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Abstract. Much of the native forest in the highlands of west- largely determine agricultural productivity. A high infiltra-
ern Kenya has been converted to agricultural land in order tdility enables water to enter the soil to become available for
feed the growing population, and more land is being clearedplant uptake and allows ground water recharge. It also re-
In tropical Africa, this land use change results in progres-duces the risk of erosion. Infiltrability is a reflection of soll
sive soil degradation, as the period of cultivation increasesstructure and texture (Cresswell et al., 1992), soil biological
Both rates and variation in infiltration, soil carbon concen- activity (Mando, 1997; Leonard et al., 2004), soil aggrega-
tration and other soil parameters are influenced by manageion (LeBissonnais and Arrouays, 1997) and SOM content
ment within agricultural systems, but they have rarely been(Franzluebbers, 2002). Soil C enhances biological activity
well documented in East Africa. We constructed a chronoseand thereby promotes nutrient retention and cycling.
quence for an area of western Kenya, using two native forest Biological activity enhances soil aggregation (Jastrow et
sites and six fields that had been converted to agriculture foal., 1998), aeration, water holding capacity and infiltrability.
up to 119yr. Soil bulk density is often correlated with both soil C and with
We assessed changes in infiltrability (the steady-state ininfiltrability (Mbagwu, 1997; Mariscal et al., 2007; Arvids-
filtration rate), bulk density, proportion of macro- and mi- son, 1998). Hence, these three parameters (infiltrability, soil
croaggregates in soil, soil C and N concentrations, as wellC and soil bulk density) are particularly suitable for studying
as the isotopic signature of soil G1fC), along the 119-yr  changes in soil fertility and production capacity (Doran and
chronosequence of conversion from natural forest to agriculfarkin, 1994).
ture. Infiltration, soil C and N decreased within 40yr after The means and variances of infiltrability, soil C and other
conversion, while bulk density increased. Median infiltration soil parameters are influenced by land use management.
rates fell to about 15 % of the initial values in the forest, and Whilst high spatial variability in these parameters may ob-
C and N concentrations dropped to around 60 %, whilst thescure statistical significance in experiments, it may also pro-
bulk density increased by 50 %. Despite high spatial vari-vide insights into spatial and temporal processes. To avoid
ability, these parameters have correlated well with time sinceor reduce the risk for large-scale surface runoff and erosion,
conversion and with each other. the occurrence of infiltrability values that are higher than the
prevailing rainfall intensities may be more important than the
average infiltration rate for an area. Spatial variability is usu-
ally very high for infiltrability (Jetten et al., 1993; Mbagwu,
1 Introduction 1997; Van de Genachte et al., 1996; Williams and Bonell,
1988). For example, Lal (1996) reported that infiltrability
Soil infiltrability (defined as the infiltration rate when water 5yieg by a factor of two within 1 m.
at atmospheric pressure is made freely available at the soil Chronosequences, constructed from sites at different

surface) (Hillel, 1971) and soil carbon (C), the major part of stages and durations of succession from forest to agriculture
soil organic matter (SOM), are interrelated parameters that
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(i.e. time for space substitution) (Walker et al., 2010), aremediated through interrelated physical, chemical and biolog-
commonly used to describe and study changes in soils anétal processes, threatens agricultural sustainability. Among
soil degradation (Kimetu et al., 2008; Lemenih et al., 2005a,the physical processes, deterioration of soil structure is of
b; Awiti et al., 2008). Losses of 50% to 80 % in soil C and particular importance, since it leads to accelerated erosion.
N have been reported from sites that have been under agrirosion is recognized as one of the major symptoms of soil
culture for 20-50yr (Solomon et al., 2007; Lemenih et al., degradation that results in important on- and off-site costs
2005 a, b). Despite many studies on infiltrability in relation (Pimentel et al., 1995). A reduction in soil organic carbon is
to land use in the tropics, there have been relatively few studalso a key soil degradation process, especially in the low in-
ies involving longer-term%10-15yr) effects of converting put agriculture typical of much of the tropics, where soil pro-
forests to permanent agriculture. Some authors have studieductivity is very dependent on SOM (Kapkiyai et al., 1998;
changes up to 10yr after manual and mechanical clearing ifDuedraogo et al., 2001; Tiessen et al., 1994). Global reviews
Africa (e.g. Lal, 1989, 1996), and shifting cultivation in Asia by both Murty et al. (2002) and Don et al. (2011) showed
(e.g. Toky and Ramakrishnan, 1981). Giertz and Diekkrugeran average decrease in soil carbon after conversion of forests
(2003) and Giertz et al. (2005) compared agricultural areago cropland of around 30 %. Murty et al. (2002) did not find
with natural vegetation in Benin (West Africa), but the time a similar general trend when converting forests to pasture,
since conversion was unknown. Results from these studiewhilst Don et al. (2011) did find such a decline (12 % decline
show that natural forests have higher infiltrability and soil in soil C).
carbon content than cultivated lands. For example, Yimer et The aim of this study is to assess changes in soil parame-
al. (2008) reported 70 % lower infiltrability under barley cul- ters and their variability at sites that have been under agricul-
tivation (15yr) and in grazing land, compared to forest, in tural cultivation for different times in Kenya, with the objec-
Ethiopia. Omuto (2008) reported a 25% decrease in infil-tive of identifying the time course of these changes.
trability 10 yr after conversion from a semi-arid shrubland
to agriculture. For a true chronosequence (i.e. not a time for
space substitution) from forest to pasture land in Latin Amer-2  Material and methods
ica, Zimmermann at al. (2006, 2010) reported decreases in
infiltrability of 90 %. This study uses a time for space ap- 2.1 Site description
proach for a chronosequence of 120 yr for conversion from
forest to agricultural land in Nandi, Kenya. The study was undertaken in the South Nandi forest
Recovery after abandonment of agriculture has also bee00°06 N, 35°00 E) and in cultivated plots adjacent to it
studied, e.g. Giambelluca (2002) presented a time series afear Kaptumo, Nandi district, western Kenya (Fig. 1). South
recovery of soil conductivity with up to 30yr fallow after Nandi forest is one of the largest remaining fragments of the
long-term agriculture in Vietham. There are a handful of original Kakamega Forest, and is one of the last remnants of
other studies (cf. listedt et al., 2007) documenting recov-virgin tropical rainforest in this area. Since 1895, parts of the
ery after afforestation (e.g. Bonell et al., 2010; Chirwa et forest have been cleared and converted to agriculture. The
al., 2003; Mapa, 1995) and agroforestry practices (e.g. Hualtitudes of the sites range between 1850 and 2040 m above
lugalle and Ndi, 1993, 1994; Salako and Kirchhof, 2003). sea level. Mean annual temperature is about 40,8vith
The effect of grazing and subsequent recovery by natural suanean annual precipitation of 2000 mm, distributed across
cession has received relatively much attention in South andwo rainy seasons (from March to June, and from September
Latin America (e.g. Spaans et al., 1990; Zimmermann et al.to November) (Solomon et al., 2007; Kimetu et al., 2008).
2006, 2010; Zimmermann and Elsenbeer, 2009; Hassler ethe soils of South Nandi forest are well-drained, deep and
al., 2011; Martinez and Zinck, 2004), but less in Africa (but dark to reddish brown with friable clay and a thick humic top
see e.g. Savadogo et al., 2007; Abdelkadir and Yimer, 2011)layer, principally developed on biotite gneiss parent material.
In Southeast Asia, the effect of using heavy machinery forThey are classified as humic nitosols (FAO-UNESCO, 1997).
wood extraction in logging operations has been studied (e.gThe natural vegetation is composed of Guineo-Congolian
Kamaruzaman et al., 1987; Kamaruzaman, 1996; Huang etropical rainforest species, includingningeria altissima,
al., 1996; Malmer and Grip, 1990). Milicia excelsa, Antiaris toxicarisand Chrysophyllum al-
Much of the native forest in the highlands of western bidum,and montane forest species, includidfga capensis
Kenya has been converted to agricultural land, and somendCroton megalocarpugSolomon et al., 2007). The agri-
is still undergoing conversion, in order to feed the growing cultural landscape is dominated by a mixture of maize fields
population. In tropical Africa, this land use change is com- and grass-covered grazing land. At this altitude and latitude,
monly reported to result in progressive soil degradation thatalmost all grasses are;CTieszen et al., 1979). There are also
increases with the duration of cultivation (Juo et al., 1995;tea fields. Sampling was done in late March 2009, i.e. well
Lemenih et al., 2005a, b; Lal, 1996). Soil degradation, de-into the rainy season, and the maize was 10 cm to 1.5 m high
fined as the loss of actual or potential productivity or utility in the different fields depending on planting time (higher if
as a result of natural or anthropogenic factors (Lal, 1993) andhe farmer planted early in the season).
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WOE H2E HHE HOE USOE JUE WIE WHE W IEE S sites were small, albeit on a small sample of top soi# @),

\ and that those small differences were due to length of agri-
Grapsate \ o~ cultural cultivation rather than intrinsic soil property differ-

‘ - N ences. Soil texture analyses were not done in this study, but it
™ Qe [0 \ L is assumed that the sites had a similar soil texture. The clay-
v TN \j silt content is given in Table 1.

7 o X Infiltrability (Hillel, 1971) was measured using the double-
N ) M — ﬂi | ring infiltrometer method (Bouwer, 1986) at six points per
o [ o % plot. The inner and the outer rings had a diameter of 20 and
o2 x / ',;"" 30 cm, respectively. Water was carefully poured into the in-
wof X // o ‘\\w,@‘mm ner and outer ring to avoid disturbing the soil surface, main-
] - AL taining a head of 3—4 cm during the measurements. The pur-
S —— Ay pose of using a double-ring infiltrometer is for the space

between the two rings to prevent edge effects due to non-
vertical flow affecting vertical infiltration from the inner ring
(Bouwer, 1986). The advantages of using the double-ring
method are its simplicity, relatively low cost and common
use (Teixeira et al., 2003).
2.2 Study design The water level in the inner ring was measured every 3 min
for one 15 min period each hour, giving 5 infiltration readings
The study was conducted on eight different plots with anper ring every hour. Measurements continued until a constant
average size of 40fntwo of them within existing natural infiltration rate was reached, or after four hours from the time
forest (Oyr since conversion) and six in maiz&é mays measurements started.
L.) fields. The six maize plots had been in agricultural pro- The steady-state infiltrability (Hillel, 2004) and sorptivity
duction after conversion for 39 (two plots), 57, 69 or 119 constants (defining the soil capacity to absorb water when the
(two plots) yr, as reported by the farmers. Plots were ran-water flow is influenced by a matric pressure gradient) were
domly placed in farmers fields and in forest sites. Thus, theestimated by means of curve-fitting using Philip’s equation
chronosequence ranging from 0 to 119 yr was established ugPhilip, 1957), by minimizing the squared residuals using the
ing the eight study plots (Table 1). The sampling sites weresolver tool in Microsoft Excel.
all within a 25kn? area (Fig. 1). The two closest fields or  According to Philip’s equation,
sites were 300 m apart.

Land use since deforestation has been alternating betwee41: §
maize cultivation and grass 4Cpastures. Crop yield esti- wherel (mm) is the cumulative infiltration at time,(h), for
mates were obtained by interviewing farmers and recordingnfiltration; s (mm h~%®) is the term defined as sorptivity;
their verbal estimates of yield as bags (approx. 90kg) pefmm h~1) is the term defined as transmissivity or steady-state
acre (0.4 ha){(=5). infiltrability.

Surface soil bulk density was determined from four undis-
turbed samples per plot. The samples were collected using .3 Statistical analyses
cylindrical sampler 5 cm long and 5 cm in diameter. Dry bulk . o - ]
density was calculated by dividing the mass after oven dry_CorreIatlons between pa}rameters (|nf|Itrab|I|ty,l bulk density,
ing at 7C°C by the volume of the core. Four samples for soil %C; %N, macro- and microaggregates, and yield) were cal-
carbon, nitrogen and aggregate analyses were taken from tHfg!lated using Spearman’s non-parametric rank correlation
topsoil in each plot. Subsamples of the soil were analyzedPASW 18). Due to the non-normal distribution and unequal
for %C, 813C and %N on an elemental analyzer — isotope ra-Variances of the data, tests of significance for differences be-

tio mass spectrometer (EA-IRMS) that was linked to an ele-tween median values were conducted using Mood's median
ment analyzer (Carlo Erba CHN1110). For soil particle anal-t?St- We used the Levene’s test to test for dl'fferences in varia-
ysis, samples were wet-sieved through successively smalldfon between the forest (year 0) and the agricultural (year 39—
mesh sizes. For each sieve, samples were shaken for 2 mihL9) sites (Minitab 16).

(25 strokes/minute) with an amplitude of 3cm. Mesh sizes

were 2mm, 0.25mm and 0.053 mm, which collected largegz Results

macroaggregates>@ mm), small macroaggregates (0.25—

2mm) and microaggregates (0.053-0.25mm), respectively3 1  Steady-state infiltrability

The fraction that passed through all sieves, £8.053 mm,

was silt and clay. Previous work by Kimetu et al. (2008) at Infiltrability was significantly higher g < 0.05) in the for-

the same site concluded that textural differences between thest (year 0) compared with any of the agricultural fields.

Fig. 1. Map of Kenya showing the study area and the study plots
near Kaptumo, Nandi District.

05 4t
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Table 1. Sample site information.

. Elevation Site age  Field size  Silt+clay
Location (mas.) Slope Aspect (N (ha) (%)
Chepkongony 2026 4%5  South 0 2.0
Chepkongony 2026 4 East 0 0.9
Chepkongony 2019 P4 East 39 0.2 2.6
Chepkongony 2036 0  South 39 0.4 6.5
Chepkongony 1956 B Northeast 57 1.2 5.1
Chepkongony 1990 1195 South 69 0.3 8.7
Kaptumo 1877 3 East 119 0.8 9.0
Koyo 1919 11.8 North 119 0.6 8.2

Infiltrability was significantly lower in the sites that had been 900 -
under agriculture for 39yr than in the forest, but signifi- g
cantly higher than in fields that had been under agriculture  #® ¢
for 57-119yr p < 0.05). In the forest, the median infiltrabil- = = -first quartile
ity was 342 mmh?. In the plots that had been converted to ™ —&— median
agriculture more than 57 yr ago, most (83 %) of the infiltra-
bility values were below 100 mntttand 17 % of the sam- a O measured values
pling points had rates below 50 mmh Infiltrability was
below 100 mm h! for all sampling points in the plots that
had been converted 119yr ago (Table 2, Fig. 2). Thus, in-
filtrability has decreased with time since conversion, partic-
ularly during the first 57 yr (Fig. 2). The median infiltrabil-
ity after 119 yr of cultivation was only around 15 % of the
median infiltrability in the forest. The coefficient of varia-
tion (CV =stdev/mean) was 35-80 % within plots. Variance S - = = R
was significantly higher £ < 0.05) in the forest (year 0) ——=--=< _'_"_%'_g
than in the agricultural plots, with infiltration rates rang- 0 ; ; ‘ ‘ ; ‘
ing from 37 mmh! to 859 mmht in the forest, whilst af- ° * Time since conversion (years) 10 10
ter 119 yr of cultivation, the range was between 18 mrh h

and 78 mmh? at the plots that were converted 119yr ago Fig. 2. Infiltrability rates for the plots along the chronosequence as
(Fig. 2). a function of years since conversion to agriculture. Letters in ital-

ics represent significance. Years since conversion not followed by
the same letter are significantly differept £ 0.05, Mood’s median
test).

600 X = === third quartile

o,
500( \, X outliers

Infiltrability mm h-!

3.2 Bulk density

Median soil bulk density was 52 % lower for the plots that

had been under agriculture for 39 yr than for the plots in thez 4 Soil aggregates

forest (p <0.05) and ranged from from 0.62 g crhin the

forest to 0.94 g cm? in cultivated fields (Fig. 3a). There were The median percentage large macroaggregat@si(m) was
no significant differences in BD for any of the agricultural significantly higher p <0.05) in the forest (37.3%) than

sites (39—-119yr). The CV for BD data was 5-25 %. for the sites that had been converted 57 to 119yr ago
(2.5-11.7 %) (Fig. 3e). There were no changes in small
3.3 Soil C, N ands'3C macroaggregates (0.25-2 mm; data not shown), but there was

an increase in median values of microaggregates (0.053—
Soil C and N content were significantly « 0.05) lower  0.25mm) with time since conversion: 6.9 %in microaggre-
in the cultivated fields (median 3.8 and 0.4 % respectively)gates in the forest, which was significantly lowgr< 0.05)
compared to the forest (6.2 and 0.7 % respectively) (Fig. 3kthan in cultivated land (25.7-39.2 %) 57 to 119 yr after con-
and c). Mediar$13C was significantly lower in the £domi- version (Fig. 3f). Variance was significantly lower & 0.05)
nated forest{26 %o), than in the cultivated fields, which all for microaggregates in the forest.
had similar values around18 %o (p < 0.05) (Fig. 3c). The
CV for C and N data ranged from 5-25 %. Variance was sig-
nificantly higher p < 0.05) for N in the forest.
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Fig. 3. Boxplots of soil parameterga) Bulk density,(b) soil carbon (%C)(c) soil N (%N), (d) §13C, (e) macroaggregate&) microaggre-

gates. X-axis scale is time since conversiorepresents outliers. Box plot shows median, i.e. line in grey box, the first (below median line)
and third (above median line) quartiles. Whiskers extend to the maximum or minimum data point within 1.5 box heights from the top or
bottom of the box. Letters in italics below bars represent significance. Years since conversion not followed by the same letter are significantly
different (p < 0.05, Mood’s median test).

3.5 Correlations that had been under cultivation for 39 yr (140 mnthand

to 15 % in the plots that had been under cultivation for 119 yr
All parameters, excepfC, correlated well p = <0.05) with (46 mmirY). Yimer et al. (2008) reported similar high infil-
time since conversion (Table 2). Infiltrability was negatively trability values from Ethiopian forests (around 450 mnih
correlated p=<0.05) with age, bulk density; the % mi- but a faster decline, to 25 % after 15 yr of crop cultivation or
croaggregates were positively correlatgd=(<0.05) with grazing land (around 120 mnth).
%C, %N and large macroaggregates and weakly with yield The time resolution of our data is not optimal to evalu-
(p=<0.1). Infiltrability, bulk density, C and N were corre- ate the initial process of soil degradation, i.e. the youngest
lated strongly with each other and with time since conversionagricultural plot was converted 39yr ago. Much, or even
(p <0.050rp <0.01) (Table 3). most, of the differences measured between year 0 and

39 might have occurred during the first few years, as

shown in other studies. In Ibadan, Nigeria, infiltrability de-
4 Discussion creased from 1560 mnT# in the forest to 398 mmtt af-

ter three years of traditional farming (Lal, 1996). Giertz and
In this study we report a gradual decline in infiltrability, soil Diekkruger (2003) and Giertz et al. (2005) compared agri-
C and N concentrations after conversion of forest to agri-cultural areas of unknown age with natural vegetation of dry

culture in a 119 yr chronosequence. Median infiltrability was forests and Savannah in Benin, West Africa, and found that
reduced to 40 % of the forest rates (342 mndhin the plots
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Table 2. Steady-state infiltrability (mmh?) for sites of different ~ fields. However, there were also many locations with high in-
times since conversion to agriculture, represented by the mediaffiltrability, whilst such locations were largely missing in agri-
rate and % of readings above and below particular rates. Q3—-Q1 isultural fields, especially in the plots that had been converted

the interquartile range covering 50 % of the values. more than 57 ago (Fig. 2).

Tropical rains are often very intensive; in the area at
ince Median least 10 % of the annual rainfall (about 12 times per year
ears since G iability Q3-Q1 %< 50mmirl %< 100mmirt e 1 (e eS per year)

conversion 1) has intensities>50 mmh* for periods of 15min. Occa-
5 42 e s 7 sionally (about once per year), rainfall intensities reach
39 140 82 0 3 >100mmht (Moore, 1979). These events represent 1%
57 69 54 17 83 of annual rainfall. In the cultivated area that was converted
o e - . i 119 yr ago, 36 % of the randomly sampled points had infiltra-

bility below 50 mm 1 and all (100 %) had infiltrability be-
low 100 mm it (Table 1). As there are very few agroforestry
structures that could act as “funnels” for infiltration (high in-
average infiltrability and variability in the agricultural areas filtrability areas), there is considerable risk for surface runoff
were about 30 % of the infiltrability and the variation in for- and erosion, and hence less water is available for transpira-
est. tion (Stroosnijder, 2009). Erosion is known to reduce crop
Giambelluca (2002) found a recovery in soil conductivity yield via a reduction in effective rooting depth, loss of plant
after fallowing long-term agricultural land in Vietham from nutrients and soil organic carbon, loss of land area, and di-
20 to 60 mm h'! after less than 19 yr and to 80 mmbafter  rect damage to seedlings (Lal, 1998). Decreased infiltration
30yr. This is consistent with the 2-5 fold increase found in amay also lead to less groundwater recharge if the decrease is
meta-analysis (llstedt et al., 2007) of studies of recovery aftethigher than the difference in evapotranspiration between the
afforestation (e.g. Bonell et al., 2010; Chirwa et al., 2003; systems (Bruijnzeel, 2004; Malmer et al., 2010).
Mapa, 1995) and agroforestry practices (e.g. Hulugalle and From a landscape management perspective, one impli-
Ndi, 1994, 1993; Salako and Kirchhof, 2003). cation of the results of this study may be that wooded
In comparison to the effects of non-mechanized agricul-structures, e.g. tree lines or shelterbelts along contours (El-
ture, the effects of grazing seem more severe and rapid (e.dis et al., 2006; Stroosnijder, 2009), woodlots or other agro-
Spaans et al., 1990; Zimmermann et al., 2006, 2010; Zim{forestry elements, need to be included in the agricultural sys-
mermann and Elsenbeer, 2009; Hassler et al., 2011; Martinetem (for both restoring degraded landscapes and new agri-
and Zinck, 2004). For example, Zimmerman et al. (2006)cultural areas), at a scale large enough to create enough high
measured 10-fold higher infiltrabilities in forests and other infiltration locations to reduce the risk for runoff and erosion
tree-covered systems than in nearby pasture land, andt both the farm and landscape scale. Trees/agroforestry in
Martinez and Zinck (2004) found infiltrability of 2 mnT# the landscape can improve infiltrability (Nyamadzawo et al.,
in pastures and 143 mnth in forests on fine textured soils. 2007, 2008; Stroosnijder, 2009; listedt et al., 2007) and will
However, in a 12-yr grazing exclusion experiment in dry also enable more C sequestration or smaller losses of C (Nair
forests in Burkina Faso, infiltrability decreased with graz- et al., 2009; Nyberg and Hogberg, 1995; Stahl et al., 2002;
ing intensity from 83 without grazing to 50 mnthininten-  Albrecht and Kandji, 2003). The appropriate scale of these
sively grazed plots (Savadogo et al., 2007), indicating that theagroforestry components will depend on rainfall distribution,
very large reductions seen in more humid areas are perhapsil type, slope, agroforestry type and agricultural practices.
less drastic in dry forests, maybe partly because pretreatmemtowever, further research is needed on this subject, particu-
infiltrability rates were already low. larly on how runoff and infiltration at the landscape scale are
For infiltrability and C and N concentrations, we de- affected by the interaction between the spatial variability in
tect differences also after 39yr, implying that degradationrainfall distribution and infiltrability.
processes continued. It also indicates that these parametersSoil bulk density has increased significantly within 40 yr
are suitable to detect soil changes late in the process. since conversion to agriculture. Soil bulk density is easy and
A decrease in variability, especially for infiltrability, fol- cheap to measure, and thus appropriate for general descrip-
lowed the decreases in average and median values. High variions of long-term soil changes. However, it also depends on
ability in infiltrability is commonly reported (Bamutaze et the soil texture. Infiltrability (and C and N) shows changes in
al., 2010; Lal, 1996). Similar values to those reported herethe later part of the chronosequence more clearly than bulk
for the CV of infiltrability (33-81 %) were obtained by Van density (and aggregate size asidC), i.e. infiltrability was
de Genachte et al. (1996) in a rain forest in Guyana. Infiltra-significantly lower < 0.05) after 119 yr than after 39 since
bility is not difficult to measure, but, due to the large vari- conversion (Figs. 2 and 3a).
ation, it needs many replicate samples. The variation itself Soil C was quite high in the forest and decreased by
provides valuable information. In the forest, there were lo-about 35 % with cultivation, averaged over the six agricul-
cations with infiltration capacity as low as in the agricultural tural sites (39-119 yr§13C increased after forest conversion
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Table 3.Correlations between soil and site parameters, including time since conversion to agri¢utsteady-state infiltrability; BD = soil
bulk density; Macro-aggr.% = % large macroaggregatesrim) in soil; Micro-aggr.% = % microaggregates (0.053-0.25 mm) in soil. Spear-
man rank correlation for plot medians (top value) and p-values (bottom valed for all parameters, except yield where 5.

Macro-  Micro-

ic BD %C %N aggr%  aggr.% Yield
Age —0.982 0.788 —0.849 -0.849 -0.727 0.752 -0.889
p-value <0.001 0.020 0.008 0.008 0.041 0.032 0.044
ic —0.810 0.833 0.857 0.714 -0.714 0.866
p-value 0.015 0.010 0.007 0.047 0.047 0.058
BD —-0.929 -0.881 —0.866
p-value 0.001 0.004 0.058
%C 0.976 0.690 —0.643 0.866
p-value <0.001 0.058 0.086 0.058
%N 0.786 —0.714 0.866
p-value 0.021 0.047 0.058
Macro-aggr. % —-0.929
p-value 0.001

to agriculture based onslants (maize and grass for graz- In spite of admittedly weak data €5 and farmer estimates

ing) from — 26 %o to—18 %o, suggesting that the initial degra- of crop yield), the yield correlated with time since conversion

dation of forest C occurs rapidly (within the first 39 yr), but and correlated weaklyp(=0.058) with the first four soil pa-

that subsequent decomposition of forest C is very slow. Thaameters (Table 2). The reported yields and their decline with

low variability in 13C and the stabl&'3C values in the plots  time since conversion are similar to measured yield data from

that had been converted more than 39yr ago indicate thathe same area (Ngoze et al., 2008).

varying between crop or grazing and tea on the same fields is

not common. Had there been regular use gfplants, e.g. _

trees or tea, in the agricultural practice, lower values and®® Conclusions

larger variation would have been seens#iC. This is also ' . . . .
D . . Infiltrability, soil C and N concentrations were lower in the

supported by the farmers not mentioning it, but discussing

e aeratonof mazefedsithgazng andgasses). IS DO DA e Bres pioe, Bk fenely e
This suggests that some 40-50% of the soil C is still of 9 g :

Cs origin after 120yr. Others have reported similar patternstrab|I|ty values at the plots that were converted to agriculture

X : o : .~ 119 yr ago were about 15 % of the values in the forest plots.
of forest-derived C, for example in Ethiopia and in Brazi The variation in infiltrability and %N was higher in the forest
(Lemenih et al., 2005b; Lisboa et al., 2009). Y 9

. . than in the agricultural fields. About half of the soil carbon
The percentage of large macroaggregates in soil decrease : S ) .
N ; . S in the forest was lost during cultivation. Despite this, 50 %
with time since conversion, probably as a result of soil tillage . . . . .
" . . ... .- of the remaining carbon consisted of organic material orig-
and decomposition. Microaggregates increased with time .. .
. . . inating from the forest. Whilst most changes appear to oc-
since conversion, probably reflecting macroaggregate break- o . o o
X 4 cur within 40 yr, some soil parameters (infiltrability, C% and
down (Wright and Inglett, 2009). Microaggregates are rel- . !
. X . ) : N%) appear to decline also after more than 40 yr of agricul-
atively inert, with reported mean residence times (MRT) of ture
222 and 498yr (Liao et al., 2006; Lisboa et al., 2009). Inflow '

to this soil pool is reported to be faster than outflow; this fact

13 i indi
was supported by our“C data, which also indicated a pool  acknowledgementsThis study was funded jointly by the Swedish

of relatively inert soil C (40-50% of soil C). The slightly pevelopment Agency (Sida) and the Swedish Research Council
higher variation in soil C§13C and in macroaggregates at Formas.

the sites that were converted 119 yr ago might indicate a dif-
ference in management, e.g. inclusion of trees in fallows orEdited by: I. van Meerveld
tea during some periods, in the oldest fields.
There were very strong correlations between the time since
conversion and infiltrability, bulk density, C% and N%, as
well as between these four parameters, showing that they are
well-suited for describing soil changes in chronosequences
from forest to agricultural land (Table 2). These four param-
eters are furthermore cheap and easy to measure and, except
for infiltrability, commonly used in agricultural soil research.

www.hydrol-earth-syst-sci.net/16/2085/2012/ Hydrol. Earth Syst. Sci., 16, 208894 2012



2092

References

G. Nyberg et al.: Soil property changes in a 120 yr forest

Giambelluca, T. W.: Hydrology of altered tropical forest, Hydrol.
Process., 16, 1665—-166%9i:10.1002/hyp.50212002.
Giertz, S. and Diekkruger, B.: Analysis of the hydrologi-
Abdelkadir, A. and Yimer, F.: Soil water property variations in three
adjacent land use types in the Rift Valley area of Ethiopia, J. Arid.
Environ., 75, 1067-1071d0i:10.1016/j.jaridenv.2011.06.012
2011.

cal processes in a small headwater catchment in Benin
(West Africa), Phys.

Chem.

Earth, 28,
doi:10.1016/j.pce.2003.09.002003.
Albrecht, A. and Kandji, S. T.: Carbon sequestration in tropi-

1333-1341,
cal agroforestry systems, Agr. Ecosyst. Environ., 99, 15-27,

Giertz, S., Junge, B., and Diekkruger, B.: Assessing the effects of

land use change on soil physical properties and hydrological pro-
doi:10.1016/s0167-8809(03)00138Z003.

cesses in the sub-humid tropical environment of West Africa,
Phys. Chem. Earth, 30, 485-4@#8:10.1016/j.pce.2005.07.003
Arvidsson, J.: Influence of soil texture and organic matter content  2005.
on bulk density, air content, compression index and crop yield inHassler, S. K., Zimmermann, B., van Breugel, M., Hall, J.
field and laboratory compression experiments, Soil Till. Res., 49, S., and Elsenbeer, H.: Recovery of saturated hydraulic con-
159-170, 1998. ductivity under secondary succession on former pasture in
Awiti, A. O., Walsh, M. G., and Kinyamario, J.: Dynam- the humid tropics, Forest Ecol. Manag., 261, 1634-1642,
ics of topsoil carbon and nitrogen along a tropical forest-  doi:10.1016/j.foreco.2010.06.032011.
cropland chronosequence: Evidence from stable isotope analHillel, D.: Soil and Water: Physical Principles and Processes. (Phys-
ysis and spectroscopy, Agr. Ecosyst. Environ., 127, 265-272, iological Ecology: a Series of Monographs and Treatises), Soil
doi:10.1016/j.agee.2008.04.Q12D08.
Bamutaze, Y., Tenywa, M. M., Majaliwa, M. J. G., Vanacker,

and Water: Physical Principles and Processes, Academic Press,
New York and London, 288 pp., 1971.
V., Bagoora, F., Magunda, M., Obando, J., and Wasige,Hillel, D.: Introduction to environmental soil physics, Introduction
J. E.. Infiltration characteristics of volcanic sloping soils
on Mt. Elgon, Eastern Uganda, Catena, 80, 122-130,
doi:10.1016/j.catena.2009.09.0@&®10.

Bonell, M., Purandara, B. K., Venkatesh, B., Krishnaswamy, J.,

to environmental soil physics, edited by: Hillel, D., Academic
Acharya, H. A. K., Singh, U. V., Jayakumar, R., and Chap-

Press, San Diego, xvi+494 pp., 2004.
Huang, J., Lacey, S. T., and Ryan, P. J.: Impact of forest harvesting
on the hydraulic properties of surface soil, Soil Sci., 161, 79-86,
doi:10.1097/00010694-199602000-0000296.
pell, N.: The impact of forest use and reforestation on soil hy- Hulugalle, N. R. and Ndi, J. N.: Effects of no-tillage and al-
draulic conductivity in the Western Ghats of India: Implications
doi:10.1016/j.jhydrol.2010.07.002010.

ley cropping on soil properties and crop yields in a typic
for surface and sub-surface hydrology, J. Hydrol., 391, 49-64, Kandiudul of Southern Cameroon., Agrofor. Syst., 22, 207—220,

doi:10.1007/bf00705234.993.

Bouwer, H.: Intake rate: cylinder infiltrometer, in: Methods of soil Hulugalle, N. R. and Ndi, J. N.: Changes in soil properties of a
analysis. Part 1. Physical and mineralogical methods, edited by: nwly-cleared Ultisol due to establishment of hedgerow species

Klute, A., American Society of Agronomy, Inc., Madison, Wis- in alley cropping systems, J. Agr. Sci., 122, 435-443, 1994,

consin, 825—-844, 1986. lIstedt, U., Malmer, A., Verbeeten, E., and Murdiyarso, D.: The ef-

Bruijnzeel, L. A.: Hydrological functions of tropical forests: not  fect of afforestation on water infiltration in the tropics: A system-

seeing the soil for the trees?, Agr. Ecosyst. Environ., 104, 185—

228,d0i:10.1016/j.agee.2004.01.Q12904.

atic review and meta-analysis, Forest Ecol. Manag., 251, 45-51,
doi:10.1016/j.foreco.2007.06.012007.
Chirwa, T. S., Mafongoya, P. L., and Chintu, R.: Mixed planted- Jastrow, J. D., Miller, R. M., and Lussenhop, J.: Contributions of
fallows using coppicing and non-coppicing tree species for de- interacting biological mechanisms to soil aggregate stabilization
graded Acrisols in eastern Zambia, Agrofor. Syst., 59, 243-251,
doi:10.1023/b:agfo.0000005225.12629.8003. Jetten, V. G., Riezebos, H. T., Hoefsloot, F., and Vanrossum,
Cresswell, H. P., Smiles, D. E., and Williams, J.: Soil structure, J.: Spatial variability of infiltration and related properties
soil hydraulic-properties and the soil-water balance, Aust. J. Soil
Res., 30, 265-283, 1992.

of tropical soils, Earth Surf. Proc. Land., 18, 477-488,
Glob. Change Biol.,

in restored prairie, Soil Biol. Biochem., 30, 905-916, 1998.
doi:10.1002/esp.3290180601993.
Don, A, Schumacher, J., and Freibauer, A.: Impact of tropical land-Juo, A. S. R., Franzluebbers, K., Dabiri, A., and Ikhile, B.: Changes

use change on soil organic carbon stocks — a meta-analysis, in soil properties during long-term fallow and continuous culti-
17, 1658-1670q¢0i:10.1111/j.1365-
2486.2010.02336,2011.

vation after forest clearing in Nigeria, Agr. Ecosys. Environ., 56,
9-18, 1995.
Doran, J. W. and Parkin, T. B.: Defining and assessing soilKamaruzaman, J.: Estimation of rate of recovery of disturbed soils
quality, Defining soil quality for a sustainable environment:  from ground-based logging in Peninsular Malaysia, J. Trop. For.
proceedings of a symposium, Minneapolis, MN, USA, 1992, Sci., 9, 88—100, 1996.
CABI:19951904109, 3-21, 1994. Kamaruzaman, J., Nik Muhamad, M., and Kamaruzaman, J.: Effect
Ellis, T. W., Leguedois, S., Hairsine, P. B., and Tongway, D. J.: Cap-  of crawler tractor logging on soil compaction in central Pahang
ture of overland flow by a tree belt on a pastured hillslope in  Malaysia, Malaysian Forester, 50, 274-280, 1987.
south-eastern Australia, Aust. J. Soil Res., 44, 117-125, 2006. Kapkiyai, J. J., Karanja, N. K., Woomer, P., and Qureshi, J. N.: Soil
FAO-UNESCO: Soil Map of the World. Revised Legend, edited by:  organic carbon fractions in a long-term experiment and the po-
ISRIC, Wageningen, 1997. tential for their use as a diagnostic assay in highland farming sys-
Franzluebbers, A. J.: Water infiltration and soil structure related to  tems of Central Kenya, African Crop Science Journal, 6, 19-28,
organic matter and its stratification with depth, Soil Till. Res., 66, 1998.
197-205, 2002.

Hydrol. Earth Syst. Sci., 16, 20852094 2012

www.hydrol-earth-syst-sci.net/16/2085/2012/


http://dx.doi.org/10.1016/j.jaridenv.2011.06.012
http://dx.doi.org/10.1016/s0167-8809(03)00138-5
http://dx.doi.org/10.1016/j.agee.2008.04.012
http://dx.doi.org/10.1016/j.catena.2009.09.006
http://dx.doi.org/10.1016/j.jhydrol.2010.07.004
http://dx.doi.org/10.1016/j.agee.2004.01.015
http://dx.doi.org/10.1023/b:agfo.0000005225.12629.61
http://dx.doi.org/10.1111/j.1365-2486.2010.02336.x
http://dx.doi.org/10.1111/j.1365-2486.2010.02336.x
http://dx.doi.org/10.1002/hyp.5021
http://dx.doi.org/10.1016/j.pce.2003.09.009
http://dx.doi.org/10.1016/j.pce.2005.07.003
http://dx.doi.org/10.1016/j.foreco.2010.06.031
http://dx.doi.org/10.1097/00010694-199602000-00001
http://dx.doi.org/10.1007/bf00705234
http://dx.doi.org/10.1016/j.foreco.2007.06.014
http://dx.doi.org/10.1002/esp.3290180602

G. Nyberg et al.: Soil property changes in a 120 yr forest 2093

Kimetu, J. M., Lehmann, J., Ngoze, S. O., Mugendi, D. N.,  Sci. Total Environ., 378, 130-132, 2007.

Kinyangi, J. M., Riha, S., Verchot, L., Recha, J. W., and Pell, A. Martinez, L. J. and Zinck, J. A.: Temporal variation of soil

N.: Reversibility of soil productivity decline with organic matter compaction and deterioration of soil quality in pasture ar-
of differing quality along a degradation gradient, Ecosystems, 11, eas of Colombian Amazonia, Soil Till. Res., 75, 3-17,
726—-739d0i:10.1007/s10021-008-91542008. doi:10.1016/}.still.2003.12.002004.

Lal, R.: Cropping systems effects on runoff, erosion, water qual-Mbagwu, J. S. C.: Quasi-steady infiltration rates of highly perme-
ity, and properties of a savanna soil at llorin, Nigeria, edited by:  able tropical moist savannah soils in relation to landuse and pore
Hadley, R. F. O. E. D., IAHS Publication, 184, 6774 pp., 1989.  size distribution, Soil Technol., 11, 185-195, 1997.

Lal, R.: Tillage effects on soil degradation, soil resilience, soil qual- Moore, T. R.: Rainfall erosivity in East-Africa, Geogr. Annaler A,
ity, and sustainability-introduction, Soil Till. Res., 27, 1-8, 1993. 61, 147-156¢0i:10.2307/5209091979.

Lal, R.: Deforestation and land-use effects on soil degradation andMurty, D., Kirschbaum, M. U. F., McMurtrie, R. E., and McGilvray,
rehabilitation in western Nigeria. 1. Soil physical and hydrologi-  A.: Does conversion of forest to agricultural land change soil car-

cal properties, Land Degrad. Dev., 7, 19-45, 1996. bon and nitrogen? A review of the literature, Glob. Change Biol.,
Lal, R.: Soil erosion impact on agronomic productivity and environ- 8, 105-123¢0i:10.1046/j.1354-1013.2001.004592002.
ment quality, CRC Cr. Rev. Plant Sci., 17, 319-464, 1998. Nair, P. K. R., Nair, V. D., Kumar, B. M., and Haile, S. G.:

LeBissonnais, Y. and Arrouays, D.: Aggregate stability and assess- Soil carbon sequestration in tropical agroforestry systems:
ment of soil crustability and erodibility. 2. Application to humic a feasibility appraisal, Environ. Sci. Policy, 12, 1099-1111,
loamy soils with various organic carbon contents, Eur. J. Soil doi:10.1016/j.envsci.2009.01.012009.

Sci., 48, 39-48, 1997. Ngoze, S., Riha, S., Lehmann, J., Verchot, L., Kinyangi, J., Mbugua,
Lemenih, M., Karltun, E., and Olsson, M.: Assessing soil D., and Pell, A.: Nutrient constraints to tropical agroecosystem
chemical and physical property responses to deforestation productivity in long-term degrading soils, Glob. Change Biol.,

and subsequent cultivation in smallholders farming sys- 14,2810-282270i:10.1111/j.1365-2486.2008.016982008.
tem in Ethiopia, Agr. Ecosyst. Environ., 105, 373-386, Nyamadzawo, G., Chikowo, R., Nyamugafata, P., and Giller,
doi:10.1016/j.agee.2004.01.048)05a. K. E.: Improved legume tree fallows and tillage effects on

Lemenih, M., Karltun, E., and Olsson, M.: Soil organic matter dy-  structural stability and infiltration rates of a kaolinitic sandy
namics after deforestation along a farm field chronosequence in soil from central Zimbabwe, Soil Till. Res., 96, 182-194,
southern highlands of Ethiopia, Agr. Ecosyst. Environ., 109, 9— doi:10.1016/.still.2007.06.002007.
19,d0i:10.1016/j.agee.2005.02.012D05b. Nyamadzawo, G., Nyamugafata, P., Chikowo, R., and Giller, K.:

Leonard, J., Perrier, E., and Rajot, J. L.: Biological macrop- Residual effects of fallows on selected soil hydraulic properties
ores effect on runoff and infiltration: a combined experimental in a kaolinitic soil subjected to conventional tillage (CT) and no
and modelling approach, Agr. Ecosyst. Environ., 104, 277-285, tillage (NT), Agrofor. Syst., 72, 161-1680i:10.1007/s10457-
doi:10.1016/j.agee.2003.11.01204. 007-9057-62008.

Liao, J. D., Boutton, T. W., and Jastrow, J. D.: Organic mat- Nyberg, G. and Hogberg, P.: Effects of young agroforestry trees on
ter turnover in soil physical fractions following woody soils in on-farm situations in western Kenya, Agrofor. Syst., 32,
plant invasion of grassland: Evidence from natural C- 45-52,d0i:10.1007/bf00713847995.

13 and N-15, Soil Biol. Biochem., 38, 3197-3210, Omuto, C. T.: Assessment of soil physical degradation in Eastern
doi:10.1016/j.s0ilbio.2006.04.002006. Kenya by use of a sequential soil testing protocol, Agr. Ecosyst.

Lisboa, C. C., Conant, R. T., Haddix, M. L., Cerri, C. E. P.,, and  Environ., 128, 199-21H0i:10.1016/j.agee.2008.06.Q@®08.
Cerri, C. C.: Soil carbon turnover measurement by physical frac-Ouedraogo, E., Mando, A., and Zombre, N. P.: Use of compost to
tionation at a forest-to-pasture chronosequence in the Brazilian improve soil properties and crop productivity under low input
Amazon, Ecosystems, 12, 1212-128@i:10.1007/s10021-009- agricultural system in West Africa, Agr. Ecosyst. Environ., 84,
9288-7 2009. 259-266, 2001.

Malmer, A. and Grip, H.: Soil disturbance and loss of infiltra- Philip, J. R.: The theory of infiltration: 4. Sorptiyity and algebraic
bility caused by mechanized and manual extraction of tropical infiltration equations, Soil Sci., 84, 257-264, 1957.
rain-forest in Sabah, Malaysia, Forest Ecol. Manag., 38, 1-12 Pimentel, D., Harvey, C., Resosudarmo, P., Sinclair, K., Kurz, D.,
doi:10.1016/0378-1127(90)900811990. McNair, M., Crist, S., Shpritz, L., Fitton, L., Saffouri, R., and

Malmer, A., Murdiyarso, D., Bruijnzeel, L. A., and llstedt, Blair, R.: Environmental and economic costs of soil erosion and
U.: Carbon sequestration in tropical forests and water: a conservation benefits, Science, 267, 1117-1123, 1995.
critical look at the basis for commonly used generaliza- Salako, F. K. and Kirchhof, G.: Field hydraulic properties of an Al-

tions, Glob. Change Biol., 16, 599-60d0i:10.1111/j.1365- fisol under various fallow systems in southwestern Nigeria, Solil
2486.2009.01984,2010. Use Manage., 19, 340-346, 2003.

Mando, A.: The impact of termites and mulch on the water balanceSavadogo, P., Sawadogo, L., and Tiveau, D.: Effects of graz-
of crusted Sahelian soil, Soil Technol., 11, 121-138, 1997. ing intensity and prescribed fire on soil physical and hy-

Mapa, R. B.: Effect of reforestation using Tectona grandis on infil-  drological properties and pasture yield in the savanna wood-
tration and soil-water retention, Forest Ecol. Manag., 77, 119— lands of Burkina Faso, Agr. Ecosyst. Environ., 118, 80-92,
125,d0i:10.1016/0378-1127(95)035731995. doi:10.1016/j.agee.2006.05.0@D07.

Mariscal, ., Peregrina, F., Terefe, T., Gonzalez, P., and Espejo, R.Solomon, D., Lehmann, J., Kinyangi, J., Amelung, W., Lobe, I.,
Evolution of some physical properties related to soil quality in  Pell, A., Riha, S., Ngoze, S., Verchot, L., Mbugua, D., Skjemstad,
the degraded ecosystems of “rana” formations from SW Spain, J., and Schafer, T.: Long-term impacts of anthropogenic pertur-

www.hydrol-earth-syst-sci.net/16/2085/2012/ Hydrol. Earth Syst. Sci., 16, 208894 2012


http://dx.doi.org/10.1007/s10021-008-9154-z
http://dx.doi.org/10.1016/j.agee.2004.01.046
http://dx.doi.org/10.1016/j.agee.2005.02.015
http://dx.doi.org/10.1016/j.agee.2003.11.015
http://dx.doi.org/10.1016/j.soilbio.2006.04.004
http://dx.doi.org/10.1007/s10021-009-9288-7
http://dx.doi.org/10.1007/s10021-009-9288-7
http://dx.doi.org/10.1016/0378-1127(90)90081-l
http://dx.doi.org/10.1111/j.1365-2486.2009.01984.x
http://dx.doi.org/10.1111/j.1365-2486.2009.01984.x
http://dx.doi.org/10.1016/0378-1127(95)03573-s
http://dx.doi.org/10.1016/j.still.2003.12.001
http://dx.doi.org/10.2307/520909
http://dx.doi.org/10.1046/j.1354-1013.2001.00459.x
http://dx.doi.org/10.1016/j.envsci.2009.01.010
http://dx.doi.org/10.1111/j.1365-2486.2008.01698.x
http://dx.doi.org/10.1016/j.still.2007.06.008
http://dx.doi.org/10.1007/s10457-007-9057-6
http://dx.doi.org/10.1007/s10457-007-9057-6
http://dx.doi.org/10.1007/bf00713847
http://dx.doi.org/10.1016/j.agee.2008.06.006
http://dx.doi.org/10.1016/j.agee.2006.05.002

2094 G. Nyberg et al.: Soil property changes in a 120 yr forest

bations on dynamics and speciation of organic carbon in tropicalVan de Genachte, G., Mallants, D., Ramos, J., Deckers, J. A., and
forest and subtropical grassland ecosystems, Glob. Change Biol., Feyen, J.: Estimating infiltration parameters from basic soil prop-
13, 511-530¢0i:10.1111/j.1365-2486.2006.013042007. erties, Hydrol. Process., 10, 687—-701, 1996.

Spaans, E. J. A., Bouma, J., Lansu, A., and Wielemaker, W. G.Williams, J. and Bonell, M.: The influence of scale of measure-
Measuring soil hydraulic properties after clearing of tropical ment on the spatial and temporal variability of the philip in-
rain-forest in a Costa Rican soil, Trop. Agr., 67, 61-65, 1990. filtration parameters — an experimental-study in an australian

Stahl, L., Nyberg, G., Hogberg, P., and Buresh, R. J.: Ef- savannah woodland, J. Hydrol., 104, 33-8ai:10.1016/0022-
fects of planted tree fallows on soil nitrogen dynamics, 1694(88)90156-41988.
above-ground and root biomass, N(2)-fixation and subsequenWright, A. L. and Inglett, P. W.: Soil Organic Carbon and Nitro-
maize crop productivity in Kenya, Plant Soil, 243, 103-117, gen and Distribution of Carbon-13 and Nitrogen-15 in Aggre-
doi:10.1023/a:1019937408912002. gates of Everglades Histosols, Soil Sci. Soc. Am. J., 73, 427-433,

Stroosnijder, L.: Modifying land management in order to improve  doi:10.2136/sssaj2008.00,78009.
efficiency of rainwater use in the African highlands, Soil Till. Yimer, F., Messing, I., Ledin, S., and Abdelkadir, A.: Effects of
Res., 103, 247-25610i:10.1016/}.still.2008.05.012009. different land use types on infiltration capacity in a catchment

Teixeira, W. G., Sinclair, F. L., Huwe, B., and Schroth, G.: Soil in the highlands of Ethiopia, Soil Use Manage., 24, 344-349,
water, in: Trees, crops and soil fertility: Concepts and research doi:10.1111/j.1475-2743.2008.001822008.
methods, edited by: Schroth, G. and Sinclair, F. L., CABI Pub- Zimmermann, B. and Elsenbeer, H.: The near-surface hydrological

lishing, 209—-234, 2003. consequences of disturbance and recovery: A simulation study,
Tiessen, H., Cuevas, E., and Chacon, P.: The role of soil organic J. Hydrol., 364, 115-127d0i:10.1016/j.jhydrol.2008.10.016
matter in sustaining soil fertility Nature, 371, 783—785, 1994. 20009.

Tieszen, L. L., Senyimba, M. M., Imbamba, S. K., and Troughton, J.Zimmermann, B., Elsenbeer, H., and De Moraes, J. M.: The influ-
H.: The distribution of G and G, grasses and carbon isotope dis-  ence of land-use changes on soil hydraulic properties: Implica-
crimination along an altitudinal and moisture gradient in Kenya, tions for runoff generation, Forest Ecol. Manag., 222, 29-38,
Oecologia, 37, 337-350, 1979. doi:10.1016/j.foreco.2005.10.0,72006.

Toky, O. P. and Ramakrishnan, P. S.: Run-off and infiltration lossesZzimmermann, B., Papritz, A., and Elsenbeer, H.: Asymmetric re-
related to shifting agriculture (Jhum) in northeastern India, Env-  sponse to disturbance and recovery: Changes of soil permeability
iron. Conserv., 8, 313-321, 1981. under forest-pasture-forest transitions, Geoderma, 159, 209-215,

Walker, L. R., Wardle, D. A., Bardgett, R. D., and Clarkson, B. D.:  do0i:10.1016/j.geoderma.2010.07.02810.

The use of chronosequences in studies of ecological succession
and soil development, J. Ecol., 98, 725-786i:10.1111/j.1365-
2745.2010.01664,2010.

Hydrol. Earth Syst. Sci., 16, 20852094 2012 www.hydrol-earth-syst-sci.net/16/2085/2012/


http://dx.doi.org/10.1111/j.1365-2486.2006.01304.x
http://dx.doi.org/10.1023/a:1019937408919
http://dx.doi.org/10.1016/j.still.2008.05.019
http://dx.doi.org/10.1111/j.1365-2745.2010.01664.x
http://dx.doi.org/10.1111/j.1365-2745.2010.01664.x
http://dx.doi.org/10.1016/0022-1694(88)90156-4
http://dx.doi.org/10.1016/0022-1694(88)90156-4
http://dx.doi.org/10.2136/sssaj2008.0078
http://dx.doi.org/10.1111/j.1475-2743.2008.00182.x
http://dx.doi.org/10.1016/j.jhydrol.2008.10.016
http://dx.doi.org/10.1016/j.foreco.2005.10.070
http://dx.doi.org/10.1016/j.geoderma.2010.07.013

