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A slight inaccuracy may also occur in
connection with the pressure cell treatment
due to changes in the tare, i.e., the weight
of the apparatus. The water content of the
porous plate of the cell shows a decrease
when moving from saturation to a matric
suction value of pF 2. On the basis of a
few weighings, however, it was established
that the change in the water content of
the plate is extremely small in comparison
with the size of the sample (<0.5 volume
per cent), and no attempts were made to
eliminate its influence on the results.

During the course of treatment in the
pressure cells as well as in the pressure
plate and pressure membrane extractors,
the volume of the samples slightly decreased
due to drying. According to some studies,
the shrinkage of the samples due to drying
is directly proportional to the quantity of
water removed (Irwin 1968, p. 221). The
shrinkage was studied in the present con-
nection on the samples which had been
treated in the pressure cells. It was not
possible, however, to make a similar study
on the samples which had been treated in
the pressure plate and the pressure mem-
brane extractors. Furthermore, as the
amount and nature of the volume reduction
of the samples do not describe the amount
and nature of the compression of peat layers
in the field, the volume of the peat samples
at saturation was used for comparison in
the case of the entire material of the study
(cf. THORPE 1968; BrowN 1972, p. 72).

Particularly in the case of the pressure
plate extractor, great changes in temperature
may lead to variations in the pressure pre-
vailing in the extractor. For this reason the
apparatus should actually be used in a
room kept at a constant temperature. This
was not possible, however, in the Depart-
ment of Peatland Forestry. To establish
the influence of external conditions on the
results, water retention determinations were
performed at matric suctions between pF
2 and 4 on peat from the same sample plot
(samples 48 —51, Table 8) both in a thermo-
stat room at the Peat Research Center
of Satoturve Oy and in the laboratory of
the Department of Peatland Forestry, Uni-
versity of Helsinki. In the former, the
temperature was kept at 20°C. In the
latter, temperature was recorded during
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Fig. 13. Results from water retention determina-

tions in a thermostat room (indicated by e ; confi-

dence interval indicated by unbroken line) and

under normal laboratory conditions (indicated by
X and broken line respectively).

several weeks in the winter of 1967; there-
by establishing that it usually varies between
21 and 24° C.

The results of the parallel determinations
are shown in Fig. 13. In the case of both
determinations, the water retention was
of similar magnitude. It seems, on the basis
of the results obtained, that small variations
in the temperature do not significantly
affect the results obtained by means of the
pressure plate or the pressure membrane
extractors.

In the case of the pressure cell deter-
minations, special attention was given to
ensure that equilibrium had really been
reached between the suction used and the
matric suction of the sample before the
water content of the sample was determined.
In the pressure cell method, the water table
in the reservoir was lowered to a constant
level once a day using a pipette. Fig. 14
demonstrates the time required to reach
equilibrium (indicated with a small arrow).
In the case of mineral soils, the time re-
quired to reach equilibrium (REciNaTo and
VAN BAVEL 1962, p. 2) is considerably shorter
than for peat soils. The curves indicating the
quantities of water that have been removed
do not indicate the cumulative net quantity
of water that has actually been drained
when moving stepwise from saturation to
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Fig. 14. Time required to reach equilibrium in pressure cell determinations. A = Sample 188, bulk density
0.056; B = Sample 153, bulk density 0.091; C = Sample 152, bulk density 0.155.

pF 2, but the values obtained are higher.
After reaching pF values of 1.0 and 1.5, the
samples were weighed, and the free water
table was for some time raised above the
level of the sample so as to add water
to the sample. In this way it could be
ensured that air had not entered between
the porous plate and the suspended water
column during the course of weighing.

Some research workers have found that
the water contents corresponding to pIF 3
depend to some extent on the method of
determination wused. The pressure plate
extractor may give lower water retention
values than the pressure membrane extractor
(SykEes and Loowmis 1967, p. 165). This may
be the reason for the depression in the line
of points in Fig. 13.

3312 Water characteristics of

peat

desorption

Retention of water in the soil is usually
described in terms of the interrelationship
between its water content and the corre-
sponding matric suction, either in the form
of a table or graphically. In the present
connection, let us first examine the influence
of the way in which the water content is

expressed on the results which are obtained.

As with mineral soils, the water content
of peat has often been expressed in terms of
percentages of the dry weight of the peat
concerned (Dyar 1960, Puustisirvi 1963).
The figures presented in Table 13 reveal the
misleading nature of this way of expression.

The low bulk density values obtained for
Sphagnum peat lead to seemingly large
water contents when determinations are
expressed in terms of weight percentages.
The use of weight percentages may even
produce an opposite order of the peats
according to their water retention as com-
pared with the use of volume percentages.
It has also been stressed, in several connec-
tions, that the water content of soils should
be expressed in terms of volume percentages
even when they have first been determined
in terms of unit weight (BoerLTEr and
BrLAkE 1964). In the following connection,
the water contents have always been ex-
pressed in terms of volume precentages, al-
though, as was established in the preceding
section, the use of bulk density values which
have been obtained from parallel samples
in the calculations may be a source of
dispersion of the results.

Tables 14 —16 show the results of the water
retention determinations performed by peat
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Table 13. Examples on the use of dry-weight and volume percentages in water content determinations
at matric suctions between saturation and pF 4.

Number of Peat type and Makeie. tugtion
sample bulk density
pF 0 pF 1 pF 2 pF 3 pF 4
Water content, 9%, of dry-weight
173—176 S peat, .047 2021 L2777 574 426 213
16— 19 C peat, .135 644 578 422 237 126
22— 25 L peat, 207 396 391 319 208 126
Water content, 9% of volume
173—176 S peat, .047 95 60 27 20 10
16— 19 C peat, .135 87 78 57 32 17
22— 25 L peat, .207 82 81 66 43 26
type. It is difficult, however, to examine 1962, PaTric and STEPHENS 1968, BrRowN

the figures in a tabular form. Another
possibility is to examine the relationships
between the water content of the peat and
the matric suction graphically, either in the
form of a fitted curve or fraction line.
Fig. 15 shows the water desorption character-
istics of slightly decomposed Sphagnum
peat, moderately decomposed sedge peat
and extremely well decomposed woody peat.
The figure shows that of the peats studied,
Sphagnum peat contains the greatest quan-
tity of water at saturation, but it gives
up its water more readily with increasing
matric suction. In the case of peats which
have reached a more advanced stage of
decomposition, the water contents at sat-
uration were lower, but the loss of water
with increasing matric suction was also
smaller. Results of a similar kind, and
presented in the same way, have also been
obtained previously for peat soils (BoELTER

+ S peat, Dy= .047
« C_peat, D= ,135
v L peat, D= .207

g~
—7

nt
=
(=}

5601
50
]
= 40
= 304
20
104
@ 10 15 20 30 4042 pF
00000 0032 01 02 0610 20 50 100180 kp/cm?
Matric suction
Fig. 15. Water desorption characteristics for

different peat types (Dp = bulk density).

1972).

Carrying out far-reaching comparisons
merely on the basis of the water desorption
characteristics is difficult because a separate
fraction line or curve should be drawn for
each category of peat studied. This is due to
the great influence of the structure of the
peat on the level and form of the delineator
used. For this reason, one of the aims of the
present study was to find a structural char-
acteristic of peat to which the water re-
tention values obtained at different matric
suctions could be referred.

If the curves indicating the water retention
capacity of peats (Fig. 15) are compared
with those obtained for mineral soils, it can
be seen, that the water retention capacity
of peat soils is always greater at low matric
suction values (<pF 1.5). In the case of
larger matric suction wvalues, too, coarse
mineral soils usually retain less water than
slightly decomposed Sphagnum peat, the
water retention capacity of clay being of
similar magnitude to that of moderately
decomposed peat (see, e.g., ANDERSSON
and WikLeErT 1967, p. 19).

3313 Choice of an independent variable to
describe the water retention of peat

In order to make it possible to examine
the water retention capacity of peats with
the aid of their water desorption characteris-
tics more generally than in individual cases,
the property, or the properties of the peat



Table 14. Results from water retention determinations on Sphagnum peats.

Matric suction, kp/cm?

Number of Bulle
density, o.ooo|0.01o|o.032| 0.1 | 0.2 | 0.6 | 1.0 | 20 | 5.0 | 100 150
sample g/cm3
Water content, vol. - 9%
181 —182 037 933 73.0 434 254 223 199 171 137 108 8.3
0.7 B2 ulih el Meald B e el B 4148 019 1.5
173—176 047 94.5 59.8 424 27.1 247 232 194 17.2 138 10.4
50,70 Hea e 2100 S Jaoe2.00. HelBwel 7 L 160l 5 £1.6
53— 56 047 929 70.0 47.9 31.5 272 219 214 204 146 129
+18 450 +24 +14 20 +16 +1.3 +14 +1.8 +04
169—172 049 946 77.8 539 345 253 213 183 153 134 94
421 419 +14 +15 +19 +19 415 +1.7 +1.9 +14
57— 60 056 927 89.4 66.2 453 352 264 240 232 185 18.7
408 +28 +22 +14 10 418 +1.0 +6.7 +24 +3.0
8§10, 52 058 02,00 F510: 9537 £ 40,8 187,500V EU@D. 5 BT TN 1Mg.0
spad 4G 7LEBIEY L2 UTE 51 SN0 +18 +3.8 +0.5
5-7, 15 061 940 91.3 661 448 31.2 284 252 .. 208 18.0
Mg 28 e A e 18 T A BT e Al i +80 2.5
48— 51 068 943 914 80.0 485 .. 331 245 230 .. 128 95
Si 1 7 SR OiTe soi) G P e +8.6 434
177—180 073 920 65.6 504 364 349 285 254 224 164 154 ..
L2 DRk 2y -0k ST BEEA SRSL O R T L L8 15
93— 96 075 93.90 F87 2L 47453 ab3. 40, L ACO B 4o50 ald L. U5AMNITO
415 MR 2 gd .8 2.2 10 +1.6 +1.4 429
157 —160 081 92.2 768 50.7 321 314 285 259 220 176 141 ..
S ARVRHO! SO B 2D DR U 01t 5 i 1 bl o5 L7
77— 80 081 90.9 804 62.0 441 382 281 265 237 229 155
436 +29 +3.0 +3.5 +13 +1.2 +1.0 406 +1.6 +3.6
81— B4 .085 91.6 "87.4 964 1532 " . S (829 299 261 .. 149 7M3%
SEll T 43,30 56200 +1.1 420 +1.3 +0.4 +3.2
89— 92 085 92.9 822 62.0 454 256 234 19.6 3.7 %2
41,6 -2 61280 42,6 +0.6 +1.1 +1.1 bl sobidd
T 087 89.7 864 692 51.6 458 37.7 36.1 o 1 i, S
107 +22 469 +58 429 124 114 Log T
192194 .089 91.6 89.4 78.5 546 383 30.7 28.0 247 206 17.5
$1.2 41080 £00° 104 L PSn2 004 1.60 $1.Tp kB0’ +1.7
101—104 .090 SO1 1 B0 L BB 4061k oxn 7.2 246207 - e 1 13.10.01.3
R e 4+0.6 +1.3 40.9 +ot et
105—108 .093 90.4 76.5 61.6 46.4 40.8 33.2 29.6 27.0 231 17.5 ..
A5 LR P oy £ 2 i 9N L SRIITIGE L B Daip s
30— 33 104 90.0 88.6 750 633 .. 387 323 291 21.0 19.0
92 Dol iBioats BBl +2:5 15 bl D 8116 Besk 5 4321528
97100 108 90.7 84.8 73.7 60.5 384 329 284 .. 204 172
+1.7 +1.5 +24 +29 L6 D9 £1:8 +14 +4.4
85— 88 108 8151882 7 R-—616 35.0 304 30.2 205 17.9
$2.2Fk2 18 +16 SO0 pR 38 +29 +34
73276 108 89.3 840 71.0 554 492 387 314 277 257 241 ..
o dABe L o T iR T A D S g e o S G B
69— 72 110 90.0 89.6 83.7 642 521 393 298 266 23.6 20.3
L T T e o B e W e 8 o AN L S T T
189—191 11 89.3 864 77.0 658 56.0 41.3 29.0 251 20.5 17.6
dco7idisniof SE1at- 0 v 0F BEle 0¥t 5 (b Ryt 1 8insel5
20,21,42,43| 113 80.2 "87.5 810 “708 .. 373 311 308 .. 162 148
TR e e b 29s" L4 142 7 tas
44— 47 179 855 849 798 68.4 466 409 35.1 254 20.2
R e ey S TGRS s 4.7 k2.0
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Table 15. Results from water retention determinations on sedge peats.

Matric suction, kp/cm?
Number of Bu!k
aiaes density, 0.000|0.010|0.032| 0.1 | 0.2 | 0.6 | 1.0 ] 2.0 , 5.0 | 10.0 | 15.0
g/cm3
Water content, vol.- %
185 —188 .054 D4.3' v 68.0.°47.9 735.53 ~22.00518.4 £16.7 12:6 7.9 6.3
+19 421 422 429 418 +1.2 413 +09 +1.2 41.1
145—148 .079 DI.7Z-CB82.9:-161.8 T35:94-31.F V252321234 1927 17.3) <144
+26 +1.0 416 422 410 410 +1.1 416 +1.3 433
165—168 .084 90.6 86.2 564 364 334 298 268 235 202 164
Bl 5h $1-2 008 S10 Ze Ll ok b il B el Folana s 427 424
121124 .084 89.7- 185.00 *974.5 1534’ 7 86.0* 129.0 +24.7 221 17.6 ‘147
ELO.RY. 40 08 L2 72 L3 RO K080 Bl 2051 1 L2 70 8 41 £4.5
117—-120 .093 87.3 854 778 640 414 288 234 227 219 17.0
+0.2 405 426 421 406 412 412 41.8 +3.3 +2.8
161 —164 112 89.3 . 86.5° T80.7. 525" 945,67 35475320 2511 206 184
+21 408 409 +1.5 +1.0 +1.2 +13 419 +2.0 +1.8
11— 14 A13 91.0 89.9 84.7 60.0 - M 133.8° ¥27.2 . 293 : 17.25-12.9
+0.7 +1.2 41.2 40.7 +2.7 +0.5 +44 +5.0 4-3.1
141 —144 b 89:31'1087.2- 1 79.20759.8' '53.8 146.3 '41.5 361 32.0 286 ;
B2 0 T35 1 sl /BTS2 30 2, R HLO OF. 0 D a5 LD i
16— 19 A35 B1:2. 037,72 276.2 5564 o 258380 10316 288 3 21 BRI L T
+0.7 41.1 403 1.8 +1.2 431 423 +29 +29
34— 37 141 84.2 837 76.0 566 442 412 374 o 36,3 326 .
+1.6 +4+1.3 411 418 407 +1.2 41.0 .o +25 4+1.2
113—116 .156 83.9: 1807 78,80 L6754 410k 2374 352°.29.3 27.0
+14 +0.7 408 +1.6 +2.3 407 +1.8 431 +09 +24
61— 64 161 87.20.%84.3 “B1.60 *71.7 “55.1 "43.4 "36.8 334 29.0 27.3
+0.7 413 410 +21 416 +2.0 411 421 +4+3.6 +34
38— 41 165 824 81.8 70.5 57.5 50.1 482 442 425 419 324
+1.7 4+1.0 442 430 416 426 422 459 430 +41.3
65— 68 .190 81.80577.7 751 "64.7%,°56,8 434" 1 40.0 . 326 .27.1 . 27.0
+1.2 +18 426 +40 +1.1 415 41.7 409 4+1.5 43.5
Table 16. Results of water retention determinations on woody peats.
Matric suction, kp/cm?
Number of Bu!k
e 9 density, 0.000[0.01o|0.032| 0.1 | 0.2 | 0.6 | 1.0 | 2.0 | 5.0 |1o.o | 15.0
Lo g/cm?
Water content, vol.- %
153—156 .099 90.3 794 69.8 546 424 29.8 271 23.3
+1.8 +3.0 +2.7 +2.1 +1.7 +1.6 +2.1 +19
133—136 .100 90.5 804 658 47.8 363 332 279 262 214 213
+09 +34 423 425 +11 408 411 +1.6 +3.7 +29
129-132 109 8B4 «82.0 68.6, ,83.9, +43.3s «35.3; 319 27.9 24.0. 234
+14 407 410 418 414 406 411 444 406 +26
26— 29 145 86.7 831 696 579 493 452 436 =5 130 1.81.5
+26 +34 +69 +35 +35 415 +1.5 +4.8 +5.5
125—128 150 84.6--82.1 -76.0-- 58.3 —49.4--399- 362 -30.7 -26/0-26.3
+0.5 +15 +01 408 411 412 412 425 416 428
149—152 172 83.3 80.0 70.8 59.9 50.9 ie1040.5..33.4...30.3,, 294
+15 +19 +1.1 +28 +1.2 +1.2 421 405 +1.8
22— 25 .207 82.2 81.3 794 65.5 .. 446 426 387 R il
+16 41.5 41.8 423 +1.6 4+1.0 +44.2 +6.0 45.8
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Table 17. Correlations between the quantity of water (9% of volums) retained in peat at different matric
suctions and certain characteristics describing peat structure.

Water content at different matric suctions
Peat characteristic
pF O pF1 pF 2 pF 3 pF 4
Bulk densityr <o S ivie i —.928**x* 283 ik il .8O6*** 805%**
Degree of humification ......... — .890*** 23 A BT BTN E* J OO FEY
Bpecifle: BaVIEY: i isasswesssssnis 465%** —.197 — 484k xk —.439%*x* — 412%%*
TotalpOTeRitar. .. eouessbusbpopsios. G20nes —.233 — . T78%** — .886%** — . TO5%**
LN CONCERY Tov . caiesamsnsosasgassoss —.660%** —.090 .319* .580%** R, i

which are best suited as independent vari-
ables must first be found. The variable must
be simple in character, readily determina-
ble and unambiguous. In the present study,
the following characteristics of the peat
samples studied were determined: the peat
type, the degree of humification, the bulk
density, the total porosity and the ash
content. In the following connection, the
possibilities of using these factors as inde-
pendent variables in the water retention
studies will be dealt with. Table 17 shows
the correlations obtained between these
characteristics of peat structure and the
quantities of water retained in the peat at
different matric suctions.

The table shows that the correlations
between all the characteristics studied and
the quantity of retained water are highly
significant for peat at saturation, and again,
at matric suctions above pF 2. The only
exception to the general situation in the
table is the correlation between the ash
content and the water content at pF 2,
which is significant. Moreover, it can be
seen that the signs of the correlations be-
tween the various variables and the quantity
of water retained change with increasing
matric suction from pF 0 to pF 1— pF 2.

The smallest correlation coefficients were
obtained in the case of specific gravity and
ash content. It should also be mentioned that
Kunze (1965, p. 182) has obtained quite
similar correlation coefficient values to those
of the present study for the relationships
between the ash content and the quantity
of retained water at matric suctions of pF
2 and pF 4.2. As determination both of the
specific gravity and ash content require
work in the laboratory, and as they are
inferior to the three other characteristics
dealt with here with regard to their capacity

to explain water retention, these characteris-
tics will be disregarded in the continued
examination of the study material.

On the basis of graphic examination and
experiments with different function models,
it was found that a quadratic function
best explains the quantities of water retained
by peat at different matric suctions with the
aid of bulk density, degree of humification
and total porosity, when each of these
characteristics is used separately. Table 18
shows the coefficients of determination ob-
tained by peat type and for the entire
material of the study.

On the basis of the results presented in
Table 18, the coefficient of determination is
of similar magnitude in the case of each
of the variables used, the degree of humi-
fication, however, being possibly the weakest
characteristic with regard to its coefficient
of determination. In the present study, the
bulk density was decided on as the charac-
teristic to which the water retention of peat
was mainly referred. The usability of the
total porosity is hampered by the laborious-
ness of its determination; in addition to the
bulk density, the specific gravity is required.
Determination of the degree of humification,
in turn, involves some degree of subjectivity;
moreover, it does not give the right picture
of the density of the peat in the case, for
example, of recently drained peat soils.
As, nevertheless, the degree of humification
is rather frequently used in European peat
classification, changes in the water reten-
tion of peats are also expressed as a function
of the degree of humification in the present
study.

3314 Water content of peat at saturation

The water content of peats at saturation
was determined from pressure cell samples
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Table 18. Coefficients of determination (R2) for the correlations between the water content of peat and
its bulk density, degree of humification and total porosity, separately for each, at different matric suctions.

Water content at different matric suctions
Peat characteristic

pF 0 pF 1 pF 2 pE 3 pF 4
S peat
Bulls Aenaltsr & ctpisess, s ousiomoh .80 .30 75 74 48
Degree of humification ......... .83 ST .69 B .39
Lotal BOTORILY fuyseiss suvssisrans 79 .28 74 74 48
C peat
Bulle detiaity s wratsresparsan .79 .56 .65 .85 .78
Degree of humification ......... .82 o2, .64 .87 .80
LA " DOTABIEY T o0 senanmensos st soges 78 .59 .65 .85 79
L peat
Bulk deRsitar. .bov. . devaiendiiibo vt 96 .29 .85 .84 Ll
Degree of humification ......... 91 23 .81 .82 .56
Total " Porosity Lol cisiiosanuans 97 2L .83 i) .67
Entire material
Bulle cdensity 40, - wosussss - s .86 20 Ak 81 .67
Degree of humification ......... 79 <L/ 67 .78 .58
TOLal POFOSIEY | +vixssnzessssnssosion .85 25 .70 .80 .66

before they were treated in the cells. The
intention was to saturate the peats, or
according to the definition of the concept,
to fill all the voids between soil particles
with water (Anon. 1970, p. 14).

A highly significant correlation was found
to prevail between the water content of
peat at saturation (y) and its bulk density
(x), as follows (see Fig. 16):
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Fig. 16. Dependence of the water content of peat
at saturation on its bulk density.

y = 97.95 — 79.72 x; 1 = .86; F = 280.12%**

The regression obtained on the basis
of the present material was linear, and
inclusion of the quadratic term showed
to be of no importance. No significant
differences were observed between the peat
types either. For the sake of comparison,
the dependence between the water content
of peat at saturation and its bulk density
as established by BoerLTer (1969, p. 608)
has been indicated in Fig. 16. The results
obtained by BoeLTER and those of the pres-
ent study are very similar, although the
curvilinear fitting of BorvrTER’s data has
proved significant. The differences which
can be observed between the delineators
at high bulk density values are probably
due to the different methods used in fitting
the curves.

The water content at saturation and the
total porosity, as determined in the present
study, differ from each other to a consider-
able extent (see Figs. 11, 16 and 17). A
highly significant dependence was found
between the water content at saturation
(y) and the total porosity (x) of the peats
studied (Fig. 17):

y = —4.97 + 1.02 x; 12 = .85; F = 246.52%**



The line indicating this relationship,
however, lies about 2.5 unit per cent below
the broken line indicating the 1:1 relation-
ship. On the basis of this, it appears that
the method used has not made it possible
to reach full saturation.

Another possibility is of course that
there is a systematic error in the total
porosity determinations. However, the total
porosity values obtained in the present
study were quite similar to those obtained
in other studies. The relationship presented
by Vompersky (1968, p. 42) between the
full water capacity and bulk density of peat
is also in conformity with that obtained
for the total porosity and bulk density in
the present study. This fact, too, supports
the assumption that, just as might have
been the situation in BoreLTER’s study, the
method used in the present study did not
make it possible to reach full saturation.
There is the possibility that some of the
pores in the peat are blocked, that is to say,
pores in which air has been trapped even if
the soil is submerged. These pores are
surrounded by pores which are so small
that they can prevent air from escaping
(cf. Kounke 1968, p. 168). This theory
and the results obtained in the present study
seem consequently to be at variation with
the assumption presented by BoOELTER
(1969, p. 607) that »total porosity is con-
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Fig. 17. Relationship between the water content

of peat at saturation and its total porosity on the

basis of the present material (unbroken line)
and theoretically (broken line).
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sidered to be equal to the water content at
saturation.»

3315 Dependence of the water retention
of peat on its bulk density

The changes in the water retention of
peats with the advance of decomposition
and with increasing density are examined,
first with regard to the bulk density and
later with regard to the degree of humifica-
tion.
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IFig. 18. Relationship between the quantity of
water retained in peat at matric suctions of pIF
1, 2 and 4 and its bulk density.
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Fig. 18 illustrates the relationships between
the quantity of water retained in the peat
and its bulk density at matric suctions of
pF 1, 2 and 4. The samples, which were
representative of the different peat types
studied, were divided rather unevenly with
regard to the stage of decomposition. On
average, the Sphagnum peats were less
decomposed than the sedge and woody peats,
the latter having reached a more advanced
stage of decomposition (cf. also Tables 8 —
10). For this reason it would be unrealistic
to treat the water retention properties of the
various peat types separately. It can be
seen in Fig. 18, that the dispersion is rather
large, but a certain tendency can still be
observed. Fitting the clusters of points
corresponding to pF 2 and pF 4 was per-
formed analytically using a quadratic funtion.
In the case of the relationship between
the water content and the bulk density
at pIF 1, on the other hand, a quadratic
function could not be applied; even the
degree of determination was as low as 27 9,.
Attempts were made to apply other functions,
too, but even in the best case the degree
of determination did not exceed 31 9.
This being the case, it was considered best
to carry out fitting by hand using group
means (Figs. 18 and 19).

As was established earlier, the quadratic
term in the equation was not significant in
the calculations of the relationship between
the water content at saturation and the
bulk density. Taking the whole material
of the study into consideration, the relation-
ships between the water content of the
peat (y) at different matric suctions and
its bulk density were (x) as indicated by the
table below (see also Fig. 19). It must be
kept in mind, however, that the water
contents corresponding to the permanent
wilting point (pF 4.2) were determined on
the basis of only a part of the study material
(see Tables 14 —16).

pF O y= 97.95— 79.72 x 2 = .86
pF1 Fitting by hand using group means
pF 1.5 y= 20.834759.69 x—2484.3x2 R? = .59
pF 2 y= 3.814705.13 x—2036.2x%2 R2=.71
pEF 3 y= 9.374241.69 x— 364.6 x2 R? = .81
pF 4 y=—0.064249.80 x— 519.9 x> R?2 = .67
pF 4.2 y= 174.48 x— 348.9x2 R? = 81
A similar examination method was used

in the preliminary study, but in that case all

100+

pFO
pF1

pF15

pF2

pF3

W
(@]
T

Water content, vol. %
& o o <
1) o o )

pF4

pF4.2

10

D4 08 12 .16 .20
Bulk density, g/cm?

Fig. 19. Relationships between the quantity of
water retained in peat at various matric suctions
and its bulk density.

fittings were performed by hand (PAIVANEN
1968, p. 33). The same principle has also
been used by BoeELTER (1969, p. 608). As a
measure of decomposition, he used the fiber
content (see FArnaHAM and FINNEY 1965)
and the bulk density of the peats studied.

It can be seen in Fig. 19 that when the
bulk density increases above 0.09 g/cm?
there is a negative correlation between the
water content corresponding to pF 1 and
the bulk density of a similar kind to that
observed between the water content at
saturation and the bulk density. At lower
bulk densities, however, some of the peat
samples have retained large quantities of
water, and other samples, relatively small
quantities (Fig. 18). In particular, the peats
which have a low bulk density have lost
considerable amounts of water at a suction



corresponding to a 10 em column of water.
Fig. 18 gives reason for the conclusion that
bulk density cannot alone explain the dif-
ferences in water retention over this range.
Attention was paid to this phenomenon
already in the preliminary study, and it
was therefore assumed that the very plant
residuals (the Sphagnum species) dominating
undecomposed Sphagnum peat would, in
addition to the bulk density, be of importance
for the water retention capacity of the peat
at low matric suctions (PArvANeEN 1968, p.
35). The same phenomenon can be observed
in the results presented by BorLTER (1969,

Bulk Degree of
Sample number density, humifi-
g/cm? cation pF O
S peat
025 P, .037 1 93.3
LIS=TTD S0 ae5es .047 ;5 94.5
530564 LN 047 ik 92.9
169172 ... .049 1 94.6
ST S0, 0 rsiodos .056 1 92.7
8— 10, 5% s .058 1 92.0
S SN .061 2 94.0
48— 51 L. .068 1-2 94.3
177—180 .......... .073 3 92.0
C peat
TBS Y. st .054 1 94.3

It can be seen from the table that the
difference in the water content of the sam-
ples between saturation and a suction of pF
1 was relatively great in the case of samples
the plant residuals of which were dominated
by Sphagnum fuscum, S. recurvum, S. ri-
parium and S. Girgensohnii. On the other
hand, the difference was very small in the
case of samples dominated by S. magellani-
cum and S. papillosum.

The leaves of sphagnous plants are made
up of large hyaline cells and narrow, green
cells situated between the former. It is the
hyaline cells that retain water (NEwBoULD
1958, p. 102). As there are no great differ-
ences in size between the hyaline cells of
different Sphagnum species, the high water
retention capacity at low matric suctions
of the species belonging to the group pa-
lustria cannot be explained with the aid of
differences in their cell tissues. Moreover,
the hyaline cells are so small (HEIKURAINEN
and Humkarr 1952, p. 31) that they can-
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p. 608), although he has paid no attention
to the species composition of the plant
residuals of the peat studied.

In the present study, all peat samples
which had a bulk density less than 0.075
g/cm® were examined with regard to the
species composition of the plant residuals.
Some notes were made on the plant resid-
uals when sampling in the field. These
were completed both by examination of
the samples when they had dried and by
re-examination of the species composition
of the peat in the sampling spot in the field.
The results obtained are as follows:

Dominant peat-forming

pF1 Difference i

73.0 20.3 S. fuscum, S. recurvum

59.8 347 S. recurvum

70.0 229 S. fuscum

77.8 16.8  S. recurvum

89.4 3.3  S. magellanicum, S. fuscum

75.0 17.0 S. riparvium, S. Girgensohnii

91.3 3.3 S. papillosum, S. magellanicum

91.4 2.9 S. magellanicum

65.6 264  S. vecurvum, S. fuscum

68.0 26.3 Menyanthes trifoliata, Calla
palustris, Carex chordorrhiza

not be emptied at a suction corresponding
to pF 1. The differences in the water re-
tention capacity of undecomposed peats
formed by different Sphagnum species must
consequently be explained by the external
structure of the species.

The leaves of Sphagnum fuscum and S.
recurvum are small and straight, whereas
those of S. magellanicum and S. papillosum
are large and concave in shape (NyHOLM
1969). In the case of the latter two species,
the tips of the leaves usually form a cone
which is open along one side. A study was
performed in the present connection on 40
leaves of S. magellanicum and S. papillosum
which had been prepared for examination
under the microscope. The width of the
opening of the cone was measured at a dis-
tance from the tip of the leaves corresponding
to one fourth of their length. On the basis
of these measurements, the width of the
opening was on average 95 4 13 uym. As
will be indicated later in this work (p. 55),
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the diameter of the largest water-filled
pores at a matric suction of pF 1 is 300
pm. Thus, the size and form of the leaves
of Sphagnum mosses belonging to the group
palusiria explain their greater water retention
capacity at low matric suctions in undecom-
posed peat in comparison with S. fuscum
and S. recurvum. The result obtained is
supported by the observation made by
OveErBECK and Harppacu (1957, p. 369),
that the capacity of a layer of living S.
magellanicum to retain water against gravity
is superior to that of a layer of S. fuscum.

In any case, it can be established that the
difference in water content at saturation
and at pF 1 is not without significance,
at least in the case of slightly decomposed
peats, as sometimes has been assumed
(Puustisirvi 1963, p. 61).

In the curves illustrating the relationships
between water content and bulk density,
there is also a culmination point at the matric
suction values of pF 1.5 and pF 2. In the
former case, it corresponds to a bulk den-
sity of 0.15, and in the latter case, of 0.18
g/ecm3. The occurrence of such a culmination
point may be due to heterogeneity in the
study material and to the fitting of the
curve using a quadratic equation. On the
other hand, it may also be due to the real
pore size distribution and its influence on
the quantities of water retained. The suc-
tion corresponding to pF 2 is so small that
it cannot empty pores of medium size, not
to mention small ones (RicHARD and BEpa
1953, p. 296). The latter possibility is sup-
ported for example by the observation made
by HoLSTENER-JORGENSEN (1958, p. 155),
according to which the water content corre-
sponding to pF 2 decreases in the case of
mineral soils with increasing bulk density.
If the bulk density could be further in-
creased from the maximum value recorded
in the present study (0.2 g/cm?®) to the
minimum presented by HoLSTENER-JORGEN-
sEN (0.8 g/cm?3), it would probably be found
that the water content corresponding to
pF 2 decreases at this range of wvariation
in bulk density, too.

At the pF values 3, 4 and 4.2 peat contains
more water as its bulk density increases.
Nevertheless, the regression between water
content and bulk density becomes less steep
when moving from pF 3 to pF 4.2.

There are only limited possibilities for
comparing the results from the water re-
tention determinations carried out with
those obtained from other studies. Firstly,
only few water retention determinations
have been performed previously on natural,
undisturbed peats. Secondly, in several
connections the water contents obtained
have been expressed in terms of percentages
of the dry weight of the samples studied,
and as no bulk densities have been indicated,
comparisons are impossible. The results on
the water retention capacity of peats pres-
ented by Boevrrer (1969, p. 608) support
those obtained in the present study. The
figures presented by STEWART el al. (1963,
p. 53) concerning the quantities of water
retained in a couple of moderately decom-
posed peats at pF 2 and pF 4.2 and those
presented by StTurcEs (1968, p. 263) on
three well-decomposed peats at pF 2 and
pF 3, are within the limits of variation of the
figures obtained in this study. Likewise,
the water contents of different peats at the
permanent wilting point (pF 4.2) presented
by FeusterL and Bygers (1936, p. 21) are
in good conformity with the results of the
present study. On the other hand, the
result obtained by PaaviLaiNnenx (1967, p.
11), according to which there is no corre-
lation between the air space and bulk den-
sity of peat at pF 2, is probably due to the
smallness of his study material and a rela-
tively small range of variation in bulk density.

3316 Dependence of the water retention of
peat on its degree of humification

Fig. 20 shows the relationships between
the quantity of water retained in the peat
and the degree of humification at pF 1, 2
and 4. Comparison with Fig. 18 shows that,
particularly in the case of undecomposed
peat, bulk density is superior to the degree
of humification in explaining water retention
capacity. Peat samples which belong to the
same group according to their degree of
humification (H 1), differ from each other
with regard to their bulk density. In the
case of undecomposed peats, the bulk density
is in turn capable of describing to some
extent the pore size distribution, although
it was established in the preceding section
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Fig. 20. Relationships between the quantity of
water retained in peat at matric suctions of pF
1, 2 and 4 and its degree of humification.

that the species composition of the plant
remnants forming the peat probably in-
fluences water retention capacity in the
case of undecomposed peats. Furthermore,
it ought to be kept in mind that bulk density
is better able to describe, for example
the compression of peat immediately after
draining. The increase in the rate of de-
composition due to draining becomes visible
as an increase in the degree of humification
only at a later stage.
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As the degree of humification has been
used traditionally to describe the proper-
ties of peat, the relationships between
the water content of the peat (y) at differ-
ent matric suctions and the degree of humi-
fication (x) was calculated for the entire
material of the study (see also Fig. 21):

pF O y = 95.17 — 1.26 x $t=N79
pF1 Fitting by hand using group mean

pF15 y=46.20 + 832x — 0.54x* R2 = .50
pF 2 y = 27.03 4+ 8.14x — 043x2 R? = .67
pF 3 y=17.59 4 3.22x — 0.07x? R?2 = .78
pF4 y = 881 4 3.03x — 0.10x2 R2= 58
pPF42 y= 580+ 2.27x — 0.08x2 R? = .86

For the aforementioned reasons the curves
describing the relationships slope consider-
ably less than those presented in Fig. 19.
Likewise, the coefficients of determination
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are lower than in the case when bulk density
was used as an independent variable.

3317 The quantities of superfluous, available
and unavailable water in peat with
regard to the plant cover

As was established in section 1122, field
capacity has been considered the upper limit
of available water to plants, and the per-
manent wilting point, the corresponding
lower limit. Moreover, it was established
that at equilibrium the distance to the ground
water table indicates directly the matric
suction of the peat layer of observation
in terms of the height of the water column.
Consequently, field capacity cannot be bound
to any fixed value of matric suction, as
has been assumed in certain connections
(PEErLKAMP and Boeker 1960, p. 10).
In the case of drained peatlands, in which
the ground water table is relatively near
the ground surface, the matric suction values
corresponding to equilibrium are consider-
ably lower than those usually presented for
mineral soils.

All the water which is present in the soil
at water contents between saturation and
the permanent wilting point is available
to plants, at least in the sense that its
binding does not prevent it being taken
up by plants (ANDERssoN and WIKLERT
1970, p. 18). Superfluous water in the soil
may, however, impair aeration of the soil
to such an extent that the low oxygen supply
and lack of carbon dioxide removal inhibit
growth. In the case of undrained peatlands,
the ground water table is frequently located
at the very level of the ground surface or
near it, and in such cases the pore space of
the soil is completely filled with water. If
the water moves very slowly, anaerobic
conditions prevail in the soil (Linpe 1969).
Under such conditions it might be appropri-
ate to define the upper limit of available
water as the air void volume below which
aeration of the soil becomes a growth-
limiting factor. Oxygen and carbon dioxide
move in the soil either dissolved in the
water or by diffusion in the air space of
the soil, the latter being the more common
way. Thus, soil aeration depends first and
foremost on the volume of the air space of
the soil (Hirern 1971, p. 125). It has

further been established that the rate of
diffusion is primarily due to the total air
space of the soil, and only in the second place,
to the size distribution of air-filled pores
(MARrsHALL 1959 b, p. 80). There are also
factors other than the lack of aeration of
soils which may limit root development,
particularly in the case of saturated organic
soils, for example, development of toxic
concentrations of ferrous iron, sulfides and
manganese (Rosinson 1930, p. 216).

Ten per cent has frequently been mentioned
as the minimum air space required to
secure normal root development (BAVER
and FarnswortH 1940, p. 47; BERGMAN
1959, pp. 452 —455; KouNKE 1968, p. 169).
WEesseLING and vaN Wwk (1957, p. 467)
also consider ten per cent as being the
minimum air space in which gas diffusion
is possible. The volume percentages which
have been set for the limit between well
and poorly aerated soils have usually varied
from 10 to 15 9% (KrRaMER 1949, p. 144;
TAavLoR 1949, p. 59; SCHEFFER and SCHACHT-
scHABEL 1970, p. 239; KUHNEL 1969,
p. 411). In the case of certain cultivated
plants, too, it has been observed that the
air space of the soil becomes a growth-limiting
factor at 10 —15 volume per cent (VomociL
and FrLocker 1961, p. 243). When peat has
been used as a substrate in greenhouses,
much higher values have been obtained for
minimum air space (Lucas and Riexke 1968,
p. 262: 25 %; OLseN 1968, p. 266: 20 %),
the optimum sometimes being as much
as 40 9% (Puustsirvi 1969, p. 49). Tem-
perature, nutrient and moisture conditions
prevailing in greenhouses are exceptional,
however, and for this reason these values
cannot be applied to field conditions.

There is only little information available
on the minimum air space required by the
roots of trees growing on peat. According
to a study performed by PAAVILAINEN
(1967, p. 15), it seems that the roots of pine
trees growing on pine swamp do not pen-
etrate the soil down to a depth at which
the air space of the peat drops below 10 9.
Despite this result, PaaviLaiNex (1967, p.
17), probably basing his conclusion on tra-
ditional practice, places the limit between
available and unavailable water at pF 2.
Quite recently, the concept aeration porosity
limit was introduced as the limit between



large pores that dry up easily and pores of
medium size which dry up slowly. This limit
has been indicated by the value pF 1.7
(KounNkE 1946, p. 64; 1968, p. 163). This
method cannot be considered correct, how-
ever, because the minimum air space re-
quired by higher plants (10—15 9) does
not correspond to any given pF value in
the case of different soils.

On the basis of the aforesaid, the water
content of peat corresponding to an air
space of 10 9 is used as the upper limil of
available waler in this study. For the present,
this limit is of course open to adjustment
because of the lack of information on the
minimum air space required by the roots
of trees growing on peat.

The water content corresponding to pF
4.2, which has usually been considered as
being the permanent wilting point (e.g.
RosBeERTsON and Kounke 1946), is used as
the lower limit of available water. This pF
value was chosen in the present connection
as being representative of the average per-
manent wilting point in full awareness of
the fact that the permanent wilting point,
due to differences in the osmotic suction
of different plants, is not the same for all
plant species (Kozrowskr 1965, p. 67).

If the classical division of the water
which is available to higher plants is adapted
to peat soils and the upper limit of available
water is considered the water content at
which the air space of the soil is 10 9, the
situation illustrated in Fig. 22 is obtained.
It must of course be kept in mind that the
soil water in the field hardly reaches a static
equilibrium at any moment, but that there is
continuous movement in one direction or
another (Ricuarps 1951 b, p. 778; NERPIN
and Caup~Novskir 1970, p. 148; HiLLeL 1971,
p. 206). Nevertheless, Fig. 22 is capable of
illustrating the quantity of water which
is available to plants in the case of peats
with different bulk density at any hypo-
thetical equilibrium of the soil water. As
was mentioned earlier, the total volume
of water held by peat at saturation did not
equal that of the total porosity according
to the present study. The upper limit of
available water was obtained by deducting
the minimum air space, 10 unit per cent,
plus the solid matter volume from the
total volume of the soil. Thereby, it was
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established that different matric suction
values can be obtained for different peats.
In the case of undecomposed peat, the
minimum air space is obtained at a matric
suction below pF 1, the corresponding
value being pF 1.5 for peats at an advanced
stage of decomposition. At equilibrium, the
ground water table should be located about
32 cm below the layer of observation in the
case of peats of the latter kind. All the
water which enters this minimum air space
is superfluous water. The optimum water
content of peat with regard to the growth
of trees is probably considerably smaller
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than that present at the upper limit of
available water.

If the available-water capacity of peat is
understood as the difference between the
water content at the upper limit of available
water (when the air space = 10 volume per
cent) and that prevailing at pF 4.2, the
average available-water capacity of peat
decreases with increasing bulk density as
follows:

Bulk density, Available-water

g/cm?® capacity (vol. - %)
0.05 78
0.10 68
0.15 60
0.20 54

If, on the other hand, the available-water
capacity of peat is understood as the quantity
of water retained in the soil at matric
suctions between pF 2 and pF 4.2, as has
been presented for mineral soils (cf. Howr-
STENER-JORGENSEN 1958, p. 114; KIVISAARI
1972, p. 139), the available-water capacity
would be as follows:

Bulk density, Available-water

g/cm? capacity (vol. - %)
0.05 26
0.10 40
0.15 45
0.20 44

As can be seen from the table, the avail-
able-water capacity, when defined in the
traditional way, increases with increasing
bulk density. It is worth mentioning in this
connection that the available-water capacity,
when it has been defined in this way for
mineral soils, increases with increasing bulk
density in the case of coarse soils, whereas,
in the case of clay and mull soils, it de-
creases with increasing bulk density (Hei-
NONEN 1954, p. 56).

At present, we do not yet know the opti-
mum water content or the optimum matric
suction with regard to the growth of forest
trees. The range of the water contents
corresponding to favorable growth is prob-
ably limited, on one hand, by the water
content at pF 3 (cf. HeEinoNEN 1954, p.
16), and on the other hand, by the minimum
air space required. This range has been
indicated in Fig. 22 using the term readily
available water.

3318 The quantity of water that can be
removed from peat by draining

On the basis of the results obtained from
the water retention determinations, estima-
tions can be carried out concerning the
quantity of water that can be removed from
peat soils by draining them. There is
reason, however, first to define a few con-
cepts, in order to avoid misunderstandings.

The concept specific yield is frequently
used to describe the relationship between
the quantity of water that has been added
to or removed from soil and the subsequent
change in the level of the ground water
table (TorLman 1937, p. 482; Topp 1959,
p. 23). The concept covers the change in
the water quantity both in the saturated
soil layer and in the unsaturated layer
above the ground water table. In Finland,
the same phenomenon has been described by
means of the term ground water coefficient
(HEIKURAINEN 1963; PArvAnNeEn 1964). In
determinations of the specific yield and the
ground water coefficient, the changes taking
place in the water content of the whole soil
profile must be taken into consideration
(cf. HEIKURAINEN 1971, p. 21). As hysteresis
affects the relationship between the changes
in the quantity of water and in the ground
water table, this relationship must be
determined separately for desorption and
for sorption.

The concept specific yield has also been
used in another sense, namely, to indicate
the relationship between the -quantity of
water draining from a saturated peat sample
during 24 hours due to gravity, and the total
volume of the sample (SATTErRLUND 1960,
p. 16).

For use in the case of water retention
determinations to be carried out only in the
laboratory, BoeLTer (1969, p. 607) intro-
duced the term water yield coefficient, which
is a modification of the concept specific
yield, and refers to the ratio of the difference
between the water quantities retained at
saturation and at pF 2 and the total volume
of the sample. Thus, the coefficient express-
es the maximum quantity of water which
drains from peat when the water table is
lowered from zero by 100 cm as measured
from the observed peat layer assuming
that no evaporation takes place and that



the change in the water content in the
unsaturated layer above the layer of ob-
servation is zero. Thus, the water yield
coefficient describes also the theoretical
maximum quantity of water which can be
removed from the topmost layers of a peat
soil by means of efficient draining alone.

On the basis of Fig. 19, the following aver-
age water yield coefficients were obtained
from the present study material:

Bulk density, Water yield coeffi-

g/cm3 cient, cm?/cm?
0.05 0.60
0.10 0.36
0.15 0.22
0.20 0.18

It can be seen from the table, that the
quantity of water that can be removed
by draining rapidly decreases with in-
creasing bulk density of the peat.

332 Pore size distribution in peat

In a simplified form, the pore space of
a soil can be considered to be a network
of capillary canals. At equilibrium, the sur
face tension existing in a capillary pore
equals the weight of a water column as
determined at the free water table:

2nry=7tr29 gh cos a,

)
in which

r = radius of the capillary pore

= surface tension coefficient for water (72.75
dyn/cm; temperature = 20 °C)

o = density of water

h = capillary rise

g = acceleration of gravity (981 cm/sec?)

o = contact angle of water

Usually it is assumed that the contact
angle between the water and the capillary
pore equals zero, and this means that
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If, for example, the matric suction of the
water in peat is 100 emH,0, the radius of the
largest pores which are filled with water
is 0.015 mm. Consequently, it can be
established that a certain matric suction
corresponds a certain pore size in the soil.
The matric suctions which were studied in
the present connection correspond to the
following average pore diameters:

Matric suction, Pore diameter,

pF cmH,0 pm
1 10 300
155 32 100
2 100 30
3 1 000 g
4 10 000 0.3
4.2 15 000 0.2

The pore size distribution of the peat can
be determined on the basis of the quantities
of water retained in the peat at different
matric suctions (cf., e.g., HARTGE 1965).
.Table 19 has been compiled on the basis of
Fig. 19. For the sake of simplicity, the
percentage of pores of different size were
calculated from the wvolume of water at
saturation, which in the present connection
was assumed to equal the total porosity.
As was established, this was not exactly
true, but the difference was of minor im-
portance for the results. On the other
hand, we do not know to which size category
of pores the blocked pores, or those filled
by air at saturation, belong (see p. 47).

It can be seen from the table that the
quantity of large (>30 pm) pores rapidly
decreases and that of medium-sized (30-0.2
pm) and small (<0.2 pum) pores increases

Table 19. Average pore size distribution of peats with different bulk density (% of the volume of water
at saturation).

Bulk Pore size, pm

density,
g/cm? =300 300—100 100—30 30-3 3—0.3 0.3—0.2 <0.2
0.05 213 22.9 20.2 13.7 10:5 3.6 8.4
0.10 3.9 16.7 18.9 272 114 6.6 15.6
ouLs 3.3 52 16.7 8153 13,3 8.7 21.5
0.20 3.0 7:2 11.6 26:2 16.5 9.9 25.6
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with increasing bulk density. Correspond-
ingly, it has been established that the pro-
portion of large fibers in the peat rapidly
decreases and that of small fibers increases
with increasing bulk density (Stanex 1961,
p. 26).

On the basis of the pore size distribution,
certain conclusions can also be made con-
cerning the capillary rise of water in peat.
In undecomposed peat, most pores (64 %)
are large, non-capillary pores. It is clear
that the capillary fringe is very narrow
in such situations, according to RomanNov
(1968, p. 69), ranging between 15 and 30 cm.
With increasing bulk density, the proportion
of the effective capillary pore system in the
total pore volume increases, and so the
capillary rise of water is capable of com-
pensating for the loss of water due to evap-
oration in the topmost peat layer by trans-
ferring water from the ground water table
to the surface. The decrease in the capillary
rise due to lowering of the ground water
table is reflected in the form of a decrease
in evapotranspiration as shown in lysimeter
experiments (PArvANen 1964, p. 90), and
as a delay in the daily drop in the level of
the ground water table due to evapotran-
spiration in the field (HeikurRAINEN 1971,
pp. 10 and 21).

333 An example of the variation in the water
content in the rhizosphere of a drained
peat soil

In the following connection an example
is given for the purpose of illustrating how
the combined use of laboratory and field
determinations can serve the estimation of
the quantities of superfluous, available
and unavailable water in the rhizosphere
at varying levels of the ground water table.

The points in Fig. 23 indicate matric
suction values obtained by tensiometers
in the 5—10 cm peat layer at different
levels of the ground water table. The site
was a dwarf-shrub-dominated pine swamp
in an advanced stage of drainage, the peat
in the layer concerned was ErC peat H4
with a bulk density of 0.113 g/em3. The
unbroken line shows the theoretical matric
suction corresponding to the distance of
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Fig. 23. Tensiometer recordings on the matric
suction of sedge peat 5—10 cm below the ground
surface at different depths of the ground water
table. The unbroken line indicates the theoretical
matric suction, the broken line having been obtained
by fitting the actual recordings by hand.

the ground water table from the layer of
observation (cf. RicuArps 1941 b). The
matric suction values obtained with the
tensiometers differ from the theoretical
values only when the distance between
the layer under study and the ground water
table reaches 62 cm. From this point on,
the matric suction increases at an extremely
rapid rate. In many other studies, too, it
has been found that evapotranspiration and
capillary rise decrease with increasing depth
of the ground water table (e.g. VIRTA
1966, p. 30; PAAVILAINEN and VIRRANKOSKI
1967, p. 18; Romanov 1968, p. 71).

Table 20 presents the matric suction values
at different levels of the ground water table
as indicated by the fitted curve in Fig. 23.
In addition, the table shows the water con-
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Table 20. Tensiometer recordings on the matric suction 5—10 cm below the ground surface at different
depths of the ground water table, water content at different matric suctions and corresponding volumes
of superfluous and readily available water.

Dist. between ground Matric Water Superfluous Re‘?ldlllﬁ’
water table and layer suction, content, water, Ayatai.e
of observation, cm kp/cm? vol. - % vol. - % watex;,

vol. - %

30 0.030 85 4

35 0.035 83 2

40 0.040 81 0

45 0.045 79 47
50 0.050 76 44
55 0.055 74 42
60 0.060 73 41
65 0.095 60 28
70 0.160 50 18
75 0.250 46 14
80 0.350 39 -
85 0.460 36 4

tent corresponding to each matric suction
value as obtained from water retention
determinations carried out in the laboratory.
If 10 9% by volume is considered to be the
minimum air space of peat, then all the
water present at values exceeding this, in
the case of peats with a bulk density of
0.113 g/em3, 81 9, by volume, would be
superfluous. At pIF 3 (32 9%), difficulties
with the water supply would already check
growth (cf. HEiNONEN 1954, p. 16). Against
this background, the quantities of super-
fluous and of readily available water corre-
sponding to different levels of the ground
water table were also calculated and inserted
in the table. The limit values remain still
more or less open, it is true, but this is due
to the fact that the optimum relationship
between soil water and different tree species
has not been established so far (HEIKURAINEN
1967).

Tensiometer determinations of a similar
kind were carried out in the case of seven
sample plots. The distance between the
ground water table and the peat layer under
study (56—10 cm below the ground surface)
at which the capillary rise of water appeared
to be hampered varied between 40 and 70
cm. On average, the capillary rise of water
reached the layer under study from deeper
levels of the ground water table, the greater
the bulk density of the peat:

5 — Acta Forestalia Fennica

Bulk density of the Distance between the observed
observed layer, layer and the ground water

g/cm?® table at which capillary rise
to the former becomes
difficult, cm
0.084 40
0.084 50
0.093 35
0.110 50
0.113 62
0.145 70
0.156 70

These field measurements, consequently,
also support the ideas presented in the end
of the preceding section concerning the
influence of pore size distribution on the
capillary rise of water in peat. In the ex-
amination of the figures presented in the
above table, it should be kept in mind, that
the data concerning bulk density is valid
only for the peat layer in which tensiometer
measurements were performed and that no
detailed information is available on the
possible changes in bulk density with in-
creasing soil depth.

On the basis of the total data obtained
from tensiometer determinations, it appears
that, even in cases where the ground water
table is located far below the ground sur-
face, the distance of the ground water table
from the part of the rhizosphere studied and
evapotranspiration do mnot decrease the
water content of this layer down to the limit
of decreasing growth, not to mention the per-
manent wilting point.
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34 Discussion

So far our knowledge of the water retention
capacity of Finnish peat soils has been
extremely poor. Information has been
needed in particular about the water reten-
tion capacity of undisturbed, natural peats
which have kept their original structure.
Such data is required for the regulation of
soil water relationships in peat soils by means
of draining so as to reach optimum conditions
with regard to tree growth. The present
study is an attempt to make up for this
lack of knowledge.

The peat sample material which was
collected is not very evenly divided, for
example, by peat type and degree of humi-
fication. The Sphagnum peats collected
are representative primarily of slightly de-
composed peats, whereas the woody peats
had reached a more advanced stage of de-
composition. The Sphagnum peats also
dominated the material collected, and the
woody peats were represented by the small-
est sample number. Nevertheless, the ma-
terial collected can probably be considered
representative of the most common degrees
of humification of peats composed of
different groups of plant species (cf. ANoN.
1973). The peat sample material was collect-
ed from a geographically rather small area
in Central Finland. Despite this fact, the
possibilities of making generalizations on
the results will probably not be hampered
because, in the situations where comparisons
could be carried out, the water retention
characteristics of the peats studied in the
present connection showed to be very similar
to those recorded, for example, for peats of
the Lake States area in the U.S.A. (Bogr-
TER 1962, 1964 a, 1969). Furthermore, it
ought to be kept in mind that the ash con-
tents of the peats studied were low, usually
under ten per cent, and this is a feature
which the peat soils of the northern co-
niferous zone have in common.

The results from the water retention de-
terminations performed were referred to
peat structure characteristics as far as
possible. For this reason the peat type,
degree of humification, bulk density, total
porosity and ash content of the peats were
examined. During examination of the re-
sults, it was established that it would have

been unrealistic to handle the water re-
tention capacity of different peat types
separately because of the differences in
the distribution of the peat samples of
different peat types with regard to their
degree of humification.

As can be seen from Table 11 (p. 36),
there was a correlation between almost all
the characteristics chosen for the description
of the structure of the peats under study.
Thus, the use of multivariable analysis for
the description of water retention capacity
would have made the interpretation of the
results difficult. From a practical viewpoint,
it would of course have been favorable if the
degree of humification had proved well
suited as an independent variable. However,
the bulk density of peat proved to be the
characteristic best suited for this purpose.
Bulk density is more objective and gives
probably a better picture of the pore size
distribution of peat than the degree of
humification. This is particularly true in
the case of slightly decomposed peats. In
the use of bulk density, for example, the
compression of the peat substrate following
draining is automatically taken into consider-
ation. On the other hand, it must be re-
membered that bulk density determinations
are laborious operations inasmuch as they
require volumetric sampling in the field and
weighing of the samples after drying at
105°C.

The possible sources of error involved in
the methods used for determining the water
retention capacity of peat were discussed
in detail in section 3311, and for this reason,
they can be disregarded in the present
connection. The water contents of the
peats were expressed in this study in terms
of percentages of volume of samples at
saturation. This is a better method than the
use of dry-weight percentages, although,
in the case of water contents corresponding
to a matric suction of > pF 2, the former were
obtained only indirectly, using separate bulk
density samples in the determinations.

The determinations of total porosity and
of the volume of water at saturation carried
out in the study resulted in volume per-
centages which differed from each other.
The differences were due, however, to in-
complete saturation of the samples.

Particularly in the case of undecomposed



peat, the bulk density (and still less the
degree of humification) was not able alone
to explain fully the water retention capacity
of the peat at low matric suctions. On the
basis of the results obtained in the present
study, the species composition of the plant
residuals (Sphagnum species) forming the
peat is of the greatest importance for water
retention in undecomposed peats. BrowN
(1972, p. 77), too, has established that »peat
desorption may be more a function of struc-
ture and macrospore distribution than of
density».

The bulk density of peat expressed as
a quadratic equation explained 67 —81 9
of the variation in the water content of
the peats at matric suctions from pF 2 to
pF 4.2. The coefficient of determination of
the degree of humification was usually
lower than that obtained for bulk density.

In the calculations of the superfluous,
available and unavailable water from the
viewpoint of higher plants, the field capacity,
which has been traditionally used in cor-
responding studies in mineral soils, was
not used in the present study. This was
because the air space below which soil
aeration becomes a factor checking plant
growth was considered to form a better
basis. On the basis of the literature, the air
space to be used in this sense was defined
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at 10 9%. If the permanent wilting point
(pF 4.2) is considered as being the lower
limit of available water, the average avail-
able-water capacity decreases with in-
creasing bulk density. The quantity of
water which can be removed by draining,
too, decreases with increasing bulk density.

On the basis of the quantities of water
retained in peat at different matric suctions,
the pore size distribution of the peat can
be determined. The reliability of the results
obtained is decreased, however, as a result
of swelling and shrinking of the peat caused
by wvariations in the water contents (ef.
REINCKE 1931).

The present study was based primarily
on laboratory determinations of the water
retention capacity of peat. Tensiometer
determinations were performed, however,
in seven sample plots. The use of laboratory
and field determinations in combination was
illustrated by means of an example concern-
ing the determination of the quantities of
superfluous, available and unavailable water
in the rhizosphere of peat soil. The deter-
minations carried out indicated that there
is evidently no risk of overdrainage in the
case of forest drainage, at least not without
fertilizer application (cf. HuikArt and PAAR-
LAHTI 1967, p. 105).



4 SUMMARY

The present paper is a part of a larger
study of the basic hydrologic properties
of peat. This part of the study deals with
the hydraulic conductivity and water re-
tention capacity of peat and with their
dependence on certain structural properties
of peat. The data of the study was collected
in central Finland (61°50’N; 24°20’E) from
peatlands which have been drained for
forestry purposes.

The piezometer principle was applied to
the field measurements carried out on the
hydraulic conductivity of peat. The data
on the rate of rising of the water table
consists of 1280 recordings. Moreover, the
study includes a comparison between the
hydraulic conductivity values obtained using
this field method and those obtained in the
laboratory in conjunction with the prelim-
inary study.

The data concerning the water retention
capacity of peat was obtained from deter-
minations in the laboratory. The material
studied consisted of a total of 1843 peat
samples, 188 of which were studied in pressure
cells, 1250 using pressure plate extractors
and 405 using pressure membrane extractors.
In the case of seven sample plots, field
measurements of matric suction were per-
formed during one growing season. The
purpose of these measurements was to find
out what level the matric suction can reach
in the rhizosphere of drained peat soils.

Each of these two partial studies indicated
that neither the hydraulic conductivity nor
the water retention capacity of peat can be
studied without regard to the quality and
structure of the peat concerned, so that the
results obtained must be related to some
of the characteristics used to describe the
stage of decomposition and the density of
the peat.

On the basis of the results obtained from
the study, the following conclusions may be
drawn:

— The limits of the quantitative range of
variation in the hydraulic conductivity of
peat can be put at 2.0 X 10% and 1.1 X
102 cm/sec.

— The variation occurring in the hydraulic
conductivity of peat is extremely large even
within the same peat layer, at times being
as much as + 40 9 from the mean. The
reliability of the method is good, however,
because of the very large differences occur-
ring between peats of different degree of
humification and between different sampling
depths.

— As the hydraulic conductivity is differ-
ent for wvarious peat types, it must be
studied separately for each type.

— Superficial peat layers do not show
similar regularity with regard to their
hydraulic conductivity as do deeper peat
layers. This is probably due to the fre-
quent occurrence of macropores in the top-
most peat layer (tree root movement, de-
caying roots, irreversible colloids) and, to
the great density and the advanced stage
of decomposition of the peat. For this
reason, the calculations were performed
separately for values from the whole profile
and for the hydraulic conductivity wvalues
obtained for the 25 cm and deeper peat layers.

— In the case of Sphagnum peat, 45 9,
of the variation in hydraulic conductivity
was explained by the bulk density of the
peat, 63 9% by the degree of humification
and 47 9% by the sampling depth. For the
other peat types studied, the coefficient of
determination, when only one variable
was used, was lower. An exception to this
was the sampling depth in the case of woody
peat, which explained 55 9, of the variation
in hydraulic conductivity recorded for this
peat type.

— The use of a function including two in-
dependent wvariables (the sampling depth
and the bulk density or the degree of humi-
fication) explained over 70 9, of the variation
in hydraulic conductivity in the case of
Sphagnum peat and about 60 9, of that of
sedge and woody peats.

— The coefficients of determination of
the readily determinable independent vari-
ables used in the present study were limited.
They were capable of describing the porosity
of peat only by quantity (bulk density and



degree of humification), and moreover, their
power of explaining the pressure conditions,
colloids, etc., which influence the hydraulic
conductivity (sampling depth) was extremely
limited. The movement of water in peat,
however, is first and foremost influenced
by such factors as the size, arrangement
and continuity of the pores occurring in
the soil. Determination of these factors
and their insertion in a function is so compli-
cated, however, that it would probably
be easier and more accurate to measure
hydraulic conductivity directly.

— Hydraulic conductivity determinations
in the laboratory evidently lead to over-
estimation.

The principal results from the part of
the study concerning the water retention
of peat and the conclusions which could
be drawn are as follows:

— At saturation peat contains 82 -—95
volume per cent of water, the corresponding
percentages being 25—72 at pF 2, 17—44
at pF 3 and 10—21 at pF 4.2.

— The bulk density of peat seemed to be
the factor best able to explain its water
retention capacity. At saturation, the water
content of the peat was higher, the smaller
its bulk density. In the case of slightly
decomposed peats, particularly at low ma-
tric suctions, the species composition of the
plant residuals forming the peat was also
shown to influence the water retention
capacity. With increasing bulk density at
pF 2, the water content of peat increased
very strongly up to a bulk density wvalue
of 0.18 g/cm?. At the pF values of 3, 4 and
4.2, the peat contains more water, the high-
er its bulk density. This relationship be-
comes less steep, however, when moving
from pF 3 to pF 4.2.

— Particularly in the case of peat soils
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in which the ground water table is located
relatively near the soil surface, there is
no reason to use field capacity as the upper
limit of water available to the plants. Under
such conditions this limit should be placed
at the air content (10 9;) of the peat be-
low which the aeration of the soil becomes
a growth-limiting factor. In the case of
undecomposed peats, the minimum air
space required by the plants is reached
at pF values below 1, the corresponding
value being approximately pF 1.5 in the
case of decomposed peats. Furthermore, if
the lower limit of available water is consider-
ed to be at the permanent wilting point
(pF 4.2), the available-water capacity
of the peat thus obtained decreases with
increasing bulk density.

— The quantity of water which can be
removed from a site by draining decreases
with increasing bulk density in such a
way that it, in the case of well decomposed
peat (bulk density 0.20 g/cm?®) is slightly
less than one third of that for slightly de-
composed peat (bulk density 0.05 g/cm?).

— The tensiometer determinations per-
formed in the field seemed to indicate that,
even if the ground water table is located at
great depths (about 80 cm), the distance
between the ground water table and the
soil layer (5—10 cm below the ground sur-
face) under study and the evaporation do
not lead to a decrease in the water content
in the layer concerned down to the limit of
decreasing growth, and at least not to the
permanent wilting point.

— On the basis of the pore size distribu-
tion of the peats and the tensiometer de-
terminations carried out, the level of the
ground water table at which the capillary
rise of water to the rhizosphere becomes
difficult could be determined.
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Seloste
TURPEEN VEDENLAPAISEVYYS JA VEDENPIDATYSKYKY

Tutkimus kuuluu osana turpeen vesitaloudellis-
ten perusominaisuuksien selvitykseen ja siind tar-
kastellaan turpeen vedenlapdisevyytti ja veden-
pidatyskykyd sekd niiden riippuvuutta eriistid
turpeen rakennetta kuvaavista ominaisuuksista.
Molempien tutkimusosien aineistot on keritty
Keski-Suomesta (61° 50’N, 24° 20’E) metsioji-
tetuilta soilta.

Vedenlipiisevyyden mittaukset suoritettiin pie-
zometri-periaatteella maastossa. Yksittiisii ve-
dennousunopeuden havaintoja sisiltyy aineistoon
1280 kpl. Lisdksi tutkimuksessa suoritetaan talld
kenttimenetelmdlld ja esitutkimuksessa (PAIva-
NEN 1968) laboratoriomenetelmilli saatujen ve-
denldpiisevyyksien vertailuja.

Turpeen vedenpidatyskykyd koskevat tiedot
perustuvat laboratoriomittauksiin ja aineiston
muodostaa 188 imukammiolaitteessa, 1250 paine-
levylaitteessa ja 405 painekalvolaitteessa kisitel-
tyd turvenidytettd. Seitsemdlld koealalla suoritet-
tiin lisiksi maaveden jinnityksen mittauksia ten-
siometriperiaatteella yhden kasvukauden aikana
Niiden mittausten tarkoituksena oli selvittia,
kuinka suureksi maaveden jannitys voi kasvaa,
metsdojitetun suon ritsosfadrikerroksessa.

Turpeen vedenlapiisevyydestd voidaan tutki-
muksen perusteella tehdd seuraavat pidtelmit:

— Turpeen vedenldpiisevyyden kvantitatiivinen
vaihtelualue voidaan rajata seuraavilla arvoilla:
2.0 x 106 — 1.1 x 102 cm/s. Turpeen laadulla
ja rakenteella on ratkaiseva vaikutus vedenldpii-
sevyyden suuruusluokkaan,
esitetddn.

— Turpeen vedenlipdisevyyden vaihtelu sa-
massakin turvekerroksessa on suuri, jopa --40 %
keskiarvosta. Kaytetyn menetelmidn luotettavuus
on kuitenkin riittiva, koska eri maatumisastetta
olevat turpeet seki eri havaintosyvyydet poikkea-
vat vedenldpiisevyyksiensd puolesta erittiin pal-
jon toisistaan.

kuten myohemmin

— Koska eri padturvelajia olevien turpeiden
vedenlipiisevyydet poikkeavat toisistaan, on nii-
den vedenldpiisevyyksia tarkasteltava erikseen.

— Pintaturvekerroksien vedenldpiisevyyksissi
ei ole samaa sddnnénmukaisuutta kuin syvemmissi
turvekerroksissa.
roksen toisaalta

Tamia johtunee pintaturveker-
suuresta makrohuokosten ja

-tiehyiden méaristd (juuriston aiheuttama liike,
lahoavat juuret, irreversiibelit kolloidit), toisaalta
usein pitkille maatuneesta ja tiiviistd turpeesta.
Tdamédn vuoksi laskelmat on suoritettu erikseen
sekd koko aineiston ettd 25 cm ja sitd syvemmistd
turvekerroksista mitattujen vedenlapiisevyyksien
osaita.

— Rahkaturpeiden kohdalla tilavuuspaino se-
littda vedenldpaisevyyden vaihteluista 45 9,, maa-
tumisaste 63 9, ja havaintosyvyys 47 %. Muiden
turvelajien kohdalla yhden riippumattoman muut-
tujan selityskyky on yleensi aina niitd alhaisempi.
Poikkeuksen muodostaa puuturpeiden kohdalla
havaintosyvyys, joka selittid 55 %, vedenlipiise-
vyyden vaihteluista.

— Kahden riippumattoman muuttujan (ha-
vaintosyvyys ja tilavuuspaino tai maatumisaste)
funktiomalli pystyy selittimdin turpeen veden-
lipaisevyyden vaihteluista rahkaturpeissa yli 70 9%,
sekd sara- ja puuturpeissa noin 60 %,.

— Tahdn tutkimukseen wvalittujen, helposti
miidritettivien riippumattomien muuttujien seli-
tyskyky on siis rajoitettu; ne eivit voi kuvata tur-
peessa olevia huokosia kuin korkeintaan madralli-
sesti (tilavuuspaino ja maatumisaste) ja turpeen
vedenldpiisevyyteen vaikuttavia paineoloja, kol-
loideja jne. (havaintosyvyys) myos vain rajoitetusti.
Veden liikkumiseen vaikuttaa kuitenkin ennen
kaikkea huokosten koko, suuntautuminen ja jat-
kuvuus. Niiden seikkojen mittaaminen ja sijoit-
taminen ennustusmalliin on jo niin komplisoitua,
ettd helpompaa ja varmempaa on suurta tarkkuutta
vaativissa tapauksissa pyrkid vedenldpaisevyyden
suoraan mittaamiseen.

— Laboratoriossa suoritetut vedenldpiisevyy-
den mittaukset johtavat lilan suuriin arvoihin.

Turpeen vedenpidityskykyéd koskevan tutkimus-
osan piddtulokset ja niistd tehtdvit johtopddtokset
ovat lyhyesti lueteltuina seuraavat:

— Kyllistyskosteudessa turve sisdltaa 82—95,
pF 2:ssa 25—72, pF 3:ssa 17—44 ja pF 4.2:ssa
10—21 tilavuusprosenttia vetta.

— Turpeen tilavuuspaino ndyttda parhaalta
turpeen vedenpidityskyvyn selittdjilta. Kyllds-
tyskosteudessa turpeen vesipitoisuus on sitd suu-
rempi, mitd pienempi on sen tilavuuspaino. Hei-
kosti maatuneessa turpeessa erityisesti alhaisilla
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maaveden jannityksen arvoilla tilavuuspainon li-
siksi myo6s kasvinjadnnoskoostumus vaikuttaa
turpeen vedenpidatyskykyyn. Tilavuuspainon kas-
vaessa vesipitoisuus pF 2:ssa kasvaa erittiin voi-
makkaasti aina tilavuuspainon arvoon 0.18 g/cm?
saakka. pF-arvoilla 3, 4 ja 4.2 turve sisdltdd aina
sitd enemmaian vettd, mitd suurempi on sen tila-
vuuspaino. Vuorosuhde loivenee kuitenkin siir-
ryttiessd pF 3:sta pF 4.2:een.

— Erityisesti turvemailla, joilla pohjavesipinta
on suhteellisen ldhelldi maanpintaa, ei ole jarkevaa
kiyttaa kenttikapasiteettia kasveille kiyttokel-
poisen veden yldrajana. Tillaisissa olosuhteissa
lienee parasta asettaa rajaksi se ilmatila (esim.
10 %), jonka alapuolella maan tuulettuminen tulee
kasvua rajoittavaksi tekijiksi. Maatumattomassa
turpeessa jo alle pF 1:ssd ja maatuneessa turpeessa
noin pF 1.5:ssi4 saavutetaan kasvien tarvitsema
minimi-ilmatila. Jos edelleen alarajaksi asetetaan

pysyva lakastumispiste (pF 4.2), pienenee niin
rajattu turpeen hyétykapasiteetti tilavuuspainon
suuretessa.

— Ojituksella poistuva vesimddrid pienenee tur-
peen tilavuuspainon kasvaessa siten, etti hyvin
maatuneessa turpeessa (til. paino 0.20 g/cm3)
se on vajaa 1/3 siitd, mitd se on heikosti maatu-
neessa (til. paino 0.05 g/cm?®) turpeessa.

— Kentilld suoritettujen tensiometrimittaus-
ten perusteella ndyttaa siltd, ettei haihdunta ja
syvallikdadn oleva pohjavesipinta aiheuta juuris-
tokerroksen vesipitoisuuden alenemista edes vi-
henevin kasvun rajalle saatikka sitten lakastu-
mispisteeseen.

— Huokoskokojakautuman ja tensiometrimit-
tausten perusteella voidaan péitelld se pohjavesi-
pinnan etdisyys, jota syvemmilti veden kapillaa-
rinen nousu pintaturvekerrokseen vaikeutuu.
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