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Forests seem to represent low-erosion systems, according to most, but not all, studies of suspended-
sediment yield. We surmised that this impression reflects an accidental bias in the selection of monitor-
ing sites towards those with prevailing vertical hydrological flowpaths, rather than a tight causal link
between vegetation cover and erosion alone. To evaluate this conjecture, we monitored, over a 2-year
period, a 3.3 ha old-growth rainforest catchment prone to frequent and widespread overland flow. We
sampled stream flow at two and overland flow at three sites in a nested arrangement on a within-event
basis, and monitored the spatial and temporal frequency of overland flow. Suspended-sediment concen-
trations were modeled with Random Forest and Quantile Regression Forest to be able to estimate the
annual yields for the 2 years, which amounted to 1 t ha�1 and 2 t ha�1 in a year with below-average
and with average precipitation, respectively. These estimates place our monitoring site near the high
end of reported suspended-sediment yields and lend credence to the notion that low yields reflect pri-
marily the dominance of vertical flowpaths and not necessarily and exclusively the kind of vegetative
cover. Undisturbed forest and surface erosion are certainly no contradiction in terms even in the absence
of mass movements.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Vegetation controls erosion in many ways and it is generally
assumed that forest cover is an effective control (e.g. Lal, 1983;
Rey, 2003; Bruijnzeel, 2004; Sidle et al., 2006; Garzía-Ruiz et al.,
2008; Stickler et al., 2009; Verbist et al., 2010). Currently, most
literature on suspended-sediment dynamics in forest ecosystems
supports this assumption (Fritsch and Sarrailh, 1986; Baharuddin,
1988; Grayson et al., 1993; Malmer, 1996; Stott et al., 2001; Swank
et al., 2001; Gökbulak et al., 2008), and estimates of sediment
export from undisturbed forested catchments serve as benchmarks
for the assessment of erosion processes under different land uses
(Fritsch and Sarrailh, 1986; Sidle et al., 2006) and forest practices
(Baharuddin, 1988; Grayson et al., 1993; Malmer, 1996; Stott
et al., 2001; Swank et al., 2001). The results from a few studies
(Douglas et al., 1992; Sayer et al., 2004, 2006b; Ide et al., 2009),
however, are not in line with the widespread belief that undis-
turbed forests represent low erosion systems.

In order to better understand the apparent heterogeneity of sus-
pended-sediment yields from forest ecosystems we conducted a
literature survey that excluded effects of scale (cf. Fig. 6, Verbist
ll rights reserved.
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et al., 2010), rainfall (cf. Fig. 10a, Ide et al., 2009), former distur-
bance (cf. Fig. 6, Clark and Walsh, 2006), and processes that over-
ride suspended-sediment dynamics (e.g. large-scale mass wasting
processes (cf. Fig. 10, Bruijnzeel, 2004)). Hence, we only considered
studies that fulfilled the following conditions: (1) catchment size of
up to approximately 100 ha only, (2) mean annual precipitation
>1000 mm, (3) undisturbed, and (4) no mass wasting. Given that
these constraints did not reduce the spread in sediment yields,
we scrutinized these studies with regards to prevailing hydrologi-
cal flowpaths, i.e., vertical vs. near-surface lateral (overland flow,
pipe flow, and return flow) according to the scheme proposed ear-
lier (Elsenbeer, 2001). Given this framework, two issues became
apparent.

First, although the majority of studies that estimated suspended-
sediment yields provided only limited information on prevailing
flowpaths, the few available data lead us to assume that the largest
sediment exports occur at sites with frequent near-surface flow
(evidence from Danum Valley, Malaysia (Sayer et al., 2004, 2006b;
Clark and Walsh, 2006); observations at a Japanese site (Ide et al.,
2009)). In contrast, such flowpaths are believed to be absent or
restricted to riparian zones at sites with very low sediment yields
(Grayson et al., 1993; Malmer, 1996; Swank et al., 2001).

Second, sediment data from undisturbed forests with prevailing
lateral flowpaths are sparse (Fig. 1), and one could argue that the
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mailto:alexander.zimmermann.ii@uni-potsdam.de
http://dx.doi.org/10.1016/j.jhydrol.2012.01.039
http://www.sciencedirect.com/science/journal/00221694
http://www.elsevier.com/locate/jhydrol


A. Zimmermann et al. / Journal of Hydrology 428–429 (2012) 170–181 171
few studied sites do not provide enough evidence to modify the
prevailing knowledge concerning erosion processes in forests.
We believe, however, that the available suspended-sediment data
give a biased impression due to the over-representation of vertical
flowpath-dominated sampling sites (Fig. 1). A closer look at the
hydrological literature reveals that forested areas with a prevailing
lateral flow component at the soil surface are not the exception;
instead, these sites are numerous (evidence from Central America
(Rouse et al., 1986; Godsey et al., 2004; Schellekens et al., 2004;
Loos and Elsenbeer, 2011), South America (Elsenbeer and Vertessy,
2000; Johnson et al., 2006; de Moraes et al., 2006), Europe (Badoux
et al., 2006), Africa (Wierda et al., 1989), Asia (Chatterjea, 1989;
Sayer et al., 2004, 2006b; Clark and Walsh, 2006; Ide et al.,
2008; Gomi et al., 2008), and Australia (Bonell and Gilmour,
1978)).

This literature survey suggests a link between suspended-sedi-
ment yield of forest catchments and the mode of runoff generation:
Areas with prevailing vertical flowpaths produce little sediment,
whereas lateral, near-surface flowpath-dominated catchments
deliver more despite their forest cover. In other words, although
there is no doubt that undisturbed forests have lower erosion rates
than their disturbed counterparts (Fritsch and Sarrailh, 1986;
Douglas et al., 1992; Malmer, 1996; Chappell et al., 1999; Bruijnzeel,
2004; Sidle et al., 2006), we argue that under certain hydrological
conditions forests are not capable of preventing erosion completely.
To check if there is any truth to this conjecture, we monitored over-
land flow and streamflow suspended-sediment concentrations in a
small, undisturbed forest catchment prone to frequent and wide-
spread overland flow and modeled suspended-sediment concentra-
tions in order to calculate event-based and annual yields. Since
estimates of sediment yields are usually associated with large uncer-
tainties, we applied methods that enabled us to assess the accuracy
and precision of our predictions.
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e – Germer et al. (2010); f – Lesack (1993); g – Johnson et al. (2006); h – Nortcliff and Thor
(2006); n – Wierda et al. (1989); o – Roose (1979); p – Badoux et al. (2006); q – Nogushi e
u – Dykes and Thornes (2000); v – Sinun et al. (1992), Sayer et al. (2004, 2006b), and C
(2000); z – Bonell and Gilmour (1978)). The selection of sites is restricted to several bo
2. Methods

2.1. General description of the study site

The study site, Lutzito catchment (LC), is a 3.3 ha catchment lo-
cated on Barro Colorado Island, Panama (9�903200N, 79�5001700W;
Fig. 2). The island was isolated from the main land in 1914 after
damming the Chagres River to form Lake Gatun, which is part of
the Panama Canal. The topography of LC is heterogeneous: gullies
and rills dissect slopes that reach 35� in places. Slope lengths range
from 20 to 100 m. In spite of steep terrain and frequent large
amounts of rainfall, mass movements are very rare: Dietrich
et al. (1982) referred to one landslide in 1959.

The vegetation of Barro Colorado is classified as tropical semi-
deciduous moist forest (Foster and Brokaw, 1982). The forest in
LC (Fig. 2d) is secondary growth of more than 100 years of age
(Kenoyer, 1929). The vegetation has not been disturbed since the
island was declared a reserve in 1923 (Foster and Brokaw, 1982).
Stand height is 25–35 m with few emergents approaching 45 m.
A vegetation survey at the study site, considering trees greater
than 5 cm diameter at breast height, revealed that a single hectare
contains approximately 98 tree species and 1140 tree stems, which
form a basal area of 35 m2 ha�1 (Zimmermann et al., 2009).

The climate features distinct wet and dry seasons (Fig. 3a). The
wet season lasts approximately from May to mid-December. Total
annual rainfall averages 2623 ± 458 mm (mean ± 1 sd, n = 81, data
from 1929 to 2009, Smithsonian Tropical Research Institute, Envi-
ronmental Science Program). Rainfall distribution during the wet
season is fairly uniform, except for a maximum of more than
400 mm in November (Fig. 3a). LC is underlain by tuffaceous silt-
stone of the Caimito Marine Facies (Woodring, 1958). Soils are
classified as Ferric Cambisols (Baillie et al., 2007) and reach depths
between 0.3 m on some ridges and steep slopes and 1 m elsewhere.
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Streamflow is intermittent and ceases usually in January due to
low rainfall during the dry season (Fig. 3a) and the limited water
storage capacity of LC. At the end of the dry season, the soils in LC
show cracks up to 2 cm wide and 10 cm deep (Dietrich et al.,
1982), due to the substantial admixture of smectite in the clay frac-
tion (Grimm et al., 2008). The first rains saturate the soils quickly,
cracks close and by July rainfall has increased the relative satura-
tion in the upper soil to more than 60% (Fig. 3b). From that point on-
wards streamflow reacts extremely rapid to rainfall, which is
reflected in a time to peak-value of 18 ± 10 min (mean ± 1 sd,
n = 89 single peaked storm events, data from 2007 to 2009). An
examination of soil physical properties in the study area reveals
that we can safely rule out Horton-type overland flow because
infiltrability values exceed rainfall intensities (infiltrability:
406.9 ± 157.5 mm h�1, median ± MAD (median absolute deviation),
n = 18; maximum 5-min rainfall intensity: 16.8 ± 12.0 mm h�1,
median ± MAD, n = 567 events, events are defined as rainfalls of at
least 0.2 mm separated by a minimum dry period of 2 h). Soil per-
meability, however, decreases markedly at 20 cm depth (2.7 ± 2.6
mm h�1, median ± MAD, n = 14, Fig. 4), which results in an imped-
ing layer, given the prevailing rainfall characteristics (Fig. 4) and
soil moisture conditions during the wet season (Fig. 3b). The pro-
nounced soil anisotropy in LC, expressed in the marked decrease
of permeability with depth, explains previous (Godsey et al.,
2004; Loos and Elsenbeer, 2011) and our observations (Figs. 2e
and 5; see also Video 1, Supplementary material) of frequent and
widespread saturation excess overland flow.

2.2. Suspended-sediment sampling and monitoring of ancillary
variables

We sampled suspended-sediment at five sites (Fig. 2c): at the
catchment outlet (H1, 3.3 ha), in a subcatchment with permanent
streamflow during the wet season (H2, 1.3 ha), at a site that usually
receives overland flow during storms and limited baseflow during
the late wet season (V2, 0.11 ha), and at two sites that solely re-
ceive overland flow (H3, 0.08 ha; and V1, 0.17 ha). We equipped
the sampling sites with a 2 ft H-flume (H1), 1 ft H-flumes (H2
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and H3), and RBC-flumes (V1 and V2). At each sampling site we
used automatic water samplers (ISCO 6712) for within-event mon-
itoring. To capture the suspended-sediment dynamics at our sites
we triggered the automatic sampling at relatively low discharges
and sampled every 5 min for the first hour of an event, then 10
times in 10 min intervals, and finally ended sampling with a
60 min interval. Occasionally, however, we also took grab samples
to cover baseflow, to improve coverage early on the rising limb,
and to ensure sampling of multiple storms. All sediment samples
were filtered through pre-weighed glass fiber filters with a nomi-
nal pore size of 1.6 lm (Whatman, GF/A). The filtrate was then
oven-dried at 105 �C for 24 h and weighed. More details on the sus-
pended-sediment data are provided in Table 1.

At each sampling site we recorded the water level at 5-min
intervals with a bubbler flow module (ISCO 730) and a capacitive
water stage sensor (Trutrack WT-HR). To ensure constant quality
of the discharge record, all instruments were calibrated weekly.
Discharge monitoring at H1, H2, and V2 started in October 2007,
the other sites were established in early 2008. The discharge mon-
itoring program operated until the end of 2009.

Finally, we measured rainfall with two Hobo tipping bucket rain
gauges (orifice of 182 cm2, 0.2 mm tip resolution) in a clearing
250 m from the catchment outlet. Tipping bucket data was
checked against data obtained with five manual read out collectors
(orifice of 113 cm2) for 95 rainfall events. The latter test indicated
that tipping buckets slightly underestimated rainfall. Therefore, we
report either corrected event-based rainfall values or provide an-
nual rainfall totals based on manual readouts (data provided by
the Smithsonian Tropical Research Institute, Environmental
Science Program). For our calculations, however, we used raw
tipping bucket data due to their continuous availability and high
resolution. These data contain no missing values and span the
entire period from 2007 to 2009.

2.3. Modeling suspended-sediment concentration and estimation of
sediment yields

2.3.1. Rationale for modeling suspended-sediment concentration using
an ensemble tree approach

To check our conjecture posted in the introduction, the calcula-
tion of suspended-sediment yields (SSYs) is mandatory for two rea-
sons: First, event-based and annual SSY can be used to assess the
contribution of individual subcatchments to the SSY at the catch-
ment outlet (H1, Fig. 2c). As three of the studied subcatchments
(H3, V1, and V2) receive overland flow during storms, comparisons
between these catchments and the outlet (H1) allow us to assess
the role of overland flow as a driver of suspended-sediment trans-
port. Second, annual SSY data serve as the basis for comparisons
with other undisturbed forest ecosystems. These comparisons rep-
resent the necessary background data to judge if the estimated SSY
at our site indeed rank at the higher end. For a reliable computa-
tion of SSY, continuous data of suspended-sediment concentrations
(SSCs) are indispensable. To derive continuous SSC data series from
intermittent SSC measurements (see Section 2.2), we employ a sta-
tistical model.

Traditionally, sediment rating curves (SRCs) have been used to
derive continuous SSC data series (Walling, 1984), but alternative
and more complex approaches such as fuzzy logic (Kisi et al.,
2006), artificial neural networks (Nagy et al., 2002; Schnabel and
Maneta, 2005) and various multivariate regression methods
(Schnabel and Maneta, 2005; Francke et al., 2008a) exist. Standard
SRCs rely on the assumption that discharge and SSC show a bijective
relationship. At our monitoring sites, however, SSC correlated only
weakly with discharge (Fig. 6) and pronounced hysteresis effects
can be observed (Fig. 7). As a result, SRCs performed inadequately
(Fig. 6), which is reflected in Nash–Sutcliffe-efficiency values (Nash
and Sutcliffe, 1970) of around zero even for datasets comprising all
observations. Because SRCs failed to capture the dynamics of SSC at
our study site we had to choose an alternative approach.

Previous studies showed that antecedent rainfall and within-
event discharge dynamics can strongly influence SSC (Ide et al.,
2009; Smith and Dragovich, 2009). The latter influence becomes
apparent in multiple peaked events as SSC during later event
stages depend on the magnitude of the preceding hydrograph peak
(cf. Fig. 3, Smith and Dragovich, 2009). This example illustrates that
we can expect non-additive behavior (or non-linear behavior) in
the discharge–SSC relationship. In other words, an increase in dis-
charge is not necessarily reflected in increasing SSC. Moreover,
usually both response variable (i.e. SSC) and predictor variables
(e.g. discharge and rainfall) represent non-Gaussian data. There-
fore, our SSC-models (one model for each monitoring site) have
to account for the multitude of processes that control SSC (dis-
charge dynamics, antecedent wetness conditions, etc.), need to
deal with non-Gaussian data structure of predictor and response
variables, and have to handle correlations between predictors.
Quantile Regression Forest models (Meinshausen, 2006) are well
suited for this task and have been successfully applied for SSC
modeling (Francke et al., 2008a, 2008b).
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Table 1
Characteristics of suspended-sediment concentration (SSC) data.

Sampling
site

Number of
samples

Number of
events

SSC (g L�1)

Min Mean Max

H1 874 42 0.00 0.38 2.99
H2 124 7 0.00 0.23 1.29
H3 87 12 0.08 0.61 2.22
V1 103 9 0.07 0.75 2.96
V2 143 9 0.00 0.28 2.04
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Fig. 6. Example of discharge–suspended-sediment concentration (SSC) relationship
illustrated for the catchment outlet (H1). The black line refers to a sediment rating
curve fitted to the log-transformed data.
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Quantile Regression Forest (hereafter QRF) is a multivariate non-
parametric regression technique that builds on Random Forest (RF)
regression tree ensembles (Breiman, 2001). Regression trees, also
known as Classification and Regression Trees (CARTs) (Breiman
et al., 1984), are constructed by recursive data partitioning. RF
and QRF employ an ensemble of these trees. Each tree consists of
a number of decision nodes; at each node the training data (i.e. cal-
ibration data) are split into separate subsets so as to reduce the var-
iance of each subset. This procedure is done until a predefined
minimum node size has been reached. In RF and QRF individual
trees of the forest ensemble are grown on a random subset of the
training data. The procedure of employing only a subset of the
training data to grow a tree is called ‘‘bagging’’ and the data not
used for constructing the trees are termed ‘‘out of bag data’’. The
idea of bagging is to average many noisy but approximately unbi-
ased models (Hastie et al., 2009). Moreover, at each node a random
selection of input variables is used to construct the split. The con-
cept of random selection of input variables reduces the correlation
between trees and thus further improves the robustness of the
model. In RF, model estimates are based on the mean of all tree
predictions, whereas QRF employs the whole distribution of tree
predictions and hence, offers the possibility to assess the accuracy
and precision of model estimates (Meinshausen, 2006). The latter
feature of QRF models represents an advantage compared to other
methods such as fuzzy logic and artificial neural networks that do
not provide error estimates of the predictions (Francke et al.,
2008a).

For calculations and model building, we used the software R,
version 2.10.0 (R Development Core Team, 2009) and here primar-
ily the packages randomForest (Liaw and Wiener, 2002) and quant-
regForest (Meinshausen, 2007). We ran our QRF models using
default parameter values (Liaw and Wiener, 2002; Meinshausen,
2007): the number of variables selected at each node was set to
p/3, where p is the total number of variables, the minimum node
size was set to 5, and the number of trees was set to 500.
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2.3.2. Variables
With our modeling we aimed to acknowledge the highly dy-

namic nature of SSC in small streams and to consider the influence
of antecedent conditions. To achieve the first issue we modeled at
5-min resolution, a high temporal frequency, predetermined by the
maximum resolution of our rainfall and discharge data. To realize
our second aim we constructed ancillary predictors, Pn, derived
from primary predictors P (i.e. rainfall and discharge) by using
increasing temporal shifts and window sizes, Sn, which allowed
the description of past hydrometeorological conditions while keep-
ing correlation between the derived predictors as low as possible:

Sn ¼
a0
Pn
i¼0

qi 8n P 0

0 n ¼ �1

8<
: ; ð1Þ

PnðtÞ ¼
XSn

i¼Sn�1þa0

Pðt þ iÞ; ð2Þ

where a0 denotes the temporal resolution of the rainfall and dis-
charge time series, q is the growth factor for the temporal shifts
and window sizes, and n denotes the respective time period. For
our SSC predictions we used nine levels of Sn (n = 0, 1, 2 , . . . ,8)
for rainfall and five levels of Sn (n = 0, 1, 2 , . . . ,4) for discharge,
which corresponds to pre-event periods of 34 days and 10 h (given
q = 3, and a0 = 5 min), respectively. As additional predictors, we
used the day of year to capture the pronounced seasonality
(Fig. 3a) and the change in discharge as a useful indicator for in-
tra-event dynamics. The procedure to obtain ancillary variables de-
scribed above yields predictors that contain discrete portions of
information, which reduces multi-collinearity and allows a clearer
identification of variable importance compared to the mere aggre-
gation of different window sizes (as e.g. in Francke et al., 2008a).

We assessed the variable importance, VI, with a permutation-
based measure (Liaw and Wiener, 2002). The VI of a predictor P
is calculated as the difference d between mean square error
(MSE) of the predictions for each tree t, with t e {1 , . . . ,ntree},
and the MSE of the predictions with permuted values of a predictor
P�. In both cases, prediction performance is assessed on ‘‘out of bag
data’’ (OOB, data not used for modeling). The differences in MSE, d,
are then averaged over all trees and normalized by the standard
error:

VI ¼
1

ntree

Pntree
n¼1 d

rðdÞffiffiffiffiffiffiffiffi
ntree
p

; ð3Þ

d ¼MSEt;P�
OOB �MSEt;P

OOB; ð4Þ

MSEOOB ¼
Pn

i¼1½SSCobsðiÞ � SSCmodðiÞ�2

n
; ð5Þ

where SSCobs and SSCmod refer to observed and modeled SSC values,
and n refers to the number of records in the out of bag data. Predic-
tors with low importance have a low impact on model quality, and
hence show relatively small VI values. In order to compare the influ-
ence of predictors among all monitoring sites we normalized VI to
100%.

2.3.3. Validation
To validate our SSC predictions we applied the Nash–Sutcliffe-

efficiency index, NSE (Nash and Sutcliffe, 1970):

NSE ¼ 1�
Pn

i¼1½SSCobsðiÞ � SSCmodðiÞ�2Pn
i¼1½SSCobsðiÞ � SSCobs�2

ð6Þ

where the subscripts ‘obs’, and ‘mod’ refer to observed and modeled
SSC values, respectively, and SSCobs is the mean of observed SSC
values. Modeled SSC values are mean values of all tree predictions
(n = 500) from the QRF model for the respective time step i.

The validation procedure usually involves several arbitrary
decisions such as the definition of the size of the test data set
and its location. We avoided both decisions by varying the size of
the test data set (i.e. validation data not used for training the mod-
el) in fractions from 10% to 50% of the total data set and by calcu-
lating NSE values for all possible choices of the test data with
training or test data in temporally contiguous blocks. For the final
SSC modeling and calculation of annual sediment yields we used
the full data sets.

2.3.4. Estimation of suspended-sediment yields and assessment of their
precision

We computed suspended-sediment yields (SSYs) applying a
Monte Carlo approach (Francke et al., 2008a): For each 5-min
time-step we randomly drew a SSC prediction from the distribu-
tion of single tree predictions obtained with the QRF model. Based
on these SSC data we calculated event-based and annual SSY, and
by repeating this procedure 100 times for the respective intervals
we obtained a distribution of SSY estimates. After confirming the
Gaussian shape of the SSY distributions, we used the mean and
the standard deviation as measure of central tendency and spread,
respectively. The spread of the SSY estimates, which is influenced
by the spread of the SSC predictions, can then be used to assess
the precision of the SSY estimates.

The random drawing of predicted SSC values described above
assumes uncorrelated model errors, e, defined here as the absolute
differences between observed and predicted values. We verified
this assumption by analyzing the temporal correlation of e using
variograms according to Zimmermann et al. (2009).
3. Results

3.1. Modeling suspended-sediment concentration

3.1.1. Predictors
Our analysis of variable importance (Fig. 8) indicates that pre-

dictors containing hydrological information from a time span of
1 h prior the SSC prediction are most influential. The latter result
is valid for all sampling sites and reflects the fast hydrological
response to rainfall at the research site. Nevertheless, at the catch-
ment outlet (H1), the day of year, a predictor related to annual
dynamics, is also of importance. At this gauging site, substantial
stormflow occurs early in the wet season and SSC display an
annual trend; that is, maximum SSC during early wet season
events tend to be lower than in events of similar magnitude later
in the season. At the other sampling sites, stormflow occurs fre-
quently only after the soils are saturated; hence, SSC samples from
the early wet season are sparse and intra-seasonal dynamics are
difficult to detect.

Though our approach to derive ancillary predictors (Eqs. (1) and
(2)) increased the interpretability of predictors, it remains difficult
to assess the influence of individual variables in more detail. That is
to say, the explanatory power of the variable importance has its
limitations because the importance of a variable may result from
complex interactions with other variables (Liaw and Wiener,
2002). Therefore, we did not attempt to reduce the number of vari-
ables by omitting those of lower importance.

3.1.2. Validation
The validation of our models by means of Nash–Sutcliffe-effi-

ciency indices (Table 2) indicates that the QRF model for the catch-
ment outlet (H1), which builds on the largest data set, shows a
satisfactory performance. Surprisingly, results for the V2 site are
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almost as good as for the main gauging site despite the smaller size
of the training data set (Table 1). Model results for all other sites
are less robust, particularly at the sampling site V1 whose low
NSE values we attribute to a somewhat lower quality of the SSC
data; data quality is determined by the total number of samples,
the number of events, and the quantity of samples taken by hand
(capturing situations not covered by the automatic sampling).
Hence, characteristics of the training data (Table 1) mostly explain
the observed differences in model performance and robustness
(Table 2).

Varying the size of test data blocks and their position in the data
set reveals not only the influence of test data characteristics on the
validation procedure but also helps to assess local model perfor-
mance. In general, large test data blocks average out local minima
of model performance, which hampers the detection of prediction
problems for specific events (Fig. 9). The positioning of the test
data block seems to be another critical point in the validation pro-
cedure. For example, the QRF model for the main gauging site (H1)
provides the best results for events sampled during the progressing
wet season (NSE values of up to 0.94), whereas SSC predictions for
early wet season events are less optimal (Fig. 9). Particularly, the
test data set with the smallest block size (i.e. 10% of the total data
set) shows a pronounced drop of prediction quality, which is re-
lated to the inclusion of an early wet season event in the test data.
This event was unique and showed difficult to predict SSC dynam-
ics as it was the first large (June 9th, 86.5 mm) rain in the 2008 wet
season, which triggered, despite its magnitude, only limited over-
land flow (e.g. no overland flow signal at gauging site H3,
Fig. 5a). During this event, most of the water drained into soil
cracks and observed SSC at the catchment outlet were relatively
low (maximum SSC: 0.39 g L�1, cf. Table 1 for SSC statistics).
Excluding these SSC data from the training data set results in an
overestimation of SSC; and hence, explains the poor model perfor-
mance at this point (Fig. 9).

So far we examined model performance based on test data
blocks. Next we look at modeled and observed SSC dynamics dur-
ing a single exemplary event. Although QRF model predictions cap-
ture SSC dynamics for both overland flow (Fig. 10b) and
streamflow sampling sites (Fig. 10d), both graphs also show the
limitations of our models: model predictions are particularly
uncertain at the beginning of events, which is reflected in the large
range of SSC predictions from the QRF tree ensemble (Fig. 10b and
d, e.g. at time 17:10). Furthermore, at all overland flow sites SSC
predictions show a somewhat larger uncertainty (i.e. a lower accu-
racy and precision) at the end of events (Fig. 10b, time period:
17:55–18:30). The elevated uncertainty of SSC predictions during
the aforementioned situations is related to limited training data
availability. During stormflow conditions, however, SSC predic-
tions match field observations well (Fig. 10b and d), which is cru-
cial regarding the estimation of sediment yields.

3.2. Suspended-sediment yield

3.2.1. Event-based comparisons
A plot of event-based suspended-sediment yields (SSYs) at the

main gauging site against SSY of the subcatchments (Fig. 11) shows
that apart from three major events, SSY of the overland flow



Table 2
Validation of SSC predictions by means of Nash–Sutcliffe-efficiency indices, NSE, for all possible positions of contiguous test data and various fractions of training and test data
(NSEtrain and NSEtest, respectively). The NSE’s are median values of all positions of test data for the respective fractions.

Sampling site Full dataset Fraction of test data

10% 20% 30% 40% 50%

NSEtrain NSEtrain NSEtest NSEtrain NSEtest NSEtrain NSEtest NSEtrain NSEtest NSEtrain NSEtest

H1 0.95 0.95 0.76 0.95 0.73 0.95 0.71 0.95 0.68 0.95 0.67
H2 0.90 0.91 0.58 0.90 0.66 0.90 0.68 0.90 0.67 0.90 0.64
H3 0.87 0.86 0.59 0.86 0.52 0.85 0.48 0.84 0.42 0.84 0.36
V1 0.87 0.86 0.36 0.85 0.33 0.84 0.28 0.83 0.16 0.81 0.10
V2 0.90 0.90 0.72 0.89 0.71 0.89 0.65 0.87 0.68 0.86 0.57
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sampling sites (H3 and V1) match and sometimes even exceed SSY
at the catchment outlet (H1). The SSY at our third overland flow
sampling site (V2) show a similar pattern even though this site
has some baseflow during the late wet season.

For three large (P80 mm) and high intensity (5-min intensities
of up to 187 mm h�1) rainfall events, however, SSY at the main
gauging site (H1) exceed SSY of all subcatchments (Fig. 11). During
one of those events, we observed stream bank failures only few
meters upstream of gauging site H1. Increasing erosion of the
stream channel during large events may explain the larger SSY at
the catchment outlet. The ratios of the SSY during these events,
however, vary a lot: SSY at overland flow sampling site H3 are only
slightly below the SSY of the catchment outlet (H1), whereas SSY at
the other sampling sites (V1, V2 and H2) are often clearly lower
(Fig. 11). The latter result shows that suspended-sediment source
areas are spatially not uniformly distributed; furthermore, source
areas seem to vary temporally. For example, during two of the larg-
est events, SSY at overland flow sampling site H3 clearly exceed the
yield of the nearby sampling site V1, whereas the opposite is true
for the majority of the remaining events (cf. upper graphs of
Fig. 11).

3.2.2. Annual budgets
The spatial heterogeneity of SSY already visible in the event-

based budgets (Fig. 11) manifests itself in pronounced differences
in annual SSY among sampling sites (Fig. 12). Moreover, differ-
ences between the dry year 2008 (annual rainfall: 1975 mm) and
the wetter following year (annual rainfall: 2544 mm) become
apparent. For 2008, one of the driest years in the 81 year record,
the SSY for the catchment outlet amounts to 1 t ha�1. In 2009, a
year with average rainfall, we estimated a SSY of 2 t ha�1 for the
same sampling site (Fig. 12). All subcatchments also show an
increasing SSY in 2009, albeit to a varying degree. The observed dif-
ferences of annual SSY for the three overland flow sampling sites
(H3, V1 and V2) are related to their distinct hydrological response
to rainfall. That is, the duration of stormflow at sampling site H3



0 100 200 300

0
10

0
20

0
30

0

SSY H2 (kg ha−1)

SS
Y 

H
1 

(k
g 

 h
a−1

)

0 100 200 300

0
10

0
20

0
30

0

SSY H3 (kg ha−1)

SS
Y 

H
1 

(k
g 

 h
a−1

)

0 100 200 300

0
10

0
20

0
30

0

SSY V1 (kg ha−1)

SS
Y 

H
1 

(k
g 

 h
a−1

)

0 100 200 300

0
10

00
20

0
30

0

SSY V2 (kg ha−1)

SS
Y 

H
1 

(k
g 

 h
a−1

)

Fig. 11. Suspended-sediment yield (SSY) at the catchment outlet (H1) plotted against SSY at the subcatchment sampling sites (H3, V1, V2 and H2) for 74 rainfall events which
occurred during the monitoring years 2008–2009. The bars indicate ±1 standard deviation, and the gray line illustrates a 1:1 ratio of sediment yield. The selected events
triggered a hydrological response at all sites. Suspended-sediment yields are based on 6 h periods starting at the onset of rainfall. This time period covers stormflow sediment
dynamics at all sites and for all selected events, respectively.

H3 V1 V2 H2 H1

SS
Y 

(t 
  h

a−1
 y

r−1
)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

Flow lines Stream channel

2008
2009

Fig. 12. Annual suspended-sediment yield (SSY) for 2008 and 2009 at four
subcatchments (H3, V1, V2 and H2) and the catchment outlet (H1). The monitoring
sites H3 and V1 receive only overland flow, site V2 is dominated by overland flow
but baseflow occurs occasionally during the late wet season, whereas sites H2 and
H1 show permanent streamflow throughout the wet season.

178 A. Zimmermann et al. / Journal of Hydrology 428–429 (2012) 170–181
differs only slightly between 2008 and 2009, whereas stormflow at
sampling sites V1 and V2 increased substantially.

The precision of our annual SSY estimates (Fig. 12) seems some-
what surprising, particularly when compared to the event-based
estimates (Fig. 11). In situations where SSY budgets are calculated
for long time periods, however, the influence of predictions with a
low precision (indicating a large predictive uncertainty at these
points) is averaged out. This effect partly explains the low spread,
and hence the high precision, of the annual SSY estimates (Fig. 12).
Nevertheless, the low spread of the SSY estimates also indicates
that the SSC predictions are particularly precise during periods
most relevant for suspended-sediment exports, i.e. during high
discharge conditions (Fig. 10).
4. Discussion

4.1. Forests and erosion: contradiction in terms?

There are many situations where the interplay between soil and
rainfall characteristics triggers near-surface lateral flow in forest
ecosystems. Given sufficiently large rainfall intensities or amounts,
soil characteristics such as a low permeability at a shallow depth
(Bonell and Gilmour, 1978; Elsenbeer and Vertessy, 2000; Godsey
et al., 2004), a low water-storage capacity owing to a shallow soil
mantle (Allan and Roulet, 1994), or hydrophobic conditions at the
soil surface (Gomi et al., 2008; Ide et al., 2008) cause the activation
of overland flow. Our data (Figs. 4, 5, and 10a) and field observations
(Fig. 2d; Video 1, Supplementary material) add to the wealth of
evidence (Fig. 1) that overland flow may occur frequently in undis-
turbed forest environments. Acknowledging the latter phenome-
non, and given that the activation of (near) surface flowpaths is
not restricted to a few sites as supposed by Sidle et al. (2006), we
suggest to rethink the common belief that considers erosion in
undisturbed forest ecosystems as negligible (e.g. Bruijnzeel, 2004;
Sidle et al., 2006).

Our observations and measurements provide evidence that
overland flow relocates leaf litter (Fig. 2d) and transports loose soil
material (Figs. 10b, 11, and 12). The transport of soil material prob-
ably accelerates during the progressing wet season due to a posi-
tive feedback mechanism. The first rains remove the leaf litter in
flowlines while transporting relatively little soil. Subsequent
events carry increasing amounts of fine soil material which seals
macropores in the flowlines. Both processes promote an efficient
transport of material from the hillslopes, which is reflected in the
large sediment yields of the overland flow monitoring sites (Figs.
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11 and 12). Additionally, major rainfalls cause substantial storm-
flow, which triggers localized streambank failure (field observa-
tions). During these high-connectivity events (e.g. event #3,
Fig. 5b), some hillslopes (Fig. 11) lose more than 200 kg ha�1 of
suspended-sediment, and up to 300 kg ha�1 of suspended-sedi-
ment leave the catchment (Fig. 11). These numbers indicate that
a well developed tree cover is not necessarily capable of preventing
surface erosion.

4.2. Site comparisons: do sediment yields reflect the frequency of near-
surface flow?

Our SSY estimates rank high when compared with data from
other undisturbed forest catchments (Table 3). Indeed, only two
sites, both located in Danum Valley, Malaysian Borneo, show SSY
similar (Sayer et al., 2006b) to or even higher (Douglas et al.,
1992) than ours. At those sites, overland flow also occurs fre-
quently (Sinun et al., 1992; Clark and Walsh, 2006; Sayer et al.,
2006b), though its spatial extent is still not entirely known (Clark
and Walsh, 2006). We suppose that differences between SSY at
Danum Valley and our 2009 data (a year of average rainfall at
our site) reflect a distinct hydrological functioning. At Danum
Valley, both overland flow and pipe flow occur (Chappell, 2010;
Sayer et al., 2006b), and collapsing pipe systems create additional
sediment source areas (Sayer et al., 2006b). This process is not
relevant in our research area, which could explain the lower SSY
value at our site. Alternatively, the observed difference may simply
reflect differences in the number of large, high intensity rainfall
events, which have a considerable influence on annual sediment
yields (Douglas et al., 1999).

The lower suspended-sediment yields at other forested sites
(Table 3) can be related to the spatial restriction of sediment
source areas (Ide et al., 2009), to a low spatial and temporal fre-
quency of overland flow (Godsey et al., 2004), or to the absence
of near-surface flowpaths (e.g. Baharuddin, 1988; Grayson et al.,
1993; Swank et al., 2001). Particularly sites of the latter category
show extremely small annual sediment yields, lower even than
the amount of suspended-sediment exported during single, fre-
quently occurring events at our research site (cf. Table 3 and
Fig. 11).

Our comparisons of SSY among undisturbed forest sites (Table
3) clearly indicate that hydrological characteristics strongly influ-
ence suspended-sediment dynamics in forested areas. In other
words, although there is no doubt that vegetation reduces erosion
to some degree (e.g. Rey, 2003; Bruijnzeel, 2004; Sidle et al., 2006),
forests cannot impede erosion completely where a pronounced soil
Table 3
Selected undisturbed-forest sites for which information on both prevailing fl
in ascending order of their sediment yield. When only one reference is given
SSY, suspended-sediment yield.

Location Overland flow, OF (absent = 0, present = 1) Sediment yi

Australia 0 0.05
Malaysia 0 0.07
USA 0 0.14
Malaysia 0 0.14
Malaysia 0 0.20
USA 0 0.23
Malaysia 0 0.30
Panama 1a 0.40
Japan 1 0.72
Panama 1 0.97
Malaysia 1 1.21b

Panama 1 2.04
Malaysia 1 3.12

a Conrad Creek Catchment, with infrequent overland flow (Fig. 9, Godse
b The SSY budget based on a 9-month monitoring period.
anisotropy (expressed as the change of the saturated hydraulic
conductivity with depth) favors the activation of surface flowpaths.
Our findings imply that relatively large SSY in forests are probably
more common than previously thought given the actual bias of SSY
studies towards vertical flowpath-dominated sites (Fig. 1).

4.3. Coupling and decoupling of overland flow and erosion: a
hypothesis

Our discussion so far implicitly assumes that forests play a rel-
atively passive role regarding erosion processes. This situation,
however, is limited to certain boundary conditions: we hypothe-
size that a tight coupling of overland flow and erosion is restricted
to areas without strong nutrient limitation, which is the case at our
study site (Yavitt, 2000; Dieter et al., 2010) and its surroundings
(Sayer et al., 2006a; Barthold et al., 2008; Dieter et al., 2010;
Vincent et al., 2010). At these sites, trees do not build up thick root
mats (Sayer et al., 2006a), and leaf litter contains enough nutrients
to promote high decomposition rates (Kaspari and Yanoviak,
2009). In contrast, in strongly nutrient limited systems, particu-
larly those limited in phosphorus, we anticipate that negative feed-
back mechanisms slow down erosion processes. That is to say, on
nutrient-poor soils leaf litter is of low quality (Kaspari and
Yanoviak, 2008, 2009), which is why decomposition is reduced
(Hobbie and Vitousek, 2000; Kaspari and Yanoviak, 2009; Wieder
et al., 2009), and as a consequence litter accumulates (Baillie
et al., 2006; Kaspari and Yanoviak, 2008, 2009). Furthermore, root
mats aid in absorbing nutrients (Stark and Jordan, 1978; Baillie
et al., 2006). Both leaf litter and root mats dissipate the kinetic
energy of throughfall (Geddes and Dunkerley, 1999; Baillie et al.,
2006) and reduce erosion even in the presence of near-surface flow
(Fukuyama et al., 2010).

The coupling of overland flow and erosion processes, however,
depends not only on the nutrient status of the forest. We further
hypothesize that light availability also influences erosion: Sparse
canopies allow understory growth which effectively prevents sed-
iment transport (Rey, 2003; Fukuyama et al., 2010). At our research
site, canopy openness amounts to 3% (Zimmermann et al., 2009)
and low vegetation is restricted to canopy gaps. These characteris-
tics are unlikely to reduce sediment transport by overland flow
(Figs. 10–12).

The natural setting at our research site does promote a strong
coupling of overland flow and erosion. If our hypothesis holds,
the trinity of frequent near-surface flow, relatively nutrient rich
soils, and sparse ground vegetation represents a set of characteris-
tics which could be used to identify erosion hot spots in forests.
owpaths and suspended-sediment data are available. Sites are arranged
it provides data on flowpaths and SSY. Abbreviations: OF, overland flow;

eld, SSY (t ha�1 yr�1) Reference OF; reference SSY

Grayson et al. (1993)
Chappell et al. (2005); Baharuddin (1988)
Swank et al. (2001)
Chappell et al. (2005); Baharuddin (1988)
Chappell et al. (2005); Baharuddin (1988)
Swank et al. (2001)
Malmer (1996)
Godsey et al. (2004); Leigh (1999)
Ide et al. (2008); Ide et al. (2009)
This study (2008)
Sayer et al. (2006b)
This study (2009)
Sinun et al. (1992); Douglas et al. (1992)

y et al., 2004).
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Additional small catchment studies providing suspended-sediment
yields, information on prevailing flow paths, data on forest struc-
ture, and soil nutrient status are necessary to test our hypothesis.
5. Conclusions

Forest cover and erosion rates as high as 2 t ha�1 yr�1 are no
contradiction in terms where distinct soil anisotropy in shallow
depth coincides with high rainfall intensities and amounts. Over-
land flow, which is frequently activated in the latter environment,
acts as an important driver of erosion processes. Our observations
indicate that during single, large rainfall events, overland flow-
prone hillslopes lose more than 0.2 t ha�1 of suspended-sediment
within hours, and the erosion of the stream channel further in-
creases the catchment’s event-based suspended-sediment yield
to 0.3 t ha�1. These findings do not only add to the wealth of
knowledge that overland flow occurs in undisturbed forests but
they also challenge the wide-spread belief that erosion rates are
generally low under undisturbed forest cover.

Based on our results and using available background data from
our study site, we hypothesize that undisturbed forest ecosystems
are particularly susceptible to erosion where a trinity of active
near-surface flowpaths, relatively nutrient rich soils (that coincide
with sparse root mats), and a low light availability at the forest
floor (preventing the growth of ground vegetation) exists. These
conditions are probably more widespread than expected. In
Panama, at least, they occur in extensive areas of the Panama Canal
watershed.

Given that our monitoring period covered a dry (2008, annual
rainfall: 1975 mm) and an average year (2009, annual rainfall:
2544 mm), it remains to be seen how extremely wet years with
totals up to 4500 mm increase sediment yields.
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