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Nutrient leaching in highly weathered tropical soils often poses 
a challenge for crop production. We investigated the eff ects of 
applying 20 t ha−1 biochar (BC) to a Colombian savanna Oxisol 
on soil hydrology and nutrient leaching in fi eld experiments. 
Measurements were made over the third and fourth years after 
a single BC application. Nutrient contents in the soil solution 
were measured under one maize and one soybean crop each year 
that were routinely fertilized with mineral fertilizers. Leaching by 
unsaturated water fl ux was calculated using soil solution sampled 
with suction cup lysimeters and water fl ux estimates generated by 
the model HYDRUS 1-D. No signifi cant diff erence (p > 0.05) 
was observed in surface-saturated hydraulic conductivity or soil 
water retention curves, resulting in no relevant changes in water 
percolation after BC additions in the studied soils. However, due 
to diff erences in soil solution concentrations, leaching of inorganic 
N, Ca, Mg, and K measured up to a depth of 0.6 m increased 
(p < 0.05), whereas P leaching decreased, and leaching of all 
nutrients (except P) at a depth of 1.2 m was signifi cantly reduced 
with BC application. Changes in leaching at 2.0 m depth with BC 
additions were about one order of magnitude lower than at other 
depths, except for P. Biochar applications increased soil solution 
concentrations and downward movement of nutrients in the root 
zone and decreased leaching of Ca, Mg, and Sr at 1.2 m, possibly 
by a combination of retention and crop nutrient uptake.
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U
nderstanding water flux through soil is impor-

tant for crop as well as environmental management. 

Water can carry agricultural chemicals and nutrients 

away from plant root zones and into aquifers. Th e quantity 

and mechanism of drainage have signifi cance for crop water 

and nutrition management. A large proportion of applied as 

well as intrinsic soil nutrients can be leached below the plant 

root zone (Cahn et al., 1993; Melgar et al., 1992; Omoti et al., 

1983; Randall et al., 1997). Th is can occur very rapidly in well 

aggregated clayey soils (Renck and Lehmann, 2004).

Biochar (BC) (biomass-derived black carbon or char-

coal) addition to soil has been shown to improve crop yields 

(Lehmann et al., 2003; Rondon et al., 2007; Steiner et al., 

2007; Blackwell et al., 2009; Major et al., 2010b), but its eff ect 

on soil hydrology and nutrient leaching has received less atten-

tion. Increased biomass production due to BC application 

to soil implies greater plant water uptake. It follows that in 

BC-amended soil, more water may be lost to evapotranspira-

tion. Less water would then move through the soil by unsatu-

rated fl ux in response to diff erences in matric potential.

Biochar materials are highly porous (Downie et al., 2009) 

and have a low density compared with soil. Biochar develops 

negatively charged surfaces as weathering occurs (Cheng et al., 

2006, 2008; Liang et al., 2006) and consequently forms interac-

tions with soil minerals (Glaser et al., 2000). Also, BC has been 

demonstrated to sorb a variety of molecules in soil, including 

pesticides (Yu et al., 2006), simple hydrophobic organic mol-

ecules (Smernik, 2005), and plant leaf extracts (Pietikäinen et 

al., 2000). Soil-applied BC likely favors the growth of microor-

ganisms (Warnock et al., 2007), which, combined with inter-

actions with minerals and other soil organic matter, may lead 

to greater soil aggregation. Th ese changes may result in diff er-

ent water fl ow characteristics after BC additions to soil.

Tryon (1948) reported that the water holding capacity of 

a sandy soil was improved by BC addition in the laboratory, 

whereas BC addition to a loam had no eff ect and BC addi-

tion to a clay soil reduced water holding capacity. All trends 

increased or decreased linearly with increasing BC addition 
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rates. Ayodele et al. (2009) reported increased infi ltration and 

lower runoff  in soils of old charcoal storage sites in Ghana.

Major et al. (2009) suggested several hypotheses for mecha-

nisms through which BC could decrease and increase nutrient 

leaching after application to soil. For example, greater cation 

exchange capacity with BC could improve the retention of 

inorganic forms of nutrients on BC surfaces. Alternatively, 

leaching could be promoted through facilitated transport of 

nutrients sorbed to BC particles or through improved satu-

rated fl ux in soil due to increased soil aggregation with BC. 

Also, improved crop production with BC in itself can reduce 

nutrient leaching indirectly through greater nutrient and water 

uptake. Th e relative importance of these proposed mechanisms 

is not clear.

If BC retains more nutrients, their loss through leaching 

could be reduced. Th is process for increasing nutrient availabil-

ity has been shown in laboratory (Dünisch et al., 2007; Novak 

et al., 2009a; Laird et al., 2010b; Singh et al., 2010) and green-

house studies with plants (Lehmann et al., 2003; Knowles et 

al., 2011). Lehmann et al. (2003) found that “fresh” BC addi-

tion to a tropical Oxisol led to a 60% reduction in leaching 

of applied ammonium (NH
4
+) compared with the unamended 

control over 40 d of cropping rice (Oryza sativa L.). Calcium 

(Ca) and magnesium (Mg) leaching was also reduced early 

on in the trial, but potassium (K) leaching was not, presum-

ably because the BC material used contained large amounts 

of K (Lehmann et al., 2003; Laird et al., 2010b). Novak et 

al. (2009a) also found reductions in leaching of Ca, Mg, Mn, 

P, and Zn when BC was applied to an Ultisol, with leaching 

reductions being more prominent after 25 d than after 67 d of 

incubation. However, leaching of K and Na generally increased 

with greater BC application rates. Th e authors suggested reten-

tion of divalent cations and phosphate on BC surfaces as a 

mechanism underlying the observed leaching reductions. Singh 

et al. (2010) found greater ammonium retention over monthly 

time periods, which suggests development of cation exchange 

sites through oxidation. In a fi eld experiment, a greater pro-

portion of isotopically labeled nitrogen (N) was retained in an 

Oxisol cropped to Sorghum sp. in the Brazilian Amazon for 2 yr 

after BC was added compared with compost, although leach-

ing was not measured directly (Steiner et al., 2007, 2008). We 

are unaware of any published work directly assessing the eff ect 

of BC application on soil hydrology and nutrient leaching in 

the fi eld over several cropping seasons.

Th is work was undertaken to investigate the eff ects of BC 

on soil physical properties, water movement, and nutrient 

leaching by unsaturated fl ux through a heavy clay soil over 

multiple cropping seasons.

Materials and Methods
Field Plot Establishment
Field work took place on a Typic Haplustox clay soil (Soil 

Survey Staff , 1994) at the Matazul farm (04°10′15.2′′ N, 

072°36′12.9′′ W) in Colombia’s nonfl ooded oriental savanna 

region. Th e soils are acid with a pH (KCl) of 3.87, 40 to 44% 

clay, relatively low in organic C (20.1 g kg−1), and a total N con-

centration of 1.3 g kg−1 at 0 to 0.1 m (full details are provided 

in Major et al., 2010b). Th e prevailing slope at the experimen-

tal location was estimated at approximately 3%. Long-term 

average annual rainfall measured at a research station approxi-

mately 200 km northeast of the research plot is 2200 mm, and 

average annual temperature is 26°C (Rippstein et al., 2001). A 

marked dry season occurs between January and March.

In December 2002, native savanna grasses were chisel 

plowed, and dolomite was applied at 2.2 t ha−1 and incorpo-

rated to 0.30 m, using two passes of a chisel plow. Biochar 

(Table 1) was applied 9 d later in a randomized, complete 

block design with three replicates. Plots measuring 4 by 5 m 

were separated by 1 m within blocks between replicates and by 

2 m between blocks (Fig. 1).

Th e BC used was produced commercially for cooking from a 

variety of wood species that were available locally using a tradi-

tional mound kiln (Brown, 2009). Th e charring for mound kilns 

typically takes several days and reaches temperatures about 500 

to 700°C (FAO, 1983). Methods for BC analysis are described 

elsewhere (Major et al., 2010b), and analytical results are shown 

in Table 1. Th e BC was ground using a tractor and a roller to 

pass through a 5-mm mesh. No further dolomite or BC appli-

cations occurred during the trial period. Biochar was applied 

by hand using rakes and incorporated shortly after application 

with one pass of a disc harrow to a depth of 50 mm. Application 

rates were 0, 8, and 20 t ha−1, in three replicates each. Only the 

0 and 20 t ha−1 application rates are discussed here.

From May 2003 to December 2006, a maize (Zea mays 
L.)–soybean [Glycine max (L.) Merr.] rotation was grown on 

the plots. Row spacing was 0.8 m for maize and 0.4 m for 

soybean. Although the spacing was reduced for soybean, in 

the rows where sampling equipment was installed the spac-

ing of 0.8 m was maintained and was identical between the 

treatments with and without BC additions. Hydrological 

monitoring and soil solution sampling were performed 

between April 2005 and December 2006 over two grow-

ing seasons and four crops. Th roughout this report, time is 

Table 1. Properties of wood biochar made commercially for cooking 
and applied to a Colombian savanna Oxisol in 2002. 

Property Biochar

pH, H
2
O 9.20†

pH, KCl 7.17

Total C, % 72.9

Total N, % 0.76

C/N‡ 121

H/C‡ 0.21

O/C‡ 0.19

Ash, % 4.6

Ca,§ μg g–1 330.7

Mg,§ μg g–1 48.9

P,§ μg g–1 29.8

K,§ μg g–1 463.8

Sr,§ μg g–1 2.6

CEC,¶ mmol
c
 kg–1 111.9

† Values shown are averages of two analytical replicates (data from 

Major et al. [2010b]).

‡ Ratios calculated on a molar basis.

§ Available nutrients extracted with Mehlich III (Mehlich, 1984) and 

quantifi ed by inductively coupled atomic emission spectroscopy.

¶ Cation exchange capacity.
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shown as consecutively numbered days, 

where Day 1 is 5 May 2005 and the 

last day, Day 595, is 20 Dec. 2006. No 

tillage was performed after BC applica-

tion, which occurred 2 yr before this 

work started. At planting, crop seeds 

and fertilizer were banded into open 

furrows using hand tools. Fertilizer was 

side-dressed at the surface after crop 

establishment. Synthetic fertilizers were 

applied with each crop, and pest man-

agement was performed when necessary 

using pesticides (further details are pro-

vided in Major et al., 2010b).

Soil Sampling and Measurements
Soil was sampled on 25 and 26 Apr. 

2006 to a depth of 2.0 m using a core 

auger (?20 mm diameter). Depth incre-

ments were 0 to 0.15, 0.15 to 0.3, 0.3 to 

0.6, 0.6 to 1.2, and 1.2 to 2.0 m. In each 

plot, 10 points were sampled for depth 

increments 0 to 0.15 m and 0.15 to 0.3 

m, fi ve points were sampled for depth 

increment 0.3 to 0.6 m, and two points 

were sampled for increments 0.6 to 1.2 

and 1.2 to 2.0 m. Within each plot, soil 

from each depth increment was pooled, 

homogenized, and subsampled. Air-dried 

soil was crushed and sieved and used for 

particle size analysis using the hydrome-

ter method (Gee and Bauder, 1986). Soil 

pH was measured in a 1:2.5 w/v soil/deionized water mixture, 

agitated three times over the course of 1 h, and measured using 

a gel electrode (Symphony; VWR, West Chester, PA).

In July 2006, additional soil samples were taken to analyze 

soil physical properties. A small pit was dug to 0.3 m in each 

plot. Intact soil cores in aluminum rings were taken at the sur-

face and at depths of 0.15 and 0.3 m. Paired samples were taken 

at each depth from each side of the pit. One core was 25 mm 

high, and one was 50 mm high (both with 50 mm diam.). Six 

samples per depth per treatment were obtained. A total of 36 

samples of each size were collected. Because Major et al. (2010a) 

observed no change in C content or isotopic signature derived 

from the applied BC below 0.3 m depth in BC-amended plots 

of a nearby experiment on sandier soil, indicating no signifi cant 

transport of BC into the subsoil, we assumed no eff ect of BC 

application on physical properties for depths of 0.6, 1.2, and 

2.0 m. To characterize soil physical properties at these depths, 

two soil pits located directly adjacent to the experimental plots 

were used. It is very unlikely that physical diff erences in the soil 

at these depths would show important variation over a distance 

of only a few meters, and it was not possible to dig pits inside the 

experimental area that would be large enough to obtain intact 

soil core samples. Two depth profi les were sampled in each pit, 

on the side adjacent to the experiment. Th is yielded a total of 

four samples from each depth. Bulk density was measured with 

two of the rings having a height of 50 mm and a diameter of 

50 mm by weighing after oven drying at 105°C to constant 

weight. Smaller rings (two per depth) with a height of 25 mm 

and a diameter of 50 mm were used to determine the moisture 

retention curve using a pressure plate extractor (SoilMoisture 

Equipment Corp., Santa Barbara CA).

On 16 May, 21 Sept., and 20 Dec. 2006, surface infi ltration 

rates were measured using a constant head disk infi ltrometer 

with a Mariotte device (Ayodele et al., 2009). In September 

2006, infi ltration rates were also recorded using a double-ring 

infi ltrometer with a changing pressure head to allow for a com-

parison of saturated conductivity at larger scale (Boxell and 

Drohan, 2009). Details on the infi ltration measurements are 

provided in the online supplement.

Maize Rooting
To parameterize the water fl ux model, maize rooting was esti-

mated during grain fi lling in July 2006, using an auger with a 

diameter of 50 mm. Five profi les were sampled on a transect in 

each maize plot: one on a crop row, one on either side of this 

row at a distance of 0.1 m, and one on either side of the row 

at a distance of 0.2 m. Depth increments were 0 to 0.2, 0.2 to 

0.4, and 0.4 to 0.6 m. Samples were pooled by depth for each 

plot, and soil was washed from roots with water. Roots that 

were visually deemed to be alive were then dried at 65°C to 

constant weight, and the weights were recorded.

Soil Water Potential Measurement
Tensiometers were used to measure soil water potential and 

were constructed from PVC piping glued to ceramic cups with 

Fig. 1. Diagram of the fi eld plot layout. In the present study, only plots cropped to maize receiving 
biochar at a rate of 20 t ha−1 were included.
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a 1-bar air entry potential (Soil Moisture Equipment Corp., 

Santa Barbara, CA). Th e top ends of pipes were extended by a 

transparent acrylic tube. Ceramic cups were glued using pave-

ment epoxy glue (Adhesivo epóxico Polarix; E&M, Bogotá, 

Colombia), which remained fl exible while maintaining 

vacuum. In each plot receiving 0 or 20 t BC ha−1, two tensi-

ometers were inserted vertically into the soil, each to depths of 

0.15, 0.3, 0.6, 1.2, and 2.0 m, for a total of six tensiometers 

per depth and per treatment. Tensiometers were installed in 

December 2004 and allowed to equilibrate with the soil until 

measurements began in May 2005. Possible preferential fl ow 

along the tubes was minimized by tightly fi tting 50 × 50 mm 

pieces of thick vinyl fl oor covering and placed around the 

shafts at the soil surface. Tensiometers were interspersed with 

an equal number of suction cup lysimeters (described below) 

used to sample the soil solution, and all equipment was located 

on two lines, one falling within a crop row and one falling 

between two crop rows of each replicated plot (Fig. 1). On each 

line, the units were allocated using two sets of randomly gener-

ated designs, which ensured that no two units of equal depth 

were directly next to each other.

Tensiometer shafts were fi lled with de-aired water and 

sealed with rubber septa. Tensiometers were refi lled on the day 

before readings were taken. Vacuum in the air pocket was mea-

sured by puncturing the rubber septa with a needle connected 

to a hand-held vacuum gauge with a −1 hPa resolution and 

digital display that allowed measurements well above the air-

entry point of the suction cups (TensioCheck TC 03S; Tensio 

Technik, Geisenheim, Germany). Matric potential was mea-

sured between 0700 and noon, daily from May to November 

2005, and weekly during December 2005 and from 28 Mar. 

to 13 Dec. 2006. During the dry season, which occurs yearly 

from January to March, the soil matric potential was too low 

to be measured using tensiometers.

Suction Cup Lysimeters
Th e plots that received 0 and 20 t BC ha−1 were equipped with 

suction cup lysimeters constructed from ceramic cups with 

a 1-bar air entry potential (Soil Moisture Equipment Corp.) 

glued to PVC pipes using pavement epoxy glue as described 

above. Capillary polyethylene tubing was placed to touch 

the bottom of each cup. Th e mouths of the cups were sealed 

around the tubing using silicon adhesive, with the capillary 

tubing emerging from the PVC tubes. Twelve suction cups 

(i.e., two per replicate plot) were inserted at the same time and 

depths as the tensiometers using a similar placement proce-

dure. Preferential fl ow was also controlled as described above.

Th e capillary tubing originating from each ceramic cup was 

fi tted through rubber stoppers and into dark green glass collec-

tion bottles that had been washed with dilute HCl and NaOH, 

with each bottle collecting water from the two lysimeters pres-

ent at a given depth in the replicate plot (i.e., one within and 

one between crop rows). Vacuum was applied uniformly to all 

collection bottles by three 12V battery-operated pumps (Gast 

Manufacturing Inc., Benton Harbor, MI) regulated by vacuum 

switches (Square-D, Rueil-Malmaison, France) (one set per 

replicate plot; Fig. 1).

On 3 June 2005, after 2 wk of fl ushing the system at high 

vacuum, switches were set to turn pumps on when potential 

in the collection vessels dropped below −135 hPa and off  

when potential reached −200 hPa. During the last 2 wk of the 

2005 growing season, when rains had stopped and the soil was 

drying, switch settings were increased to −200 and −270 hPa, 

respectively. Sampling ended on 27 Dec. 2005, when the soil 

was very dry. In 2006, switch settings were again set at −135 

and −200 hPa starting 27 March and at −200 and −270 hPa 

starting 3 August. Th e last sampling date was 14 Dec. 2006, at 

soybean harvest.

Collection bottles were emptied weekly. Soil solution sub-

samples were stored at 4 or −20°C in plastic bottles until being 

shipped to the laboratory by courier within 2 mo and then kept 

between −20 and 2°C until analysis. To prevent biological activ-

ity in the sample bottles, a solution of HgCl
2
 was added as a 

biocide to achieve a fi nal concentration of 30 μM in a 500-mL 

sample. Th e water samples collected were analyzed for nutrients 

(Table 2) and strontium (Sr), which is a common contaminant 

in fertilizers (Senesi et al., 2005) and behaves in soil and is taken 

up by plants similarly to Ca (Aberg, 1995). Phosphorus, Ca, 

Mg, K, and Sr were analyzed by atomic emission spectrometry 

(Trace Analyzer; Th ermo Jarrell Ash, Franklin, MA), nitrate 

using an ion chromatograph (model ICS 2000; Dionex Corp., 

Bannockburn, IL), ammonium colorimetrically by the phenate 

method (method 4500-NH
3
F in Clescerl et al., 1999), and pH 

using a gel electrode (Symphony; VWR).

Table 2. Nutrient concentrations in leached water from suction cups (n = 189) over the 2005 and 2006 rainy seasons under a Colombian savanna 
Oxisol that received 0 or 20 t ha−1 biochar in 2002. 

Depth Biochar
Concentration in soil solution

P Sr NH
4
–N NO

3
–N Ca Mg K

m t ha−1 ————————————————————————— mg L−1 —————————————————————————

0.15 0 0.02 0.01b 0.39 5.59 2.23b† 0.68b 7.43b

20 0.02 0.03a 1.97 9.05 7.33a 4.22a 13.94a

0.3 0 0.02 0.02b 0.08 7.51b 4.13b 2.68 6.69

20 0.02 0.03a 0.07 10.30a 5.76a 2.92 6.22

0.6 0 0.02 0.01b 0.03b 7.17b 3.06b 2.00b 4.62b

20 0.02 0.04a 0.09a 14.97a 8.10a 4.19a 5.82a

1.2 0 0.02 0.02a 0.04 5.09a 2.43a 1.51a 1.86a

20 0.02 0.01b 0.07 4.68b 1.99b 1.13b 1.13b

2.0 0 0.02a 0.003b 0.03a 0.53 0.29 0.13 0.70a

20 0.01b 0.004a 0.02b 0.88 0.39 0.19 0.66b

† Diff erent letters represent signifi cant diff erences (p < 0.05; n = 3) between treatments at a single depth.
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Typically, suction lysimeters do not effi  ciently capture satu-

rated fl ux (Renck and Lehmann, 2004) because they do not 

sample free-draining pores (van der Ploeg and Beese, 1977). 

Th erefore, we refer to data obtained from the suction cups and 

modeling as relating to mainly unsaturated fl ux, although it 

cannot be ruled out that water moving by saturated fl ux was 

sampled to some degree by suction cup lysimeters.

Logged Soil Water Measurements
For obtaining soil water potential with high temporal resolu-

tion to capture rapid water fl ow (Renck and Lehmann, 2004), 

datalogged tensiometers were inserted from the walls of a 2-m-

deep, plastic-lined soil pit giving access to the 0 and 20 t ha−1 

BC plots of one of the replicates. Tensiometer shafts measured 

0.3 m, and these were inserted at a 30° angle from horizontal such 

that the ceramic cups rested at depths of 0.15, 0.3, 0.6, 1.2, and 

2.0 m, with one tensiometer per depth per treatment. De-aired 

water was used to fi ll tensiometers, and these were fi tted with 

pressure transducers (model SWT3; UMS, Munich, Germany) 

(range +1000 to −1600 hPa, ± 2 hPa) connected to a data logger 

(model DL2e; Delta-T Devices, Cambridge, UK). Soil matric 

potential was measured every 10 min during the 2005 and 2006 

rainy seasons, and the tensiometers were refi lled at least weekly 

with de-aired water. Frequency domain refl ectometry soil mois-

ture probes (Th eta probe ML2; Delta-T Devices) were inserted 

from pit walls on 28 Apr. 2006 at depths of 0.15 and 0.3 m, with 

one probe in each treatment and at each of these depths. Data 

from these probes were logged as above.

Meteorological Data
In December 2004, a tipping bucket rain gauge (Rain-O-Matic; 

Pronamic, Silkeborg, Denmark) (1 mm per tipping) connected 

to an event logger (HOBO Event; Onset Computer Corp., 

Bourne, MA) was installed in a corner of the experimental area. 

A weather station (HOBO MicroStation; Onset Computer 

Corp.) was installed in March 2006 along an edge of the experi-

mental area. Every 10 min, rainfall was logged using a tipping 

bucket rain gauge (0.2 mm per tipping), global solar radiation 

was logged using a silicon pyranometer, and temperature was 

logged using a platinum resistance temperature detector (all by 

Onset Computer Corp.). Relative humidity was logged using 

a capacitive RH chip (model CS500; Campbell Scientifi c, 

Logan, UT) connected to the DL2e data logger. For the year 

2005, weather data (except for rain) needed for water model-

ing were obtained from Colombia’s Institute for Hydrology, 

Meteorology and Environmental Studies (IDEAM) for a sta-

tion located approximately 52 km northeast of the experimental 

plots. Data collected in 2006 at this station were also obtained 

and used to check correlation with measured data at the experi-

ment location. Correlation coeffi  cients were high for global 

radiation (0.70) and average daily relative humidity (0.54) 

and lower for daily minimum temperature (0.38) because the 

amplitude of temperature variation was only 6°C for the study 

period. Total rainfall measured at the experimental location was 

1848 mm (17 May to 31 Dec. 2005) and 2314 mm (28 Mar. 

to 17 Dec. 2006). Detailed rainfall dynamics are shown in Fig. 

2. Average maximum temperatures were 31.3 and 31.4°C, and 

average minimum temperatures were 22.2 and 22.0°C for these 

time periods in 2005 and 2006, respectively.

Modeling
Water fl ux was estimated using the one-dimensional, fi nite 

element HYDRUS 1D model v. 4.05 (Šimůnek et al., 2008), 

which numerically solves the Richards equation (Richards, 

1931) for variably unsaturated fl ux. Water fl ux through the 

entire profi le was modeled simultaneously. Potential evapo-

transpiration (ET) estimates were generated for input into 

HYDRUS using weather data obtained from the weather 

station or from IDEAM and using the software application 

RefET (Allen, 2001). Output from the software generated 

with the Priestley-Taylor equation (Priestley and Taylor, 1972) 

was partitioned into evaporation (E, cm d−1) and transpiration 

(T, cm d−1) using the following equations (Ritchie, 1972):

E = (1 − SCF)*ET 

T = SCF*ET 

where SCF is soil cover fraction:

SCF = 1 − e(−a*LAI) 

where the radiation extinction of the canopy, a, is 0.463, and 

LAI is leaf area index.

Leaf area index data reported for tropical America were 

used from Sierra et al. (2003) for maize and from Sinclair et 

al. (2003) for soybean. HYDRUS was run four times, once 

for each treatment and year. Inverse modeling solutions were 

used in each run, with an input of datalogged and hand-read 

tensiometer data used to optimize measured soil hydrologi-

cal parameters. Th e model likely underestimates saturated 

fl ux because water fl ow in large pores is typically not captured 

(Beven and Germann, 1982) and calculations do not account 

for bimodal pore distribution common in aggregated tropi-

cal Oxisols (Tomasella and Hodnett, 1998). We used model 

output multiplied by nutrient concentrations sampled by suc-

tion cup lysimeters to calculate leaching dominated by unsatu-

rated fl ux.

Statistical Analyses
Statistical diff erences between treatment means were deter-

mined using PROC GLM in SAS (SAS Institute, 2003), and 

diff erences were deemed to be signifi cant when p < 0.05. For 

measurements taken repeatedly over time, measurement days 

were treated as replicates, and time was not included as a pre-

dictor in the model. After verifying diagnostic residual plots 

from nutrient movement dominated by unsaturated fl ux, data 

were log-transformed to comply with the model’s assumption 

of equal variance.

Results
Soil Characteristics
Th e particle size distribution in the top 2 m of the soil was not 

aff ected by the application of 20 t ha−1 BC (p > 0.05) (Table 3). 

Signifi cant diff erences (p < 0.05) in bulk density were found 

only at 0.15 m, where the density of unamended control 

soil (1.22 g cm−3) was greater than that of BC-amended soil 

(1.11 g cm−3) (Table 3). Th e moisture retention data at the 

surface and at the 0.15 and 0.3 m depths were also unaff ected 
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Fig. 2. Soil matric potential measured over two rainy seasons with datalogged and hand-read tensiometers as well as predicted by the HYDRUS 
model on control and biochar-amended plots on a Colombian savanna Oxisol. Daily rainfall shown with bars on right axis.
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by BC application (p > 0.05) (Supplemental Fig. S1). Similarly, 

surface-saturated hydraulic conductivity data measured using 

the disk infi ltrometer or the double-ring infi ltrometer were 

not statistically diff erent between soil with and without BC 

additions (p > 0.05) (Supplemental Fig. S2). Biochar applica-

tion did not aff ect root density to the maximum measurement 

depth of 0.6 m (p > 0.05) (Table 3).

Soil Water Potential and Water Content
Diff erences in matric potential measured over two rainy sea-

sons with replicated tensiometers showed varying trends with 

depth (Fig. 2). At 0.15 m, BC-amended plots generally had a 

slightly lower matric potential (i.e., the soil was relatively drier) 

than control plots (−111.8 vs. −101.2 hPa on average over all 

sampling dates, respectively). At 0.3 m, the matric potential 

was greater (i.e., the soil was relatively more moist) with BC 

addition (−90.1 vs. −101.8 hPa), at 0.6 m it was lower (−72.2 

vs. −62.6 hPa), and at 2.0 m it was again greater (−45.0 vs. 

−52.3 hPa). All diff erences were signifi cant (p < 0.05), and no 

signifi cant diff erences were found at 1.2 m depth.

Datalogged tensiometers showed that, at all depths, matric 

potential was generally slightly lower when BC had been 

applied than in the absence of BC application. At the onset of 

rain events, the soil was drier where BC had been applied for 

81, 79, 64, 93, and 100% of rain events observed in 2005 at 

0.15, 0.3, 0.6, 1.2 and 2.0 m depth, respectively (number of 

events = 73, 67, 22, 15, and 13; data are shown for a depth of 

0.15 m in Fig. 3). A rise in matric potential of at least 10 hPa at 

any depth was defi ned here as a rain event. On the other hand, 

the greatest matric potential (wetter soil) observed after rain 

was also greater in the control plot in 45, 84, 86, 93, and 77% 

of the rain events recorded in 2005 at 0.15, 0.3, 0.6, 1.2 and 

2.0 m depths, respectively (Fig. 3). Th us, the measurements 

of matric potential by tensiometers suggested that the soil was 

usually slightly drier with BC application and did not become 

as wet as the control when it rained.

In contrast, surface soil volumetric water measurements 

taken when measuring infi ltration did not show any signifi -

cant diff erences (p > 0.05) (Supplemental Fig. S2), and mea-

surements using datalogged soil water probes installed at 0.3 m 

showed that water content was only 3% greater when BC had 

been applied (average from measurements taken in 1-min inter-

vals over a 1-mo period; n = 27,650; data not shown).

Modeling Water Flow
Matric potential output from HYDRUS fi t well with values 

measured using replicated hand-read tensiometers and to 

a lesser degree with logged tensiometers (Fig. 2). Water fl ux 

dominated by unsaturated fl ow calculated with the model over 

the 2005 and 2006 rainy seasons was not signifi cantly diff erent 

between the control and the BC-amended treatments for any 

depth (diff erences ranged from 0.2 to 1.4%) (Table 4).

Nutrient Leaching
Biochar application resulted in greater Ca and Sr concentra-

tions in soil solution extracted by suction cups at the depths of 

0.15, 0.3, and 0.6 m, whereas diff erences in concentrations of 

NH
4
, NO

3
, K, and Mg were inconsistent (Table 2). At a depth 

of 1.2 m, however, BC applications resulted in consistently 

lower concentrations (p < 0.05) of Ca, K, Mg, NO
3
–N, and Sr. 

At a depth of 2.0 m, solute concentrations were generally one 

order of magnitude lower than at 1.2 m depth (except for P), 

and diff erences between treatments with or without BC addi-

tions were inconsistent: Signifi cant concentration reductions 

(p < 0.05) with BC application were observed for K, P, and 

NH
4
–N, whereas Sr concentrations were signifi cantly greater 

when BC was applied (p < 0.05). Concentrations in the two 

treatments generally followed the same trend over time (for Ca 

and Sr, see Supplemental Fig. S3). After fertilization events, 

nutrient concentrations increased at 0.15, 0.3, and 0.6 m (for 

Ca and Sr, see Supplemental Fig. S3).

Amounts of nutrients leached increased from 0.15 to 

0.3 m in some cases and then decreased with depths greater 

than 0.6 m (Table 4). Nutrient movement within the main 

rooting zone (0–0.6 m) was generally greater when BC had 

been applied (Table 4). An exception was P, which at a depth 

Table 3. Bulk density, texture, and pH of soil at experimental site and dry density of maize roots with and without biochar additions (n = 6 for bulk 
density; n = 3 for other data). 

Depth
Bulk density† Clay Silt Sand pH (H

2
O)

no BC‡ BC no BC BC no BC BC no BC BC no BC BC

m —— g cm−3 —— ————————————————— % —————————————————

Surface 1.23 1.22

0–0.15 1.21a§ 1.11b 43.1 42.6 31.5 30.9 25.4 26.6 4.56 4.83

0.15–0.30 1.37 1.32 47.0 46.7 30.2 29.1 22.8 24.2 4.75 4.61

0.30–0.60 1.30 47.6 47.1 31.4 30.0 20.9 22.9 4.59 4.51

0.60–1.2 1.26 51.9 51.4 29.8 28.3 18.3 20.3 4.44 4.39

1.2–2.0 1.30 50.6 52.9 31.0 28.4 18.4 18.7 4.60 4.77

Dry root density

no BC BC

—— mg cm−3 ——

0–0.20 3.12 3.32

0.20–0.40 2.65 2.67

0.40–0.60 2.59 2.58

† Value given for the lower depth of increments.

‡ Biochar.

§ Signifi cant diff erences (p < 0.05) between treatments at the same depth are represented by diff erent letters.
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of 0.3 m was leached to a lower extent after BC additions. At 

a depth of 1.2 m, however, the fl ux of Ca was signifi cantly

(p < 0.05) reduced by 14%, Mg by 22%, K by 31%, NO
3
–N 

by 2%, and Sr by 15% (Table 4). At 2 m, nutrient losses were 

generally one order of magnitude lower than at 1.2 m depth 

(with the exception of P), with no clear trend between BC 

amendment and control.

Discussion
Biochar Eff ects on Soil Physical Properties
Surface hydraulic conductivity was not signifi cantly aff ected 

by BC additions; this fi nding was similar to results reported 

by Laird et al. (2010a). However, the trend for greater con-

ductivity when measured using the ring infi ltrometer may 

indicate greater macroporosity with BC addition, presumably 

resulting from better aggregation. Glaser et al. (2004) found 

that BC-rich anthropogenic dark earths (Terra preta) soils of 

the Amazon contained 5 to 11% more macropores (>50 μm) 

than adjacent soils with much lower BC contents. However, 

these dark earth soils received BC applications hundreds of 

years ago, thus allowing ample time for aggregation processes 

to occur through surface interactions of BC with other soil 

constituents (Glaser et al., 2000; Liang et al., 2006). In addi-

tion, infi ltration in the clayey soils studied here (40–44% clay) 

may improve not at all or to a lesser degree than in more sandy 

soils, as shown by Asai et al. (2009). Th ese authors found no 

diff erence in surface-saturated hydraulic conductivity of undis-

turbed soil samples with 48% clay when 16 t BC ha−1 had been 

applied as compared with an unamended control but found 

a 176% increase in hydraulic conductivity in soils with only 

28% clay. Th e amounts of BC added in our study were also 

not as high as 5 and 10% by weight, whereas Kameyama et 

al. (2011) found an increase in saturated hydraulic conductiv-

ity after additions of BC made from sugarcane bagasse. At BC 

application rates of 3% and below, these authors did not fi nd 

an eff ect, similar to our study.

In the studied clay soil, the application of 20 t ha−1 BC did 

not produce any signifi cant changes in soil water retention, as 

also found by Bell and Worall (2011) with an application rate of 

up to 87.5 t ha−1 to two diff erent soils in the United Kingdom. 

Tryon (1948) found that a BC application of 15% by volume 

to a clay soil even reduced soil water retention by 7%, whereas 

it was increased in a sandy soil, similar to fi ndings by Uzoma 

et al. (2011) using BC made from cow manure. Terra preta 

soils of the Amazon basin originated from well aggregated clay 

Oxisols and were found to have an 18% greater fi eld capac-

ity than adjacent soils (Glaser et al., 2004). Th is was found 

despite the texture of Terra preta usually being lighter than that 

of adjacent soil (Teixeira and Martins, 2003). However, Terra 
preta soils were likely also directly aff ected by fi re and heat, 

which presumably cause alterations that aff ect hydrological 

relations beyond BC enrichment (Teixeira and Martins, 2003). 

Kameyama et al. (2011) found greater plant-available water in 

soils that received BC, but large diff erences existed only at BC 

concentrations above 3% by weight, exceeding the amounts in 

our study. Th e diff erence between our results and a study by 

Laird et al. (2010a), where signifi cant increases in water reten-

tion were found with as little as 0.5% BC addition by weight, 

are less easily explained and require further research.

Biochar Eff ects on Water Flux through Soil
Th e lack of an eff ect of BC additions on water fl ux through 

soil in our study is not easily explained. Our study did not 

provide clear evidence for changes in fi eld capacity or infi ltra-

tion. In contrast, Ayodele et al. (2009) reported signifi cant 

increases in infi ltration of 88% in soils that received charcoal 

Fig. 3. Soil matric potential for the fi rst 100 d of the experiment mea-
sured by datalogged tensiometers placed at 0.15 m depth.

Table 4. Nutrients leached over the 2005 and 2006 rainy seasons under a Colombian savanna Oxisol that received 0 or 20 t ha−1 biochar in 2002.

Depth Biochar
Total amounts leached

Water P Sr NH
4
–N NO

3
–N Ca Mg K

m t ha−1 mm —————————————————————— kg ha−1 ——————————————————————

0.15 0 2823 0.56 0.30b† 9.1b 168.9 61.2b 42.4b 206.9b

20 2867 0.50 0.98a 69.1a 266.4 227.7a 130.3a 413.6a

0.3 0 2742 0.44a 0.57b 2.7 234.7b 125.4b 84.0 190.1a

20 2750 0.38b 0.87a 2.2 330.9a 179.3a 92.0 185.9b

0.6 0 2593 0.40 0.41b 1.0b 196.0b 84.6b 55.5b 119.5b

20 2588 0.36 1.00a 2.4a 399.8a 223.0a 116.7a 131.3a

1.2 0 2361 0.34 0.35a 1.0 110.2a 54.6a 33.5a 36.0a

20 2346 0.32 0.30b 1.6 108.1b 47.2b 26.1b 24.7b

2.0 0 2329 0.35a 0.06b 0.6a 12.7 6.5b 3.1 14.9

20 2296 0.26b 0.09a 0.5b 19.8 9.0a 4.3 13.6

† Diff erent letters represent signifi cant diff erences (p < 0.05; n = 3) between treatments at a single depth. No letter indicates that diff erences are not 

signifi cant (only fl ux dominated by unsaturated fl ow).
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from fuel production and minor increases in porosity and 

decreases in bulk density. However, diff erent BC materials are 

expected to diff er in their ability to improve water relations in 

diff erent soil types (Novak et al., 2009b), possibly explaining 

the varying results.

At the observed greater soil volumetric moisture contents 

with BC, the lower soil water suction could have prevented 

greater water percolation. Changes in soil water retention 

properties after BC addition are less likely to be the reason for 

the lack of greater water percolation because moisture reten-

tion curves did not show a consistent diff erence between BC 

treatments. A more likely reason for the observed diff erence 

was that greater moisture uptake by larger plants with BC addi-

tions reduced water percolation. Also, Lehmann et al. (2003) 

observed a reduction in water leached with BC addition in 

lysimeter studies with a well aggregated Oxisol and attributed 

this reduction to greater crop growth and transpiration in the 

BC-amended soil. Further experimentation is needed to under-

stand these diff erential eff ects of BC on soil water dynamics, 

recognizing the properties of diff erent BC materials.

Biochar Eff ects on Nutrient Leaching
Th e increase in nutrient leaching (with the exception of P) 

from the topsoil up to a depth of 0.6 m was a result of greater 

soil solution concentrations and not enhanced water fl ow. Th e 

greater solution concentrations of Ca and Mg correspond well 

with the greater amounts of plant-available nutrients found by 

Major et al. (2010b) in the topsoil of the same experiment. It 

is not entirely clear from the present assessment of leaching 

whether the increased plant availability (particularly of Ca and 

Mg near the topsoil), documented by extractable and solution 

nutrient contents, is a result of retention or greater crop uptake 

after BC additions (Major et al., 2010b).

In comparison to the topsoil, BC application reduced the 

leaching of Sr, NO
3
–N, Ca, Mg, and K immediately below 

the main rooting zone, which is typically in the fi rst 1 m for 

maize (Livesley et al., 2000). At 1.2 m depth, reductions of 

Ca, Mg, and Sr leached by unsaturated fl ow after BC addi-

tions were similar or greater compared with their increases in 

plant uptake (determined by Major et al., 2010b), but reduc-

tions in inorganic N and K leaching were lower than measured 

increases in plant uptake. Th ese diff erences between leaching 

reductions and increase in uptake for some elements may be 

explained by (i) reductions in leaching during the fi rst 2 yr of 

the experiment, (ii) the diff erential uptake by plants at diff erent 

depths and times that are not suffi  ciently captured in our study, 

(iii) other soil nutrient dynamics such as biological N fi xation 

that may be enhanced by BC (Rondon et al., 2007), or (iv) 

retention of solutes in the soil. Increases in soil Ca, Mg, and 

Sr availability were also greatest when BC was applied com-

pared with N and K (Major et al., 2010b), which may sup-

port the explanation that leaching reductions by BC were most 

important in explaining increased plant uptake for Ca, Mg, 

and Sr. However, the fact that the leaching reductions were 

not observed in the topsoil where the BC was present makes 

a connection between retention on BC surfaces and leaching 

reductions less obvious.

Some evidence supporting the possible retention of Ca 

and Mg through BC amendments, rather than enhanced crop 

uptake, is the diff erence in leaching between years (data not 

shown): Th e amounts of Ca and Mg leached were signifi cantly 

(p < 0.05) greater in 2006 than 2005, whereas yields of maize 

were signifi cantly (p < 0.001) lower in 2006 than in 2005 

(Major et al., 2010b). However, the greatest benefi cial eff ect 

of BC application on yield was observed in 2006, when the 

reduction of Ca leaching with BC over the control was 299% 

greater at 1.2 m depth (p < 0.05) than in 2005.

A retention of solutes has frequently been found after BC 

additions in lysimeter studies (Lehmann et al., 2003; Novak et 

al., 2009a; Laird et al., 2010b; Bell and Worall, 2011; Knowles 

et al., 2011). Lehmann et al. (2003) found a signifi cant delay 

in Ca and Mg leaching when BC was added to an Oxisol in 

lysimeter studies cropped to rice, although cumulative reduc-

tions were not statistically signifi cant. Th e largest eff ect they 

observed was a reduction in NH
4
–N leaching, which was not 

the case in our study. Major diff erences between these two 

experiments are the type of fertilizer applied, the depth at 

which leaching was sampled, and the age of the BC. In our 

study, fertilizer N was applied as urea, whereas Lehmann et al. 

(2003) added ammonium sulfate, possibly explaining the pro-

nounced ammonium retention in the cited study. Regarding 

the lack of Ca and Mg leaching reductions in the cited pot 

study, Lehmann et al. (2003) monitored leaching immediately 

after the addition of “fresh” BC, and it has been demonstrated 

that over time BC surfaces become oxidized (Liang et al., 2006; 

Cheng et al., 2008) and thus are better able to retain positively 

charged nutrients. In our study, leaching was monitored 3 and 

4 yr after the application of BC to soil, thus allowing time 

for BC surfaces to become oxidized and react with other soil 

constituents. Novak et al. (2009a) also added “fresh” BC to soil 

and found greater reductions in Ca and Mg leaching at 25 d 

than at 67 d. Th is variability may stem from the diff erences in 

behaviors of diff erent BC materials that require further study.

Biochar application also reduced NO
3
–N leaching below 

the rooting zone. Lehmann et al. (2002) found that wood 

BC did not retain NO
3
–N but did retain signifi cant amounts 

of NH
4
–N, using adsorption isotherms. In general, anion 

exchange capacities of BCs are low and decrease over time 

(Cheng et al., 2008), and nitrate adsorption may only be sig-

nifi cant with BCs produced at low temperatures (Mishra and 

Patel, 2009). In contrast, here, NO
3
–N leaching was decreased 

more than NH
4
–N leaching with BC addition compared 

with the unamended control. Th is may be a result of micro-

bial cycling rather than electrostatic adsorption (Steiner et 

al., 2008; Laird et al., 2010b; Knowles et al., 2011). Several 

studies have found greater microbial biomass in BC-amended 

soil (as reviewed by Lehmann et al., 2011). Th e retention of 

pore water containing NO
3
–N observed by Kameyama et al. 

(2011) may not necessarily have occurred here because the 

BC in their study was produced at high pyrolysis temperatures 

above 700°C. Nitrate sorption in batch experiments was found 

with bamboo BC made at even higher temperatures of 900°C 

(Mizuta et al., 2004).

Th e alternative explanation to leaching reductions as 

discussed above may include nutrient uptake as a result of 

greater crop growth that could be primarily unrelated to 

nutrient availability. For example, nutrient availability may 

increase due to pH increases in acidic soil. Increases in pH 
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values from 4.2 to 5.4 to 5.9 and concomitant decreases in 

Al toxicity might directly increase plant growth and nutri-

ent uptake after BC addition to low-pH soil (Van Zwieten 

et al., 2010). However, pH increases of less than 0.2 units 

and Al toxicity reductions were much lower in our study (as 

outlined by Major et al., 2010b), making this eff ect not an 

obvious explanation for our data. Crop nutrient uptake may 

also increase by improvement of soil water holding capac-

ity or direct nutrient additions through BC (Lehmann et al., 

2003). However, water fl ow did not change after BC addi-

tions (Table 4), moisture retention curves were not diff erent 

(Supplemental Fig. S1), and Major et al. (2010b) reported 

that direct nutrient additions with BC were low.

Conclusions
Th e application of 20 t BC ha−1 to a low-fertility, acidic soil 

of Colombia led to signifi cant increases in concentrations of 

several nutrients (except P, which was reduced) in soil solution 

and consequently greater nutrient leaching to a depth of 0.6 m. 

However, leaching at 1.2 m was reduced for NO
3
–N by 8%, 

Ca by 23%, Mg by 28%, and K by 36% when compared with 

the unamended control (diff erences between treatments at 2.0 

m were low except for P, which was signifi cantly reduced by 

BC). Th ese changes occurred without relevant changes in net 

water fl uxes. Reductions in Ca and Mg leaching at 1.2 m were 

larger than crop Ca and Mg uptake and occurred with a con-

comitant increase in Ca and Mg availability in soil, suggesting 

that nutrient retention in the rooting zone may have played a 

role. However, greater leaching to a depth of 0.6 m points to 

the importance of nutrient uptake by crops and the complex-

ity of BC eff ects on nutrient leaching under fi eld conditions. 

Further testing is required to determine diff erent BC proper-

ties and their value for leaching control in other types of soil 

and climate, preferably using tracer techniques to distinguish 

between uptake and retention, and for periods greater than 4 

yr. Th e eff ect of BC on soil hydrological properties must be 

tested in areas where water availability is a limitation for crop 

productivity, unlike in the work presented here.
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