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ABSTRACT

In the highlands of Western Kenya, we investi-

gated the reversibility of soil productivity decline

with increasing length of continuous maize culti-

vation over 100 years (corresponding to decreas-

ing soil organic carbon (SOC) and nutrient

contents) using organic matter additions of dif-

fering quality and stability as a function of soil

texture and inorganic nitrogen (N) additions. The

ability of additions of labile organic matter (green

and animal manure) to improve productivity pri-

marily by enhanced nutrient availability was

contrasted with the ability of stable organic matter

(biochar and sawdust) to improve productivity

by enhancing SOC. Maize productivity declined

by 66% during the first 35 years of continu-

ous cropping after forest clearing. Productivity

remained at a low level of 3.0 t grain ha-1 across

the chronosequence stretching up to 105 years of

continuous cultivation despite full N–phosphorus

(P)–potassium (K) fertilization (120–100–100 kg

ha)1). Application of organic resources reversed

the productivity decline by increasing yields by

57–167%, whereby responses to nutrient-rich

green manure were 110% greater than those from

nutrient-poor sawdust. Productivity at the most

degraded sites (80–105 years since forest clearing)

increased in response to green manure to a greater

extent than the yields at the least degraded sites

(5 years since forest clearing), both with full

N–P–K fertilization. Biochar additions at the most

degraded sites doubled maize yield (equaling

responses to green manure additions in some

instances) that were not fully explained by

nutrient availability, suggesting improvement of

factors other than plant nutrition. There was no

detectable influence of texture (soils with either

11–14 or 45–49% clay) when low quality organic

matter was applied (sawdust, biochar), whereas

productivity was 8, 15, and 39% greater (P <

0.05) on sandier than heavier textured soils with

high quality organic matter (green and animal

manure) or only inorganic nutrient additions,

respectively. Across the entire degradation range,

organic matter additions decreased the need for

additional inorganic fertilizer N irrespective of the

quality of the organic matter. For low quality

organic resources (biochar and sawdust), crop

yields were increasingly responsive to inorganic

N fertilization with increasing soil degradation. On

the other hand, fertilizer N additions did not
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improve soil productivity when high quality organic

inputs were applied. Even with the tested full

N–P–K fertilization, adding organic matter to soil was

required for restoring soil productivity and most

effective in the most degraded sites through both

nutrient delivery (with green manure) and

improvement of SOC (with biochar).

Key words: agroecosystem; chronosequence; soil

degradation; soil organic matter; soil productivity.

INTRODUCTION

Sustainable maintenance of agroecosystem pro-

ductivity to feed the ever-increasing world popu-

lation is currently a major challenge. This can only

be achieved by increasing ecosystem productivity

per unit area with minimal or no adverse envi-

ronmental impacts (Vitousek and others 1997;

Carpenter and others 1998; Tilman and others

2001, 2002) or opening up the unutilized marginal

lands for agricultural production. For several dec-

ades, in most parts of the developing world,

increased production has been attained through

conversion of natural ecosystems to agriculture

(Giardina and others 2000; Tilman and others

2002) instead of increasing production per unit

area. The anthropogenic perturbations, which

accompany this land-use change through contin-

uous cultivation and land tillage cause an imme-

diate and rapid loss of carbon (Davidson and

Ackerman 1993; Tilman and others 2002;

McLauchlan 2006; Solomon and others 2007) due

to the disruption of the physical, biochemical,

and chemical mechanisms of soil organic matter

(SOM) stabilization exposing it to microbial deg-

radation. In resource-limited agricultural regions,

this dynamic is accompanied by a removal of crop

residues for feed and fuel as well as a shortage of

agricultural inputs and hence lower plant growth,

leading to reduced-carbon returns by residues to

soil (Lal 2006).

More than 50% of soil carbon was reported to

have been lost within a decade in various eco-

zones around the globe (Feller and Beare 1997;

Tilman and others 2002; Lemenih and others 2005;

McLauchlan 2006; Rumpel and others 2006; Sol-

omon and others 2007; Tittonell and others 2007)

with possibly greater losses under warm-humid

climatic conditions of tropical regions (Spaccini and

others 2002). Soil organic matter decline leads to

reduced cation exchange capacity (CEC) resulting

in weakening of nutrient retention and supply

capacity as well as water retention capacity of the

soil (Lal 2006). Hence, efforts to replenish soil fer-

tility through the application of plant nutrients in

readily available forms (mainly through the use of

mineral fertilizers) is offset by almost immediate

leaching of the mobile nutrients into the subsoil

rendering them unavailable to most crops

(Hölscher and others 1997; Giardina and others

2000; Renck and Lehmann 2004).

Therefore, SOM losses are usually correlated with

significant nutrient depletion (Kauffman and others

1993, 1995; Giardina and others 2000; Steiner and

others 2007). This poses a great challenge to crop

productivity, especially in soils with low-activity

clays, such as the highly weathered and leached

soils of the humid tropics (Sanchez 1976; Jones and

others 1997; Steiner and others 2007) and as a

consequence yields typically decline dramatically

with losses in SOM (Lal 2006). Although enhanced

use of mineral fertilizers could be viewed as a

solution, this approach is often inefficient due to the

limited ability of low-activity clay soils to retain

nutrients due to low SOM contents (Lal 2006).

Restoring and maintaining SOM content is thus

essential to long-term crop productivity.

The linkages between decline and restoration of

soil organic carbon (SOC), soil productivity and the

mechanisms by which replenishment of SOC can

help in regaining the soil productivity as a function

of its long-term decline has not been clearly dem-

onstrated. Reversal of soil productivity decline

likely depends on the nature and extent of SOM

degradation and the quality of organic matter

applied. After a decade of continuous human

activities, the quantity of SOC reaches a plateau,

but changes in SOM quality continue (Solomon

and others 2007). Polysaccharide C continues to

decrease leaving highly recalcitrant aromatic

structures in degraded soil systems. It may there-

fore be expected that additions of organic matter

have different effects on soil productivity depend-

ing on the length of the cultivation.
Application of organic matter to soils also

supplies needed plant nutrients that are released

during decomposition (Jones and others 1997;

Lehmann and others 2003; McLauchlan 2006)

resulting in improved agroecosystem productivity.

The recently compiled Organic Resource Database

(ORD) (Palm and others 2001) can be used to select

materials based on the attributes that influence

nutrient release and SOM formation. High quality

organic materials (such as Tithonia diversifolia
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(Hemsl.) A.Gray) are effective sources of nutrients,

but may only make minor contributions to resto-

ration of SOM (Handayanto and others 1997). Low

N-containing and highly lignified organic materials

are slowly but continuously mineralized often with

no evident peak in nutrient release (Cornforth and

Davies 1968 as quoted by Handayanto and others

1997). Organic amendments high in polyphenols

[PP] may delay nutrient release beyond the grow-

ing season when they are applied. However, the

links between the quality of organic inputs and

effects on reversal of ecosystem degradation need

to be clearly demonstrated to enable us to more

effectively restore soil fertility and land productiv-

ity. In particular, it is not clear whether the nutri-

ent supply by added organic matter is more

effective in increasing crop production than the

increase in SOM.

Soil texture may influence these effects of quality

of added organic matter on productivity. Nutrients

from added organic matter are typically released

more rapidly in sandy than in clayey soils (Bech-

told and Naiman 2006). Rapid nutrient release

from rapid decomposition may increase leaching

losses, especially if labile organic matter is added

such as legume mulches (Hagedorn and others

1997). Greater clay concentrations, on the other

hand, may stabilize the organic matter and improve

productivity in finer textured soils (Galvdo and

others 2005; Bechtold and Naiman 2006). This may

suggest that productivity can be enhanced to a

greater extent by adding labile organic matter to

finely textured soils than to those that are coarse.

Whether this is also the case for stable organic

matter additions, is less clear. In contrast, sandier

soils typically have lower CEC and water holding

capacity as well as SOM than finer textured soils.

Additions of organic matter provide all of these

benefits and may thus improve sandier soils to a

greater extent (Lal 2006). Therefore, it is not clear

whether productivity will be enhanced to a greater

extent in finer or coarser textured soils by organic

matter additions of contrasting quality.

The main aim of this study was to investigate

the reversibility of soil productivity decline using

organic inputs of differing quality and stability.

We examined the effects of easily decomposable

organic additions in comparison to very stable

organic additions on plant growth and nutrition as

affected by (i) duration of continuous cropping after

forest clearing and hence a gradient of soil degrada-

tion and SOC contents, (ii) soil texture, and (iii)

inorganic fertilizer N additions. We were particularly

interested in how the ability of added labile organic

matter to supply nutrients in comparison with the

ability of added stable organic matter to increase

SOM influence soil productivity as a function of

soil degradation that resulted in a gradient of SOC

contents.

MATERIALS AND METHODS

Site Description

The experimental sites are located in Vihiga,

Kakamega, South Nandi and North Nandi districts

of western Kenya (34�94¢23¢¢ E Lat.; 00�13¢44¢¢ N

Long.) with an altitude ranging between 1,542 and

1,837 m above sea level. The area receives about

1,800–2,146 mm rainfall per annum in a bimodal

distribution. Long rains (LR) occur from March to

August whereas short rains (SR) are from Sep-

tember to January. Mean annual temperature is

19�C. The sites were part of a chronosequence

experiment designed to investigate the long-term

effects of land conversion from primary forest to

continuous agriculture (Solomon and others 2007;

Kinyangi 2008; Ngoze and others unpublished

manuscript). Two chronosequences (where time is

substituted by space, Huggett 1998) were estab-

lished on farmers’ fields on two parent materials

with similar soil type for each of the two chrono-

sequences studied and similar climate for all sites.

Climate varied only slightly between the sites

(Table 1), but an effect of climate and weather

variability between sites on crop growth cannot be

entirely excluded. Farms of different time since

conversion were in close proximity from about

100 m to several kilometers with often similar

distances between farms of the same time since

conversion (Kinyangi 2008). Soil texture was

comparable between forest sites, nearby recent

conversions and sites that were cleared

80–105 years prior to this experiment for each of

the two chronosequences. Clay contents in the A

horizon (0–0.07 m depth) from a soil profile in the

forest were 11% compared to 14% near a field that

was under cultivation for 105 years. Differences

in site factors were small compared to effects

exerted by the duration of cultivation since forest

clearance. Therefore, the site differences can be

examined as effects of time since conversion

(Solomon and others 2007). The time since forest

clearance was identified based on official and pri-

vate records, Landsat imagery, and thorough farm

interviews (Kinyangi 2008). As reported by the

farmers, soils received nil, or only very little inor-

ganic fertilizer since forest clearing, no animal

manure, and were always cropped with cereals

(Kinyangi 2008).
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To investigate the effect of soil texture, one set of

experiments was established on a lighter-textured

Ultisol chronosequence developed on undifferen-

tiated Basement System rocks with 11–14% clay,

21–27% silt, and 59–68% sand, whereas a similar

set was established on a predominantly heavier-

textured Ultisol developed on biotite-gneiss parent

material with 45–49% clay, 15–25% silt, and 26–

40% sand (with the exception that no 105 year

conversion was available on the sandier chrono-

sequence). These two sets of sites were located in

relatively close proximity of about 3–12 km of each

other and therefore had similar climates (Table 1).

The time after forest clearing for the studied set

of sites was related to decreasing SOM (Solomon

and others 2007; Kinyangi 2008) as well as

decreasing nutrient contents (Kinyangi 2008) and

resulting lower crop yields (Ngoze and others

unpublished manuscript). Therefore, time since

forest clearing also represents for the investigated

chronosequence, a gradient of soil degradation, as

indicated by soil properties and crop productivity.

Hence, sites which had been under continuous

cereal production for 80–105, 20–35, and 5 years

are referred to as highly, moderately, and less

degraded, respectively.

To soils that had been continuously cropped with

maize for 5, 20, 35, 80, and 105 years, four organic

inputs (T. diversifolia leaves, cattle manure, wood

charcoal (thereafter referred to as biochar), and

sawdust) (Table 2) were applied each season at a

rate of 6 t C ha)1 for three consecutive seasons

(2005 long rains, 2005 short rains and 2006 long

rains). However, for the assessment of soil pro-

ductivity (maize grain yields), only data from the

long rainy seasons were considered because short

rainy seasons typically show low and variable

productivity (Ngoze and others unpublished man-

uscript). The experiment was designed using a

completely randomized block design with three

replicate farms per conversion age. In addition to

6 t C ha)1 added to soil as organic inputs, plots

received either full fertilization with N, P, and K

(+N: plot size 4 m · 4.5 m) at a rate of 120, 100,

100 kg per hectare, respectively, or received only P

and K ()N; plot size 2 m · 2.25 m). The sites were

limited to a greater extent by N than P (Ngoze and

others unpublished manuscript). Plots were spot-

planted with maize hybrid 614 with distances of

0.75 m between rows and 0.25 m within the row.

Triple super phosphate and muriate of potash fer-

tilizers were broadcast as a single dose at the

beginning of each growing season, whereas urea

application was split (one-third applied at the

beginning of the growing season and two-thirds,

five weeks after planting). On the T. diversifolia

plots, freshly picked T. diversifolia leaves were

evenly spread before incorporation using a hand

hoe whereas air-dried animal manure (heaped

outside a shed for about one week) obtained from a

nearby veterinary farm was used in the manure

plots. Biochar was produced from Eucalyptus saligna

Sm. trees using a traditional kiln method whereby

wood pieces are piled together, covered with leaves

and twigs, and then covered with soil allowing

thermal decomposition under oxygen-deprived

conditions at a temperature between 400 and

500�C (estimated from Schenkel and others 1998).

The resulting biochar was collected in sacks,

pounded into small pieces (between 1 and 20 mm)

which were weighed, evenly spread on the plots,

and then incorporated to about 0.1 m depth using a

hand hoe. Sawdust was obtained from a local saw-

mill processing mainly cypress wood, air-dried,

weighed, and then applied. The control treatment

with inorganic fertilizer application, but, without

organic matter addition was continued from a previ-

ous study by Ngoze and others (unpublished manu-

script). Depending on the rainfall intensity, weeding

was done with hand hoes 2–3 times per season.

Sampling and Analyses

Maize grain and stover yields were determined in

all plots at the end of each season. Stover and grain

yields were measured on subplots of 3 m by 1.5 m

and 1 m by 2.25 m leaving one row and one plant

at the end of each row to avoid edge effects. This

Table 1. Description of the Chronosequence Sites

Cultivation period (years) 0 (Forest) 5 20 35 80 105

Rainfall1 (mm) 2091 (2146) 2146 (2100) 2091 (2100) 2091 (2100) 1800 (2019) 1808 (n/a)

Mean annual temperature1 (�C) 19.0 (19.9) 18.9 (19.9) 19.0 (19.9) 20.0 (20.6) 21.0 (20.1) 21.0 (n/a)

Altitude1 (m a.s.l.) 1750 (1745) 1803 (1745) 1828 (1745) 1837 (1676) 1600 (1676) 1542 (n/a)

n/a not applicable.
1Data from Jaetzold and others (2007) with long-term climate records from 15 years.
Data in brackets are from the sandier chronosequence.
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gave a net harvest area of 4.5 m2 and 2.25 m2 for

+N plots and )N plots, respectively. Fresh plant

material was weighed, and a representative sub-

sample dried at 60�C for 48–72 h (until constant

weight was attained) and then re-weighed. The

measured weight was used to estimate maize grain

yield and total biomass production per hectare. To

establish the effects of application of the different

OM sources on soil characteristics, soil samples

were taken at the end of the third season from the

topsoil (0–0.1m). Sieved samples were analyzed for

pH (in water) at the ratio of 1:2.5. Mehlich 3 soil

extracts (Mehlich 1984) were analyzed for Ca, Mg,

K, and P by Inductively Coupled Plasma spec-

trometry (ICP, Spectro Ciros, Spectro A.I. Inc. MA,

USA) whereas exchangeable acidity was estimated

by titrating soil extracts (extracted using 1 N

potassium chloride) against 0.01 N sodium

hydroxide after addition of five drops of phenol-

phthalein indicator. Effective cation exchange

capacity (CECeff) was estimated by adding the base

cations (K, Ca, and Mg) extracted by Mehlich 3 and

the exchangeable acidity. In the pH range of 5.5–

7.5, Mehlich 3 extractable cations are well corre-

lated with those estimated from NH4-Ac buffered at

pH 7.0 (Wang and others 2004). To estimate the

entire soil cation exchange complex, potential cat-

ion exchange capacity (CECpot) was determined by

quantifying NH4 exchanged with a 2 N KCl on a

Technicon Auto analyzer after saturating cation

exchange sites with NH4-Ac buffered at pH 7.0

(Anderson and Ingram 1993; Hendershot and

others 1993). Total C and N were determined by

dry combustion after fine-grinding soil sub samples

with pestle and mortar. Samples were analyzed for

total C and N contents with a Europa ANCA-GSL

CN auto-analyzer (PDZ Europa Ltd., Sandbach,

UK).

Nutrient Recovery

Nutrient uptake by maize was determined by ana-

lyzing N, P, K, Ca, and Mg in a composite sample of

the entire biomass at harvest (this includes maize

cob, stover, and grain). Subsamples were oven-

dried at 60�C for 48–72 h (until constant weight was

attained) and finely ground for wet digestion with

70% nitric acid and 30% hydrogen peroxide on a

heating block (Oliva and others 2003). Phosphorus,

K, Ca, and Mg were determined by Inductively

Coupled Plasma (ICP, Spectro Ciros, Spectro A.I.

Inc. MA, USA) spectrometry. Total N was deter-

mined by dry combustion after fine grinding plant

tissue using a Cyclotec Sample Mill Tecator (model

1093, American Instrument Exchange, Inc., USA).T
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Samples were analyzed for total N content with a

Europa ANCA-GSL CN analyzer (PDZ Europa Ltd.,

Sandbach, UK).

Statistical Analyses

The statistical differences between experimental

treatments and between soil degradation stages

within each season were determined through

Analysis of Variance (General ANOVA procedure)

using GenStat version 8.2 (Rothamsted Experi-

mental Station, 2005). Mean separation was com-

puted using least significant difference at P < 0.05.

Productivity decline was determined following a

non-linear regression model. Model equation and

curve fitting were calculated in Sigma Plot for

Windows, Version 9.0. This was fitted using a

three-parameter single exponential decay curve:

y ¼ y0 þ a� exp�bx

where y0 is the productivity equilibrium level; a the

productivity decline; b the rate of productivity loss;

x the time in years.

RESULTS

Soil Productivity

Productivity (both maize grain and total biomass

yield) significantly declined by 66% during the first

35 years of cropping after forest clearance even

with full inorganic fertilization (large filled dots

in Figure 1; only data for grain yield shown),

but remained constant for the following 70 years

(Figure 1). In the highly degraded sites

(80–105 years after forest conversion), the appli-

cation of N, P, and K (major growth limiting

nutrients in the study area) as synthetic fertilizers

yielded a maximum of 3.0 tons of cereal grain per

hectare (first year control plots, large symbols in

Figure 1).

Productivity more than doubled with the addi-

tion of the easily decomposable T. diversifolia green

biomass on those soils that had been under pro-

duction for the longest period of time (105 years)

in both years (to 6.7 t ha)1 and 8.0 t ha)1 in the

first and second year, respectively). An increase of

about 2 t ha)1 above the control was observed in

the moderately degraded soil (20–35 years after

forest clearance) with the application of T. diversi-

folia leaf biomass in both years but no significant

productivity increase was noted in the less

degraded soil (5 years after forest clearing). Manure

application increased productivity by more than

2 t ha)1 in both years above the control plots in the

highly degraded soils. Yield increase in the mod-

erately degraded soils was also more than 2 t ha)1

in the first year of cropping and 1.7 t ha)1 in the

second year. Similar to T. diversifolia, no significant

productivity increase was noted due to manure

application in the less degraded sites.

Increased productivity was also observed with

the application of the highly recalcitrant biochar in

the highly degraded sites yielding 2.2 t ha)1 and

2.9 t ha)1 more than control plots in the first and

second year, respectively. In contrast, productivity

increase observed with sawdust application was

minimal. Similar to the high quality organic matter,

low quality organic resources did not significantly

increase productivity in the less degraded sites. The

absolute increase in productivity by organic matter

additions was overall greater (P < 0.05) with pro-

gressing time of continuous agriculture (Figure 1).

Effect of Soil Texture on Soil
Productivity with Added Organic Matter

Similar soil productivity was observed in both

lighter and heavier textured sites with the addition

of the highly recalcitrant organic matter (sawdust

and biochar) (Figure 2). In contrast, productivity

was significantly higher in the sandier sites

Figure 1. Influence of organic matter additions on soil

productivity (maize grain yield) across a chronosequence

of soil degradation in 2005–06 (heavier-textured Ultisol).

Large filled circles denote cereal productivity (with full

inorganic fertilization but without organic amendments).

Small symbols denote productivity for two consecutive

cropping seasons during long rainy seasons with different

organic matter additions (x axis not to scale for small

symbols). All treatments are fully fertilized. Bars repre-

sent LSD (P < 0.05 and N = 3).
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compared to the clayey sites with the application of

high quality organic matter (T. diversifolia and

manure). Similarly, greater productivity on sandier

soils compared with the clayey sites was observed

without organic matter additions.

Nitrogen Additions and Soil Productivity

As soil degradation increased, productivity was

increasingly responsive to additions of inorganic

fertilizer N (Figure 3). Added organic matter increased

crop productivity and, therefore, decreased the crop

response to inorganic N additions regardless of the

quality of the organic matter. For low quality organic

resources (such as biochar and sawdust), added

inorganic fertilizer N increased productivity to a

greater extent as soil organic matter losses progressed

over time. On the other hand, N additions did not

improve productivity when high quality organic

inputs (T. diversifolia and manure) were applied

(Figure 3). No differences were noted with the

addition of N fertilizer in the less degraded sites

regardless of the source of organic input.

Plant Nutrition and Nutrient Uptake

Three treatments (T. diversifolia, biochar, and con-

trol) were selected for further investigation of their

influence on nutrient concentrations in maize

grain (Table 3) and total nutrient uptake by the

entire plant (Figure 4). Without organic additions,

the grain N, P, and K concentrations and total plant

uptake decreased over time whereas Ca and Mg

concentrations and uptake increased. As a result of

organic matter applications (T. diversifolia or bio-

char), plant N concentrations increased regardless

of soil degradation (Table 3). Nitrogen concentra-

tion in the plant tissue was about 5 g kg)1 and

2 g kg)1 above the levels of the control treatment

with the addition of T. diversifolia biomass and

biochar, respectively, in the most degraded sites

(Table 3). Phosphorus, K, Ca, and Mg concentra-

tions remained unchanged or decreased on the

plots with the longest continuous cropping history

when organic amendments were added. Additions

of labile organic matter in the form of T. diversifolia

increased nutrient uptake for all nutrients at all

stages of soil degradation. In contrast, improved

nutrient uptake in response to the addition of the

stable biochar was only observed for Ca (5.1 kg

ha)1 higher than no-organic-input control) in the

Figure 2. Organic matter additions and soil productivity

at both clayey and sandy sites (error bars represent

standard deviations of the mean). Comparisons are done

for each treatment separately (bars with the same letter

between pairs receiving the same organic amendment

are not significantly different from each other; P < 0.05

and N = 3).

Figure 3. Nitrogen

additions and cumulative

soil productivity

(cumulative grain yield) as

a function of the duration

of continuous cropping

(heavier-textured Ultisol).

Bars represent LSD

(P < 0.05 and N = 3).
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least degraded sites. In the highly degraded sites,

application of T. diversifolia green biomass increased

total N uptake by more than 200% (174 kg ha)1)

above the control whereas an increase of 9 kg ha)1

was observed with the application of biochar.

An increased uptake of 12 kg ha)1, 131 kg ha)1,

40.8 kg ha)1, and 10.6 kg ha)1 above the control

for P, K, Ca, and Mg, respectively, was observed

when T. diversifolia green biomass was applied in

the highly degraded agroecosystems (Figure 4). In

the moderately degraded sites, the uptake of all

macronutrients increased by more than three times

with the application of T. diversifolia green biomass.

At these sites, biochar application did not have a

significant influence on the uptake of P, K, Ca, and

Mg. In the less degraded agroecosystems, total N, K

and Mg uptake were significantly different from

control treatment for T. diversifolia biomass appli-

cation, but no significant differences were observed

in the uptake of the other macronutrients.

Organic Matter Additions and Soil
Fertility

Across the entire chronosequence, base saturation

(BS) significantly (P < 0.05) increased due to organic

matter additions. Improvements ranged from only a

few percent points to 19–26% at the moderately de-

graded sites (20 years of continuous agriculture)

(Table 4). Although the soil pH was lower in both the

highly degraded sites and the moderately degraded

sites (under continuous cultivation for ‡20 years)

compared to the less degraded sites (under continu-

ous cultivation for 5 years), there was a significant

increase in soil pH with the addition of organic matter

across the degradation sequence.

Effective cation exchange capacity (CECeff)

increased by 61.8 mmolc kg)1 with the addition of

manure in sites which had been cultivated for

20 years whereas application of T. diversifolia bio-

mass, sawdust, and biochar increased CECeff by

49.4, 43.8, and 38.7 mmolc kg)1, respectively,

above control plots in these moderately degraded

sites. Additions of manure in the highly degraded

sites (under continuous cultivation for >100 years)

increased CECeff by almost 60 mmolc kg)1 whereas

T. diversifolia, sawdust, and biochar plots had 41.7,

26.2, and 22.7 mmolc kg)1, respectively, higher

CECeff than control plots. No effect was observed in

the less degraded sites with the application of the

different organic resources.

Addition of organic matter had a significant effect

(P < 0.05) on the potential cation exchange

capacity (CECpot) only in the highly degraded

sites where application of T. diversifolia biomass

increased CECpot by 24.3 mmolc kg)1 whereas

manure, sawdust, and biochar additions increased

CECpot by a smaller margin (20.8, 17.6, and

11.8 mmolc kg)1, respectively) above control plots

without organic matter additions. No significant

effects were observed on the CECpot in the mod-

erately and the less degraded sites regardless of the

type of organic input added.

Soil organic carbon significantly increased

(P < 0.05) with the application of the different

organic resources in the highly degraded agroeco-

systems. Application of biochar had the highest

impact with a 45% increase above control plots

Table 3. Nutrient Concentration in the Maize Grain as a Function of Soil Degradation and the Quality of
Organic Matter Additions (N = 3)

Years of continuous

anthropogenic

disturbances

Treatment Nutrient concentration in maize grain (g kg)1)

N P K Ca Mg

105 T. diversifolia 14.54 a 2.01 a 2.05 a 0.18 a 0.67 a

Biochar 11.59 b 2.25 a 2.41 a 0.22 a 0.81 a

Control 9.65 c 3.28 a 2.74 a 0.22 a 1.09 a

LSD0.05 0.8 1.6 0.8 0.06 0.48

35 T. diversifolia 15.09 a 3.38 a 3.27 a 0.13 a 1.19 a

Biochar 12.53 ab 2.16 b 2.73 ab 0.12 a 0.79 b

Control 11.84 b 2.25 b 2.56 b 0.03 b 0.87 b

LSD0.05 2.8 1.0 0.7 0.09 0.28

5 T. diversifolia 14.43 a 4.06 a 3.24 a 0.05 a 1.12 a

Biochar 13.89 ab 4.01 a 3.15 a 0.03 a 0.99 a

Control 13.08 b 4.40 a 3.35 a 0.07 a 0.91 a

LSD0.05 1.3 4.7 2.02 0.06 0.32

Values followed by the same letters are not significantly different from each other at P £ 0.05. Comparisons are made for each column and time point separately. LSD denotes
the least significant difference.
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whereas manure and T. diversifolia increased SOC

by 27%. Sawdust had the lowest impact with

only 24% increase in SOC above control plots.

No significant increase in SOC was observed in the

SOM-rich and moderately degraded agroecosys-

tems regardless of the quality of the added organic

matter.

DISCUSSION

Chemical Stability versus Nutrient
Delivery of Organic Amendments

Organic amendments can not only help to increase

SOC, but also act as a source of plant available

nutrients thereby presenting two opposing para-

digms: building soil nutrient stocks and carbon

cycles in soil with easily degradable organic matter

versus very stable organic matter that does not

readily release nutrients, but may contribute to the

increasing SOC. High quality organic materials

(such as T. diversifolia and manure) are effective

sources of nutrients (Gachengo and others 1999;

Jama and others 2000; Lehmann and others 2001;

Palm and others 2001) helping to immediately

improve the productivity level of an ecosystem.

The high nutrient contents (especially N) (>4.0%)

(Table 2) which are above the critical N limit for

net N mineralization (Nourbakhsh and Dick 2005)

coupled with the low C-to-N ratio (<10) of the

T. diversifolia biomass result in rapid microbial

degradation with a reported half life of about one

week (Gachengo and others 1999). Hence, most of

the nutrients in T. diversifolia have most likely been

released rapidly for immediate utilization by the

growing crops. The same applies to the manure

used in this study, which is considered to be of high

quality with 22 mg g)1 N and a C-to-N ratio of 15.

An immediate benefit for plant productivity from

the use of high quality organic resources has been

demonstrated in numerous studies (Jama and

others 2000; Kimetu and others 2004). As a con-

sequence, improved nutrient uptake was observed

with addition of T. diversifolia (Figure 4). However,

Figure 4. Total nutrient

uptake by maize as a

function of soil

degradation and the

quality of organic matter

additions (bars with the

same letter within the

same conversion age are

not significantly different

from each other; P < 0.05

and N = 3).
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there is normally little contribution to long-term

SOM levels when such high quality organics are

used for land productivity improvement (Handay-

anto and others 1997; Lehmann and others 2001).

In contrast, the low quality organic matter

additions (sawdust and biochar) appear to have

contributed very little to the availability of nutri-

ents by mineralization and nutrient release. Some

decomposition of both sawdust and biochar may

have occurred and nutrients may have leached

from the organic matter without microbial decay.

For example, Cheng and others (2006) reported the

oxidation of the more labile alkyl carbon forms in

biochar during a 4-month incubation. In addition,

biochar may contain some base cations (mainly K)

that become available in the short term (Lehmann

and others 2003). However, any microbial decom-

position may have rather decreased availability of N

by immobilization, because the C-to-N ratios of

both sawdust and biochar were high (Table 2). Yet,

the nutrient concentrations in the grain of the

maize that received biochar (Table 3) did not sug-

gest N immobilization, but rather a net increase in

N availability, which relates well to the supposedly

high recalcitrance of biochar against microbial

decay (Schmidt and Noack 2000). Decomposition

of biochar was probably minimal and therefore

significant N immobilization may not have

occurred. Any long-term effects of biochar on plant

nutrition may probably not relate to its direct

nutrient contributions, but rather to its effects on

nutrient retention through improved CEC (Glaser

and others 2002; Liang and others 2006; Yamato

and others 2006). However, during the two years of

observation, the biochar additions only slightly

improved plant nutrition (significant for N only in

highly degraded soils). The question remains, in

what way did biochar treatment improve produc-

tivity if not by improving nutrient availability. An

observed improvement in CEC, pH, and base sat-

uration (Table 4) may have played a role at some

sites, although to a limited extent. Additional pos-

sible explanations that were not tested here include

effects of biochar on plant-available soil water or

microbial populations and dynamics (Lehmann and

Rondon 2006), which would need to be verified.

In contrast to biochar, which is very stable,

sawdust typically decomposes albeit at a slow rate

Table 4. Impact of Organic Inputs on Soil Effective Cation Exchange Capacity (CECeff), Potential Cation
Exchange Capacity (CECpot), Base Saturation, SOC and pH at the Clayey Sites (N = 3)

Years of

cultivation

Treatment %BS pHwater(1:2.5) CECeff (mmolc kg)1) CECpot (mmolc kg)1) SOC (g kg)1)

105 Biochar 98.9 b 6.1 ab 138.6 b 273.5 b 30.5 a

Sawdust 99.0 ab 6.0 b 142.1 b 279.3 ab 26.2 b

Manure 99.5 a 6.3 a 171.5 a 282.5 ab 26.9 ab

T. diversifolia 99.2 ab 6.2 a 157.6 ab 286.0 a 26.8 ab

Control 98.1 c 5.9 b 115.9 c 261.7 c 21.1 c

LSD0.05 0.6 0.30 19.2 9.2 3.8

35 Biochar 98.3 b 5.6 ab 107.1 ac 205.3 a 30.1 a

Sawdust 96.7 c 5.4 b 86.6 b 185.0 a 26.5 ab

Manure 99.1 a 5.9 a 119.7 a 193.9 a 29.1 a

T. diversifolia 98.2 b 5.6 ab 111.3 a 208.2 a 30.7 a

Control 96.3 c 5.5 b 90.6 bc 186.7 a 21.7 b

LSD0.05 0.7 0.32 19.2 30.0 7.0

20 Biochar 89.2 a 5.7 a 86.0 ab 206.9 a 36.4 ab

Sawdust 89.0 a 5.7 a 91.1 a 209.7 a 39.2 a

Manure 96.3 a 6.0 a 109.1 a 208.2 a 36.4 ab

T. diversifolia 94.2 a 5.7 a 96.7 a 214.7 a 32.6 b

Control 70.2 b 5.2 b 47.3 b 170.2 a 32.6 b

LSD0.05 9.2 0.32 42.4 48.0 5.0

5 Biochar 99.9 a 7.1 a 265.0 a 292.2 a 64.9 a

Sawdust 99.8 b 6.5 a 271.0 a 325.5 a 65.5 a

Manure 99.7 c 6.9 a 287.0 a 327.8 a 65.5 a

T. diversifolia 99.8 b 6.4 a 238.0 a 315.8 a 60.2 a

Control 99.6 d 6.3 a 235.0 a 320.3 a 59.9 a

LSD0.05 0.08 1.0 71.8 40.0 13.0

Values followed by the same letter do not differ at P £ 0.05. Comparisons are made for each column and time point separately. LSD denotes the least significant difference.
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(Cornforth and Davies 1968 as quoted by Han-

dayanto and others 1997; Roose and Barthès 2001)

causing a delayed release of nutrients often beyond

the current growing season. The decomposition of

sawdust may have caused N immobilization due to

its high C-to-N ratio, or due to inhibitory effects on

microbial activity exerted by secondary plant

compounds. The weak improvement in productiv-

ity from sawdust applications and the much greater

improvement of productivity as a response to bio-

char additions suggests that these two organic

materials act very differently in soil despite their

similar C-to-N ratios. This could be related to the

greater decomposability of sawdust which may lead

to N immobilization in contrast to biochar as

explained above, to greater nutrient retention by

biochar (Liang and others 2006), or to biological

effects that have been hypothesized to occur in

biochar-amended soils (Lehmann and Rondon

2006; Warnock and others 2007).

Recalcitrant organic materials typically have

more substantial long-term benefits through their

contributions to SOM (Palm and others 2001;

Lehmann and others 2001). After two years of

additions of 6 tons C ha)1 per cropping season,

additions of biochar increased SOC by 45%

whereas T. diversifolia and sawdust increased SOC

by only 27 and 25%, respectively, in the soils with

the lowest amount of SOC. Due to its recalcitrance

against microbial degradation (Schmidt and Noack

2000) biochar is very stable in soil compared to

other organic matter additions making it a suitable

approach for the build-up of SOC. In the less

degraded soils with already high SOC levels, the

SOC increase due to organic matter additions was

insignificant, which may be an indication that

C saturation (Six and others 2002) was reached or

may reflect a methodological challenge of detecting

a comparatively low amount of C added to a large

SOC pool.

Reversibility of Productivity Decline

The use of organic resources significantly improved

soil productivity and was able to reverse declines in

crop productivity. Productivity increases varied

with the type of organic amendment and nearly

doubled in some cases whereas being negligible in

others. The improvements were over and above the

productivity improvements that were achieved

through applications of inorganic N, P, and K

fertilizer applied at recommended rates, and

reached levels even at the most degraded sites that

were achieved at the most fertile sites. Therefore,

the tested combination of inorganic and organic

additions was able to nearly restore the productive

capacity of the soils within only three cropping

seasons of continuous applications with 6 t C ha)1

per season. Various mechanisms may be responsi-

ble for improved productivity by organic matter

additions like increased moisture retention (Wal-

lace 1996; Lehmann and others 1999), weed sup-

pression (Kimetu and others 2004), or supply of

nutrients (Murwira and others 2002). In addition,

synergistic effects of applications of organic and

inorganic amendments (Jenkinson 1991; Palm

and others 1997; Kimetu and others 2004; Das and

others 2004) may have played a role, such as,

improved uptake of fertilizer nutrients by enhanced

organic matter contents through increased soil

water or CEC. The greatest productivity increase by

57–167% was observed in the most degraded sites,

whereas productivity in moderately degraded sites

only improved with T. diversifolia and manure by 65

and 56%, respectively. No increase was observed

in the least degraded sites with any amend-

ment. Therefore, resource allocation for securing or

restoring soil productivity was most effective in the

most degraded sites. Our results suggest that

efforts to alleviate soil degradation and to restore

productivity should be concentrated on the most

degraded sites and have to include organic

amendments under the inorganic fertilization

regimes used here.

The observation period was too short to discern

from a biophysical point of view whether optimiz-

ing for improvement of soil organic matter quantity

or for nutrient release is in the long term the

superior approach. In the short term, nutrient

supply appeared to be slightly more important in

this study. However, doubled yield with biochar

over the control was not fully explained by

enhanced crop nutrition, suggesting that improving

SOC contents significantly enhanced crop yields.

Effects of Soil Texture on Reversibility
of Productivity Decline

Soil organic carbon in response to OM additions

increased differently as a function of soil texture

and stage of soil degradation. Application of biochar

increased SOC by 45% whereas manure and

T. diversifolia only increased SOC by 27% in the

SOM-poor clayey sites. In the SOM-poor sandy

sites biochar application increased SOC by almost

the same magnitude (38% increase) whereas

manure and Tithonia increased SOC by a narrower

margin (19% and 9%, respectively; data not

shown) compared with the clayey sites. The soil

texture influences SOC storage, stabilization, and
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aggregate stability (Chaney and Swift 1984;

Schlecht-Pietsch and others 1994; Plante and oth-

ers 2006) mainly through direct and indirect effects

on the physical and chemical protection of soil

organic matter (Plante and others 2006). Therefore,

improved plant productivity observed with the

high quality OM in the sandier sites compared with

the clayey sites could be attributed to the high

mineralization rate in the sandy sites resulting in

immediate nutrient release for plant growth. In the

clayey sites, on the other hand, microbial degra-

dation of labile OM may have been reduced or

delayed, thereby decreasing nutrient release from

the decomposing OM. Nutrient delivery may

therefore have been more important than SOC

increase for the labile OM additions.

Nitrogen Effects on Reversibility
of Productivity Decline

At the same sites where the current study was

done, crop responses to increasing fertilizer N

additions from 30 to 60, 90, and 120 kg ha)1 sug-

gested that more than 120 kg ha)1 are required for

optimum growth in the long rainy season (Ngoze

and others unpublished manuscript). Therefore, it

is not surprising that N applications by inorganic

fertilizers improved productivity for organic matter

additions that do not release N and rather

enhanced SOC stocks such as biochar and sawdust.

However, additional application of inorganic N was

not required to reach maximum productivity,

when high quality organic matter such as T. diver-

sifolia and manure was used. This result confirms

earlier studies that inorganic N additions can be

fully substituted by organic N additions if the

appropriate source of organic matter is applied as in

the case of T. diversifolia (Kimetu and others 2004;

Ngoze and others unpublished manuscript). On the

other hand, inorganic N additions are required if

organic additions are used to improve SOC levels

rather than to add N as in the case of biochar.

Several studies have demonstrated that soil pro-

ductivity can be substantially increased with the

application of biochar in a fully fertilized soil with

N, P, K compared to soils that received only N, P, K

application (Yamato and others 2006; Steiner and

others 2007).

Additional inorganic N fertilization to applica-

tions of stable OM increased productivity to a

lesser degree when soil degradation is low within

20 years of continuous cultivation after conversion

from primary forest. There appears to be a lower

motivation for N buildup at early stages of soil

degradation to improve productivity, because soil N

contents were still high. The increasing need for N

with time can be explained by the continuing soil

degradation, although total C (Table 4) and total N

contents as well as C and N stocks (Solomon and

others 2007; Kinyangi, 2008) did not change

beyond 20 years of continuous cultivation. This

may be related to the changes in organic matter

quality (Solomon and others 2007; Kinyangi 2008),

which continued beyond 20 years and may have

had an effect on soil productivity.

CONCLUSIONS

We showed that organic matter additions are in

principle able to fully restore soil productivity to

levels observed before degradation started. During

the period of this study, beneficial effects of organic

matter additions were slightly better related to their

nutrient release and subsequent improvements of

crop nutrition than to their improvement of SOM.

However, crop yield responses to increasing SOM

were significant and could not be fully explained

with improved nutrition as in the case of biochar.

These effects require further studies.

The short observation period does not allow

projections to long-term effects of organic matter

additions at different stages of soil degradation.

Over the nearly two years examined in this study,

the stability of organic matter played a significant,

but less important role than nutrient release from

decomposing organic matter in improving and

restoring productivity in the studied soils. Longer-

term observations are required to fully understand

the sustainability of stable organic matter additions

in reverting soil degradation.
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