Do forests control run-off?
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Abstract
Forests presumably reduce flood flow and increase base flow. The debate about this forest
hydrological hypothesis still goes on at the system scale of catchments. The investigations of
BuRGER
(1922) as well as newer aspects in soil hydrology at the process scale may help to
differentiate: forest soils are more likely to control run-off than soils under any other land-use.
However, not all the soils under forest bear the characteristics which support the forest hydrological hypothesis, and soils under various vegetation covers may show well developed properties to effectively mitigate peak run-off.
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1 lntroduction
Forests are known to protect slopes against erosion, landslides and avalanches. They are also
thought effectively to reduce flood flow as well as increase base flow. However, this forest
hydrological hypothesis at the catchment scale is still under debate. Hans Keller, too, was
sceptical towards the hydrological benefits which forests may exert when he described early
endeavours of Swiss forest hydrologysts:
" ... and since no research resu/ts were availab/e, Professor Engler at the School of Forestry
in Zurich introduced the idea of comparing two watersheds with respect to f/ow regime and
sediment transport. In 1902 ... the Rappengraben and the Sperbelgraben were equipped ... In
1919 ... a publication, 626 pages /ong, reported on the beneficial effects of forests on the flow
regime (ENGLER
1919). The problem seemed solved. The Swiss politicians had what they needed,
and in many European countries the idea of protecting forests was increasingly supported.
However, many scientist remained critical ... about the hydro/ogic rote of the forest." KELLER
(1984)
Viewed from the other side, lvEsand MESSERLI
(1989) expressed serious doubts about the
frequently cited large-scale impacts of deforestations in the Himalayan Mountains on the increasingly devastating flood crests in the Ganges river.
Detrimental floods from heavily reforested areas, like the innundation at the end of July
1990 in the Gürbetal (Kanton Bern, Switzerland), support this scepticism in that the 40 to 60
years old reforestations were not capable of preventing the disaster.

2 The forest hydrologic hypothesis in view of soil hydrology
Soil scientists, who were in neither way committed to the forest hydrologic hypothesis, have
found that not all the soils are as impermeable as they were thought to be upon the investigation of small soil cores. In some well documented instances the soils were not able effectively
to protect shallow groundwaters from getting contaminated with land applied sewage sludges
and from septic tank operations (BouMAet al. 1971).
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The advantage of no-till agriculture over conventional tillage in controlling surface run-off
and related erosion in the fairly steep loess-covered hills of central Ohio has long been demonstrated. Channels left by decayed roots and particularly the vertical burrows of earth worms
have been identified as effective pathways for infiltration, pratically eliminating surface run-off
et a/. 1988). The diligent stucture builders are readily at hand: earth worms are known
(EowARDS
to produce annually channels up to 250 m'/m 2 of soil surface with diameters between 1 and 5
mm, and roots grow at annual rates between 5 and 50 km/m 3 of soil, leaving most channels in
the diameter range of 50 to 500 µm.
The concern expressed by Swiss federal and cantonal soil protection agencies about the
densification of soils due to heavy machinery indicates the complementary area in which the
missing soil structures are becoming an important issue. The destruction of structural pores
leads to reduced infiltration and aeration, combined with surface run-off and erosion. The
remediation of soil structure can be easily achieved in some cases and may pose almost
unsolvable problems on other sites.
These discussions at the system scale of basins, catchments and farms indicate that the
scepticism against the forest hydrologic hypothesis exists, that the unexpected natural and
naturalized high infiltrabilities of some soils are due to structural pores, and that the
misfunctioning of densified soils is due to the lack of structural pores. More realistic judging of
the forest hydrologic hypothesis is thus in need of better understanding infiltration and redistribution of water under natural conditions and at the process level, say at the scale from large
soil cores to soil profiles and hill slope segments.

3 Burger's investigations
BuRGER
(1922), investigating infiltration, was possibly the first who linked infiltration rates with
some structural soil properties at the process level. He assessed the average volume flux
density of infiltration, q8 cm/s, in situ. A bevelled iron cylinder (10 cm high and containing
1000 cm 3 , still called the "Burger-Zylinder") was completely driven into the soil. A fine-meshed
sieve was laid on the soil surface in the cylinder to prevent compaction during infiltration. A
similar cylinder was sealed to the top rim of the first one and filled with 1000 cm 3 of water.
Burger calculated an average infiltration rate from the time lapsed for this water to infiltrate. He
also reported that a second infiltration run immediately following the first one always required
more time than the first one. He sampled undisturbed soil cores with the same type of cylinders
in the proximity of the infiltration sites. In the laboratory, he saturated the samples completely
by slowly raising a water table from the bottoms to their tops. After weighing, they were placed
on a sand bed to drain for 24 h. A cover prevented evaporation. Burger called the difference in
weight from the first measurement divided by the density of water and by the volume of the
sample the air capacity, emacm 3/cm 3 , of the soil sample. In Burger's term, this is the volume
fraction of the porosity in which water is not held by capillary forces.
A further analysis of Burger's data, correlating q 8 and ema'yielded:

[1]
with a = 2.412 ± 0.33 and ln{b} = 1.184 ± 0.84 (r = 0.877, N = 76, 95% confidence limits).
Further information on the data set is compiled in Table 1 (GERMANN
and BevEN1981).
lf the non-capillary pores were cylinders, a = 2 should result. Newer investigations indicate
that a so close to 2 means that flow is almost unimpeded by tortuosity and may run very easily
to greater depths (GERMANN
and 01P1ETRO
1994). In conclusion, Burger's investigations at the

106

scale of 1000 cm 3 cores at least demonstrated that many forest soils he researched were
capable of absorbing most of the heavy storms.
lt is the merit of Hans Burger, Engler's successor and Hans Keller's indirect predecessor, to
have recognized that process studies may add new views to the debate. He demonstrated
infiltrability differences among forest soils, arable soils, densified pasture soils, and even forest
soils which were frequently used as camp grounds (BuRGER
1927, 1929, 1932, 1937, 1940).
Table 1. Information on the data from Burger's experiments (N=76)

q5 cm/s
Mean
Minimum
Maximum
Variance

0.0219
0.0021
0.25
0.0015

8ma

cm3/cm 3

0.093
0.023
0.196
0.0022

In many cases, Burger's selection of research sites may have been politically motivated and
thus he may also have crossed the subtle line towards being biased. In addition, he compiled
his data in an impressive number of tables, unfortunately most of them as linear averages of
three to ten samples per site. A revision of his data in the light of approaches similar to the one
presented in Eq. [1] is not possible without having access to the raw data. His numerous
infiltration measurements all over Switzerland during a period of about 20 years, and the corresponding air capacity measurements of a huge number of soil samples, have almost entirely
been forgotten. lt seems that Burger has lost personal interest in the methods he previously
developed so carefully and convincingly. Neither contemporaries nor successors seem to have
carried on his work.
Drowned with many other chores at the Swiss Federal Forest Research Station, he did not
stress strongly enough the theoretical framework of his genial method, thus leaving it at the
level of an empirical test. His concept could therefore not compete with rapidly emerging
ideas put forward by groundwater and soil hydrologists. They published new approaches on
water flow in soil and groundwater systems at the time of Burger's most intensive field investigations. They used tools from physics, mathematics, and civil and chemical engineering like
Me1NZNER
(1923), who divided the porous media into a saturated ground water region, an almost completely saturated capillary fringe and a non-saturated zone; FoRCHHEIMER
(1930) rediscovering DuPu1r's(1863) approach of steady saturated flow between two parallel drainage
ditches, and THe1s(1935), who dealt with unsteady ground water draw down. In the area of soil
hydrology there were BucKINGHAM's
(1907) introduction of the capillary potential-soil moisture
relation, GREEN
and AMPT's(1911)approach to infiltration into non-saturated soils, and R1cHARos's
(1931) concept of soil water diffusivity.

4 From profiles to hill slope segments to catchments
MeNZELand DeMUTH(1993) observed in the weighing lysimeter (diameter 2.0 m, 2.5 m deep,
under permanent grass cover) in the Rietholzbach catchment rapid drainage responses within
hours to single days after intensive rains when the soil was fairly wet. Yet, hydrodynamic dispersion of bromide followed the well-known Gaussian distribution when time was replaced by
cumulative drainage. More than half a year lapsed from the application of the bromide solution
to the concentration maximum in the drainage water at the 2.5 m-depth, indicating a dualposorsity behavior of some sort.
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STRESKY
(1991), following the tracks of AuseRTIN
(1971), studied the spatial distribution of dye
within a soil block in situ at the Hubbard Brook Experimental Watersheds, New Hampshire
(USA). He dissected the soil block after adding methylene blue to the water of the last sprinkling experiment. His results, as they are shown in Figure 1, indicate an intricate 3-dimensional
pattern of flow paths. The sizes of network and of the individual channels are well suited to
absorb the heaviest storms.
Luck has it, that I got my first research grant in the USA with the Hubbard Brook Experimental Watersheds through Bob Pierce, a dear friend of Hans Keller's, while I was serving as
Assistant Professor of Hydrology at the University of Virginia's Department of Environmental
Sciences. Bob and 1,but mainly our graduate students, rained artificially on an isolated block
of forest soil (2.6 x 2.0 m and 70 cm deep, slope angle 9%). Subsequently, we measured
drainage flow which we collected along the impermeable glacial till at the bottom of the soil
block. In some instances, we observed first drainage flow at the 70 cm-depth within 6 to 15
min after the onset of sprinkling, in other cases we did not observe any drainage flow at all,
depending on antecedent soil moisture. The intensities of sprinkling ranged from 1.3 to 3.0 x
1o-s
m/s (GERMANN
et al. 1986), corresponding to rates from 48 to 108 mm/h. Therefore, wetting
propagated with an average vertical velocity from 3 to 10 cm/min. Further estimates of soil and
flow parameters are compiled in GERMANN
(1990). Whatever the velocity of the wetting front
propagation might have been, in none of the 10 infiltration-drainage experiments at the small
plot scale did we observe surface runoff.
BüRGI(1994) followed infiltration in a soil block (1.0 m wide, 3.5 m long, slope angle 25%) on
a hillslope under pasture in the Spissibach catchment (Berner Oberland) with rapid soil moisture
measurements, applying automized TDR and tensiometer devices. She studied the effects of
both natural and artificial rainfall events on the quick distribution of the infiltrating water. Neither lateral subsurface nor surface flow were observed, even after applying 50 mm of water
within 1 h. Most of the measurements indicated an increase of soil moisture and its capillary
potential at the 80 cm-depth within utmost 2 h after the onset of either heavy rain or sprinkling.
The importance of rapid infiltration, be it under forest cover or in agricultural soils, was
recognized on the system scale in the Rietholzbach catchment. When we calculated the water
balance of the heavy storm of August 7 and 8, 1978, about 50 mm of the total rain of about
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Fig. 1. Traced flow paths in a forest soil
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(STRESKY

1991)

150 mm were not accounted for when the measured soil moisture increases were included. lt
was concluded from detailed considerations that about 20 to 70 mm had infiltrated rapidly,
had by-passed the denser clay layers and had reached deeper and coarser horizons (GERMANN
1993).

5 Conclusions
Numerous articles deal with quick infiltration into well structured soils (BEVEN
and GERMANN
1982, and many articles since then). Not all of the sites are under forest cover and not all forest
soils are well structured. However, it is safe to state that forests enhance soil structures favoring
infiltration while many other soil management practices are more prone to the destruction of
these structures. A more differentiated view on the forest hydrologic hypothesis thus seems
justified.
The combined field and laboratory investigations by Burger at the process scale were important steps towards a more differentiated look at the forest hydrologic hypothesis. For reasons not clear today Burger did not follow up on his method, and his important contribution is
doomed to get lost.
The large scale reforestations from the 1920's to the 1950's of heavily densified pasture
soils in the Swiss flysch region may not yet have produced everywhere the soil structures
needed to prevent surface run-off. Furthermore, the densely arranged drainage ditches may
even accelerate run-off from the ameliorated forests, possibly more enhancing than mitigating
peak flow. An updated version of Burger's approach might be helpful today when planners
have to decide which ameliorated forest sites of the first generation, today in need of expensive mainteinance work and rejuvenation, are realy worth the investiments.
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Dedication
In memory of my friendship with him, 1dedicate this article to Hans Keller. 1was fortunate to have occupied an
office next to his at the Swiss Forest Research Station during my seven-year assistantship with the Chair of
Soil Physics at the ETH. He not only introduced me to the Engadin Cross Country Ski Marathon but, more
importantly, to catchment hydrology . This introduction culminated in my three-year post-doctoral fellowship
with the team of the Rietholzbach Catchment.
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