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Abstract
Biochar amendment improves the physical, chemical and biological characteristics of different soil types under different 
climatic and environmental conditions. In this study, effects of biochar or live pasture plants existing alone or co-existing on 
selected soil properties of sandy loam soil under humid lowland tropical climatic conditions were investigated. The changes 
measured in the amended soil, with or without plants, were compared to the unamended and unplanted soils. Biochar 
amendment with or without pasture improved moisture retention, lowered bulk density, increased pH and kept the electrical 
conductivity within ranges conducive for pasture growth. Generally, contents of all the nutrients increased following biochar 
amendment, however pasture establishment without amendment resulted in depletion of available potassium and magne-
sium. Under all treatment conditions, soil organic carbon and soil organic matter were significantly depleted. Cogon grass 
is invasive under all land use systems and contributes to greenhouse gas emissions through slash-and-burn. Using biomass 
from the grass instead of burning would mitigate CO2 emissions from the tropics.
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1  Introduction

Under general soil use and management of pasture in the 
tropics, water retention is poor in sandy soil (e.g. Rijsberman 
2006; Basso et al. 2013). Consequently, pasture cultivation 
in sandy soil requires more frequent irrigation than normal 
and these soils are often deficient in nutrients needed to 
support healthy pasture growth (Burrell et al. 2016). Appli-
cation of inorganic fertilizer is the main option to address 
the deficiency. However, acquisition and application of 
inorganic fertilizers is expensive, and affordability is an 
issue in most small farms in the tropics. Soil fertility issues, 
buildup of pests (insects and weeds) and diseases are man-
aged through fallowing, a farming practice which allows a 
soil to revert to its natural vegetation for a number of years 
(15–30 years) after cropping for certain period (1–3 years). 
Allowing a soil to fallow results in nutrient replenishment, 

builds up moisture, breaking of pests and disease cycles, 
addition of organic matter (OM) and improvements in the 
physical, chemical and biological characteristics of soils 
(Aipa and Michael 2018). Fallow is a common practice in 
rural pasture and crop lands and widely regarded as an effec-
tive practice to protect the soils. Pertaining to sustainability, 
fallow rebuilds the natural vegetation and in doing so pre-
vents biodiversity loss by allowing plants and animals to 
recolonize the land (Aipa and Michael 2019).

In the Amazon Basin, the indigenous people created 
islands of rich, fertile soil called “terra preta”, black earth, 
by amending soil with biochar (a form of charcoal produced 
by exposing organic materials to high heat in a low oxy-
gen environment) (Sombroek et al. 2003). Like fallow and 
organic matter turnover which are important to various soil 
uses, several studies showed that biochar is necessary for 
soil fertility management, water retention, reducing soil 
acidity and retaining difficult to hold nutrients like nitrogen 
and phosphorus (e.g. Karhu et al. 2011; Luo et al. 2011). 
Because biochar is persistent and holds soil nutrients for a 
long period of time, it helps reduce fertilizer needs compared 
to organic matter from fallow which are short-lived. More 
studies further show that biochar application improves plant 
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growth and yield (Faloye et al. 2019), increases production 
and enhance sustainability of depleted soils with limited 
organic resources, water or access to inorganic fertilizers 
(e.g. Atkinson et al. 2010; Artiola et al. 2012; Basso et al. 
2013; Palansooriya et al. 2019). In poor soils (e.g. sandy 
loam) in the tropics with warm climate and heavy rainfall, 
biochar application is a potent source of carbon to improve 
pasture growth and yield yet studies on biochar uses under 
various land use systems (Gunarathne et al. 2020; Ding et al. 
2016), e.g. in croplands or on soil under pasture, are limited. 
Therefore, this study was conducted to investigate the impor-
tance of cogon grass (Imperata cylindrica) biochar amend-
ment in the presence or absence of pasture under humid 
lowland tropical climatic conditions.

2 � Materials and methods

2.1 � Description of soil and pasture collection site

The farm from which the soil samples and planting materi-
als were collected is shown in Fig. 1 (Aipa and Michael 
2018, 2019; Michael 2019a) in Lae, Morobe Province, 
PNG (6°42′55.89″ S; 146°59′59.66″ E). The farm (6°41″ S, 
146°98″ E) is located at an altitude of 65 m above sea level. 
The mean annual rainfall is up to 3800 mm, which is dis-
tributed throughout the year. Average daily temperature is 
26.3 °C, with an average daily minimum of 22.9 °C and an 

average daily maximum of 29.7 °C. Annual evaporation (US 
Class A pan) is 2139 mm and rainfall exceeds evaporation in 
each month. The climate is classified as Af (Koppen), i.e. a 
tropical rainy climate that exceeds 60 mm rain in the driest 
month. The soil is well drained of alluvial deposits and is 
classified as sandy, mixed isohyperthermic, Typic Tropoflu-
ents (US Soil Taxonomy) or Eutric Fluvisol (World Refer-
ence Base) (Aipa and Michael 2018, 2019; Michael 2019a).

2.2 � Soil collection

A stripping method as described by Michael (2019a) was 
used to collect soil samples at 0–30 cm from the surface. 
Several buckets of this soil was collected and taken to the 
greenhouse. Prior to setting, the soil was homogenized by 
mixing using a spade on the surface of a canvas. This was 
evenly spread and air dried on the canvas under greenhouse 
conditions for 3 h. The dry soil was sieved using a 0.5 mm 
sieve.

2.3 � Biochar preparation

To use as biochar, cogon grass leaves were collected from 
the  same site at which the farm soil samples were col-
lected. Cogon grass is an invasive weed and removing it is 
an important option to manage it invasiveness while at the 
same time providing abundant and inexpensive plant mate-
rial for making biochar. Plant materials from this grass were 

Fig. 1   Map showing location of the study site in Lae, Morobe Province, PNG
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brought to the greenhouse and sun dried on a metal bench 
for three days, and then chopped into small pieces of equal 
size (5 cm) and oven dried at 70 °C for 4 days. The brittle 
plant materials were placed inside a small aluminum pot and 
burned at 600 °C for 3 h to properly carbonize the biochar.

2.4 � Planting material

Several young and intact shoots (with roots and leaves), 
5–10 cm tall and 4 weeks old of Panicum coloratum L. were 
harvested from the farm (described previously) by digging 
them up from the soil using a small spade. The young shoots 
were carefully separated from the older plants and cleaned. 
Excess roots and leaves were trimmed using a sharp scissor. 
These were kept in a bucket of water to prevent dehydration 
and brought to the greenhouse to be used as propagules. 
Panicum coloratum is an important tropical forage for live-
stock, well adapted to hot climates like the tropics and tol-
erant to stresses associated with water limitation (Fig. 2).

2.5 � Experimental treatments

The soil was mixed with biochar (5:1 soil: char w/w) and 
polythene pots (190 mm in height and 200 mm in diameter) 
were filled with the mix, henceforth referred to as “amended 
soil”. A total of four treatments with polythene pots contain-
ing approximately 1200 g of the natural (soil without amend-
ment) or the amended soil were prepared. The first treatment 
was the control using natural soil (no amendment). The sec-
ond treatment was soil with plants but without amendment. 
The third treatment was amended soil with no plants. The 
fourth treatment was the amended soil with plants. In all the 
planted treatments, a total of three shoots (tillers) each were 
planted. All the treatments were replicated four times (giving 
a total of 16 polythene pots) and set in complete randomized 
design (CRD) under greenhouse conditions. The treatments 
were watered twice a day using tap water for 6 months after 
which the pasture plants were fully grown and ready for 
harvest (Fig. 2a).

2.6 � Sampling

Soil sampling for analysis and measurements was done 
as per Michael (2019a), shown in Fig. 2. A hollow tube 
(200 mm in height and 50 mm in diameter) was manually 
driven into the soil in the polythene pots (Fig. 2b) and a core 
was taken (Fig. 2c, d). A second sample was taken from the 
adjacent side to ensure enough was obtained. These cores 
were placed along a rule (30 cm) and cut into small sec-
tions of 0–60, 60–120 mm and 120–180 mm, respectively 
(Fig. 2e). Cut core samples of a profile (e.g. 0–60 mm) of all 
the treatments were mixed together (Fig. 2f), air dried for 3 h 
and sieved (Fig. 2g). Triplicate 500 g (wet weight) samples 

were packed in small paper bags (Fig. 2h) and sent to the 
laboratory for further processing and analysis.

2.7 � Measurements and analysis

Triplicate samples (n = 3) from the 0 to 60 mm and 120 to 
180 mm were used. To organize and present the data col-
lected clearly, soil from 0 to 60 mm profile are hereafter 
referred to as “surface soil” and from the 120 to 180 mm 
profile as “deep soil” respectively. The data from the 60 
to 120 mm profile were not used as they were similar to 
the deep soil data. pH was measured using a standard dilu-
tion (pH meter (1:5 soil: water w/v)) method (Michael 
et al. 2015) using an Orion pH meter (720SA model). The 
soil organic carbon (SOC) content (%) was analyzed using 
the weight loss-on-ignition method (Schulte and Hopkins 
1996). Five grams of the samples was placed in a crucible 
and heated in a muffle furnace for 12 h at 105 °C to remove 
moisture (Wf) and combusted again at 375 °C for 17 h (Fw), 
cooled for 2 h and weighed (Michael 2019a). The soil resi-
due in the crucibles was combusted in a muffle furnace at 
800 °C for 12 h, cooled for 2 h and reweighed. The SOC 
content was estimated by multiplying the carbon value by a 
conversion factor of 1.72 and expressed as percentage:

The conversion factor was used to convert the organic 
matter content to organic carbon, assuming there was 58% 
carbon in the organic matter. The size of the carbon stock 
in each profile was calculated as the sum of the individ-
ual carbon fractions (%) × g cm−3 × profile depth (cm) and 
expressed as percentage as:

The soil organic matter (SOM) contents were estimated 
using the SOC contents and the conversion factor (1.72) as:

The water holding capacity (WHC) was estimated as per 
(Michael 2019a) by setting soil samples at 100% WHC after 
soaking in water and draining through filter paper overnight. 
The wet weight (Ww) was recorded and the samples dried in 
an oven at 105 °C for 48 h and reweighed to obtain the oven 
dry weight (ODw). WHC was determined as:

Bulk density (g cm−3) was calculated by oven drying of 
the cores at 105 °C for 48 h followed by re-weighing (Aipa 
and Michael 2018). The oven dry weights were divided 
by the volume of the core to obtain the bulk density. Total 
porosity was determined as per Landon (1991):

(1)SOC (%) =
[(

(Wf−Fw) ÷Wf

)

÷ 1.72)100
]

.

(2)SOC (%) =
[

(SOC × BD × SP) × Cf

]

.

(3)SOM (% ) =
[

(SOC) × Cf

]

.

(4)WHC (% ) = [((Ww − ODw) ÷ ODw)100].
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Fig. 2   Soil sampling and sam-
ple preparations. a A sample 
photo showing 6 months old 
pasture plants in experimental 
polythene pots, b a core sampler 
driven into the soil, c taking soil 
core from the sampler, d a soil 
core taken out of the sampler, 
e a soil core laid among a ruler 
and chopped, f the cut core 
spread and air dried, g sieving 
dried core using a 0.5 mm sieve 
and h dried soil samples packed 
in small paper bags for analysis

a b

c d

e f

g h
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P is total porosity (%), BD is bulk density and d is particle 
density equal to 2.65 g cm−3.

Analysis for nitrogen, potassium, phosphorus and magne-
sium were done at the University Analytical Service Labora-
tory using standard analytical procedures: Kjeldahl (Buchi 
K436 speed digester and Buchi K-350 Kjeldahl distillation 
unit) for nitrogen, OLSEN (Shimadzu 1800 UV/VIS spec-
trophotometer, Mettler Toledo, Model UV5Bio) for phos-
phorus and magnesium using ICP-OES (Spectro ARCOS 
brand) following 1 M NH4Cl extraction. Electrical conduc-
tivity was measured using a Direct Soil EC meter (Spectrum 
Technologies Inc., 12360S Industrial Dr. East Plainfield, IL 
60585) using solutions (1:5 sample to water w/v).

The data in milli-equivalent (mEq./100 g soil) were con-
verted to milligram (mg) as:

where Aw is atomic weight of an element (e.g. nitrogen) and 
V is valence, respectively.

The weight of the SOM to a given depth and area was 
estimated as:

where SOC is in %, BD is in g cm−3, SP is in m and ha is 
hectare (10 000 m2).

(5)P =

(

1 −
BD

d

)

100.

(6)mg =
[

((mEq × Aw) ÷ V)
]

.

(7)SOM (tonnes) = [(SOC × BD × SP × ha)1.72].

2.8 � Statistical analysis

Statistical analysis was performed as reported in previous 
studies (e.g. Michael et al. 2015, 2016, 2017). The treat-
ment averages of a profile for each parameter (e.g. pH) were 
obtained by taking the mean of the three replicates. To com-
pare the treatment means, significant differences (p < 0.05) 
between treatment means of each profile was determined 
by two-way ANOVA using statistical software JMPIN, AS 
Institute Inc., SAS Campus Drive, Cary, NC, USA 27513. 
If an interaction between the treatments and profile depths 
was found, one-way ANOVA with all combinations was per-
formed using Turkey’s HSD (honest significant difference) 
and pairwise comparisons.

3 � Results and discussion

3.1 � Water holding capacity

The WHC estimations are shown in Fig. 3. In the control, 
WHC was approximately 28%, and in the surface of the una-
mended planted soil increased to near 30% and to 36% in the 
deep soil, respectively. In the amended soil without pasture, 
the highest WHC was measured in the surface soil which 
then decreased at the deep soil by nearly 2% (Fig. 3). When 
biochar and pasture plants co-existed, WHC was almost the 
same as in the amended treatment without pasture plants, the 
changes ranging from between 37% at the surface to 36% at 
the deep soil (Fig. 3). Sandy soils have low organic matter 
content, hence reduced WHC and the potential to hold soil 
nutrients. Organic amendments have been shown to improve 
soil chemical and physical properties and increase yield of 

Fig. 3   Effects of biochar, 
pasture, or biochar and live 
pasture co-existing on soil water 
holding capacity. The values 
are mean ± standard error of 
three replicates (n = 3). An 
asterisk indicates significant 
difference (p ≤ 0.05) between 
the control and the treatments 
at the same depth. The legend 
“Bio + planted” is the amended 
and planted treatment
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crops (e.g. Atkinson et al. 2010; Gomez 2013; Rahim et al. 
2019).

The results presented in Fig. 3 showed biochar amend-
ment and organic matter additions from live plants are 
important to improve WHC of sandy soil. Compared to the 
changes caused by biochar amendment, the increase in WHC 
of the planted soil probably resulted from root exudates of 
the pasture plants (Michael 2019a; Michael et al. 2017). Soil 
degradation and poor pasture management in the tropics are 
concerns for many farmers (Strassburg et al. 2014) and bio-
char application is important to improve the WHC and pas-
ture productivity. The results further indicated that the pres-
ence of pasture is as important as biochar amendment for 
improvement of the WHC, demonstrating that co-existence 
of both organic amendment and live pasture plants is impor-
tant. Biochar amendment increased the WHC by 9% at the 
surface and by 4% at deep soil (Fig. 3), translating to 1.9% 
and 0.7% SOC in the same profiles. These results strongly 
demonstrated that biochar application under general soil use 
and management condition, especially in the absence of live 
plants, has the potential to sustain SOC, thereby increasing 
the surface soil WHC (Michael and Reid 2018). Compared 
to this, WHC decreased in the planted soils as water was 
drawn by roots for growth and cellular metabolism and to 
compensate for evapotranspiration losses (Michael et al. 
2017; Michael and Reid 2018). In the amended and planted 
soil, the opposite happened, that is, even if water was used 
as described, the inherent porous nature of biochar to retain 
water was sufficient to increase the WHC. In addition, roots 
added benefits (e.g. simple organic carbon sources and exu-
dates) capable of establishing microenvironments due to soil 
microbial respiration (Michael 2018a), sufficient to improve 
water retention potential and WHC of the sandy soil. This is 

the most probable reason WHC of the biochar amended deep 
soil was lower than that of the amended and planted soil at 
the same profile (Fig. 3).

During drought events, sandy soils lose a lot of moisture 
and organic amendment conserves it for sustainability of 
pasture growth. Water retention is also dependent on soil 
particle composition and porosity. WHC was high (Fig. 3) 
when porosity was low, in agreement with Prober et al. 
(2014) and Lewis et al. (2006). Effects of biochar on WHC 
seem to be dependent on soil type, with the changes being 
more significant in sandy soil than in other soil types (Lewis 
et al. 2006).

3.2 � Bulk density

The soil BD estimated as described previously is shown in 
Fig. 4. In the control soil, the changes ranged from between 
0.6 and 0.8 g cm−3. Compared to these changes, BD of the 
unamended soil and planted soil were similar, whereas in the 
biochar amended soil decreased to 0.5 g cm−3 in the surface 
soil and 0.4 g cm−3 in the deep soil, respectively (Fig. 4). 
The highest BD was measured in the surface of the soil when 
amended and planted, which significantly decreased in the 
deep soil.

Soil pore spaces are related to the BD; as the latter 
increases the available pore spaces decrease. The changes 
in porosity are given in Table 1. Total porosity (P) was much 
higher in the biochar amended soil compared to other treat-
ments. In the biochar amended and planted soil, P decreased 
by nearly 3% in the surface soil and increased by 6% at the 
deep soil, respectively (Table 1), consistent with the find-
ings of Luo et al. (2016). The decrease in porosity in the 
surface of the amended soil in the presence of plants was 

Fig. 4   Effects of biochar, pas-
ture, or biochar and live pasture 
co-existing on soil bulk density. 
The values are mean ± standard 
error of three replicates (n = 3). 
An asterisk indicates significant 
difference (p ≤ 0.05) between 
the control and the treatments at 
the same depth
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probably caused by the combined weight of the plants and 
the soil held together by the plant roots. Generally, low BD 
resulted in high porosity. For instance, when BD was lowest 
at 0.5 g cm−3 within the surface of the amended soil (Fig. 4), 
P was 82% (Table 1). These results are consistent with the 
findings of several studies (e.g. Castellini et al. 2015).

3.3 � pH

Soil pH influence many biogeochemical processes (Michael 
and Reid 2018) and was described as the “master soil vari-
able” (Minasny et al. 2016; Brady and Weil 1999). It con-
trols solubility, mobility and bioavailability of nutrients, 
increases solubility of organic matter and mineralization 
of carbon and nitrogen as well as other soil nutrients (e.g. 
Michael et al. 2015). Soil pH in turn is influenced by pro-
cesses that occur in the rhizosphere where protons (H+) 
and hydroxyl ions (−OH) are regulated depending on the 
nutrient status of the soil and plant types present (Hinsinger 
et al. 2003). Application of organic matter which releases 

alkalinity, decarboxylation of organic anions, ammonifica-
tion and nitrification of nitrogen and association and dis-
sociation of organic compounds affect pH (Xu et al. 2006). 
The changes in soil pH measured are shown in Fig. 5. The 
control soil remained nearly unchanged at 6 units. Compared 
to this, amendment increased the pH by 0.5 units within the 
surface soil and by 0.3 units in the deep soil, respectively. 
The changes induced are dependent on the residue quality 
and the results indicate the source as a typical monocot of 
poor chemical and biochemical composition (Butterly et al. 
2011). When we applied raw organic matter of high nitro-
gen content in acid sulfate soils of varying pH, huge dif-
ferences between initial and final treatments were observed 
(e.g. Michael et al. 2015, 2017), indicating the initial pH and 
organic matter type affect the changes.

When pasture was established without amendment, small 
increases in pH were measured, ranging from 0.2 to 0.1 units 
(Fig. 5), confirming that roots have the tendency to increase 
pH (Bravin et al. 2012; Shi et al. 2011). When pasture was 
established in the amended soil, pH also increased but the 
changes were smaller than those without pasture. The results 
strongly indicated that amendment increases soil pH but 
co-existence with live plants lowers it. The probable rea-
son for this is that some of the organic carbon and anions 
released into the soil from the biochar were used by plants 
for growth and development. This is supported by the obser-
vation where SOC content of the amended soil and planted 
was smaller compared to the changes in all the treatments 
(Fig. 5). We have reported that plant roots facilitate oxygen 
penetration into the soil by cracking which then leads to oxi-
dation reactions, lowering the pH (e.g. Michael et al. 2016, 

Table 1   Total porosity of different treatments at given profiles and 
bulk density

The values are means ± standard error of three replicates (n = 3). The 
BD values used to estimate P are shown in Fig. 4

Profiles 
(mm)

Total porosity per treatment (%)

Control Planted Biochar Bio + planted

0–60 51.80 ± 0.01 76.23 ± 0.04 81.51 ± 0.03 72.08 ± 0.04
120–180 71.32 ± 0.03 72.08 ± 0.02 86.04 ± 0.02 77.36 ± 0.03

Fig. 5   Effects of biochar, 
pasture, or biochar and live 
pasture co-existing on soil pH. 
The values are mean ± standard 
error of three replicates (n = 3). 
An asterisk indicates significant 
difference (p ≤ 0.05) between 
the control and the treatments at 
the same depth. The broken line 
is the initial pH
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2017). The alkalinizing effect measured most likely came 
from mineral carbonates and basic-charged groups in the 
biochar (Yuan and Xu 2011). Soil exchangeable base cations 
and base saturation are other characteristics of biochar that 
have alkalinizing effects on soil pH (Dai et al. 2017).

3.4 � Electrical conductivity

In agricultural soil, salinity is related to concentration in soil 
pore water of sodium, magnesium, calcium, chloride, sul-
fate, bicarbonate, and potassium and nitrate ions. As salin-
ity increases, the potential pore water decreases, requiring 
plants to overcome a high energy gap for water uptake from 
the soil. Under certain conditions, nutrient toxicity results 
as imbalance sets in, resulting in low biomass or crop pro-
ductivity (Friedman 2005). In the control soil, electrical con-
ductivity (EC) was higher at the surface soil then decreased 
to 0.01 dSm−1 in the deep soil (Fig. 6). The opposite hap-
pened when pasture was planted. The EC decreased within 
the surface but rose in the deep soil to 0.04 dSm−1. In the 
amended soil with or without plants, the changes in EC were 
smaller at the surface than in the deep soil and the changes 
were nearly the same at each profile (Fig. 6). A soil is con-
sidered safe when EC is within a range of 0.0–0.75 dSm−1 
(Lane 1985), demonstrating the sandy soil was reasonably 
safe for the plants. The results indicate also that the influence 
of either biochar or plants alone or co-existing is variable, 
and this may depend on the particular soil and plant types. 
The variability in EC in the planted soils with and without 
biochar and low EC in the unamended planted soil and high 
when co-existing, tend to suggest that plants had minimal to 
no effect, and that the increase was due to biochar.

3.5 � Soil organic carbon

In sandy soil, SOC is important to improve WHC, rain infil-
tration, nutrient availability and plant growth (Milne et al. 
2015). The SOC was high in the control soil throughout 
the profiles (Fig. 7), even compared to the SOC of 2.5% 
(i.e. 0.3 g C) from the site where the samples were taken as 
reported in Michael (2019a). This significantly decreased 
to near 6% (0.7 g C) in all the treatments in the surface 
soil. In the deep soil, the changes were variable; the low-
est being measured in the amended soil with plants. The 
decrease in SOC measured in all the planted soils showed C 
was used by plants. The native OM content [estimated using 
(7)] decreased under all the treatment conditions except that 
the contents were high in the planted soils (Table 2). This 
demonstrated that no OM was added in the soil from the 
amendment except from the live plants.

Biochar amendment resulted in a decrease in SOC which 
can probably be explained by plant uptake of labile SOC. In 
agricultural soil, continuous use, poor land use management 
practice such as short fallow and tillage causes C fractions to 
decrease. In such soils, the recalcitrant C fractions (e.g. par-
ticulate or humus) are unable to establish a functional micro-
bial ecology to enhance decomposition unless the labile 
fraction becomes available. Decomposable products (simple 
sugars) of biochar and root exudates of plants enhance the 
capacity of the established functional microbial ecology to 
act on the recalcitrant fraction, lowering its content. This 
is supported by the fact that C sourced from biochar is dif-
ficult to decompose, contributing to the recalcitrant C pool 
in a soil environment (Lorenz and Lal 2014) and not readily 
available in the soil or to pasture.

Fig. 6   Effects of biochar, pas-
ture, or biochar and live pasture 
co-existing on soil electrical 
conductivity. The values are 
mean ± standard error of three 
replicates (n = 3). An asterisk 
indicates significant difference 
(p ≤ 0.05) between the control 
and the treatments at the same 
depth
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3.6 � Total nitrogen

Nitrogen is an essential nutrient for all living things and 
required in large quantities in many soil types. Most of the 
nitrogen comes from mineralization and bacterial fixation, 
with ammonium and nitrate being the available forms to 
plants (Ma et al. 2016). In the humid tropics, nitrogen reten-
tion is low because of heavy rainfall, leaching, denitrification 
and volatilization, making management of this nutrient a 
challenge. The challenges of knowing the quantity of nitro-
gen available in the soil, the right type of nitrogen source 
to add and to minimize the losses under the prevailing envi-
ronmental and climatic conditions. The sandy soil used in 
this study had 0.4% nitrogen, a strong indication of need 
of the nutrient. As shown, amendment, planting or amend-
ment followed by pasture establishment increased nitrogen 
by nearly 0.11% throughout the profiles (Fig. 8). In the deep 
soil with plants, even with amendment, a decrease in nitro-
gen content was measured; indicating nitrogen use by pas-
ture. The nitrogen content of cogon grass is relatively low 
and the contribution by 0.7% is proportionate to its content, 
compared to nitrogen contributions from biochar originating 
from legumes or animal wastes (Shinogi 2004).

The implication for these findings is that in the humid 
tropics, establishing pasture for large-scale livestock produc-
tion is still an issue and limited to a few farms. The results 
showed that biochar amendment to sandy soil prior to estab-
lishing pasture plants improves the nitrogen content, which 
is important for pasture productivity. The biggest challenge 
is the amount of plant material that is needed to make the 
char to be applied on big farms because of the costs and 
labor requirement associated with collection and prepara-
tion. If making biochar becomes expensive, the results indi-
cated that there is potential for establishing pasture without 
biochar amendment, at least in the surface soils, however the 
need for nitrogen by pasture will eventually lead to depletion. 
This reduction in nitrogen is manageable by pasture-legume 
rotations such that after a period of time, a suitable legume 
is established and rotated with the same pasture or another 
pasture species (Vinod et al. 2016; Hocking and Reynolds 
2012). Consistent with these findings, Rahim et al. (2020) 
reported biochar-legume interactions significantly increased 
total nitrogen, an important implication for general soil use 
and management.

3.7 � Available phosphorus

As shown in Fig. 9, pasture establishment alone increased 
phosphorus content by 89 mg kg−1 in the deep soil (Fig. 9). 
In the amended soil, phosphorus content increased further 
by 2 mg kg−1 consistent with Ali et al. (2015) where bio-
char application significantly increased total phosphorus but 
decreased when amended and planted. In the surface soil, 
phosphorus contribution from co-existence of biochar and 
pasture was high, compared to that of the deep soil with 
plants. Comparatively, increase in content by biochar amend-
ment alone was smaller than when planted (Fig. 9). These 

Fig. 7   Effects of biochar, 
pasture or biochar and live 
pasture co-existing on soil 
organic carbon. The values are 
mean ± standard error of three 
replicates (n = 3). An asterisk 
indicates significant difference 
(p ≤ 0.05) between the control 
and the treatments at the same 
depth
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Table 2   Effects on native organic matter contents

The values are means ± standard error of three replicates (n = 3). The 
SOC and BD data for these estimations were shown previously

Profiles (cm) Changes in SOM content per treatment (tons)

Control Planted Biochar Biochar +  
planted

0–6 51.8 ± 0.02 4.1 ± 0.02 32.4 ± 0.03 48.1 ± 0.02
12–18 61.2 ± 0.04 52.7 ± 0.04 24.1 ± 0.02 37.7 ± 0.04
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results demonstrated that co-existence of biochar and live 
pasture is important, contributing to significant availability. 
In the tropics, heavy rainfall leads to leaching and resultant 
contamination of water sources, dependent on the source and 
types of phosphorus, soil types and pasture species (Blum 
et al. 2013; Townsend et al. 2015; Vendramini et al. 2007; 
Aguiar et al. 2013). Biochar amendment followed by plant-
ing lowered phosphorus in deep soil, an important indication 
that biochar availability enhances uptake by live pasture or 
supports functions of soil microbes. Uptake of phospho-
rus depends on pasture species, underground biomass, 

rhizosphere microbial ecology and general climatic and 
environmental conditions (Duubel and Merbach 2005). The 
plant available phosphorus, unless removed by livestock, 
returns to the soil and is used again by the pasture, sustain-
ing phosphorus cycling in the pasture ecosystem.

3.8 � Available potassium

Planting pasture without amendment nearly depleted the 
potassium (K) content (Fig. 10). For example, in the sur-
face soil of the control, 3 mg K was present which decreased 

Fig. 8   Effects of biochar, 
pasture or biochar and live 
pasture co-existing on soil 
nitrogen content. The values are 
mean ± standard error of three 
replicates (n = 3). An asterisk 
indicates significant difference 
(p ≤ 0.05) between the control 
and the treatments at the same 
depth
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Fig. 9   Effects of biochar, pas-
ture or biochar and live pasture 
co-existing on soil P content. 
The values are mean ± standard 
error of three replicates (n = 3). 
An asterisk indicates significant 
difference (p ≤ 0.05) between 
the control and the treatments at 
the same depth

0

20

40

60

80

100

0-60 120-180

Ph
os

ph
or

us
 co

nt
en

t (
m

g 
kg

-1
)

Sampling depth (mm)

Control Planted Biochar Bio+planted

* *



499Biochar (2020) 2:489–502	

1 3

to 1.4 mg when planted. Existence of biochar alone or co-
existing with pasture increased K content but the changes 
were much higher in the absence of plants. This indicated 
that even though biochar addition increased the K content, 
some was used by the live pasture (Fig. 10). For example, 
K content in the amended soil was 3.3 mg which decreased 
to 2.9 mg in the surface soil. Similarly, K content of the 
deep soil in the same treatment was 2.8 mg in the absence 
of plants, which decreased to 2.5 mg (89%). The overall 
results showed amendment alone or amendment followed by 
planting was important for improving K content. Comparing 
the changes, no clear relationship between BD and EC was 
found. Potassium availability was influenced by pH. When 
pH was high, the available K was high, especially in the 
amended soil. Nutrient retention in sandy soil is poor and 
the results indicated amendment improves K retention and 
nutrient accumulation (Biederman and Harpole 2013).

3.9 � Available magnesium

Presence of pasture in the unamended soil significantly 
reduced the Mg content to 4.1 mg and only increased it by 
0.2 mg in the deep soil (Fig. 11). When amended alone or 
amended and planted, available Mg increased but more so in 
the deep soil. It was shown in Fig. 10 that pasture depleted 
surface soil K. Depletion of surface soil Mg was evident 
too (Fig. 11). The deep soil data shown in Fig. 9 indicated 
that the turnover of OM and possibly organic compound 
from the roots of pasture helped build available K. The 
same processes increased Mg content at the same profiles 
(Fig. 11). The OM content contributed by the roots in the 

deep soil, estimated using (2), was 11.9% (6.9 × 1.72) com-
pared to 11.9% in the control. This suggested that no OM 
was contributed by roots, pointing out that the increase in 
Mg was from sources other than the roots, translating to a 
profile-specific SOM stock of 166.15 t cm−3, estimated as 
per (3). In the amended soil, Mg content estimated using (6) 
was 0.05 g kg−1 (i.e. 50 mg) throughout the soil. This is con-
sidered to be moderate as Mg content of sandy soil ranges 
from 31 to 90 mg kg−1 (Staugaitis and Rutkauskiene 2010) 
and from 3 to 25 g kg−1 in most soils (Yan and Hou 2018).

4 � Management implications

Sustainable production and management of pasture is not 
only important for livestock production for food and nutri-
tional security but also helps to address impacts of climate 
change on factors that affect productivity (Michael 2019b). 
This study showed biochar amendment is important for 
water retention (WHC) and improvement of BD, soil EC 
and pH. On the other hand, SOC was significantly reduced 
even when biochar co-existed with pasture. The sole reason 
for this is that carbon from biochar was not readily available 
either in the soil or to pasture. Establishment of pasture alone 
or following amendment on sandy soil increased nitrogen 
and phosphorus contents, whereas K and Mg contents were 
lowered instead. Consistent with these findings, Novak and 
Busscher (2013) reported biochar improved cation exchange 
capacity of soil. These contradicting results call for strategic 
management of SOC, K and Mg in sandy soil under pasture 
in the humid tropics. The native SOM content decreased 

Fig. 10   Effects of biochar, pas-
ture, or biochar and live pasture 
co-existing on soil K content. 
The values are mean ± standard 
error of three replicates (n = 3). 
An asterisk indicates significant 
difference (p ≤ 0.05) between 
the control and the treatments at 
the same depth
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under all the treatment conditions (Table 2), indicating SOC 
contributed by biochar and pasture alone or co-existing was 
insignificant. The amount of carbon added to the soil from 
amendment or by the live pasture was less except that a sig-
nificant amount of SOM was added by the pasture, even if 
smaller than the native SOM content. Addition of OM to 
any soil type by live pasture in the form of shed leaf lit-
ter or root exudates is important as it affects important soil 
characteristics like BD, pH and WHC (Michael 2018a, b; 
Vasbieva 2019). Assuming an increase in SOM of 0–1% in 
sandy soil results in retention of 67, 350 L of water (Bras-
sard et al. 2016); a decrease in water retention was evident. 
The decrease in SOM in the surface of the planted soil was 
91.5%, equating to an estimated loss of 3.2 million liters of 
water under the pasture system (Table 3). Compared to this, 
biochar amendment resulted in 37.5% decrease in the native 
SOM content whilst the changes in the amended soil planted 
was 5.8% (Table 2), respectively.

The implication for these findings is that a lot of water 
is lost in sandy soil under pasture in the humid tropics 
and this need to be managed. Since amendment resulted 
in a decrease in native SOM by 37.5% (Table 3), bio-
char amendment followed by establishment of pasture is 
an important option not only to manage the soil charac-
teristics but also to improve SOC, SOM and soil water 
retention (Gusev and Dzhogan 2019). In the surface soil, 
an estimated 3.2 million liters of water is lost under pas-
ture, equating to 47.7 tonnes of SOM (Table 3). Amend-
ment of the surface soil resulted in retention by 62.6% 
of water (that is 1.3 million liters). In the deep soil of 
planted, 0.6 million liters loss was estimated. This loss 
increased by 80% when amended (Table 3). When planted 

in the amended soil, 26.5 tonnes of native SOM was lost, 
resulting in 1.8 million liters of water loss in the deep soil 
(Table 3). These are disastrous under conditions of water 
scarcity and irregular supply (Singh et al. 2019).

In the light of climate change, the global temperature is 
projected to change (IPCC 2013) and water loss manage-
ment is important to mitigate the impacts (de Gerenyu et al. 
2018; Michael 2019b; Pokharel et al. 2020). These results 
showed more water is lost from the surface soil when pas-
ture is present compared to loss from the deep soil when 
amended. In the tropics, the slash-and-burn system of land 
invaded by cogon grass is a dominant practice for land use 
or management of its invasiveness. This system is a potent 
source of carbon dioxide emission contributing to green-
house gases. Sourcing plant material for biochar from the 
invasive grass instead of burning to be used under pasture 
would reduce the emission and improve management of its 
invasiveness (Lehmann et al. 2006). The carbon sequestered 

Fig. 11   Effects of biochar, 
pasture or biochar and live 
pasture co-existing on soil mag-
nesium content. The values are 
mean ± standard error of three 
replicates (n = 3). An asterisk 
indicates significant difference 
(p ≤ 0.05) between the control 
and the treatments at the same 
depth
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Table 3   Decrease in native SOM versus water losses

SOM values are differences between SOM values of the control and 
the treatments. The SOM except water loss values are ± standard 
error of three replicates (n = 3). The values 0–6 and 12–18 are profile 
depths in cm, respectively

Treatments SOM losses (tonnes) Water loss (mil-
lions of liters)

0–6 12–18 0–6 12–18

Planted 47.7 ± 0.02 8.5 ± 0.03 3.2 0.6
Biochar 19.4 ± 0.03 37.1 ± 0.02 1.3 2.5
Bio + planted 3.0 ± 0.01 26.5 ± 0.03 0.2 1.8
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by the biochar would last for decades, thereby reducing 
emissions and mitigating climate change impacts.

5 � Conclusions

Application of biochar in sandy loam soil under humid low-
land tropical climatic conditions has a number of benefits, 
including higher pH, reduced bulk density, increased water 
retention and ideal electrical conductivity. Application of 
biochar resulted in improved nutrient status of the sandy 
loam soil when planted. The SOC and SOM did not improve 
when biochar was applied; plants existed alone or co-existed 
with biochar, implying that native SOC and SOM contents 
become limited in sandy soil in the humid tropics under 
pasture. Cogon grass is highly invasive and its use for bio-
char shows promise for improvement of sandy loam soil for 
pasture productivity while at the same time contributing to 
the management of its invasiveness in the tropics.
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