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Abstract: This study investigates how medium-term gully-development data differ from short-term data, and which factors are
responsible for their spatial and temporal variability. Eight actively retreating bank gullies situated in Spanish basin landscapes
were monitored for up to 11 years with high-resolution aerial photographs using unmanned remote-controlled platforms. The
results of planimetric and volumetric change analysis using GIS and photogrammetry systems show a high variability of annual
gully retreat rates both between gullies and between observation periods. The varying influences of land use and human activi-
ties with their positive or negative effects on runoff production and connectivity appears to play the most important role in
these study areas, both for short-term variability and medium-term difference in gully development. The study demonstrates
the importance of capturing spatially continuous, high-resolution three-dimensional data for detailed gully monitoring. It also
confirms that short-term data are not representative of longer-term gully development, but they are still required to under-

stand the processes — particularly human activity at varying time scales — causing gully-erosion variability.
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Introduction

The evaluation of gully development rates under
different climatic and land use conditions provides
important data for modelling gully erosion and pre-
dicting impacts of environmental change on this ma-
jor soil erosion process. Soil erosion by water has re-
ceived and still receives a lot of attention from
scientists, soil conservationists and policymakers.
However, the main focus of investigations has been
and continues to be on sheet and rill erosion rather
than on gully erosion. So far, the scientific literature
and internal reports have documented over 5,000 cu-
mulative plot-year data on soil loss by sheet and rill
erosion in Europe (Boardman & Poesen 2006),
while gully erosion has received much less attention
with assumedly less than 100 years of cumulative
gully monitoring data (Poesen et al. 2006).

Among the reasons for this scarcity of data are
the methodological difficulties associated with the
temporal and spatial scales and variability at which

gully erosion occurs. Gully erosion is usually caused
by intense and hence rather infrequent rainfall
events, making it difficult to capture by regular mon-
itoring. The wide range of sizes and forms of gullies
often are beyond the traditional scale for investigat-
ing soil erosion by water, and at the same time, gul-
lies may develop in locally very restricted parts, with
active retreat areas shifting irregularly between
headcut, sidewalls or individually gully branches.
Gullies may be subject to rapid cycles of alternating
incision and infilling, and material eroded at the
gully edges may be deposited within the gully, not
even leaving the system during the same observation
period (e.g.: Vanwalleghem et al. 2005a, Marzolff &
Poesen 2009). Thus, linear, areal and volumetric re-
treat rates are not necessarily proportional or de-
ductible from each other. Also, gullying involves a
wide range of subprocesses related to water erosion
and mass movements, such as headcut retreat, pip-
ing, fluting, tension crack development and mass
wasting, and it is the complex interaction of these
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subprocesses on different time scales which compli-
cates reliable measurements as well as forecasting by
gully erosion models. Therefore, Poesen et al. (2003)
have called for increased efforts in establishing ap-
propriate and standardised monitoring techniques
enabling the study of gully development with a
higher precision than that obtained by current tech-
niques, and for more detailed monitoring, experi-
mental and modelling work to increase the capacity
to predict impacts of environmental changes on gully
erosion rates.

Considering this variability in the spatial and
temporal development of gullies, ideal gully erosion
data should be spatially detailed and continuous,
three-dimensional, of sufficient duration for avoid-
ing a bias due to short-term fluctuations, and taken
at frequencies that accurately capture the erosion
dynamics. Obviously, such data do not exist and
would require great efforts in collecting. Reported
studies on gully erosion rates only partly meet these
requirements. Spatially and temporally detailed
studies, usually conducted by rather intensive field-
work, rarely exceed short-term durations of 3-5
years (e.g.: Brooks et al. 2009, Hu et al. 2007,
Oostwoud Wijdenes & Bryan 2001, Rodzik et al.
2009, Vandekerckhove et al. 2001, Wu et al. 2008).
Medium to long-term studies (> 10 years) are more
often based on existing aerial photography, ana-
lysed in retrospect, and consequently of much lower
spatial and temporal resolution (e.g.: Campo et al.
2006, Martinez-Casasnovas et al. 2003, 2009,
Nachtergaele & Poesen 1999, Vandekerckhove
et al. 2003).

Analysis of some of the rare existing medium to
long-term data on gully erosion by Vanwalleghem
et al. (2005b, Fig. 4) have found that gullies show a
degressive exponential increase of volume and
length during their lifetime. This non-linear retreat
behaviour cannot sufficiently be described by (usu-

ally highly variable) short-term data — even less so
when there are no clues as to the stage of age into
which the current measurements fall. Consequently,
the following questions need closer examination in
order to improve the value of short to medium-term
monitoring data:

- Do medium-term data tell us more about the de-
velopment of a gully? How do medium-term av-
erages differ from short-term and from long-term
averages of gully erosion?

— What are the causes for fluctuations in gully re-
treat rates a) in short term, b) in medium term?
Which processes at the gully itself and within the
gully catchment are responsible for the spatial
and temporal variability of gully development?

Objectives and methods

The objectives of this paper are to show that spa-
tially detailed and continuous, medium-term moni-
toring data on gully erosion are much superior to
short-term data for capturing and interpreting the
development of gullies and differentiate between the
individual sub-processes involved.

For this purpose, short to medium-term gully
monitoring data taken with high-resolution remote
sensing and field measure-ments at selected bank
gullies in North and South-East Spain was analysed
for determining linear, areal and volumetric retreat
rates (Table 1). Using small-format aerial photogra-
phy taken from hot-air blimps, kites and autopiloted
model airplanes (Aber et al. 2010), these sites have
been monitored by the authors in intervals of usually
1 or 2 years beginning between 1995 and 2008 (Ries
& Marzolff 2003, Marzolff & Ries 2007, Marzolff &
Poesen 2009). Several gullies had earlier been sub-
ject to short-term monitoring using field methods by
Vandekerckhove et al. (2001).

Table 1. Gully sites used in this study with summary of erosion parameters. Volume and area loss measured at both headcut
and sidewalls. R, : maximum linear retreat measured at headcut; R : mean linear retreat measured at all active edges

mean”*

Gully

Gully site Land use/land cover ca.tchment M([);ei;?;]ing V(E::]lzn; i,ll?ss ?;;a}}?ls]s [n}l{;;‘l] [15;?2‘]
size [ha]
Barranco Rojo cereal fields, young fallow land 13.7 7 5.85 3.03 0.37 n/a
Salada 1 almond plantation 253 6/11* 108.41 21.75 0.52 0.24
Salada 3 young fallow land 1.4 11 7.26 2.07 0.15 0.05
Luchena 1 very sparse matorral 0.15 10 3.13 1.29 1.71 0.24
Freila A rangeland, abandoned fields 4.6 7 2.90 2.97 0.62 0.02
Freila B rangeland, abandoned fields 1.3 7 2.16 2.67 0.23 0.01
Casablanca rangeland 33 7 0.49 0.84 0.07 0.01
Belerda 1 cereal fields, olive plantations 1622 1/13%** 26.47 351 0.35 0.20

*gully head infilled after 6 years; erosion parameters taken from the first 6 years
**aerial photomonitoring started in 2008; values of previous years estimated from terrestrial photos and measurements
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At all gully sites, ground control points are per-
manently installed with steel pipes and marked with
signals for the photographic survey. From the result-
ing stereoscopic images with extremely high ground
resolutions of 0.5-10 cm, various techniques of anal-
ysis for measuring gully development and loss of soil
material have been carried out with image-process-
ing systems, geographic information systems (GIS),
and digital photogrammetry stations. The resulting
change maps keep accurate records of the spatial
patterns of gully development, revealing shifting
zones of activity at the gully edges.

In order to document and analyse environmental
conditions in the gully catchment, maps of surface
cover, morphological features and geomorpho-
dynamic process activity were compiled by field sur-
vey based on aerial photography (Geifller 2007,
Seeger et al. 2009). In addition, runoff coefficients,
infiltration and erosion rates on typical surfaces in
the headcut vicinity and throughout the catchment
have been analysed with rainfall simulations and in-
filtration experiments (Seeger et al. 2009).

Results and discussion

Statistical analysis of average medium-term re-
treat rates (7-13) at the gullies confirms the general
logarithmic relationship with headcut catchment size
already observed by Vandekerckhove et al. (2001).
However, different land use within the catchment
leads to deviations of individual gully sites from the
general trend, with rangeland gullies yielding much
lower, and low-cover agricultural gullies yielding
much higher growth rates than average. When
short-term rates rather than medium-term averages
are analysed, the slope and exponent of the regres-
sion lines vary considerably, with the maximum ob-
served rate in any short-term period strongly overes-
timating, and the minimum observed rate in any
short-term period strongly underestimating gully
growth. Apart from varying precipitation amounts in
the individual observation periods, the most impor-
tant reasons for the high short-term variability were
found to be different subprocesses involved in gully
erosion — especially headcut vs. sidewall erosion —
and human interference in the form of land-use
change and anti-erosion measures. Details on the
development of all gullies listed in Table 1 and on the
role of various influence factors can be found in
Marzolff et al. (2011).

The gully development maps derived from the ae-
rial photographs demonstrate the importance of de-
tailed, spatially continuous change measurements: A
considerable, sometimes even major percentage of
gully growth may occur not at the actual headcut, but
along the sidewalls, where mass wasting along ten-
sion cracks may lead to sudden high retreat rates

(Fig. 1). For the individual gullies, mean annual re-
treat values may vary substantially between the years
for longer observation periods (Fig. 2). The high
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Fig. 1. Change map March 1998 — October 2009, gully
head Salada 3, Province of Murcia, Spain. Local coordi-
nate system in meters

9 200 ©

o

Q.

1 g=3

8 400 F

5

74 600 2

4,—‘— 3

i E)

6 80 3
5 1000

4 1200

Gully erosion  Precipitation

T [dSidewalls []Rainfall total 1400

Area eroded/year [m? a']
w

[ Headcut + Day with >20 mm
2 1600
1 1800
0 T y T
March March March Oct QOct  Oct
1998 2002 2004 2006 2008 2009

Fig. 2. Mean annual areal retreat rates, precipitation sums
and possibly extreme rainfall events for 5 short-term moni-
toring periods at headcut and sidewalls of gully Salada 3.
Mean annual retreat for complete period (March 1998 —
October 2009): 0.621 m2yr' (headcut), 1.463 m2 yr ' (side-
walls), 2.084 m2 yr* (whole gully). Precipitation data from
climate station La Paca (7 km distance)
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variability is particularly dependent on changing lo- sures, infilling of gully headcut etc.) that influence
cal conditions in the headcut vicinity and thus runoff behaviour and flowpaths connectivity within
strongly associated with human activities (current the catchment. The example if Gully Salada 1 (Fig.
land use, tillage practices, erosion control measures 3), which has a repeated history of human interven-
such as earth dams, dirt-track maintenance mea- tion, shows that such measures may influence form
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Fig. 3. Gully Salada 1, Province of Murcia, Spain. Human activities play an important role in the development of this gully
head, which continues to be affected by the high runoff rates from the almond plantation and by piping processes related
to earth dam construction, in spite of infilling in 2005: a) Change map March 1998 — October 2009; b) Airphoto map, Octo-
ber 2009. This image was taken shortly after intense rainfalls in late September and during erosion control measures car-
ried out by the almond farmer (see tractor filling the dam breach at 0/40)
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and amount of gully development for many years and
even lead to “setting back of the clock” by infillings
and subsequent re-incision of pipes and rills.

The study shows that short-term data, while being
very valuable for analyses such as short-term sedi-
ment budgets, should not be taken as representative
for the long-term development of a gully (cf. Marzolff
et al. 2011). In particular, short-term retreat rates
need to be used with caution when extrapolating
them to longer time periods both into the future (for
predicting further development) and back in time
(for determining a gully’s age). Medium-term aver-
ages seem to reflect gully evolution much more accu-
rately, but even for medium- or long-term monitor-
ing, short repeat periods are required to understand
the individual reasons for gully-erosion variability.
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