  al.  2005).  The
physiological  activity of  F.  hodginsii plants
exposed to various PPFD in this study indi-
cates that their Pn apparatus is more effec-
tive when subjected to medium light inten-
sity  conditions,  between  700  and  1100
μmol m-2 s-1 (Tab. 1). The rate of Pn also in-
creases rapidly with an increase in inciden-
tal PPFD before the plateau is reached. This
initial linear relationship reflects the photo-
chemical efficiency of plants, i.e., the ability
to absorb light (LUE). The Pn rate increases
linearly with increased irradiance since CO2

fixation  and  electron  transport  processes
are proportional to the photons captured
(Sheu & Lin  1999).  Therefore,  these  find-
ings suggest that, during  F. hodginsii early
growth  period,  intermediate  light  condi-
tions are more suitable for this species to
achieve higher rates of C assimilation and
accumulation of biomass.

In the short term (days to weeks) the en-
vironmental  conditions  affect  Pn  by  con-
trolling  stomatal  conductance  and photo-
synthetic  ability  of  mesophylls.  We found
great  differences  in  Cond  and  Trmmol
among BC applications in diverse seasons
except for Ci (Fig. S1, Fig. S2, Fig. S3 in sup-
plementary material). The increase in Ci in-
dicates a reduction in the activity of CO2 as-
similation,  with  limited  carboxylation  effi-
ciency (Farquhar & Sharkey 1982). It seems
appropriate to  refer  to Ci  as  an effective
concentration  of  CO2 controlling  stomata
(Mansfield  et  al.  1990).  However,  in  the
current  study,  all  the  seedlings  received
the  same  amount  of  water.  A sufficient
supply of water is an advantage in terms of
limited response to Ci, as this restricts the
reluctance of the stomata to limit the sup-
ply of CO2  to Pn. However, under minimal
water  supply,  the  priority  of  the  plant
shifts from maximizing assimilation to limit-
ing  transpiration  while  retaining  as  much
assimilation as possible (De Assis Gomes et
al. 2004).

Numerous BC studies have demonstrated
beneficial  effects  on  biomass  increase
(Choi et al. 2018,  Bu et al. 2020). Likewise,
we also found a positive influence of BC on
the biomass of  F. hodginsii particularly un-

der BH20 and BH80 amendments. BC sup-
plements  to  soil  provide  greater  water
availability,  increase  nutrient  absorption,
provide better conditions for the synthesis
of organic solutes, and minimize oxidative
stress  through  high  water  performance
(Paneque et al. 2016). The improved photo-
synthetic  performance  of  seedlings  re-
sulted in a greater capacity to accumulate
biomass. This improvement in biomass was
collectively associated with increased phys-
iological parameters particularly Pn and the
availability of nutrients (P and K) because
of the rise in the soil pH. Altogether, these
improvements in soil quality lead to a ma-
jor  enhancement of the physiological  sta-
tus of  seedlings and thus to their biomass
production.  Nonetheless,  abiotic  factors
(air temperature, light, water, CO2, and nu-
trients)  and  physiologically  mediated  fac-
tors (Cond and Trmmol) may have a signifi-
cant  effect  on  this  process  (De  Carvalho
Goncalves et al. 2005). Our findings are in
line with previous authors who suggested
that BC containing high amount of of avail-
able P, can have a positive effect on tree
seedling growth (Pluchon et al. 2014).  Ma-
koto  et  al.  (2011) also  demonstrated  that
BC significantly contributed to the amelio-
ration of P availability and water availability
for pine seedlings.

Conclusions
The findings of the present research sug-

gest  that  BH amendments can be recom-
mended as soil ameliorants into acidic soil.
The addition of BH20 and BH80 to red soil
had a significantly positive impact on the
biomass  (21%  and  25%,  respectively)  of  F.
hodginsii. BC supplements to soil provided
increased nutrients concentrations, better
conditions  for  the  synthesis  of  photosyn-
thetic  pigments,  and  gas  exchange  at-
tributes. Altogether such improvement of
soil quality contributed to a significant  en-
hancement of  the  physiological  status  of
plants, thereby increasing the biomass of F.
Hodginsii seedlings.  Besides, it could open
up the possibility of sequestering CO2 and
generating  higher  wood  productivity  and
high-quality  biomass  on degraded soils  in
China. As BC effects may vary across differ-
ent soil types and plant species, we recom-
mend to accurately consider soil pH and N
requirements of species selected for maxi-
mizing  the  achievement  of  BC-based
restoration  projects.  In  compliance  with
the  present  study,  further  research  is
needed on older  trees  with  much slower
growth  considering  the  interaction  be-
tween  soil  microbial  community  and  soil
physiochemical  properties  to  confirm the
outcomes of these pot trials.
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