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offset the compaction problem. Yet, it is unclear how biochar interacts with varying soil
water that occurs under variable weather to mitigate the compaction problem. In this
Editor name: DR B Gyampoh study, a screen house experiment was conducted to investigate the growth, yield, and
water use efficiency (WUE) of upland rice (Nerica 14) grown under a range of biochar-
amended compacted soils and soil water conditions. The experimental design was a com-

. . pletely randomized design (CRD) in a factorial arrangement with three bulk density (D)
conventional tillage a
plant development levels (D1= 1.30 Mg m~3, D2 = 1.50 Mg m~3, and D3 = 1.75 Mg m~3), two rates of rice
resource use efficiency husk biochar (RHB) application: (B) = 0 ton ha~!, and B10 = 10 ton ha~'), and three levels
root growth of seasonal irrigation (W1 = 391 mm, W2 = 419 mm, and W3 = 569 mm). Grain yield
was influenced by biochar, bulk density and water regime. When averaged across irriga-
tion levels, the BO grain yields were 1336 kg ha~!, 947 kg ha~! and 636 kg ha! for D1, D2
and D3, respectively. Biochar application reduced both the runoff, drainage, and improved
the crop water use efficiency. In terms of WUE, the treatment combination of BIOD1W1
and B10D3W3 recorded the highest (14.27 kg ha-! mm~'), and least (9.28 kg ha~! mm™1)
values, respectively. Though biochar application improved the WUE under all density lev-
els, high irrigation (W2, W3) could not compensate for the adverse effect of increasing soil
density. It is concluded that the adverse impact of tillage-induced soil compaction on up-
land rice yield can be effectively alleviated by biochar application under varied soil water
conditions.
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Introduction

The mechanization of agriculture is a measure adopted by developing countries to achieve rapid growth in food produc-
tion to meet the increasing demands of the growing population. Between 2000 and 2010, about 3000 large tractors were im-
ported into Ghana and the trend continues to increase [1]. Though most farmers cannot acquire tractors, the Government’s
arrangement of tractor services enables farmers to access mechanization services. Survey reports by Cossar [2] indicated
that by 2009, 31% of farmers in Ghana benefited from tractors services on their farms. A number of benefits are associated
with mechanized agriculture compared to small-holder manual agriculture. These include increased farmed acreage, bene-
fits of economies of scale, timely land clearing within a narrow planting window [2], increased labour productivity and the
reduction in farm drudgery.

However, the long-term use of heavy machinery for conventional tillage also leads to several adverse impacts on soil
and crop productivity. For many tropical soils with low structural stability, the sheer weight of the large machinery often
leads to compaction depth far below the soil surface [3], even if there are no clear manifestations on the soil surface [4].
Arthur and Asamoah [5] observed that the severity of soil compaction due to heavy machinery also varied with land use
and management in the semi-deciduous zone in Ghana. They showed that the bulk density of the subsoil reached 1.80 and
1.76 Mg m~3 for conventionally tilled croplands and grasslands, respectively, compared with 1.44 Mg m~3 for natural forest
lands.

The consequences of soil compaction on soil processes and plant growth and development are numerous. Compaction
depths of up to 50 cm as a result of tractor passes have been observed to inhibit seedling emergence [6]. Bawa et al. [7] ob-
served that subsoil compaction decreased maize and soybean root growth. Many studies have documented soil compaction-
induced adverse effects such as reduced soil pore space and water infiltration rate, increased potential for surface ponding,
runoff and soil erosion, reduction in water holding capacity, and limitation of the soil volume explored by roots for water
and nutrient uptake [8-10]. These effects generally reduce crop yield [11,12]. De Moraes et al. [13] observed a significant de-
cline in maize root growth and yield with increasing soil compaction following varying numbers of tractor passes in Brazil.
A review by Shaheb et al [14] indicated significant reduction in yield with increased tractor traffic, in some cases up to 50%.

The agronomic alleviation of the soil compaction problem has received scientific attention. Amendments shown to re-
duce the compaction problem include the application of poultry manure [7], or other organic wastes, all of which increased
macro-porosity and decreased the bulk density significantly [15,16]. However, the challenge to alleviate the soil compaction,
especially with fresh organic matter lies in the need to apply not only large quantities, but also frequently, due to their
high decomposition rates. Biochar, as a light-weight organic material with a more stable carbon, has therefore attracted sci-
entific attention for soil compaction amendment. Several studies have shown that biochar application to soils significantly
improved soil physical [17-19], chemical [16,20,21], biological [21-23], and hydraulic [17], pollutants [24-26G], greenhouse
gas emissions [27], water use efficiency [28], and root growth and chemical composition [23,24] of plants. The improve-
ment of soil physical properties by biochar [29], has been attributed to its large surface area, and the presence of internal
micropores which increased the overall soil porosity [30-32]. Apart from biochar properties, the effectiveness of biochar
application is also determined by the application rates and also by soil properties such as texture [33-35]. Some studies
found improvement in physical properties only at high application rates (>15 ton ha~') [36]. Others found no effects on
soil water retention capacity for clayey soils, even at very high application rates [37,38]. Despite the apparent inconsistences
found in the literature with regard to biochar performance, Blanco-Canqui [36], following an extensive review, concluded
that biochar generally has the potential to [28] reduce soil compaction effect.

The manner in which biochar interacts with factors such as soil water to affect agricultural productivity, especially under
compacted soil conditions, has only received limited attention. Zhang et al. [39] investigated the interaction between irriga-
tion and biochar application on the growth and yield of tomatoes and observed that biochar application under full irrigation
and water deficit conditions increased tomato yield. By contrast, biochar application under moderate soil water resulted in
a reduced yield. There is also some evidence suggesting that biochar application increased the water use efficiency of crops
under drought conditions [40]. Though the study by Mannan et al. [41] also reported an increase in soybean growth when
biochar was applied under drought conditions, the increase in growth was attributed to fertility enhancement. The lingering
question is what role biochar application plays in water use by crops under varying soil water conditions, especially on
compacted soils.

Conceivably, biochar application would reduce the mechanical impedance and strength of compacted soils [42,43],
thereby enhancing root growth and possibly increasing the soil volume for exploration of water by the roots. High soil water
regime resulting from high rainfall or irrigation would also decrease soil strength [44], and hence enhance root growth and
water exploration to support plant growth. Therefore, both biochar application and high soil water regime would lead to
the same effect on soil compaction, presumably in a synergistic manner to enhance crop productivity. Under low soil water
regime, however, biochar application to a compacted soil would reduce the compaction effect but the extent to which the
drought effect can be compensated for remains unclear. In effect, the soil water conditions under which biochar application
should be recommended for compacted soils remains a research question.

This study aimed to investigate the response of an upland rainfed rice variety (Nerica 14), which is commonly grown
under conventional tillage in Ghana, under different levels of soil compaction, irrigation, and biochar application rates, under
screenhouse conditions.
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Materials and methods
Soils and experimental treatment

Soil samples were collected from the University of Ghana farm, situated within the Coastal Savannah zone of Ghana’s
Greater Accra Region. The sampled soil belongs to the Toje series, which is classified as an Alfisol according to the USDA
Soil Taxonomy. The study area is located approximately between latitudes 0° 8’ 0" and 0° 12’ 0" west, and 05° 38’ 0" and
05° 42’ 0" north.

Characterized by a mean annual temperature of 27°C, the study area receives an average annual rainfall of about 800
mm. The rainfall pattern follows a bimodal distribution, with the primary rainy season occurring from April to July, and a
minor rainy season observed from September to November.

The soil samples were collected at a depth of 0-20 cm and subsequently sieved through a 4 mm mesh to remove any
coarse materials.

Columns constructed from polyvinyl chloride (PVC) pipes of 35.0 cm height, 16.0 cm internal diameter and cross-sectional
area of 201 cm? were used in the study. The PVC columns had runoff holes drilled at 5.0 cm below the upper end, whereas
the lower end was closed with an end cap with drilled holes to allow drainage. The depths from 10 to 35 cm were packed
with the soils to a bulk density, D1 (1.34 Mg m~3). The 5 to 10 cm section was packed with soils that were amended with
biochar at two rates: BO (0-ton ha~!) and B10 (10-ton ha~!) and three bulk densities: D1 (1.34 Mg m~3), D2 (1.50 Mg m~3),
and D3 (1.75 Mg m~3) (Table 1). The top 0 - 5 cm section was also packed with biochar-amended soils. The packing of the
soils in the PVC columns was to achieve the maximum compaction within the 5 - 10 cm depth.

The soil compaction was achieved by applying varying number of blows of a 5- kg rammer. The biochar was produced
from rice husk pyrolysed at 350 °C. Apart from the biochar and soil compaction treatments, an additional factor that was
investigated was irrigation level, introduced at 3 levels: W1 (391 mm), W2 (419 mm), and W3 (569 mm). The irrigation
levels were chosen to mimic typical poor, normal and good seasonal rainfall conditions at the location of soil sampling. The
poor, normal and good seasons corresponded to the years 1984, 1970 and 2003. The irrigation was applied using a rainfall
simulator mounted above the columns. All the treatments were replicated 3 times giving a total of 54 units.

Planting and data collection

The soil columns were arranged in a screenhouse in a completely randomized design (CRD). Rice (Nerica 14) was planted
in the PVC soil columns and the equivalent of 60 kg N ha~!, 45 kg P,05 ha~!, and 45 kg K,0 ha~! were applied using
Ammonium sulphate (split application), Triple Superphosphate and Muriate of potash, respectively. The phosphorus and
potassium fertilizers and half of the nitrogen fertilizers were applied, 7 days after planting (DAP). The remaining half of
the nitrogen was applied 35 DAP. All the treatments were watered for the first 2 weeks and thereafter, the different water
regimes were imposed. The irrigation regimes followed strictly the daily rainfall distribution for the years 1984, (poor rain-

Table 1
Description of the combination of factor in each treatment.
Irrigation
Biochar rate -B Bulk density -D Level-W
Treatment name (ton ha=1) (Mg m—3) (mm)
BOD1W1 0 1.33 391
BOD2W1 0 1.51 391
BOD3W1 0 1.79 391
BOD1W2 0 1.33 419
BOD2W?2 0 1.51 419
BOD3W2 0 1.79 419
BOD1W3 0 1.33 569
BOD2W3 0 1.51 569
BOD3W3 0 1.79 569
B10D1W1 10 1.33 391
B10D2W1 10 1.51 391
B10D3W1 10 1.79 391
B10D1W?2 10 1.33 419
B10D2W?2 10 1.51 419
B10D3W2 10 1.79 419
B10D1W3 10 1.33 569
B10D2W3 10 1.51 569
B10D3W3 10 1.79 569

(levels of soil compaction (bulk densities; D1-1.33 Mg m~3, D2-1.51 Mg m3 &
D3- 1.75 Mg m~3), biochar rates (BO - 0 biochar & B10 - 10 tons ha~'), and
levels of irrigation (W1- 391 mm, W2 - 419 mm & W3- 569 mm)).
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fall), 1970 (normal rainfall) and 2003 (good rainfall). All the PVC-packed soil columns were weighed at the onset and at the
end of the experiment.

Plant development data include days to emergence, 50% flowering and maturity. For above-ground growth, the rice plant
was harvested at maturity and separated into grains and straw. The straws were dried at 70°C for three days and the dry
weight was determined. For grain yield determination, the separated panicles were air-dried after which the grains were
removed, and the unfilled grains were separated from the filled ones. The filled grains were then weighed.

The below-ground growth was determined by carefully removing the soil monoliths from the PVC columns and cutting
them into 3 sections: top 5 cm, 5-10 cm, and 10 - 35 cm. The sectioned soils were separately washed in bowls and the
roots in each section separated. The roots were dried at 70°C for three days and weighed on a sensitive Mettler balance. The
soils in the bowls were oven-dried at 105°C for four days and the dried weight was determined. The dry weight of soil and
volume of each section was used to determine the actual bulk densities of the different depths along the soil column.

Water balance and crop water use

Daily values of the water balance components (irrigation, P, runoff, Q, and drainage Dr) were determined for all 54
experimental units. At the end of the experiment, the daily values were cumulated to obtain the seasonal values. The sea-
sonal change in water storage, AW, was determined from the difference in column weight at the beginning and end of the
growing period, and used to determine the actual seasonal total water use, or actual evapotranspiration, ET, (mm) for each
treatment as:

ET,=P—-Q — D+ AW (1)

with all the terms of Eq. (1) having units of mm.
The Water Use Efficiency (WUE) was determined as:

Grain weight (kg ha™!)
WUE = ET, (mm) (2)

Statistical analysis

Microsoft Excel (Version 2016) was used for data entry and graphical representation. A comprehensive Two-way Analysis
of Variance (ANOVA) was conducted using the GenStat statistical software (12th edition, 2009) to assess the significance
of treatment effects. This analysis considered the specific experimental design with varying combinations of treatments,
allowing for the examination of main and interactive effects of biochar, water regime, and density levels on the response
variables.

To compare treatment means and identify significant differences, the Duncan Multiple Range Test was employed as a
post hoc analysis. This test enabled the determination of statistically significant variations among treatment groups at a 5%
confidence level. Through these data management and statistical analyses, we ensured a robust evaluation of the effects
of treatments and obtained valuable insights into the experimental outcomes, facilitating accurate interpretations of the
research findings.

Results and discussion
Effects of treatment on plant development

Plant development under the different treatments is summarized in Table 2. Given that all treatments were well watered
during the first 14 days after planting, emergence for all treatments was between 5 to 6 days and there was no significant
difference among treatments. Though there is evidence that soil compaction can delay seed emergence [8], our findings did
not support this because of the initial ample irrigation (irrigation will reduce soil strength so compaction effect is offset
as the soil becomes soft). Three compounding treatments affected the speed of development of the rice plant to flowering
(Table 2).

At first, under no biochar application, the low irrigation (W1) treatment tended to delay the time to flowering slightly,
irrespective of soil compaction level, with an average of 72 DAP. The rice plant under W2 (normal rainfall) and W3 (good
rainfall) reached 50% flowering at 71 DAP. Within a given irrigation level, days to 50% flowering varied with bulk density
treatment. The rice plant under densities D1 and D2 reached 50% flowering at 72 DAP, but the development under D3 was
faster, attaining 50% flowering 3 days earlier, which was statistically significant (p < 0.05). When biochar was applied at 10
ton ha~!, the W1 delayed the development of flowering (71 DAP), followed by W2 (68) and W3 (65 DAP). With regard to
the density effect, D1 delayed development of flowering whereas the higher densities D2 and D3 somewhat accelerated the
development of flowering.

Plant development response to environmental stresses has been the focus of study for many years. McMaster et al.
[45] reviewed the literature and summarized the determinants as air temperature, photoperiod, water and nutrient stresses.

4
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Table 2
Treatment effects on plant development (Days After Planting: DAP).
Bulk Biochar Irrigation

Treatment density -D rate -B Level-W Emergence Flowering Maturity
name (Mg m~3) (ton ha') (mm) DAP DAP DAP
BOD1W1 133 0 391 5 74 104
BOD2W1 1.51 0 391 6 73 103
BOD3W1 1.79 0 391 6 69 98
BOD1W2 1.33 0 419 5 72 102
BOD2W2 1.51 0 419 6 72 102
BOD3W2 1.79 0 419 6 68 96
BOD1W3 1.33 0 569 5 72 99
BOD2W3 1.51 0 569 6 72 97
BOD3W3 1.79 0 569 6 69 98
B10D1W1 1.33 10 391 5 73 103
B10D2W1 1.51 10 391 5 73 103
B10D3W1 1.79 10 391 5 69 98
B10D1W2 133 10 419 5 68 99
B10D2W2 1.51 10 419 5 60 99
B10D3W2 1.79 10 419 5 61 97
B10D1W3 133 10 569 5 71 99
B10D2W3 1.51 10 569 5 72 99
B10D3W3 1.79 10 569 5 65 97
LSD (0.05) 1.07 1.47 1.34
CV (%) 11.9 1.8 1.1

Bulk density (D1 - 1.3 Mg m~3; D2 - 1.5 Mg m~3; D3 - 1.7 Mg m~3), irrigation levels (W1 - 391 mm; W2 - 419mm;
W3 - 569 mm) and Biochar (BO - 0 ton ha~'; B10 - 10 ton ha~'). LSD and CV are bulk density, biochar rate, least
significant difference, and coefficient of variation, respectively. Any two treatment combination in each column with
mean differences above the LSD values are significantly different from each other.

Given that the air temperature was uniform in the screenhouse, differences in the observations cannot be attributed to tem-
perature effects. With regard to water stress, Sah et al [46] and Campos et al. [47] observed a delay in maize development
under severe water stress conditions imposed at flowering and graining stage of the crop. Observations in this study con-
forms to other studies where water stress delayed flowering. Yet, there are also observations indicating that generally, water
stress or low water availability promoted early flowering, a strategy for survival by the plant Shavrukov et al [48]. Mott and
McComb [49] discussed the apparent inconsistences with regard to water stress effect on plant development. With regard
to soil compaction, Hoque and Kobata [50] attributed delayed heading in rice to soil compaction.

The days to maturity were prolonged under a low irrigation (W1) and increasing bulk density. Under optimum conditions
of low density D1 and high irrigation W3 under BO, the days to maturity was 99 DAP. For the extreme situation of high soil
density (D3) and low irrigation (W1), the days to maturity under BO was 98. Biochar application to the low density (D1) and
high irrigation (W3) did not alter the development to maturity (97 DAP). However, the combination of biochar application,
(B10), high density (D3), and low irrigation (W1) delayed the development to maturity (103 DAP). In summary, our findings
generally indicated that under extreme stress conditions of low irrigation and high bulk density, the development to both
flowering and maturity were delayed, irrespective of biochar application.

Effect of treatment on above-ground growth

The shoot dry weight of rice was significantly influenced by bulk density, and the interaction between biochar and bulk
density (Fig. 1). Generally, shoot dry weight declined with increasing soil compaction (bulk density) especially when no
biochar was applied. The highest average shoot dry weight of 2500 +100 kg ha~! was recorded under D1 and declined to
2000 kg ha! under D3. The effect of biochar on shoot dry weight was clearly significant under the highest bulk density
(D3). This suggests an interaction between biochar and soil density. When biochar was applied at D3 and low irrigation level
(W1), a substantial increase of 24% in shoot dry weight was observed. Overall, these findings suggest that biochar application
on compacted soil conditions can significantly influence the shoot dry weight of rice. At low soil density biochar effect was
not clear-cut. Even though it may be expected that biochar application will increase porosity and enhance water storage
thereby increasing growth, our data show that biochar application at 10 ton ha~! did not influence the shoot biomass at the
lower soil compaction levels.

Unlike shoot growth, there were significant differences (p < 0.05) in grain weight for the different irrigation levels
and biochar application rates (Fig. 2). Grain yield decreased with compaction, irrespective of the irrigation level. Under
no biochar application condition, the average yield of rice for D1 across all irrigation levels was 1336 kg ha~!, reducing to
947 kg ha~! under D2 and 636 kg ha—! under D3. Previous studies have also confirmed the impact of soil compaction on
grain yield [50]. Irrigation level also had a significant effect on grain yield. Under no biochar application, the yield (averaged
over density treatments) was 591 kg ha~!, 1042 kg ha—! and 1282 kg ha~! for W1, W2 and W3, respectively. It may be
inferred that soil compaction under low irrigation (W1), reduced the yield by 41% and 68% for D2 and D3 respectively. In
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Fig. 1. Effect of biochar on shoot dry biomass as affected by varying bulk density (D1 - 1.3 Mg m~3; D2 - 1.5 Mg m~3; D3 - 1.7 Mg m~3), irrigation levels
(W1 - 391 mm; W2 - 419mm; W3 - 569 mm)), and biochar levels (BO - No biochar applied and B10 - biochar at 10 tons ha~')). Treatments with common

mean separation letters are not significantly different (p < 0.05) using Duncan’s multiple range test.
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Fig. 2. Effect of biochar on grain weight for varying density (D1 - 1.3 Mg m~3; D2 - 1.5 Mg m~3; D3 - 1.7 Mg m~3) and irrigation levels (W1 - 391 mm;
W2 - 419mm; W3 - 569 mm), and biochar levels (BO - No biochar applied and B10 - biochar at 10 tons ha~'). Treatments with common mean separation
letters are not significantly different (p < 0.05) using Duncan’s multiple range test.

the case of high irrigation (W3), the yield reductions were 34% and 47% for bulk densities D2 and D3, respectively. Thus, the
yield reduction effect of soil compaction could only be offset at the high-water level, especially when biochar is applied, but
not under the drought conditions. It is generally known that biochar application to compacted soils decreased bulk density
and hence, soil strength [42,43], by enhancing permeability of the soil for roots to explore for resources.

6
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Fig. 3. Variation of the bulk density with depth among treatments with varied compaction and biochar application rates. D1 (1.3 Mg m~3), D2 (1.5 Mg
m~3), D3 (1.7 Mg m~3), BO (0 ton ha~'), B10 (10 ton ha~')

Table 3
Root mass at different depths of the biochar-amended soil columns.
Treatment Soil bulk density Biochar rate
ID (Mg m—3) (ton ha-1) Root mass (g) Soil depth
0-5 cm 5-10 cm 10-22.5 cm
BOD1 1.33 0 2.90 (43) 0.93 (14) 2.84 (43)
B10D1 133 10 3.89 (51) 1.10(15) 2.61 (34)
BOD2 1.51 0 2.31 (43) 0.71 (13) 2.36 (44)
B10D2 1.51 10 2.83 (49) 0.86 (15) 2.12 (36)
BOD3 1.79 0 2.15 (48) 0.68 (15) 1.62 (37)
B10D3 1.79 10 2.45 (43) 0.83 (15) 2.39 (42)
LSD (p<0.05) 0.558 0.042 1.08
CV (%) 21.1 5.1 39.6

Biochar (BO - 0 ton ha~'; B10 - 10 ton ha~!). Numbers in parentheses represent % root mass. LSD and CV are the least
significant difference and coefficient of variation, respectively.

Variation of bulk density with depth and below-ground growth

The variation of the bulk densities with depth is shown in Fig. 3. Treatments receiving biochar application tended to
have lower bulk densities than those without biochar application. The lowest bulk density within the compacted zone was
for treatment combination B10D1 whereas the highest density was for BOD3.

Plant root mass distribution followed the variation of the bulk density with depth (Table 3). Under the control treatment
(BOD1), the total root mass was 6.67 g with about 43% of the total mass in the top 5 cm of the soil (Table 3) and 14% in
the middle-compacted layer. Biochar application increased the total root mass to 7.60 g with 51% of the total root mass
concentrated in the top 5 cm. Under BOD2 conditions, total root mass decreased to 5.38 g with about 43% in the top layer.
Again, biochar application (B10D2) increased the total root mass to 5.81 g with 49% in topsoil. Root growth in the compacted
layer (5 - 10 cm) was restricted and constituted 13 and15% of total root weight for without and with biochar application,
respectively. For the high-density treatments (BOD3 and B10D3) total root mass with and without biochar application were
4.45 and 5.67 g, respectively with about 48% and 43%, respectively in the top 5 cm and about 15% in each of the two biochar
levels in the compacted layer (5 - 10 cm). Root elongation reduced as it experienced soil hardening in the compacted subsoil
layer.

The impact of soil compaction on root development and growth has also been the focus of many studies. The observa-
tions of this study aligned with reports by Seixas and Tim [51] who studied compaction effects on crop growth and yield.
Others such as Ocloo et al. [52] observed a decline of maize and soybean root mass with soil compaction or increasing
bulk density in some Ghanaian soils but pointed out that there were varietal differences in response. Likewise, Hakansson
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Table 4
Interactive effects of biochar, irrigation level and bulk density on water balance components.
Water balance components D1 D2 D3 D1 D2 D3 D1 D2 D3
Low irrigation level (W1) Medium irrigation level (W2) High irrigation level (W3)

Biochar 0-ton ha!

Total runoff (mm) 0.27 h 6.09 g 41.72 d 030 h 4431 d 68.82 b 222 h 100.51 a 101.53 a
Total Drainage (mm) 0.00 h 0.00 h 0.00 h 7.73 h 0.00 h 0.00 h 59.37 f 36.13 g 2780 g
ETa (mm) 24210 h 24290 g 206.40 h 314.10 de 285.20 ef  279.00 f 42330 a 349.90 ¢ 353.10 ¢
£AW (mm) 96.19 fgh  89.55 fgh  90.38 fgh  97.01 fgh  89.55 fgh  71.31 h 8458 gh  82.92gh  87.06 fgh
Biochar 10-ton ha~!
Total runoff (mm) 0.00 h 1.79 h 15.19 f 0.00 h 6.65¢g 2692 e 1.08 h 13.83 f 63.70 c
Total Drainage (mm) 0.00 h 0.00 h 0.00 h 0.00 h 0.00 h 0.00 h 67.90 f 60.27 f 2733 g
ETa (mm) 22990 gh 23720 ¢g 233.00 gh 32790 cd 294.70 ef 308.40 def 417.60 ab 398.40 ab 388.90 b
+£AW (mm) 108.62 fg  99.50 fgh 9038 fgh  91.21 fgh  117.74f  83.75gh  8292gh  97.01 fgh  89.55 fgh

All values are in mm. Common letters are not significantly different (p < 0.05) across rows for each components according to Duncan’s multiple range test.
D1: field bulk density (1.31 Mg m~3), D2: medium bulk density (1.5 Mg m~3), D3: High bulk density (1.75 Mg m~3). ETa and AW are evapotranspiration
and change in water storage, respectively.

@ B0 ton ha*

16 EB10 ton ha '

ab

14

12

10

WUE (kg ha "' mm 1)

Irrigation levels
Bulk Density

Fig. 4. Effect of biochar application rate on water use efficiency (WUE) as affected by bulk density (D1 - 1.3 Mg m~3; D2 - 1.5 Mg m~3; D3 - 1.7 Mg
m~3), irrigation levels (W1 - 391 mm; W2 - 419mm; W3 - 569 mm)), and biochar levels (BO - No biochar applied and B10 - biochar at 10 tons ha')).
Treatments with common mean separation letters are not significantly different (p < 0.05) using Duncan’s multiple range test.

and Lipiec [53] also observed a decreasing dry root mass with increasing bulk density. Ozpinar and Cay [54] reported the
inhibition of upland rice root elongation beyond 0-10 cm at a density of 1.5 Mg m~3.

Our findings indicated that the overall root growth reduced under high bulk density and low irrigation (W1) treatments.
Also, though root growth was severely restricted in the compact zone, recovery was good in the deeper layers, which could
improve water uptake if available. Biochar application tended to improve root mass in the topsoil sections of the columns.

Effect of treatments on water balance and water use efficiency

The water used by the plant varied with bulk density and biochar application (Table 4). The actual evapotranspiration
(ETa) decreased with increasing soil bulk density at each irrigation level. Under the low irrigation level (W1), the seasonal
ETa increased from 206 to 242 mm, for D3 and D1, when no biochar was applied. For the same BO biochar application
rate, the ETa increased from 279 to 314 mm for D3 and D1 under the medium irrigation level (W2). For the high irrigation
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level (W3) and 0 ton ha~! biochar application, the ETa was 350 and 423 mm, for D3 and D1, respectively. When biochar
application increased to 10 ton ha~!, the ETa was not significantly different under the various irrigation levels, except for
the medium irrigation (W2). The effects of soil compaction on total drainage were only evident under high irrigation levels,
irrespective of biochar application. In general, high irrigation resulted in high runoff + drainage, as density increased. This
effect could be offset by biochar application.

Figure 4 shows that with the exception of D2, the WUE decreased with increasing bulk density and irrigation levels. The
combination of low density (D1) and low irrigation (W1) had a significantly higher WUE of 14.27 kg ha~'mm~! than that
(9.28 kg ha~'mm~1) observed for the treatment combination D3W3. Though biochar application significantly increased the
WUE of the compacted soils, increased irrigation could not compensate for the increasing density effect.

The higher WUE of 14.27 kg=! ha_'mm~! observed for W1 (low irrigation) could be attributed to the reduction of
transpiration and evaporation caused by inadequate availability of water for plant use. Even with biochar application, the
relatively higher ETa of 350 mm for treatment combination D3W3 compared with 206 mm for D1W1, together with the
significant reduction in yield (68%) under D3W3 resulted in a reduced WUE. In effect, increased irrigation could not offset
the density effect. This may be attributed to the low root growth under the high-density conditions.

Researchers have related the changes in WUE to climatic conditions such as vapour pressure deficit (VPD), average rela-
tive humidity [55,56] and limitation to water supply which can be water stress conditions. Amongst the climatic conditions,
VPD has a significant effect on the WUE under non-limiting soil water conditions [57]. However, high WUE under water-
limiting conditions is caused by the closure of stomata, restricting the rate of transpiration in the day with high VPD. The
literature confirms that plants growing under severe and moderate water stress at early and middle stages may exhibit in-
creased WUE [58]. Also, Jin et al [59] reported increased WUE under water stress condition. Similar effects were reported
by other researchers [60-62]. For the high bulk density treatments (D3), low irrigation (W1) under BO would explain both
the low yield and water use, resulting in an WUE of 10.67 kg ha-'mm~! (Fig. 4). The application of biochar (B10) under
same water and bulk density conditions somewhat compensated for the compaction effect by improving the WUE to 13.08
kg ha_!mm~!. The general trend was that addition of biochar to compacted soils increased the WUE across different soil
water regimes.

Conclusions

Plants respond to multiple factors in an integrated way to either ensure survival or maximize production. Among the fac-
tors studied in this work are water, soil compaction and management and their interactions on the growth, yield and water
use efficiency of upland rice (Nerica -14), given that these factors determine crop productivity under mechanized agriculture
and climate variability. Our findings showed that the effect of biochar application on plant development was not clearcut,
though there was an accelerated development to flowering at high biochar application rate. Though biochar application re-
duced bulk density, it could not offset the negative impact of water stress effects. Thus, for crop growth and yield, adequate
water is also essential. Our study again, showed that when averaged across densities, irrigation level significantly increased
grain yields in the order W3 > W2 >W1. However, the impact of soil compaction on the water use cannot be ignored, given
that the overall water use of the plant did not only increase with decreasing bulk density, but is also depended on water
regime. High biochar application resulting in decreased soil compaction did not lead to significant increase in crop water
use efficiency under medium to high level water regime, suggesting limitations of biochar effect. This study suggests that
the value of biochar application with regard to water balance can be attributed to the significant reduction in runoff, espe-
cially under high irrigation. Thus, an implementation of the biochar application technology to reduce soil compaction must
be designed taking into consideration the soil water regime. With regard to below ground growth, the response of the roots
to the interactive effects appeared to depend on how the plants re-distribute their roots with depth, especially the recovery
in the lower soil sections beyond the compacted ones. Treatment combinations that improved root growth beyond the com-
pacted zone enabled a better exploration of water stored at the lower soil depths, and showed better crop growth and yield.
It is concluded that though biochar application reduced soil compaction effect on upland rice yield, a further understanding
of the overall interactions between biochar and soil water regime is necessary to improve the biochar technology.
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