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Abstract: Almost half (47%) of Latvian forest areas (3611 thousand ha) are considered degraded or
partly improved by the hydro-technical drainage. The degradation is caused by very poor soil aera-
tion due to waterlogged conditions. The location of waterlogged forests in Latvia is neither uniform
nor occasional. Comparison of the abundance of waterlogged forests and the amount of atmospheric
precipitation showed that the waterlogged forests are mainly located in areas with least precipitation.
This hydrological phenomenon is connected with water discharge in drainage ditches: even during
the dry summers of the years 1963, 1964, 1975, 1976 and 2002 in the drained forests with deep peat
soils water flowed continuously in 1 m deep ditches and the discharge exceeded the amount of pre-
cipitation. Using the data from 182 sample plots in drained forests with the peat layer depth of 4.2 m,
it was found, that coniferous forests are most productive in areas where the peat layer is most dense.
One of the possible explanations for this phenomenon is that the most intensive paludification and
formation of most dense peat layer are characteristic for the areas with intensive water discharge from
confined aquifers. This discharge provides necessary mineral nutrients for the forest soil regardless of
the peat layer thickness. The forest productivity may increase several times due to the enhancement
of water movement in soil and to improved soil aeration by hydro-technical drainage. Also the flow
regime of rivers connected with the drained areas changes considerably, mitigating extremely high
and low flow events.

Key words: forest paludification, nutrients, water discharge, waterlogged forests

INTRODUCTION

Latvia is a place rich in water — several decades mean annual water resources
of the state reach 15.4 km’. If we add also the throughput waters, we obtain 34.7
km’®, which is more than 13 thous. m® per capita.

Especially favourable water conditions (runoff to rivers exceeds 9 dm®s'-km?)
prevail in one sixth (16%) of the territory which is mainly occupied by uplands, but
an equally large area is occupied by lands poor in water (water flow lower than 6
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dm’-s-km™) which are usually located in lowlands. Approximately two thirds
(67%) of the state territory can be considered as moderately fed with water.

Wet periods are constantly followed by the dry ones. When analyzing water
flow in Daugava River in a 150 years long period (1812—1964), PASTORS (1972)
separated 13 periods when rainy weather was replaced by dry one. Dry periods
lasted 13 years on average, wet periods — 10 years but the duration of particular
periods varied from 6 to 21 years. Reasons of the fluctuations were not determined;
a possible connection with the 11-years long solar cycle was not confirmed.

In wet summers 85% of the territory is richly supplied with water resources
while in dry summers a similarly large area (80%) may suffer from the lack of wa-
ter. Surprisingly, in several regions of Latvia (Aizkraukle, Limbazi, Riga, Talsi)
threatened by water deficit vast areas of wet and paludified forests can be found.

The process of paludification in Latvia commenced already in the sub-arctic
period almost simultaneously with the end of the glacial era and during the past
9 thous. years bogs have formed with the thickness of peat layer reaching 12 m.

At present almost half (47%) of the total area of Latvian forests can be consid-
ered degraded or partially “remediated” with hydro-technical melioration. This
degradation is caused by low soil aeration under conditions of excessive moisture.

The distribution of waterlogged forests in the territory of Latvia is neither
regular nor random. There are regions where the waterlogged forests make up 75—
—95% of the total area of forests, but elsewhere — only 5-10%. It is reasonable to
expect that there should be some special factors which either cause or prevent for-
est paludification.

Comparing the occurrence of waterlogged forests and the amount of atmos-
pheric precipitation, we suggest that forest paludification cannot be explained by
climate changes. For example, dense waterlogged forests cover large areas in Riga
— Jelgava plain but the amount of atmospheric precipitation there is the lowest in
Latvia. There are also other surprising facts.

A widespread belief in both the former USSR and in several countries of
Western Europe is that growing highly productive forests is not possible on deep
peat soils. Such opinion was formed based on many field observations. It has also
a theoretical background — forest ecosystem is not able to function properly when
mineral nutrients are deficient. In peat soil roots of trees do not reach deeper than
40 cm and there is a large, often several meters deep, break between soil and the
basic mineral layer. Nevertheless, highly productive forests can also be found on
deep peat soil in Latvia. How is it possible? Where from the trees obtain the essen-
tial nutrients?

Another peculiarity worth mentioning is associated with water flow in drain-
age ditches. In dry summers (1963, 1964, 1975, 1976, 2002) water was continu-
ously flowing in approximately one meter deep ditches in drained forests growing
on deep peat soils, while at the same time many natural streams and rivers 3—4 m
deep had gone absolutely dry. It is clear that a lot more water flows in the shallow
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forest ditches than it would fall down from the atmosphere. An unavoidable ques-
tion is — where does the water necessary for forest growth come from?

MATERIAL AND METHODS

The data for this study were collected during the long-term (since 1963) hy-
drological observations in the Vesetnieki Station of Permanent Ecological Rese-
arch in the area of drained pine (Pinus sylvestris L.) forests of the Forestry Rese-
arch Station “Kalsnava” situated in the Central part of Latvia. The following ele-
ments of water balance were measured in five water confluence basins of the Ve-
setnieki Station:

a) precipitation in an open area with 0.2 mm precision (Tretiakov precipitation
gauge), measured daily;

b) net precipitation falling through the forest canopy, recorded with 0.2 mm preci-
sion once every 10 days over the growing season (May 1 to October 31) from
180 rain collectors along 10 transects in different forest stands;

c¢) density and thickness (with 1 cm precision) of the snow layer in 10 different
forest stands, measured once every 10 days, and during the snowmelt — once
every 3 days;

d) water level in the Veseta River with 1 cm precision — daily;

e) the groundwater level in 150 shallow (2 m) observation wells with 1 cm preci-
sion, read once every 10 days;

f) piezometric water level in 33 deep (5-31 m) wells, including 17 wells reaching
Upper Devonian horizons of dolomites, with 1 cm precision read once every 10
days;

g) ditch runoff in m’ with the runoff recording device (Valday type) changed once
a week (in 5 hydrometric posts).

Moreover, measurements of nutrient balance were carried out twice a month
since 1997. The quality of precipitation water falling on the forest ecosystem was
analysed using water from 24 precipitation collectors. The collectors had a surface
area of 106 cm” and were deployed as follows: 5 in an open area, including 1 at the
station’s centre, 4 around the perimeter of the experimental area at a distance of 1.0
km from the station’s centre; 19 in the forest stands of pine (5), spruce (6) and
birch (4), and in a young coniferous tree stand (4). To calculate the output of nutri-
ents in streamflow, one-litre samples were taken at each of 5 hydrometric posts.
Three of these samples represent ditch runoff water from the catchments with
a deep peat layer, while the remaining 2 hydrometric stations monitor catchments
with hydromorphic mineral soils. For each water sample the concentrations of
N-NH,, N-NO;, P-PO,, K*, Ca*", Mg*" and pH were determined in the Forest Soil
Laboratory of the Latvian Forestry Research Institute “Silava”. In total 17,600 wa-
ter sample were analysed.
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Environmental data from a number of Latvian forest management units were
also used. In order to clarify whether discharge intensity of the confined aquifer
water influence productivity and typological structure of forests on drained deep
peat soils, the conditional intensity (R) of this water discharge was calculated for
153 forest plots of Western and Eastern Latvia. The line between Riga and Bauska
cities was used as the borderline. In the whole area the thickness of quaternary
sediments (L), elevation of soil surface (H) and piezometric level of confined aqui-
fer water (%) were assessed. The intensity of confined aquifer water discharge was
calculated as:

R=(h—H)/L (1)

The data from 182 evaluation plots in forests with peat soils from different re-
gions of Latvia were collected to analyse the relationship between pine and spruce
tree stand productivity and the thickness of peat layer.

The groundwater regime and the forest stand productivity were obtained by
comparing the mean groundwater depths calculated in different places of drained
forests during vegetation period. Groundwater levels were compared in pine forests
of the I-II site index, I1I site index and of the IV-V site index.

To compare the typological structure of waterlogged forests and the intensity
of confined aquifer water discharge, archive materials of the State Melioration In-
stitute and the Marine Institute of Geology were analysed. 298 sites of waterlogged
forest and mires suitable for drainage, where at least one type of forest site or mire
exceeded 25 ha, were assessed.

RESULTS AND DISCUSSION

The reason for paludification of forests is still seen in the amount of precipita-
tion exceeding by 1.5-2.0 times evaporation in Latvia. It is not known who was the
first to express such an idea, but it is being used for several generations in order to
explain the causes of paludification and to argue in favour of hydro-technical mel-
ioration in Latvia. If it is so, then the occurrence of waterlogged forests should
positively correlate with the amount of precipitation, but negatively — with the in-
dicators of evaporation.

Correlation between the evaporated amount of precipitation and the contribu-
tion of waterlogged forests in forest management districts is diametrically opposed
to the expected: it is significantly positive: » = +0.36 with 795 = 0.12, which means
that there are more waterlogged forests in areas where more precipitation evapo-
rates (ZALITIS, 1983). Correlation, however, is not causation. The opposite expla-
nation is more correct: waterlogged forests are the reason of higher evaporation.
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The long-term average precipitation in the territory of Latvia varies between
600 and 970 mm; in summer (01.05.-31.10.) it ranges from 365 to 560 mm
(ANONYMOUS, 1968). The difference in precipitation between dry and wet sum-
mers in the same place is also the same. For example, in Vesetnieki station there
were 169 mm of precipitation in summer 1975 but 692 mm in summer 1980 — so
the difference was 523 mm (ZALITIS, 1983).

All these data unequivocally show that it would be incorrect to assume the re-
lationship or difference between precipitation and evaporation as the main pre-
condition of paludification of territories. Furthermore, evaporation from terrestrial
ecosystems is not just a physical process — it is one of self-reservation instruments
of ecosystems. The amount of water which evaporates from terrestrial ecosystems
is not a constant value which characterizes a territory and could not be used as
a background indicator.

Water discharge from confined aquifer is the most significant component of
waterlogged forest water balance. In waterlogged forests the piezometric levels of
water in confined aquifer in many areas not only reach soil surface but exceed it by
30 m. Under such pressure soil water is continuously supplemented by water from
confined aquifer and this input can be evaluated as the main reason of forests
paludification. It can also be verified by the results of correlation analyses: the per-
centage of waterlogged forests in forest districts quite closely correlates
(r = -0.59 with ryes= 0.12) with piezometric level of confined aquifer water.
Hence, more waterlogged forests can be found in areas where the piezometric level
is closer to soil surface or is even higher than that.

Results of the analyses of 298 sites selected by the State Melioration Institute
and the Marine Institute of Geology convincingly confirmed the decisive role of
confined aquifer water in the paludification process: 86% of forests on peat soils
and 60% of forests on hydro-morph mineral soils are located in places where the
piezometric level of confined aquifer water reaches and elevates above soil surface
(Fig. 1).

Water discharge from confined aquifers in both waterlogged and drained for-
ests on peat soils varies in quite a broad range across the country depending on the
difference between piezometric levels of soil groundwater and confined aquifer
water, the length of filtration path and soil density and on the depth of soil
groundwater level. The discharge is usually high — approximately 100 mm per year
which together with rain and snow precipitation supplement reserves of soil mois-
ture with waters richer in nutrients.

The problem of the influence of hydro-technical drainage on the intensity of
water discharge from confined aquifer is often discussed. The intensity of dis-
charge changes in relation to the changes in pressure of confined aquifer water
(Darcy’s law). When soil groundwater level decreases (as a result of drainage) at
constant piezometric level of confined aquifer water the pressure raises and the dis-
charge of water from confined aquifer increases. The results of our measurements
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E — territories where waterlogged forests share varies between 31 and 95%
—=—  _directions of confined aquifer water flow

Fig. 1. Waterlogged forest distribution in relation to confined aquifer water feeding and discharge
regions; ryp =—0.24, r o5 = 0.11, P — precipitation, W — contribution of waterlogged forests

show that in Jaunkalsnava, in drained forests on deep peat soils of the area of Ve-
setnieki Station of Permanent Ecological Research the decline of forest soil
groundwater level by 25 cm increased confined aquifer water inflow by 0.1 mm per
day or by 35 mm annually. This example illustrates both the fact that forest drain-
age, promoting discharge of confined aquifer water in drained forest lands, sup-
plements river and spring flows mainly in dry summers, and the fact that there is
a higher delivery of nutrients to soils of drained forests. High productivity of these
forests does not decrease but continuously increases also in prolonged periods of
time (ZALITIS and INDRIKSONS, 2003). It is a unique situation which is not found
either in Finland or in other Scandinavian countries with a different water balance
in waterlogged forests and a completely different ecologic role of these waters.

When planning hydro-melioration and other measures of water management,
straightening and deepening of natural streams and rivers should specifically be
avoided. Natural water flows often drain Upper Devonian horizons that are filled
with confined aquifer water. As the result of river deepening the protective layer of
water in the bottom of the bed is destroyed, pressure of confined aquifer water de-
creases in large areas, streams dry up, productivity of peat soils can also deteriorate
and the usual water management can change irreversibly.

Upon comparison of the average discharge intensities (R) in Western and
Eastern regions of Latvia (Tab. 1), two regularities were outlined.
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Table 1. The intensity of water discharge from confined aquifer (R) in different types of drained for-
est sites on deep peat soils (n — number of sites)

. Western Latvia Eastern Latvia
Forest site type
n | R n R
Callunosa turf-mel., Kv 19 0.43 24 0.32
Vacciniosa turf. mel., Km 10 0.68 21 0.44
Mpyrtillosa turf. mel., Ks 9 1.41 25 0.62
Oxalidosa turf. mel., Kp 13 1.58 32 1.05

First — in the most productive type of forest sites (Kp) confined aquifer water
is discharged with approximately three times higher intensity than in the poor for-
est site type (Kv). Second — within a given forest type the discharge is significantly
larger in the western than in the eastern zone. This is most probably associated with
the structure of quaternary sediments: waterlogged forests in the western zone
grow mainly on sandy soils which were outwashed many times in the glacial age.
Such sands are widespread in coastal lowland, in the Venta River — Usma Lake
system and in Riga sandy plain. The substratum rich in nutrients in Eastern Latvia
undeniably increases the role of confined aquifer water in nutrient supply to forest
stands.

Hence, there is one, so far less studied common denominator of the surprising
facts described above — the hydro-geological situation. The water that flows in
ditches of drained forests on deep peat soils is not only precipitation throughfall but
also aquifer water confined under Quaternary sediments of the Upper Devonian
dolomite. This water is rich in mineral nutrients, especially in calcium and magne-
sium which exert positive influence on many agrochemical indicators of peat soils.
Hence, we may expect that in forests on deep peat soils tree roots do not need to
search for nutrients in the bottom of peat layer — the confined aquifer water push
these substances to the roots through a thick layer of peat.

Mineral nutrients form one of the five irreplaceable elements which regulate
persistence and productivity of forest ecosystems. Productivity of waterlogged for-
ests depends to a great extent on the “import” of mineral nutrients because tree
roots do not reach deeper than 40 cm in the upper peat layer but the thickness of
peat layer quite often reaches five meters. Mineral nutrients delivered in dry and
wet atmospheric precipitation penetrate peat soil in minute amounts and in the
raised bogs the amount of nutrients declines exponentially with the distance from
mineral bottom. Fifty cm away from the mineral bottom there are enough nutrients
in peat to grow pine stands of the I-II site index, but 200 cm away the potential
possibilities allow for growing only pine stands of the IV-V site index. This is
valid irrespective of how intensely the area is dried. Based on data collected in 182
taxation plots in forests with peat soils, the relationships between pine and spruce
stand productivity and the thickness of peat layer were analysed. Within the selec-
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tion the thickness of peat layer varied from 0.3 to 4.2 m, and site indexes which
characterize forest stand — from I* (in calculations equalled to zero site index) to
II1.5. Sample plots in the raised bogs were not included in selection.

In pine forests the relationship is expressed by a regression equation:

B=2.63-022K )

where
B — current site index of the forest stand;
K — thickness of peat layer, m.

In spruce forests this relationship is expressed as:
B=10.68 —0.08K 3)

Although the equations seem to indicate that the thicker is peat layer the
higher is forest productivity, the relationship is statistically insignificant — rge =
—0.06, ry0s = 0.21. But the results of analyses still verify a unique regularity which
is unusual elsewhere — forest productivity does not depend on the thickness of peat.

Thus, the sites paludify more rapidly and the peat layer becomes thicker in
places of more intense water discharge from confined aquifers that are rich in min-
eral substances. This provides mineral substances necessary for growing of trees
independent of the thickness of peat layer.

Physically, the intensity of water discharge from confined aquifer is directly
proportional to the difference (Ah = h — H) between the piezometric level of con-
fined aquifer water / and the level of soil groundwater H and to the coefficient of
water conductivity, and inversely proportional to the length of the filtration path /
(ZALITIS, 1983). After combining all 293 measurements in a forest with deep peat
layer with Ak fluctuating between —169 cm and +284 cm, a significant relationship
was found between A/ and ionic concentration (Figs 2, 3). The coefficient of corre-
lation between Ak (cm) and Ca®" concentration (mg-dm™) was » = +0.66; that be-
tween Ak (cm) and Mg®* concentration (mg-dm ) — r=+0.52, at res = 0.11.

The relationship between A/ and ion concentration is described by regression
equations:

Ca’*=0.1121 Ah +21.9 4)
Mg®*=0.0343 Ak +7.5 (5)

From 242 measurements of Ca*" and Mg®" concentrations in soil groundwater
of the forests on drained (hydro-morph) mineral soils (the thickness of peat layer
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does not exceed 20 cm), the following mean (+SD) data were obtained: Ca®" — 26.8
(+2.1) mg-dm™ and Mg>" — 9.8 (+0.6) mg-dm . After inserting these numbers into
the above described regression equations we obtain the following Ak values: Ak =
44 cm for calcium concentration and Az = 67 cm for magnesium concentration.
From these results we can conclude that in forests with thick peat layer the differ-
ence of Ak = 0.5 m between water level of confined aquifer and soil groundwater
level can ensure the same concentration of calcium and magnesium ions in soil
groundwater as that found in hydro-morph mineral soils. If Az > 0.5 m, then peat
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soils are better supplied with calcium and magnesium than in hydro-morph mineral
soils where Ah has negative sign and forest gains the nutrients directly from min-
eral soil horizons.

This also explains the fact that in drained peat soils with a relatively thin peat
layer (0.5-1.0 m) surrounded by dry lands, where nutrients flow from the nearby
mineral soils, productivity of forests is often lower than the productivity of forests
located far away from dry slopes in places with thick peat layer (2—5 m). In the lat-
ter the flow of mineral substances is ensured by an increased discharge of confined
aquifer waters.

The first large scale draining works were commenced in Riga City forests
when the head of forestry in the years 1847-1882 was Heinrich Frice. He was sur-
prised by intense paludification processes which resulted, as he remarked, in the
fact that during one generation highly productive forests had become bog wood-
lands. Therefore, H. Frice on his own accord organized ditch digging in forests and
already in 1851 an 11 km long channel was dug in the former Cena district till
Lake Babite.

Eugen Ostwald is considered the first organizer of scientifically based forest
melioration who after the death of H. Frice was the manager of Riga forests from
1883 till 1906 and from 1878 till 1900 was a docent of forest sciences in the Riga
Polytechnical Institute. A special forest melioration fund was organized upon his
proposal where a part of forest income was deposited. E. Ostwald was the first au-
thor in the world of a study on the influence of draining on tree growing (OST-
WALD, 1878). He also believed that draining deep raised bogs was not rational and
recommended only their limitation by ditches in order to stop bog expansion.

Planned forest draining expanded since 1929. It was promoted by the very wet
summer of 1928. All the lower places were flooded that year, forests started paludi-
fication, trees were withering and forest pests widespread.

In the next decade, approximately 15 thous. ha of forests were drained. The
Forest Melioration Station of the Forest Department every year studied and de-
signed draining systems for 30—40 thous. ha. Many of the forests that were drained
in those years were useful as a basis for general study on the effect of draining on
forestry management in the 1950’s and 1960’s.

During these works a high economic usefulness of forest draining under cli-
matic conditions of Latvia were convincingly proven. In all objects the highest fo-
rest productivity was found near ditches, therefore the authors formulated a well
reasoned conclusion that over-draining of forests in Latvia was not possible.

The effect of hydro-technical drainage on forest management is very convinc-
ing — immediately after digging the ditches the width of tree growth rings increased
by many times, even by ten times. The reasons for such improvement remained
unknown for many years. It was speculated that the growing season of trees pro-
longed after lowering of groundwater level in drained forest: in spring trees started
to grow earlier and in autumn they were growing longer than in the waterlogged
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forests. Following the development of current increments in growing season indi-
cates that the height increment of coniferous trees and the stem diameter increment
commenced simultaneously in drained forests and in forests that were not drained.
A slightly (approximately one week) longer growth in autumn in the drained for-
ests turned out to have insignificant influence on the annual tree increments. After
drainage the growth rate increased rapidly which resulted also in the additional in-
crement.

In the pre-war years (1938) an average standing crop in Latvian forests (=2
million ha) was low — about 100 m® ha™'. Upon commencement of intense draining
works the total productivity of forests (not only the drained forests) rapidly in-
creased and till 1995 it doubled (Fig. 4).
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Fig. 4. The drainage of waterlogged forests and forest productivity

Hydro-technical melioration (improvement) of forests also known as “forest
drainage” is usually characterized as the lowering of groundwater level. However,
results of many studies show that the economic effect of forest melioration reaches
much farther from the ditch than mere drainage.

A general perception of the groundwater regime and resulting wood produc-
tivity is created when comparing the average groundwater depths calculated in dif-
ferent places in drained forests during vegetation period. Groundwater level in pine
forests of the I-II site index is 45-80 cm, of the III site index — 25-80 cm, of the
IV-V site index — 25-100 cm. These data illustrate the situation when increased
productivity cannot be obtained by simple decrease of soil groundwater level.

Fluctuations of average level of groundwater in the inter-ditch area (the dis-
tance between ditches is 270 m) in Vacciniosa turf. mel. forest site are character-
ized by two peaks and two declines (Fig. 5). 15 m away from the ditch there is
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Fig. 5. Groundwater level fluctuation curves in a pine stand (Vacciniosa turf. mel. forest site type);
distance from the ditch: 1 —135m;2-75m;3—-15m

a pine forest of the II site index; 75 m farther — the III site index, but 135 m farther
— a pine forest of the V site index. Groundwater level is most shallow in the end of
April and in the beginning of May and gradually lowers till September. In October
and November the level slightly rises which is followed by the second lowering
stage and in the beginning of March, before snow melting, the water level is situ-
ated deepest.

Mean annual water level is: 15 m from the ditch — 53 cm, 75 m — 34 cm and
135 m — 31 cm. Thus, along a 60 m section the water level lowers only by 3 cm but
forest productivity increases by two site index classes.

Water discharge in the ditches changes similarly to fluctuations of groundwa-
ter level. In spring (April, May) 22 — 45% of the annual discharge flows through
the ditches. The spring maximum discharge is of high importance, summer is the
period of minimum discharge intensity. These indicators characterize the influence
of hydro-technical drainage on the water regime of natural outflows.

Results of our studies show that discharge from forests with hydro-morph
mineral soils is more intense than from forests with peat soils (Figs. 6, 7). Irrespec-
tive of soil structure the maximum discharge from drained forests is lower than the
discharge from natural outflows. Noteworthy, maximum discharge through ditches
occurs some weeks later than that measured in natural outflows. In forests with
peat soils the discharge flows uninterruptedly all year round while in forests with
hydro-morph mineral soils the discharge temporarily interrupts in dry summers.

Annual nutrient balance in study area showed that the input of N-NH,,
N-NO;, P-PO, and K" to forest ecosystem in precipitation exceeds the outflow of
the same elements by ditch runoff (Tab. 2). The outflow of Ca*" and Mg in ditch
runoff is several times higher than the input of respective elements with precipita-
tion. During the last decade most of forest ecosystems have been recognized as
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nitrogen sinks accumulating the elevated atmospheric deposits in soil or biomass
(Atmosferic..., 1992; DISE and WRIGHT, 1995; GUNDERSEN, 1995;). In other stud-
ies nitrogen inflow by precipitation to the forest ecosystem varied between 1.0 and
72.0 kg-ha "-year ' and outflow — between 1.3 and 39.0 kg-ha '-year ' (DAMBRINE
and RANGER, 2000; MATZNER, 1988; MELILLO, 1981; MOHR, 1994; NOMMIK,
1983; ROTHE, 1997). However, some authors (EICHHORN et al., 2001) forecast that
nitrogen in forests can reach the limit in the future when an intensive leaching from
soil will takes place. The loss of nitrogen and other elements (except phosphorus)
from forested catchment was noted by STEVENS et al. (1989). The critical load of
nitrogen to coniferous forests was estimated at 10-20 kg-ha '-year ' (BOBBINK and
ROELOFS, 1995), which already can cause the increased outflow of nitrates.

The input of mineral nitrogen (N-NH4 and N-NOs) in throughfall to forest
stands at Vesetnieki amounts on average 14.3 kg-ha '-year ', whereas the average
outflow rates in the post-drainage period are 5.45 and 3.71 kg-ha "-year ' for the
drained peat soils and drained hydromorphic mineral soils, respectively. The pre-
sent ecosystem nitrogen status at Vesetnieki can be characterized as nitrogen un-
saturated for catchments with drained hydromorphic mineral soils, and saturated to
a low extent for catchments with drained peat soils. This could be explained by the
enhanced foliar uptake of nitrogen or its retention in the interception water found at
Vesetnieki and in other studies (BRUMME et al., 1992; LINDBERG et al., 1986;
MARQUES and RANGER, 1997). In the case of N-NOs, this retention makes the bal-
ance of this ion negative: the outflow via ditch runoff exceeds the inflow by pre-
cipitation by about 0.17 kg-ha '-year '. However, the estimation of complete inflow
rates of the elements in forest is very difficult because of the variability of deposi-
tion paths (IBROM, 1993; LINDBERG et al., 1986; LOVETT, 1994). The same con-
cerns also the paths of element output.

Most likely the negative balance of Ca*" and Mg”" ions is due to the soil gro-
undwater and ditch runoff, supplemented by the confined aquifer water from the
upper Devonian dolomite layers (ZALITIS and INDRIKSONS, 2003). The outflow of
Ca®", Mg”" and N-NO; is significantly higher from forests on a deep peat layer than
from those on hydromorphic mineral soils (Tab. 2).

On an annual basis, the input of N-NH,, N-NO; and P-PO, by precipitation is
higher in an open place, while the input of K*, Ca** and Mg*" is higher under forest
canopy (Tab. 2). The forest canopies absorb ammonium ions more intensively than
nitrates (LOVETT, 1992; PIIRAINEN et al., 1998; POTTER et al., 1991; STACHURSKI
and ZIMKA, 2000), which is shown also in our study. CARLETON and KAVANAGH
(1990) observed that the nitrogen foliar uptake increases with the stand age. The
throughfall enrichment of potassium, calcium and magnesium was also found in
other studies (BREDEMEIER, 1988; RASPE, 1997; ULRICH, 1983).

The balance of nutrients over a year or a longer period is smoothed, i.e. the in-
flow does not exceed the outflow. Such an inflow/outflow ratio is a significant pre-
condition for ecosystem protection.
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The results of nutrient balance are given in Table 2.

Table 2. Nutrient balance in water confluence basins in Vesetnieki Station of Permanent Ecological
Research (kg-ha'-year™)

Time period between 1997 and 2001, Post-drainage period (between 1968
annual mean and 2001, annual mean)
inflow by outflow by outflow by
precipitation ditch runoff inflow b ditch runoff
W
Element . _ . drained pre cipita}-/ drained
in an N via . dramfd hydrol; tion in an drained hydro};
open roug pea morp openarea | peatsoils | OP
place fall soils mineral mineral
soils soils
N-NH,4 14.80 13.90 4.88 3.50 15.20 5.60 3.80
N-NO; 0.90 0.40 0.57 0.21 0.92 0.67 0.26
P-PO, 1.39 0.80 0.15 0.13 1.44 0.18 0.14
K 11.90 16.20 4.26 2.71 12.20 4.77 3.55
Ca* 37.80 39.60 170.90 104.60 38.80 193.90 119.30
Mg* 15.40 16.20 55.00 29.70 15.80 61.90 35.00
CONCLUSIONS

The difference between precipitation and evaporation is not the main precon-
dition of paludification of territories in Latvia. The distribution of waterlogged for-
ests is connected with the confined aquifer water discharge areas. 86% of forests on
peat soils and 60% of forests on hydro-morph mineral soils are located in places
where the piezometric level of confined aquifer water reaches and exceeds the soil
surface.

The forest hydro-technical drainage enhances the piezometric level of con-
fined aquifer water which means water delivery to rivers in dry summers and the
enrichment of mineral nutrients in soil and soil groundwater so ensuring continu-
ous increase of forest productivity.

Productivity of forest does not depend on the thickness of peat layer or on
simple decrease of the soil groundwater level but on the difference between the wa-
ter level in confined aquifer and soil groundwater level (Ak). At Ak value higher
than 0.5 m, peat soils are better supplied with calcium and magnesium than the hy-
dro-morph mineral soils.

The input of N-NH,4, N-NOs, P-PO, and K" to the forest ecosystem with pre-
cipitation exceeds the outflow of the same elements in ditch runoff. This suggests
that these elements are accumulated in the forest ecosystem. In contrast, the out-
flow of Ca>" and Mg”" in ditch runoff is several times higher than the inflow of the
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respective elements with precipitation, which is caused by the confined aquifer wa-
ter discharge in this area.

N-NH,4, N-NO; and P-PO, are retained by forest canopy and K', Ca®" and
Mg®" are enriched in throughfall which is connected with the nutrient foliar uptake
and leaching, respectively. In case of N-NOs, the retention causes changes in the
inflow-outflow ratio.

The maximum water discharge in ditches from drained forests is lower than
discharge from natural outflows and occurs some weeks later. In forests with peat
soils water is discharged through ditches all year round while in forests with hydro-
morph mineral soils the discharge interrupts in dry summers.

Our long-term measurements undeniably evidence the fact that hydro-
technical drainage of forests does not deteriorate water regime of the natural out-
flows.
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STRESZCZENIE
Hydrologiczne wlasciwosci podmoklych i drenowanych lasow Lotwy

Stowa kluczowe: odplyw wody, paludyfikacja lasu, pierwiastki biogenne, podmokie
lasy

Niemal polowa (47%) obszarow lesnych Lotwy (3611 tys. ha) jest zdegrado-
wana badz czgsciowo zmieniona przez hydrotechniczne odwadnianie. Degradacje
powoduje stabe napowietrzenie zalanych woda gleb. Rozmieszczenie podmoktych
lasow Lotwy nie jest ani rownomierne, ani losowe. Poréwnanie wystgpowania
podmoktych lasow z wielkoscia opadow atmosferycznych wskazuje, ze lasy te sa
zlokalizowane gltéwnie na obszarach o najmniejszej ilosci opadéw. To hydrolo-
giczne zjawisko jest zwiazane z odptywem wody kanalami odwadniajacymi. Na-
wet podczas suchego lata w latach 1963, 1964, 1975, 1976 1 2002 w lasach z gruba
warstwa torfowych gleb woda ptynela ciagle kanatami o gigbokosci 1 m, a odptyw
przekraczal wielko§¢ opadow. Na podstawie danych ze 182 poletek w drenowa-
nych lasach o miazszos$ci torfu 4,2 m ustalono, ze lasy iglaste sa najbardziej pro-
duktywne na obszarach o najwigkszej ggstosci warstwy torfowej. Jednym z mozli-
wych wyjasnien tego zjawiska jest fakt, ze najintensywniejsza paludyfikacja
1 tworzenie warstw torfu o najwigkszej gestosci wystegpuje na obszarach o inten-
sywnym odptywie wody z warstw wodonosnych o napigtym zwierciadle wody.
Ten odplyw zapewnia glebie lesnej niezbgdne substancje mineralne niezaleznie od
miazszosci torfu. Produktywnos$¢ lasu moze wzrosna¢ kilkakrotnie dzigki wzmozo-
nemu przeptywowi wody w glebie i aeracji zwigkszonej przez hydrotechniczne
odwadnianie. Rezim przeptywu wody w rzekach powiazanych z drenowanym ob-
szarem takze ulega znaczacym zmianom, tagodzac skutki skrajnie wysokich lub
niskich stanéw wody.
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