Windthrow Influences on Spatial Heterogeneity
in a Forest Soil
EARL L. STONE

Dedicated to Felix Richard, with appreciation for the many days
together observing soils in nature

Soil sampling . in forests and attempts to correlate plant growth with soil attrib
utes are complicated. by variability in soil properties, not only vertically as a result
of soil development processes, but also within short distances horizontally. This
horizontal or spatial variability occurs at various patterns and scales, from less than
one meter to lO's or lO�'s of meters, in accordance with its origins.

One evident source of small scale spatial variation arises from the uprooting of
trees by wind or other causes. Typically, the uprooted tree overturns a soil mass or
«earth-ball», the dimensions of which are correlated with both tree diameter and
soil properties that affect rooting (MUELLER and CLINE, 1959). The paired pit-and
mounds caused by such overturn may persist for some centuries in many soils and
their cumulative abundance creates a characteristic micro-relief. Estimates of . the
visibly disturbed area vary: 14 % (STEPHENS, 1956), 25 % (HART et al., 1962),
one third (TROEDSSON and LYFORD, 1973), probably 35 % (ARMSON and FESSEN
DEN, 1973), 48 % (LYFORD and MAcLEAN, 1966). The smaller size of trees in
present-day managed or cut-over forests allows less soil disturbance than in the
past, even when trees are wind-thrown before harvest. The absence of such micro
relief in many secondary forests of eastern North America and western Europe,
however, is almost unequivocal evidence of intensive agricultural usage before the
present forest was established.

LUTZ (1940) compared the surface soil on tree fall mounds believed to be 80 to
3 00 years old with «relatively undisturbed» soil adjacent. The mound samples had
a greater heavy mineral index (after TAMM), reflecting admixture of subsoil; but
differences in organic carbon, exchange capacity and exchangeable bases were
either non-significant or small. Russian investigators (KARPACHEVSKIY et al., 1968 ;
ROZMAKHOV et al., 1962) have commented on the contribution of tree fall mounds
to spatial variation or the mosaic pattern in forest soils; their observations indicate
similarity with Scandinavian and North American conditions. Most of the pub
lished descriptions of tree-fall micro-relief concern soils with well-developed mor
humus layers; moreover, they afford little information on the associated soil chem
ical properties. The present paper examines the chemical aspects of fall micro
relief on soils . with vigorous mixing of organic and mineral matter.
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Area and Methods
Study Area

McGowan' s Woods (elevation ca 280 m) is adj acent to the Cornell University
campus at Ithaca, New York. lt is a 10 ha block of mixed broadleaf forest result
ing from natural regeneration after the original forest (Urwald) was clear-cut in
1904. Prior to that time the forest was a remnant surrounded by cleared fields,
retained only at the insistence of the owner. Thus essentially all of the 25 or so
tree species now found on the area must have been present earlier. Decaying
stumps of Pinus strobus are still evident after 70 years and show that this species
was abundant, with diameters to 1 m, bh, and probably even-aged. O ther evidence
of species distribution in the former forest can be deduced from occasional stumps
and fragments of Quercus alba and Castanea · dentata, and the coppice origin o f
many stems of Quercus borealis, Liriodendron tulipifera and, especially, Tilia ame
ricana. Other moderately abundant dominants within the studied portion are Fraxi
nus americana, Acer saccharum, Carya cordiformis, C. ovata, and Magnolia accu
minata. Pinus strobus failed to regenerate and is now represented only by a few
individuals that were small suppressed trees in 1904. The forest has been subj ect
to light selection thinnings over the past 40 years, but with little or no disturbance
of the soil surface by wood removal.
The soils originated as glacial lake deposits. The maj or series in the ca 2½ ha
portion studied are Williamson, a well- to moderately well-drained, very fine sandy
loam overlying silt loam at depths of 0.6 to 1 m, and Collamer, a moderately-well
drained silt loam. Transect 7 occurred near the transition from Collamer to its
somewhat-poorly-drained associate, Niagara silt loam. The substrate below the
weathered solum consists of bedded silts with occasional thin lenses of more sandy
or more clayey material. Free Ca C03 occurs at depths of l.5 to 3 m, according
to drainage level and elevation. Previous single-year studies in this area demon
strated a) an annual leaf fall of ca 3100 kg/ha, containing 18 kg N, 82 kg C a and
10 kg Mg (CHANDLER, 1941), and b) an earthworm population of 182 A llobophora
caliginosa and 68 Lumbricus terrestris per sq meter in May (EATON and CHANDLER,
1942). (At that time the soils were described as Dunkirk, which is now restricted
to the well-drained anafog of Collamer.) Because of such populations, the annual
leaf deposition essentially disappears by the following summer, with differences
among genera such as RICHARD (1945) described for his Querceto-Carpinetum are
tosum sites in the Swiss lowland.
Procedure

Table 1 indicates the physical features of 8 pit-mound pairs selected for sam
pling on the basis of distinctness and range in height difference. Micro-relief around
these ter,tds to be either more subdued or more complex. A meter-wide transect,
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10-14 m lang, was as established normal to the center of each pit-mound; that is,
coincident with or paralleling the axis. of the fallen tree, of which no trace remains.
Bach transect extended from outside any direct influence of upturned soil on the
« throw» side, to beyond evident disturbance on the « take» side. Elevations from a
horizontal datum were measured at 0.5 m intervals along the center line. Compos
ite soil samples consisting of five 2-cm diameter cores across the transect width
were collected at either 0.5 or 1.0 m intervals. The cores were divided into 0-10,
10-20 and 20-30 cm depth samples.
The 333 samples were air dried, screened and ana:lysed by the Department of
Agronomy Soil Testing Laboratory using methods described by GREWELING and
PEECH (1965). pH was determined at - a 1 : 1 soil : water ratio; organic matter by
chronic acid digestion; and readily soluble Ca, Mg, K and P were extracted by
acetic acid-sodium acetate (Morgan' s solution) at pH 4.8. On the basis of these
results the sample population was stratified by intervals of 500 ppm to 2000 ppm
extractable Ca, plus one dass greater than 2000 ppm. A random 10 % subsample
from each class · was re-analysed for exchange capacity and exchangeable bases by
the conventional procedure with N ammonium acetate at pH 7, and for total N by
Kj eldahl.
Statistical comparisons between the two data sets revealed that the extractable
or « soil test» procedures removed 86.5 % of the exchangeable Mg (r2 = .98), 71.6 %
of exchangeable Ca (r2 = .99) and 91 % of exchangeable K (r2 = .95). The reverse
Table 1

Transect
No.

1
2
3
4,
5
6
7
8

Fall
Direction

w

s

SE
SSE
ENE
ESE
SSE

s

CharacteristiGs of sampled pit-mound pairs 1 .
Pit-mound Dimensions
Height
Width
Length
Diff erences

m
9.6
5.7
6.5
5.6
6.5
6.0
8.3
5.7

m
6.5
6.5
7.0
5.0
6.0
8.5
6.0
6.0

cm
68
36
72
33
26
62
66
59

· Maximal Mound
Slope Water Depth in Pits 2
3 February 25 February

Degrees
29
16
27
19
13
27
30
26

cm
tr.
15
0
0
0
0
14
21

cm
15
24
47
6
5
23
21
34

1 Width refers to visible disturbance by pit and mound · in the direction of tree fall; height is
difference in e levation between pit bottom and mound · crest; slope is maximum over 0.5 m
distance.
2 Ice sheets at 3 February 1975 indicated earlier temporary water levels. Depths on 25 February
1975 are ma-,üma after thaw and rain.
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linear regressions (i. e., x/y) were applied to the 333 samples to estimate contents
of exchangeable elements. Coefficients of variation for these regressions range be
tween 9 and 13 % . Values for Ca, Mg and K are referred to as «exchangeable»
when they have been converted by such regressions; otherwise they are designated
as «soil test» results.
Bulk density was not determined on this sample population. Mean values from
180 similar composite core samples on an adjacent plot were as follows: 0-10 cm,
0.947; 10-20, 1.059; 20-30, 1.260; these were used in estimating quantities per
unit area.

Results

Physical structure

Figure 1, above, illustrates the range in micro-relief of the sample transects. The
original soil surface is unknown. Hypothetical surfaces can be projected from the
relatively undisturbed edges of transect, as shown in figure 1, but the windthrown
trees may well have stood on earlier mounds. Small charcoal fragments, mostly
2-5 mm, occurred at some depth in 2/3 of the sample points. Occurrence was most
frequent (54 % ) in the 10-20 cm layer. The few fragments identified thus far are
pine. Sample points on mounds ;e:. 1 and 7 encountered small patches of reddish
soil (Munsell color 5 YR 4/6), evidently calcined by the ancient fire.
Chemical Inter-relationships

Organic matter (OM) content is significantly correlated with other chemical
properties (Table 2). High correlations among organic matter, total N, and
exchange capacity at a single locality are not surprising, of course, but the regres
sion, Exchange Capacity (me/100 g) = 7.60 + 2.28 OM ( % ), (CV 10 % ), demon
strates the importance of OM variations even in these medium-textured soils. The
general association between OM and other elements proves much more variable
when smaller constituent populations are examined. Thus, r2 values for OM:Ca
range from .34 to .81 within individual transects (N = 27-57), and .35 to .62 for
individual depth strata (n = 111). The analogous correlations for K and P vary still
more widely.
Somewhat in contrast, the content of organic matter . or an element at any one
depth stratum is moderately well correlated with that above or below (Table 3).
Figure 1 illustrates the more or less uniform decrease of organic matter with depth
that is characteristic of mull humus layers, as well as decreases in extractable ele
ment content. Horizontally across each transect, and at each depth, however, con
tents of organic matter and bases may vary by a factor of 2 to 4 or more (Figure 1,
Table 3). Much of this variation clearly is not random but patterned in accord with
micro-topography.
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Extractable Ca content ranges between 25 and 4000 ppm. Nevertheless, Ca and
Mg are highly correlated with each other (.0001) in all populations examined, as
shown below:

Subsample, exchangeable
Soil test, all
Soil test, individual transects
Soil test, 0-10 cm depth
Soil test, 1 0-20 cm depth
Soil test, 20-30 cm depth

r2
.92
.88
.74-.97
.88
.91
.96

Overall
0-10 cm depth
10-30 cm depth
20-30 cm depth
Leaf return (CHANDLER, 1941)

8.8
9.2
8.3
6.9
7.85

(n = 32)
(n = 333)
(n = 27-59)
(n = 111)
(n = 111)
(n = 111)

These values are much too high to be due to their mutual association with OM.
Accordingly, the weight ratios of exchangeable Ca and Mg in soil depth strata and
leaf return are compared below. For this purpose the Ca/Mg regression coefficients
based on soil test data were converted to exchangeable values as described under
Procedure, ignoring regression constants of the equations. The Ca/Mg ratios follow:
n
333
111
111
111

Although these ratios appear to decrease smoothly with depth, the standard
errors of the original regression coefficients equal or exceed the maximum differ
ences, which are thus probably not significant.
The amounts of Ca and Mg returned to the forest floor in bark, twigs, etc. are
unknown. Ca/Mg ratios in such materials are often much wider than in foliage,
however, and hence the ratio in total plant removal and return may well approach
that of the upper soil more closely than indicated above.
The total quantities of OM and exchangeable Ca and Mg in the upper 30 cm
of each transect have been calculated from the regression equations and bulk den
sities indicated under Procedure (Table 4). Formal turnover times for Ca and Mg
are estimated on the basis of leaf return values for a single year. These values
suggest the time scale required for adjustment of base content and ratios over
small areas, such as tree fall mounds, but in no way account for either atmospheric
inputs of anions and cations, or incorporation into stand biomass. The calculations
are based on fitted regression equations, rather than slopes of regression lines only,
and thus Ca/Mg ratios based on the exchangeable pools of Table 4 average appre
ciably larger than the overall ratio shown above (10.2 vs 8.8).
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Figure 1 Elevation and soil. chemical properties along transects across windthrow
mounds and pits. Note the 2 x vertical exaggeration in elevation, the hypothetical former soil
surface (dashed line), and maximum depth of soil sampling (dotted line) in uppermost
graphs, and 3 sample depths in remainder. (Transects 8 and 2 represent contrasts in relative
relief; Transect 4 shows influence of a 54 cm dbh white pine abutting
the meterwide transect.)
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Discussion
Water stands temporaril y in all of the pits during winter and early spring wet
periods (Ta ble 1) sometimes leavi ng bottom ice or suspended ice sheets before it
drains. A t o ther times heavy needle ice formation is general. To these effects are
added those of heavy leaf accumulation in the hollows each autumn. Thus in phys
ical terms the pit bottoms are highly adverse for small plants and the few woody
seedlings that occur there show the consequences of repeated frost heaving.
The majo r cause for spatial variation in chemical characteristics are the system
atic differences in annual additions of leaf litter. These in turn are due to differ
ential accumulation by p its and mounds when recently fallen foliage is redistrib
uted by wind. Spatial variability in weight of initial leaf fall is often low, and
CHANDLER's (1941) estimate in this forest has a CV of only 10 % . Estimates in
Belgium beech forests range above and below this value (DELECOUR et al., 1967).
HART et al. (1962) report a CV of 13 % in a New Hampshire mixed broadleaf
forest. However, they determined that the eventual amounts after redistribution
ranged from equivalent rates of 1650 kg/ha on old tree fall mounds to 5750 kg in
pits, c ompared with 2900 kg outside the pit-mound influence. Inasmuch as few
such measurements have been made, it is of interest to compare the ratios of these
values with those of soil organic content in the present study. Thus, using mean
values of the s - transects:
Transect End Mound
0.7
1 .0
% OM, 0-1 0 cm
0.7
1 .0
% OM, 0-30 c m
(0.6)
(1
.0)
Leaf accumul ation, 3-yr mean
(HART et al., 1962)

Pit
1 .9
2.1
(2.1)

Transect End
1.1
1 .0

The non-leafy litter is, of c ourse, less subj ect to redistribution, though much of
the wood decomposes on the soil surface whereas foliage residue are rapidly incor
porated by vigorous earthworm activity, even on the pit bottoms. Again, bark
accumulations or stem flow around large trees may have pronounced but localized
effects, as illustrated in Figure 1, Transect 4. In any case within-transect variations
in organic accumulation do not prevent surprisingly uniform totals along the
1 0-14 m transects (Table 4). The exception, Transect 7, has already been described
as transitional to the somewhat poorl y drained Niagara soil.
The close correlation of Ca and Mg over moderately wide ranges in base con
centration, reaction, and exchange capacity imply domination by cumulative
annual uptake and return. Although only a single year' s value for foliage deposi
tion is known, there is no reason to expect appreciable changes with time. Atmos
pheric contrib utions doubtless increase the total additions of elements to the soil
surface, but with distribution patterns different than described here.
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The spatial pattern of divalent base concentration agrees generally with that of
leaf accumulation and organic content. In contrast, the patterns of extractable K
and P content are more erratic. The large returns of K in throughfall, and ready
leaching from fresh litter explain its different behavior. The patterns of extractable
P are generally too erratic for interpretation but the extraction procedure is too
mild to display differences in content of organic P.
Neither Figure 1 nor diagrams of other transects reveal any evidence of buried
soil surfaces beneath the mounds, or of the mixing of A and B horizon materials
that must have occurred (LUTZ, 1940; LYFORD and MAcLEAN, 1966). Instead, soil
chemical properties of each depth stratum are related chiefly to those above
(Table 3) and to configuration of the soil surface (Figure 1). This raises questions
about the age and persistance of these mounds, and the rapidity of chemical
changes.
J'able 2 Linear correlations among soil chemical properties.
AH correlations shown are significant at 0.0001.
(OM = organic matter; Exch = exchangeable; Extr = extractable)

Subsample (n = 32)
OM : Total N
OM : Exch Capacity
OM : Exch Ca
OM : Exch Mg
OM : Exch K
Soil Test, Overall (n = 333)
OM : Extr Ca
OM : Extr Mg
OM : Extr K
OM : Extr P
Table 3

Property

OM
Ca
Mg
K
p
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r2
.97
.95
.65
.57
.43

.57
.39
.45
.22

Linear correlation of organic matter and extractable element
contents between soil depths (Soil test data, n = 111).

-

Depth strata compared:
20-30 with
10-20 with
10-20 cm
0-10 cm
r2
.74
.79
.87
.47
.48

r2
.69
.90
.91
.71
.58

20-30 with
0-10 cm

r2
.57
.63
.71
.15
.19

Table 4 Estimated total weight of organic matter and exchangeable
Ca and Mg in upper 30 cm of soil (Converted soil test data).
Transect
No.

1
2
3
4
5
6
7
8

Organic
Matter

mt/ha/30 cm
126
113
130
120
102
105
176
120
124

Soil Pools
Exch Ca
Exch Mg

± 8.5

1.67
3.46
3.01
2.47
1.86
2.79
7.74
4.83

.122
.337
.273
.272
.181
.263
.866
.649

Formal Turnover Time (years)
Ca
Mg
Leaf fall Est. Total
Leaf fall
only 1
litter 2
only 1

20
42
37
30
23
34
94
59

14
29
25
21
16
23
64
40

12
32
26
26
17
25
83
62

Soil pool divided by CHANDLER'S (1941) data for leaf fall return.
Soil pool divided by estimated total litter content based on data from CHANDLER (1941) and
DUVIGNEAU and DENAEYER-DESMET (1973).
1

2

The absence of wood residues other than charcoal sets a minimum age of a
century or more for any mounds formed by pine (STEPHENS, 1956; McFEE and
STONE, 1966). But our interpretation of the distribution of pine charcoal and bits
of calcined soil suggests that all or most of these mounds were formed b e f o r e
origin of the stand felled in 1904, that is, some 2½ to 3½ centuries ago. Such a
long period would account for the relatively uniform gradation of chemical char
acteristics with depth, and failure to detect the influence of former soil surfaces or
soil mixing. The formal turnover times of Ca and Mg (Table 4) would be brief in
relation to mound age. A surprising feature, however, is the maintenance of steep
slope angles (Table 1) in medium-textured stone-free soils for such long periods.
Average litter composition and base concentration in the surface, soil today
certainly differ from those in the pre-1904 forest with its much greater abundance
of pine. The different amounts and ratios observed 70 years later emphasize capac
ity of element cycling to erase certain patterns of chemical variability whereas
others are perpetuated, perhaps in modified form, through association with a long
lasting micro-relief.

I thank RussELL McKITTRICK for painstaking field sampling and other assist
ance in preparing the data presented.
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In a 70-year old mixed hardwood forest, soils were sampled intensively along
eight transects across large tree-fall mounds formed by an earlier stand (Table 1).
Chemical properties of the 333 samples were correlated in varying degrees with
organic matter percentage (Table 2), and contents in the 10-20 cm depth layer
were moderately to highly correlated with those in the layers above and below
(Table 3). Much of the variability is patterned, rather than random (Figure 1), and
reflects the effect of the pit-mound micro-relief on leaf accumulation.
Exchangeable Ca and Mg are highly correlated with each other at all depths,
and the over-all weight ratio, 8.8 approaches that of the annual return in leaf-litter.
In six of the eight transects, total exchangeable Ca and Mg in the upper 30 cm is
equivalent to, very approximately, 25 years return in litter (Table 4). This suggests
how rapidly, in this particular situation, element uptake and return might erase the
impress of a previous stand, or reduce effects of localized soil disturbance unless
associated with micro-relief.
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Zusammenfassung
Der Einfluß des Windwurfes auf die räumliche Heterogenität eines Waldbodens
In einem 70jährigen, gemischten Edellaubwald wurden durch 8 frühere Wind
wurfstellen Transekte angelegt (Tabelle 1). Die chemischen Eigenschaften von 333
untersuchten Bodenproben aus diesen Transekten waren mit den prozentualen
Gehalten anorganischer Substanz unterschiedlich stark korreliert (Tabelle 2). Die
Mengen aus der 1 0-20- cm-Schicht waren mäßig bis eng korreliert mit den e nt
sprechenden Mengen in der tieferen und der darüberliegenden Schicht (Tabelle 3).
Ein großer Teil der Variabilität ist weniger zufällig als durch den Einfluß des Mul
den-Hügel-Mikroreliefs auf die Streuakkumulation bedingt (Abbildung 1). Tausch
bares Ca und Mg sind in allen Bodentiefen eng miteinander korreliert. Das Ge
wichtsverhä ltnis von 8.8 e ntspricht angenähert demjenigen in der jährlich anfallen
den Streu. In 6 der 8 Transekte entsprechen die gesamte n Ca- und Mg-Menge n in
den obersten 30 cm des Bodens ungefähr den Mengen, die im Verlauf von 25 J ah
ren durch die Streu auf den Bode n zurückgeführt werden (Tabelle 4). Dies zeigt, wie
rasch in diesem untersuchten Fall der Nährstoffkreislauf die Einflüsse eines frühe
ren Bestandes verwischt oder die Auswirkungen kleinerer Bodenstörungen vermin
dert, es sei denn, der Nährstoffkreislauf werde durch ein ausgeprägtes Mikrorelief
stark beeinflußt.
Übersetzung P. Blaser
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