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Abstract

The effects of clearfelling and subsequent residue retention or burning on water and nutrient balances needs to be under-
stood and quantified on forest sites that are sensitive to loss, so that the long-term sustainable productivity of such sites 
can be maintained and promoted. An experimental site was established in a clonal eucalypt compartment on the Zululand 
Coastal Plain, to compare changes in water fluxes through the mature undisturbed eucalypt stand with those after felling 
and re-planting, under 2 conditions: burning, and retention of the harvesting residues. The study was located in an area of 
high rainfall and high stand productivity, with sandy soils and low soil carbon and nutrient status; chosen so that the effects 
of intensive demands on water and nutrient fluxes on a potentially sensitive site could be investigated. This paper presents 
only the hydrological component of the study. Data collection included weekly determination of rainfall, throughfall, stem-
flow and soil moisture fluxes from the surface to a depth of 1 m. Drainage rates through the profile were established using 
time domain reflectometry probes while water drainage volumes were assessed using shallow plate lysimeters. Despite slow 
growth in the unfelled crop during the monitoring period (attributed to a pest infestation), soil moisture depletion remained 
rapid and drainage below 1 m remained low. Soil moisture was recharged within a few months after clearfelling, but became 
rapidly depleted as the canopy of new crop developed and approached canopy closure. A decreased wetting-front veloc-
ity and a marginally higher field capacity were proposed as evidence of pore clogging that appeared to occur during the 
inter-rotation period. The soil profile under the unburnt residue maintained a marginally higher soil moisture status and 
lower drainage than the soil profile under the burnt residue. Although soil moisture and drainage in the burnt and unburnt 
residue treatments became similar to the unfelled crop from canopy closure onwards, rainfall additions to soil moisture 
were depleted faster under the new crop during the first few months after canopy closure. Small differences in soil moisture 
status between the burnt and unburnt residue treatments presented here may not be sufficient to influence residue manage-
ment decisions. The length of the inter-rotation period and practice of residue burning may, however, need consideration 
where soil carbon and nutrient loss or displacement may negatively affect the sustainability of the site.

Keywords: Soil moisture drainage, residue burning, post felling, inter-rotation

Introduction

Water use under commercial plantation forestry has been 
extensively studied in South Africa with the outcomes used 
to formulate guidelines for water use charges and regulations 
(Dye and Versfeld, 2007). These regulations, an increased 
demand for wood products, and numerous other political, 
economic and environmental factors, have pressurised the 
industry to seek innovations to enable larger quantities of 
timber and biomass to be produced from a decreasing land base 
(FSA, 2009). The loss of land area (9% between 1999 and 2009, 
FSA, 2009) has occurred through, inter alia: wetland deline-
ation, successful land-claims that have subsequently resulted 
in land being converted out of forestry, and the establishment 
of wildlife corridors through plantation forest areas. Increases 
in productivity of 19%, for the same 10-year period, have been 
realised through the selection of faster growing trees, improved 

matching of tree species to sites for optimal timber growth, 
planting of disease-resistant clonal varieties, shorter rotation 
lengths, more intensive silvicultural practices, and mechanisa-
tion. This has also substantially increased the rate and quantity 
of biomass removal per unit land area of plantation forests 
and consequently increased pressure on water and nutrient 
resources on the remaining land area. It is therefore crucial that 
the negative impact of a greater demand on water be under-
stood and quantified so that long-term sustainable productivity 
can be maintained and promoted. 

Soil moisture is rapidly utilised under forestry with lit-
tle evidence of long-term soil or ground water recharge under 
full-canopied eucalypt crops, as dynamic equilibrium is 
maintained between stomata and leaf area index controls of 
evapotranspiration and soil moisture availabily (Dye, 1996; 
Kienzle and Schulze, 1992; Laclau et al., 2001). Tracking the 
processes within the hydrological component of a commercial 
plantation forest requires knowledge of the magnitudes of the 
water fluxes, tree water use, and the impact of site manage-
ment on these fluxes. Site management at harvesting, and the 
conservation, displacement or loss of harvest residues through 
removal or burning during the inter-rotation phase, can poten-
tially impact a site. As the hydrological cycle is a key driver of 
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forest nutrient fluxes and cycles, the effect of clearfelling and 
subsequent residue management on soil moisture and drainage 
may impact on water availability to the subsequent crop and 
nutrient loss or displacement from the active fine root zone 
(top 50 cm of soil) (Carlyle and Nambiar, 2001; Smethurst 
and Nambiar, 1990). This is in addition to nutrient and carbon 
losses that occur through harvesting and residue burning. 
Water repellency of soils, which is common under eucalypt 
plantations, may be increased with residue burning, reducing 
infiltration rates, increasing surface runoff and soil erosion on 
sloped lands (DeBano, 2000; Scott, 1993; Scott, 2000; Scott 
and Van Wyk, 1990). 

The deep sandy soils of the Zululand coastal ecosystem 
(Northern KwaZulu-Natal, South Africa) are low in clay, 
organic carbon content, nutrient and water storage capacity, 
and have high drainage rates (Hartemink and Hutting, 2005). 
These soils are unable to buffer chemical, physical and organic 
(biological) changes, placing them at risk of degradation, 
ultimately limiting or reducing tree productivity under poor 
site-management practices. The sustainability of management 
practices on sites which have high productivity but low soil 
moisture and nutrient storage capacity is increasingly ques-
tioned, particularly under currently prescribed residue-burning 
operations.

A study was initiated to compare soil moisture content and 
drainage volumes (using in situ measurement techniques), in 
a mature clonal eucalypt stand, with those after felling, and 
upon which residue burn and no-burn management practices 
were imposed, and for the first 18 months of new crop growth. 
In addition, a soil moisture model (Hydrus 1D) was calibrated 
with soil moisture content measured at each depth to verify the 
predictive ability of the model used. This study forms part of 
a larger study that aimed to determine the impact of site man-
agement on long-term sustainable productivity with respect 
to natural and management-induced nutrient losses and gains. 
The model will be discussed in future publications as a tool 
to predict drainage fluxes. Water fluxes will be multiplied by 
measured dissolved nutrient concentrations to estimate nutrient 
fluxes due to gravity drainage, in a similar manner to that used 
by Laclau et al. (2007). 

Materials and methods

Study site

The site selected was located on the Zululand coastal plains 
(northern KwaZulu-Natal, South Africa) where extensive areas 
of sandy structureless albic arenosols and a sub-tropical climate 
result in areas of low soil fertility (Fey and Hughes, 2010), but 
high productivity potential. The experiment was initiated at the 
end of 2007 in a 17.6 hectare compartment of 7-year-old clonal 
Eucalyptus grandis x camaldulensis in the Siyaqhubeka-owned 
Dukuduku plantation (Fig. 1). The site was converted (circa 
1955) from a mosaic of indigenous lowland coastal forest and 
grassland to commercial forestry. Using the climatic data of 
Schulze (1997), the study area is characterised by a relatively 
high and variable seasonal (summer) rainfall (mean annual 
precipitation (MAP) of 920 mm), mean annual temperature 
(MAT) of 21.7oC, APAN evaporation of 1 814.5 mm. Soils are 
deep (>30 m), free-draining sandy soils (<5% clay) with a low 
organic carbon content (<1%). The site is 62 m above sea level 
and 15 km inland from the coast (Indian Ocean), with its centre 
at 28° 17’ 51” S and 32° 18’ 55” E. Although the nearest peren-
nial river is found approximately 6 km to the east, the site is 

1.3 km from the nearest delineated wetland area, the centre of 
which is at 45 m above sea level. The slope of the land is rela-
tively flat with an incline of 0.17o.

The trees were originally planted at a spacing of 3 m x 3 m 
in a rectangular compartment (92 x 213 trees) that was chosen 
as having its long axis as close to a north/south orientation as 
possible (Fig. 2). Tree volume at 7 years was derived from tree 
height and diameter at 1.3 m above ground level (dbh) using 
tree volume and taper functions of Morley and Little (2011) as 
143 m3∙ha-1 for 1 102 trees∙ha-1 (99% survival). The site index at 
base age 5 (SI5, 80

th percentile of tree heights projected to 5 years 
of age) for this compartment was estimated as 19.9 using the 
data of Coetzee (1992). Site index, a tree growth-based measure 
of site quality, was within normal ranges typical for this area 
(Smith et al., 2005). The tree canopy in the unfelled plots was 
also infested with Thaumastocoris peregrinus, peaking dur-
ing the summer months of January to March each year. This 
insect pest reduces photosynthetic activity in the canopy and 
may cause increased litterfall (Nadel et al., 2010). Evidence of 
Gonipterus spp., a leaf-eating insect that reduces leaf area and 
apical growth, was also found.

Design and layout

Water fluxes were monitored as precipitation, throughfall and 
stemflow, interception of precipitation by the trees, soil mois-
ture content and drainage to 100 cm below the soil surface. 
The effects of commercial forest management practices on 
these water fluxes were monitored through the felling, residue 

 
Figure 1

Map showing the location of the plantation area in southern 
Africa and the study site location within KwaZulu-Natal 

commercial plantation forestry areas
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management, and re-establishment phases of the plantation 
cycle. A number of post-harvest residue treatments were 
applied to the full study site after felling. For the larger study, 9 
treatment plots were established with 4 replicates and arranged 
in a randomised complete block design (Fig. 2). The crop on 
either side of the felled experimental area was not clearfelled 
and was used as 2 replicates of a standing crop treatment (Fig. 
2). The treatments within the full experiment included various 
levels of residue and nutrient management that are not con-
sidered or reported on here. Treatments selected for intensive 
monitoring were the burn and no-burn residue treatments and 
the standing areas. These were considered to represent the most 
extreme practices of the normal residue management opera-
tions, while the standing areas were used to represent the site 
without a harvesting disturbance.

The experimental site was established at the end of 2007 
with the majority of the equipment installed on 2 replicate 
sub-plots of each of the 3 treatments to be investigated: viz., 
standing crop (SC), residue burned (Burn) and residue retained 
(No-Burn) (Fig. 2). Installation of equipment commenced a 
full year prior to felling, allowing adequate time for soil and 
equipment stabilisation. The SC areas were delineated as 46 x 
92 tree (138 x 276 m) zones at the northern and southern end 
of the compartment with a surrounding buffer zone of 51 m 
width (17 trees) which was clearfelled. SC plots were delineated 

in central positions of the northern and southern areas, with 
buffer zones of 17 trees. The north/south orientation and the 
large buffer areas were designed to minimise the intrusion of 
additional shading and/or solar penetration between felled and 
SC plots. The central portion of the compartment was felled, 
and divided into 36 square experimental plots 42 x 42 m, each 
with an internal 15 x 15 m plot used for tree growth measure-
ment. Felling of the buffer zone began in September 2008. The 
buffer areas were used as extraction routes for the main felling 
operation at the end of November 2008. Timber was manually 
stacked in early January 2009 and mechanically extracted, 
with residues manually broadcast during felling. Burn treat-
ments were carried out in early March 2009 on a hot cloudless 
day under light, windy conditions to induce a rapid complete 
burn. The site was manually pitted and Eucalyptus grandis x 
urophylla clones were planted at the end of July 2009 at a 3 
x 2 m espacement. Weed and coppice re-growth was initially 
managed by manual slashing, and then chemically eliminated 
before planting. 

Data collection

A fully-automatic Campbell Scientific weather station was 
installed in an adjacent open area to record rainfall, tempera-
ture, relative humidity, solar radiation, wind speed and wind 
direction. Data were collected at hourly intervals and summa-
rised daily. Three white plastic funnels (14.1 cm diameter) were 
installed at 1.2 m above the ground (4 replicates) in the felled 
plots to collect precipitation, and similarly in the unfelled plots 
to collect throughfall (Fig. 3a). Tree diameter at 1.3 m above 
ground level (dbh) frequency distribution was considered in 
selecting a 4 x 4 tree sub-plot into which the equipment was 
installed. This was done to distribute the collectors under a 
range of tree canopies that represented the full range of tree 
size classes found across the study site. This design was uti-
lised considering the uniform canopy of the clonal eucalypt 
crop, the intended use of the samples in water quality assess-
ments and acceptable error limits of the design (Kimmins, 
1973; Lawrence and Fernandez, 1993; Mululo Sato et al., 2011). 
Water drained from the funnels via polyurethane tubing was 
collected and stored in 5 ℓ white high-density polyethylene 
(HDPE) bottles. A small piece of plastic mesh was placed 
in each funnel to prevent detritus from entering the tubing. 
The bottles were collectively housed in a 25 ℓ white HDPE 
bucket, buried to protect the bottles from heat and sunlight, 
with only the lid exposed. Four size classes of tree diameter 
were selected using the tree diameter distribution, and a single 
tree was selected from the midpoint of each class, onto which 
stemflow collectors were installed. The stemflow collectors 
(Fig. 3b) were slotted 20 mm polyurethane tubes attached to 
each of the 4 trees draining into separate 5 ℓ bottles contained 
in a partially buried 30 ℓ bucket (Levia and Frost, 2003). The 
tubes spiralled each tree twice from 0.6 to 1.4 m above ground 
level, held fast to the tree with plastic packaging belt threaded 
through the tube. Contact between the tree and tube length was 
achieved using a silicone sealant. 

A crescent-shaped trench was excavated to a depth of  
1.2 m to allow measurement of soil moisture status and flux on 
the site (Fig. 3c). The trench was situated between the trees so 
that the wall of the pit gave access to the inter-row of 6 trees, 
the front of the crescent facing 2 trees, the arms turning diago-
nally across the intra-row of 2 trees each. This was done to 
allow access to undisturbed soil at the pit face while allowing 
the pit face to cover as much soil and tree size variability as 

Figure 2
Experimental layout of treatment plots showing the standing 
crop zones and internal felled Burn and No-Burn treatment 
plots with dimensions given in metres. Additional treatment 

codes apply to further components of this study not reported 
here (W as whole tree harvest, FS – No-Burn plus fertiliser 

replacement, 2S - double residue layer).
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possible. Four replicates of zero tension plate lysimeters  
(30 cm x 30 cm) with 3 cm walls on 3 sides were inserted hori-
zontally at depths of 15 cm, 50 cm and 100 cm, into the wall of 
a trench, by opening a narrow envelope into the pit face at each 
depth. Horizontal distances between plates were maintained at 
no less than 60 cm. Plates were used as a cost-effective method 
to collect a sample of drainage water for water quality diag-
nosis, although they are known to have a collection efficiency 
of about 10% (Weihermuller et al., 2007). This was assumed 
to give an integrated sample of gravity-drained soil solution, 
but necessitated the prediction of actual drainage using the 
soil moisture flux model described later. The depths chosen 
here were intended to reflect normal fine root length and mass 
density distributions characteristic of the soil under eucalypts. 
Highest densities in clonal eucalypts have been shown to occur 
in the first 15 cm of soil, decreasing markedly with depth to  
50 cm and steadily to 1 m and beyond where very few fine  
roots are found (Gonçalves and Mello, 2004; Knight, 1999; 
Laclau et al., 2001; O’Grady et al., 2005). Prior to insertion,  
soil from the envelope was placed as slurry into the plate, the 
plate pressed to the top of the envelope to make best contact, 
and the gap under the plate was filled with the remaining soil.  
The plates were installed at a slight angle to allow for drainage 
to a corner plug connected to a polyurethane tube. A trench  
dug from the centre of the crescent led into a pit excavated 
to 1.4 m, which allowed the 4 plates at each depth to gravity 
drain to plastic collection bottles. The crescent trenches and 
inter-leading trenches were carefully backfilled ensuring no 
disturbance of the area above the installed plates. The walls of 
the access pits were reinforced with timber and the pits were 
covered with a corrugated lid to offer protection from sunlight 
and rainfall.

Water was collected from all water collectors on a weekly 
basis from December 2007 to July 2010, and the volume 

measured. A soil capacitance profile probe was used to measure 
volumetric soil moisture content at weekly intervals at 10, 20, 
30, 40, 60, 80, 100 cm below the soil surface via 5 access tubes 
installed into each plot. A micro-topography was apparent over 
the entire site, possibly caused by lifting of soil near to trees, 
relative to the soil level of the spaces between trees (5 to 10 cm 
amplitude). The access tubes were therefore placed within and 
between the tree rows to represent the variability of soil mois-
ture in each plot (Fig. 3c). Time-domain reflectometry (TDR) 
probes were installed in one of each of the treatment plots at 
15, 50, 75 and 100 cm, automatically recording volumetric 
soil moisture content at hourly intervals via a custom-built 
data-logger. 

Soil samples for gravimetric moisture analysis (oven drying 
at 105oC until constant mass) were collected periodically to 
validate soil moisture contents measured with the electronic 
devices. Further soil samples were collected from each treat-
ment plot at 4 weekly intervals by inserting five 40 cm PVC 
cores of 5 cm internal diameter into each plot, to a depth of  
30 cm. Soils were separated into layers of 0-5, 5-15 and 15-30 
cm depths. Cores were also inserted at various positions 
between the trees to represent the variability of soil micro-
topography, while avoiding timber extraction routes and areas 
disturbed by prior sampling. These soil samples collected 
formed part of a nitrogen mineralisation and soil carbon and 
chemical change component of the broader study, the results 
of which are not discussed here. A simple semi-quantitative 
assessment of water repellency was conducted using a water 
dropper to apply 6 droplets of deionised water to a smoothed 
surface of a sub-sample of the air-dried soils collected from 
each of the treatments. The time taken until the water drops 
were absorbed (infiltration) into the soil was recorded and the 
average time used as an indicator of water repellency (Letey et 
al., 2000; Scott, 2000). 
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(a) Layout of a funnel cluster and storage container relative to tree positions. (b) Side view of a narrowly-slit stemflow 

collection tube attached to a tree stem. (c) Top view, layout of trench and storage pit relative to tree positions, showing 
lysimeter plates that are alternatively buried 15, 50 and 100 cm. Profile probe positions shown relative to trees.
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Harvest residue and tree biomass accretion was estimated 
using 20 destructively-harvested trees selected from across the 
entire site prior to felling and at 6-monthly intervals in the new 
crop. Masses were scaled from individual trees to a per-hectare 
scale using allometric relationships developed between tree 
diameter, height and mass of each tree component. Forest litter 
layer and residue biomass was collected at 4-weekly intervals 
from 5 randomly-selected samples taken using a metal ring of  
34 cm diameter. Samples were dried at 60oC to constant mass 
prior to dry mass determination. The loss on ignition (LOI; sam-
ples ashed at 450oC for 12 h) was used to estimate the fraction of 
soil contamination in the litter layer samples. The ring method 
was used, in conjunction with 15 metal plates inserted under the 
residue in each plot, to assess biomass prior to burning and the 
loss of biomass and ash remaining after burning. Litterfall was 
assessed using 3 randomly-located 1.5 x 1 m litter-fall traps.

Model prediction of water content and drainage

The 1-dimensional Hydrus 1D soil moisture model (Šimůnek 
et al., 2008) was parameterised for the study site and used to 
predict daily soil moisture content and drainage at each depth. 
Hydraulic conductivity parameters were estimated using a 
neural network prediction after Schaap and Bouten (1996) with 
matrix potential measurements of a similar soil taken from 
Rietz (2010) and soil textural fractions and bulk density deter-
mined from samples taken at the site (Table 1). Soil hydraulic 
parameters are presented in Table 1 as residual and saturated 
soil moisture content (Qr, Qs, respectively), parameters in 
the soil moisture retention function (Alpha, n), and saturated 
hydraulic conductivity (Ks). The van Genuchten-Mualem soil 
hydraulic model was used as the hydraulic conductivity compo-
nent of the model (Van Genuchten, 1980). Evapotranspiration 
was estimated using the Penman-Monteith equation for the 
model and meteorological data collected at the site, and also 
evaluated using TDR data recorded at the site. Leaf area index 
recorded at the site through destructive methods was allowed to 
fluctuate according to optically-determined LAI-2000 meas-
urements and values given in Dye et al. (2004). A radiation 
extinction coefficient of 0.4 and an albedo of 0.2 were used 
(after Stape et al., 2004b) for the unfelled trees. An albedo of 
0.3 was used during the fallow period in the felled area (Ten 
Berge, 1986). Rainfall was adjusted for interception using a 
relationship developed between weekly rainfall and weekly 
canopy drainage from data collected at the site. Interception of 
rainfall by the litter and residue layers was estimated for the 
unfelled tree litter layer and the felled crop residue layer using 
relationships between residue mass and interception, after Paul 

et al. (2003). Root distributions were taken from literature-
derived values (Gonçalves and Mello, 2004, Knight, 1999; 
Laclau et al., 2001; Nouvellon et al., 2002; O’Grady et al, 2005) 
and were validated from cores driven into the soil to a depth of 
350 cm at 5 points in each of the 6 plots. Roots separated from 
the soil were dried and weighed to determine root mass per soil 
volume in layers of 0-5, 5-15, 15-30 30-50, 50-100, and 50 cm 
increments thereafter, to 350 cm. A root water uptake model 
(Feddes et al. (1978) was used to simulate root water uptake 
assuming transpiration to range between 1 and 6 mm per day 
(Dye, 1996; Nouvellon et al., 2002).

Results

Rainfall and canopy drainage

Annual rainfall for the first 2 years of the study was below the 
site long-term average (920 mm). Rainfall measured between 
October and October of each year was 696 mm for 2009,  
721 mm for 2010, and 918 mm for 2011, in the 2 years. Linear 
regression analysis between rainfall, throughfall, stemflow and 
canopy drainage (Table 2) indicated that around 90% of rainfall 
penetrates the canopy as throughfall after the initial 1.4 mm of 
interception, while a further 5% of rainfall penetrates as stem-
flow. Interception as a percentage of rainfall was dependant on 
rainfall intensity, with large rainfall events resulting in a low 
interception percentage (0.25% with 218 mm) and small rainfall 
events resulting in a high interception percentage (100% with  
1 mm). Coefficient of variation (CV) between throughfall 
collectors averaged at 6.2% and remained below 15% for the 

Table 1
Mean values of soil organic carbon, texture, and bulk density taken at incremental 

depths and soil moisture retention and conductivity parameters
Sample 
depth

Organic 
carbon

Clay Sand Silt Bulk 
density

Qr Qs Alpha n Ks

(cm) % % % % g∙cm-3 cm3∙cm-3 cm3∙cm-3 cm-1 - cm∙day-1

0-20 0.43 2.5 94.5 3.0 1.53 0.0373 0.3778 0.0499 2.4853 728

20-40 0.27 2.3 95.3 2.4 1.55 0.0374 0.3732 0.0498 2.4657 733

40-60 0.21 2.2 96.0 1.8 1.57 0.0375 0.3683 0.0497 2.4473 719

60-80 0.18 1.8 95.9 2.3 1.59 0.0376 0.3628 0.0496 2.4297 688

80-100 0.16 2.0 96.2 1.7 1.61 0.0375 0.3569 0.0495 2.4129 639

100-120 0.15 2.6 96.2 1.2 1.64 0.0374 0.3505 0.0493 2.3969 572

Table 2
Relationships between rainfall collected in an open 

area and that collected with throughfall and stemflow 
derived through linear regression

Statistic Throughfall Stemflow Canopy 
drainage

Constant -1.404*** 0ns -1.462***

Slope 0.9076*** 0.04975*** 0.9584***

r2 99.1 94.1 99.2
Regression 
mean square 39562.9*** 237.9043*** 44120.489***

Residual 
mean square 5.206 0.1129 5.342

SE constant 0.386 0.00108 0.391
SE slope 0.0104 0.0000 0.0105
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duration of the study. Smaller rainfall events 
(below 3.5 mm) produced the largest vari-
ability between collectors. Stemflow volume 
increased with tree size (dbh) and was corre-
lated with rainfall (a statistical correlation (R) 
of 0.93 to 0.95 between collectors). On a few 
occasions a small amount of precipitation was 
collected under the tree canopy without rain-
fall (possibly from dew or mist interception). 

A mass of 26 t∙ha-1 (2.6 kg∙m-2) of harvest 
residue remained on the site after harvesting. 
This was added to the pre-existing 24.6 t∙ha-1 
(2.5 kg∙m-2) of forest floor during harvesting 
to yield 50.6 t∙ha-1 (5.1 kg∙m-2) of residue. The 
3-month delay between felling and burning 
resulted in a large portion (28%) of the resi-
dues decomposing prior to burning. Burning 
reduced the remaining residue from 36.4 t∙ha-1 
(3.6 kg∙m-2) to 4.2 t∙ha-1 (0.4 kg∙m-2), a layer 
of ash and char that did not persist on the soil 
surface after the first week after burning, dur-
ing which 15 mm of rainfall fell. Only a very 
small quantity of coarse char remained on the 
soil surface in small mounds, the remainder 
leached into the soil with larger particles creat-
ing a distinctive char horizon between 5 and 
10 cm from the soil surface. The soil surface 
thereafter was predominantly ash-free with 
only white sand visible.

Change in soil moisture after 
harvesting

Soil moisture content is presented in Fig. 4 
(a) - (c) as the mean and standard deviation of 
data sets from 10 probes’ data in each treat-
ment. Soil moisture recharge in the felled plots 
began within 1 month after felling (and 72 
mm of rainfall) at shallow depths and after 3 
months at 100 cm with a further 230 mm of 
rainfall. Recharge in the standing crop plots, 
although often less than in the felled areas, 
was rapidly reduced after rainfall during the 
first few summer months after felling (Fig. 4a 
- c). During each winter of the study in the SC 
treatment water content near 100 cm depth remained at a level 
slightly above wilting point despite being reduced to wilting 
point at the shallower depths. This may indicate a reduction in 
root activity at this depth during winter. Soil moisture contents 
in the No-Burn and Burn treatments were consistently higher 
than the SC treatments and seemed to remain above field 
capacity for a period of approximately 2 months during the 
inter-rotational period, even during prolonged periods without 
rainfall. Differences in soil moisture content between residue 
management treatments, although relatively small, remained 
consistent throughout the inter-rotational period. The No-Burn 
treatment remained moister than the Burn treatment with up to 
3% higher water content after burning during the period from 
felling to about 6 months of age of the new crop. Differences 
in soil moisture content between the SC and both the Burn and 
No-Burn treatments decreased as the new crop approached 
canopy closure. Soil moisture measurements after canopy 
closure were slightly higher in the No-Burn treatment than the 
Burn treatment, while soil moisture in both Burn and No-Burn 

plots tended to remain below that of the SC treatment. 
Variability (standard deviation) between probes and CV 

within each treatment plot was linked primarily to the probe 
position relative to the trees. Probes at the centre of 4 trees 
reflected greater wetting after rainfall and more rapid subse-
quent drying than probes positioned near to trees. Standard 
deviations and CV across all probes at each depth within each 
residue management treatment were also greater after rainfall 
as differences in soil moisture content between probe posi-
tions relative to the trees became more exaggerated. This was 
most apparent in the SC treatment and least apparent in the 
felled treatment plots during the inter-rotation period, vari-
ability being greater in the Burn treatment at the soil surface. 
Variability between probe positions began to decrease to simi-
lar levels as the SC treatments as new crop growth progressed. 
The CV between probe positions remained below 15% at the 
soil surface, decreasing with depth to below 5% as differences 
between probe positions became less. Measured water contents 
obtained via probes and gravimetric determination agreed well, 
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Rainfall events are shown as vertical lines scaling to an inverted secondary  
Y axis in 5a. Single standard deviations are given as vertical I bars.
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indicating adequate probe calibration for the site. Differences 
in wetting and drying patterns between probe positions may 
have been due to limited runoff and run-on across the micro-
topography of the site. Rapid drying may have been through 
higher root densities in the wetter depressed zones (Laclau et 
al., 2001). 

Although water use was apparently high in the SC, very lit-
tle growth occurred during the study period, with the biomass 
increasing by 4.6 % (4.2 t∙ha-1) during the first year after plant-
ing the new crop. While stem wood accounted for 3.2 t∙ha-1 of 
this growth litterfall added a further 7.7 t∙ha-1 to above-ground 
biomass production in the SC during this period. Leaf area 
index was calculated as 1.68 m2∙m-2 across the site at felling, 
fluctuating between 1.75 in the wet season and 1.42 in the dry 
season of the unfelled plots. Water-use efficiency for stem wood 
production was therefore poor, given the high rate of water loss 
and limited growth. New crop growth was initially greater in 
the Burn treatment than in the No-Burn treatment, but slowed 
in the Burn treatment after canopy closure. Differences in 
biomass in the Burn treatment compared with the No-Burn 
treatment amounted to 29% more at 6 months, 17% more at 1 
year and 5% more at 18 months. Although biomass in the Burn 
and No-Burn treatments was not statistically different from 18 
months onwards, growth in the Burn treatment continued to 
slow relative to the No-Burn treatment. Leaf area index was 
measured as 1.9 and 1.5 in the Burn and No-Burn treatments, 
respectively, at 6 months of age and 2.7 and 2.4, respectively, at 
1 year (canopy closure). An above-ground biomass of 4.1 and 
3.1 t∙ha-1 was estimated in the Burn and No-Burn treatments, 
respectively, at 6 months of age, and 11.5 and 9.9 t∙ha-1 at 1 year 
after planting. 

During the inter-rotation to canopy closure period at 3 to 14 
months after clearfelling (February 2009 to April 2010), hourly 
TDR and weekly profile probe soil moisture data gave some 
evidence indicating an alteration in soil hydraulic conductivity 
(infiltration rate) and field capacity in the felled No-Burn and 
Burn treatments. These parameters were not measured directly 
during this period as this change was not expected. Hourly 
TDR data produced consistent wetting-front advance rates on 
each test plot for a number of rainfall events prior to felling 
across all treatments, and throughout the study period for the 
SC treatment. Fig. 5 presents evidence of a wetting front (using 
TDR probe measurements) after a prolonged dry period and the 
onset of evening rainfall. An evening sample of the TDR data 
was selected to reduce the potential effects of daytime evapo-
transpiration. A wetting front was detected at 100 cm depth 
within 2 to 3 h of detection of increased moisture at  
15 cm, in agreement with the expected time for water to move 
this distance through the profile for the given soil hydraulic 

conductivity of the soil. After felling and during the inter-rota-
tional period (Fig. 5), wetting front rates slowed in the felled 
Burn and No-Burn treatment plots while remaining unchanged 
in the SC treatment plots. The decrease in rate of the wet-
ting front velocity was most apparent from around 3 months 
after felling in the Burn and No-Burn treatments, becoming 
less apparent over the months that followed. Penetration time 
in the water drop repellency test was found to vary by a few 
seconds, though no significant difference (P<0.05) was found 
between treatments (data not shown). This suggested that the 
water repellency of the soil did not alter water infiltration rates 
between treatments, though the infiltration rate may have been 
affected by soil surface condition (presence or absence of resi-
due and site micro-topography). 

Water collected by plate lysimeters

Fig. 6 (a) to (c) presents mean volumes of water collected at 15, 
50 and 100 cm depths by the plate lysimeters; Fig. 7 presents 
the total volumes of water collected by the plate lysimeters at 
each depth, compared between treatments for periods between 
felling and residue burning, burning and 6 months after plant-
ing, 6 months and canopy closure (12 months) and canopy 
closure to 18 months after planting. Cumulative rainfalls 
during each time period were 418, 211, 641, 286 and 727 mm, 
respectively. Volumes of water collected decreased with depth 
and were generally the lowest in the SC treatment. Larger 
total volumes of water were collected under the Burn treat-
ment at each depth than under the No-Burn treatment. Despite 
the trends of differences between treatments, no significant 
(P<0.05) differences between treatments were found. The 
volumes of water collected were dependent on soil moisture 
content prior to rainfall events and the intensity of each rainfall 
event. Low-intensity rainfall events resulted in more water col-
lection than similar-quantity high-intensity rainfall events, as 
the lower intensity of rainfall may have reduced the fraction of 
water lost by plates overflowing. 

Predicted water content using Hydrus model

Table 3 presents the linear regression variables and relation-
ships between water content predicted with the Hydrus model 
and that measured within the profile probe at each depth for 
the SC plots. The model adequately estimated water content 
at all depths with a near 1:1 relationship between predicted 
and observed values. Model estimates were poorer at the soil 
surface, but improved with soil depth; this is reflected in the 
increase in the r2 values with increasing depth. Soil surface 
estimations may have been less reliable as the surface soils 
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had more variable organic carbon content 
and lower bulk density, especially in the 
0 to 10 cm soil layer. A further estimation 
of soil moisture content to 10 m depth was 
performed for the SC treatment, assuming 
constant soil properties to depth and the 
absence of a water table above 10 m depth. 
The model estimated no drainage beyond 2 
to 3 m depth, assuming all water to be taken 
up by the standing crop. However, this was 
not validated with actual measurements. 

Model predictions of water content were 
poorer than the SC for the No-Burn and 
Burn treatments during the inter-rotation 
to canopy closure period, 3 to 14 months 
after clearfelling. Predicted water content 
during this period was significantly below 
values measured in the field. Reducing soil 
hydraulic conductivity and increasing field 
capacity in the Hydrus 1D model, for the 
period in question, to levels determined 
with the probe measurements improved the 
model’s predictive capabilities. An inverse 
model prediction of soil hydraulic proper-
ties was also used to produce improved soil 
moisture estimation. Although adjusting 
soil hydraulic conductivity in the Hydrus 1D 
model allowed for a much closer fit between 
predicted and observed soil moisture con-
tent during this time period, changes in 
other hydraulic parameters could only be 
estimated. Fig. 8a and Fig. 8b present the 
Hydrus 1D predicted total volumes of water 
passing the 15, 50 and 100 cm soil depths 
for the duration of the study for the unfelled 
and felled treatments areas. Values in Fig. 8b 
are total volumes from felling to 18 months 
after planting, subdivided into time periods 
similar to Fig. 7. Drainage volumes as pre-
dicted by Hydrus (Fig. 8b) were higher than 
those measured in the field (Fig. 7). Actual 
drainage was 4 to 6% of predicted drainage 
in the felled plots, and 6 to 27% of predicted 
values in the unfelled plots. Plate drainage 
rate may have been too slow and water may 
have been diverted around the plates or by 
plates overflowing, an occurrence common 
in such lysimetery studies (Weihermuller et 
al., 2007).

Discussion

This study shows the changes in soil mois-
ture regimes after clearfelling a clonal 
eucalypt crop on the well-drained sandy 
soils of the Zululand coastal plain. While 
soil moisture recharge did occur to field 
capacity under the living tree canopy, soil 
moisture was rapidly reduced over the entire 
measured soil profile through evapotranspi-
ration. Changes in soil moisture after clear-
felling indicated rapid soil moisture recharge 
with rainfall after clearfelling; with surface 
evaporation and weed and coppice re-growth 
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Figure 6a-c
Mean volumes (± SD) of water collected at 15, 50 and 100 cm depth with plate 

lysimeters in the standing crop (SC), residue burned (Burn) and residue retained  
(No-Burn) treatments. Dashed lines represent (a) felling; (b) residue burning; (c) 

planting and (d) canopy closure. I bars represent single standard deviations. Rainfall 
events are shown as vertical lines scaling to an inverted secondary Y axis in 6a.
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reducing soil moisture content. The increased soil moisture 
status after harvesting was temporary as the new trees had 
developed a relatively large leaf area by the time of canopy 
closure that afforded a rapid reduction in soil moisture in the 
upper soil layers. The residue layer on the No-Burn treatment 
and the absence of this layer on the Burn treatment (with 
exposed sand) may have been responsible for the small differ-
ences in soil moisture content. The retention of residue results 
in both higher interception of rainfall prior to entering the 
mineral soil and lower soil surface evaporation rates. Burning 

eliminated interception of rainfall prior to entering the min-
eral soil, but increased soil surface evaporation rates through 
surface exposure. These may have effectively reduced overall 
measured differences between Burn and No-Burn treatments. 

Although soil moisture levels in the new crop were similar 
to those in the SC crop by canopy closure, relatively faster 
soil moisture depletion occurred under the larger canopy of 
the new crop, particularly in the Burn treatment. Despite the 
increased canopy leaf area after burning having a relatively 
larger water demand, the additional growth in this treatment 
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Table 3
Relationships between water content predicted with the Hydrus 1D model and measured 

with the profile probe at each depth for the standing crop (SC) treatments
Statistic 10 cm 20 cm 30 cm 40 cm 60 cm 100 cm
Constant -0.00016ns 0.00002 ns 0.00002 ns -0.00009 ns -0.00034 ns -0.00003 ns

Slope 1.0046*** 1.0023*** 1.0023*** 1.004*** 1.0081*** 1.0000***

r2 79.9 80.1 80.1 81.9 80.3 86.3
Regression Mean square 0.01512*** 0.02145*** 0.02145*** 0.02333*** 0.02309*** 0.01673***

Residual Mean square 0.00007 0.0001 0.0001 0.00009 0.0001 0.00005
SE Constant 0.00394 0.00421 0.00421 0.00395 0.00406 0.00302
SE Slope 0.0684 0.0678 0.0678 0.064 0.0678 0.0541

*** Superscrip t implies F- or T-test significance at P < 0.001; ns superscript implies no significance
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Figure 8b
Rainfall and predicted drainage volumes at 15, 50 and 100 cm for felled and 

standing crop (SC) areas of the study site. Each portion of the bars represents 
drainage predicted for each period in Fig. 8.

Figure 8a
Predicted drainage volumes at 15, 50 and 100 cm for felled and standing crop 

(SC) areas of the study site. Vertical dashed lines represent (a) felling; (b) residue 
burning; (c) planting and (d) canopy closure. 
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may imply increased water use efficiency with respect to 
biomass production. This early biomass increase is often 
used by plantation managers as an incentive towards residue 
burning. The faster-developing canopy reduces weed growth, 
thereby reducing operational weeding costs. This increase in 
biomass was short-lived in this study, as growth in the burned 
plots began to decline relative to the unburnt plots after canopy 
closure. An increased leaf area after burning may have reduced 
the new crop’s ability to cope with water deficits or drier soil 
conditions after canopy closure, hence reducing growth rates. 
This may imply that trees that have developed a larger canopy 
in response to residue burning may have a reduced ability to 
cope with drought conditions, should these occur. 

Not all processes that affect soil hydrology are clearly 
understood or accounted for in plantation forest hydrological 
models. Stemflow has been shown to channel water and nutri-
ents captured during rainfall or mist events directly to tree root 
systems, providing water to trees that is often not detected in 
the bulk soil or accounted for in hydrological models (Johnson 
and Lehmann 2009). Preferential flow along old tree root chan-
nels as a mechanism of sub-surface wetting or groundwater 
recharge may also be poorly accounted for (Le Maitre et al., 
1999). The interactions between pest infestation and water 
use efficiency may also need investigation, particularly where 
pests cause no reduction in leaf area, but increase leaf water 
loss through damage to epidermal leaf tissue or photosynthetic 
capacity. The continued water use during pest infestation 
and the drastic reduction of growth in this study clearly dem-
onstrates the negative impact and cost of pest infestation to 
productivity and water use efficiency. 

Organic substances released from the rapidly-decomposing 
residues may have played a role in altering the soil during the 
inter-rotation. Organic exudates, root decomposition, prolifera-
tion of fungal hyphae and microbial biomass in the soil may 
have temporarily altered soil physical properties and disrupted 
hydraulic flow paths through biological soil-pore clogging. 
Research has shown that organic matter has a strong influence 
on water retention and saturated hydraulic conductivity (Rawls 
et al., 2003). Blanco-Canqui and Lal (2007) presented evidence 
of mulches added to the soil surface causing an increase in 
soil porosity and soil moisture content at wilting point and a 
decrease in soil bulk density. Changes in hydraulic conductiv-
ity induced through microbial activity have also been shown in 
column studies that simulated saturated soils (Seki et al. 1998), 
although these effects associated with forest residue breakdown 
need to be confirmed with further study. A water-repellent 
layer in the soil, produced by fine char particles, may also act 
to increase the water retention characteristics of a soil (Moore 
1996; Onodera and Stan, 2011; Woods and Balfour, 2010). 

Large quantities of nutrients locked up in the residues are 
rapidly released through residue decomposition into the soil solu-
tion during the inter-rotational period. Solutes may be displaced 
beyond the shallow fine-rooting zone or lost where large quanti-
ties are further leached. This may be a concern where nutrient 
replacement through natural processes occurs at insignificant 
rates and where fertilisation is not possible. Although high evap-
otranspiration rates and water use of eucalypts, which can lead to 
decreased stream flow, are a disadvantage on water-limited sites 
where there are other competing human, agricultural, industrial 
or environmental requirements for water, high evapotranspira-
tion rates and water use may limit nutrient loss from plantation 
forests. This may be of importance to infertile sites where loss 
or displacement of nutrients with drainage can negatively affect 
growth. This principle was demonstrated in studies conducted 

on the sandy soils of Congo and Brazil where water did not 
drain beyond a depth of 5 m, despite a far higher rainfall than 
than recorded for the present study site (Nouvellon et al., 2002). 
The loss of nutrients in that study had a far more negative effect 
than the loss of water. Sites at risk of nutrient loss may therefore 
require special management. Allowing temporary coppice re-
growth and planting to achieve earlier canopy closure may limit 
drainage and nutrient leaching loss that may occur if plantation 
areas are left fallow for prolonged periods. 

Conclusion

Despite the disadvantages of high water use, an implied reduc-
tion in nutrient leaching or displacement under a full-canopied 
crop may allow more nutrients to be retained in the active 
rooting zones under the undisturbed forest stand. The impact of 
pest damage on water use efficiency in the full-canopied crop 
may also need further investigation, as the loss to productiv-
ity, coupled with the high cost of water, compounds economic 
losses related to water use. Although soil moisture and drain-
age increased after felling, differences between residue reten-
tion and residue burning presented here may not be enough 
to affect the decision between burn and no-burn management 
policies. Based on data presented here, it is also unlikely that 
the residue management practices presented here will have any 
further direct impacts on soil moisture content and drainage 
beyond the period presented in this study. Reducing water use 
through increases in productivity as a consequence of superior 
genetics and clonal forestry may still be one of the best strate-
gies for improving water use efficiency, essentially producing 
more timber per unit water use (Stape et al., 2004). The possi-
bility of increased water use resulting from a potentially larger 
tree canopy, induced in response to planting after residue burn-
ing, may however increase the drought susceptibility of the new 
crop around the time of canopy closure. Deeper drainage and 
leaching or displacement of nutrients during the period directly 
after clearfelling may be of concern to forest managers for sites 
that are sensitive to soil nutrient losses. This may give reason 
for plantation forest managers to shorten the inter-rotation 
length, with earlier planting to enable a more rapid depletion of 
soil moisture through earlier canopy closure, thereby retaining 
more nutrients in the soil and in the growing trees. This, how-
ever, may only be necessary for sandy soils with a low nutrient 
retention capacity. Rapid replanting is obviously also positive 
from a financial point of view.

 In addition to soil carbon and nutrient loss with biomass 
removal and burning, reducing drainage loss or the displace-
ment of nutrients on sites with low water and nutrient storage 
capacity may be an important factor driving the efficient, and 
ultimately the sustainable, use of water and nutrient resources 
of such sensitive sites. 
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