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ABSTRACT

Kuusemets, V. 1999. Nitrogen and phosphorus transformation in riparian
buffer zones ofagricultural landscapes in Estonia. Dissertationes Geographicae
Universitatis Tartuensis No 8, Tartu University Press. Tartu.

The aim of the thesis was to investigate purification efficiency of different type
of riparian buffer zones in Estonia consisting of native riparian communities.
Buffer zones are multifunctional elements of landscape that improve water
quality, protect air and soil, and increase biological and landscape diversity.
The shallow groundwater quality changes and plant uptake of nutrients were
emphasised.

A study of purification efficiency and nutrient uptake in plants was made in
two riparian buffer zones with a complex of wet meadow and grey alder (Alnus
incana) stand. In the less polluted Porij6gi test site, the 31 m wide buffer zone
removed 50% of total nitrogen (total-N) and 78% of total phosphorus (total-P),
while the heavily polluted a 51 m wide buffer zone in Viiratsi retained 87% of
total-N and 84% of total-P. Load and purification efficiency displayed a
significant relationship. The total-N removal in buffer strips was negative when
the input load was less than 0,3 mg 'land the purification efficiency was
positive when the input load exceeded 5 mg 'l The purification efficiency of
total-P was positive when the input load exceeded 0.15 mg I'L Grass vegetation
plays an important role in nutrient retention in riparian buffer zones. Biomass
production of the plant community dominated by Filipendula ulmaria in the
Porijogi transect was up to 3601 g m-2, the nitrogen assimilation was
85.8 g m"2 the phosphorus assimilation 6.36 g irf2 This is much higher than
the production and N and P uptake of the grey alder (Alnus incana) community,
being 1730, 20.5 and 1.5 g irf2 respectively.

The outflow of total-N was 4.9 and outflow of total-P was 4.8 times lower in
well-buffered watershed in comparison to similar watershed with less buffering
ability.

An original method for dimensioning riparian buffer zones and buffer strips
has been worked out. This is based on topography, soil, hydrological and vege-
tation parameters.

Regular management of buffer zones (harvesting trees and hay) can degrease
the load in riparian buffers and thus, help to increase their efficiency.

Buffer zones and buffer strips along ditches, channels and riverbanks are
most attractive poly-functional mitigation elements for watershed management.
Therefore designing of buffer zones should be one important part for landscape
planning.
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1. INTRODUCTION

Rivers and streams of different order together with their riparian zones are
essential multifunctional elements of the world-wide ecological network
(Bischoff and Jongman, 1993; EECONET Declaration, 1993: Baldock et al.,
1994). Buffer zones and buffer strips have found to be important tools for
achievement of ecological requirements. As land-water ecotones, riparian areas
can effectively control nutrient fluxes from adjacent agriculturally used areas
that has been widely described in many regions (Peterjohn and Correll, 1984;
Lowrance et al., 1984; Pinay and Decamps, 1988; Cooper, 1990; Risser, 1990;
Uusi-Kamppa and Ylaranta, 1992; Haycock and Pinay, 1993; Vought et al.,,
1994). Importance of buffer zones has been demonstrated in areas with high
pollution loads, such as feedlots (Doyle et al., 1977; Young et al., 1980;
Dillaha et al., 1989) or manure accumulating sites (Mander, 1985).

In some countries the complex structure of buffer zones is officially
recommended or legislatively stated. In the USA the recommended complex
buffer zone consists of three parts which are perpendicular to the stream bank
or lake shore (sequentially from agricultural field to the water body): a grass
strip, a young (managed) forest strip and an old (unmanaged) forest strip
(Lowrance, 1991). In Estonia, stream and ditch banks covered with grey alder
(Alnus incana (L.) Moench.) and willow species (Salix spp.) have been typical
for rural landscapes and ecological network during the last century. However,
with the beginning of intensive amelioration and land reclamation in 1960’s,
the traditional mosaic of rural landscapes has changed significantly. Many
grasslands, small wetlands, woodlots, trees rows, stone fences and other
ecologically important landscape elements were liquidated in order to enlarge
and homogenise agricultural fields. Channels and ditches were usually
constructed without forest/bush vegetation. Despite the dominating mentality of
Soviet “agroindustrial” development, which did not pay attention to ecological
objectives, the first experimental reaches of ditches with forest buffers were re-
established in the 1970s to demonstrate the economical benefit of such ecologi-
cal engineering measures (Mander, 1985). The legislative protection of riparian
biotopes began also in the 1970s. Based on Estonian landscape planning,
riparian buffer zones and buffer strips are often termed “water protection
zones” and “water protection strips”, respectively (Mander, 1989). In 1996 the
Ministry of Environment constituted the regulation Guidelines of Landscape
Ecological and Water Protection Measures for Building and Maintaining of
Land Reclamation Systems. The regulation determines principles for designing
and establishment of buffer zones and buffer strips based on the principles
worked out during present study. Principle of buffer zones and buffer strips is



applied also in the Law on Protection of Marine and Freshwater Coasts, Shores
and Banks, 1994.

In the early 1970s there were only few papers that reported efficiency of
buffer zones then there are now over 400 such papers per year. Despite of
increasing rate of publication, our knowledge concerning the water purification
processes in buffer zones is far from adequate (Correll, 1997). Because reten-
tion and efficiency rates vary greatly under different climatic and physico-
geographical conditions, few proposals have been presented with design criteria
for buffer zones and their establishment and management (Dillaha and Inamdar,
1997; Mander et al., 1997b). The optimal vegetation and the most effective
buffer width is still unclear (Correll, 1997).

Main objectives of this paper are:

1) to investigate purification efficiency of different type of riparian buffer
zones in Estonia consisting of native riparian communities;

2) to clarify the influence of complex riparian buffer zones on nitrogen and
phosphorus removal;

3) to verify the methods for dimensioning of riparian buffer zones.
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2. BUFFER ZONES:
MAIN FUNCTIONS AND PROCESSES

2.1. Main functions of riparian buffers

Riparian biotopes have the following essential functions: (1) filtering of pol-
luted overland and subsurface flow from intensively managed adjacent
agricultural fields, (2) protecting banks of water bodies against erosion,
(3) filtering polluted air, especially from local sources (e.g., large farm
complexes, agrochemically treated fields), (4) avoiding intensive growth of
aquatic macrophytes by canopy shading, (5) improving the microclimate in
adjacent fields, (6) creating new habitats in land/inland water ecotones, and
(7) creating more connectivity in landscapes due to migration corridors and
stepping stones (Mander, et al., 1997b).

2.2. Hydrological and soil conditions of buffers

The key problem of nutrient removal in riparian buffers is the intensity of
biological and physico-chemical processes that depend highly on the hydrologi-
cal and soil conditions of the buffer zone. The major factors of hydrological
conditions are volume and pathway of the water that is moving through the
buffer (Correll, 1997). Main components of the water pathways are: overland
flow; shallow ground water; deep ground water and stream water (Hill, 1990;
Burt, 1997). All these pathways are mixing in riparian buffer zone area
constituting hyporheic zone that plays important role of the purification
processes in buffers (Stanford and Ward, 1988; Triska et al., 1989; Hendricks
and White, 1991). Domination of different components of pathways will deter-
mine different purification processes dominating in buffer. The pathways and
the volume of the water movement are at the same time dependent upon the
morphology and soil conditions of the valley where the stream is situating. Soil
mineralogy is a very important determinant of the chemical composition of
external inputs, whereas soil texture to a large extent determines the relative
proportions of surface water and groundwater inputs (Correll, 1997)



2.3. Main removal processes taking place in buffer zones
2.3.1. Nitrogen removal

Main nitrogen removal processes are (Kadlec and Knight, 1996): (1) uptake
and storage in vegetation; (2) microbial immobilisation and storage in the soil
as organic nitrogen; (3) microbial conversion to gaseous form of nitrogen (de-
nitrification); (4) ammonia volatilisation.

Storage in vegetation depends mostly on the age of the riparian community
and is low where the net production is also low. Thus, young successional
stages of forests and meadows show higher removal rates. Nitrogen storage in
the soil has not been quantified in any riparian ecosystem study (Weller et al.,
1994). The soil nitrogen pool in riparian zones is large and spatially variable so
small errors in bulk density or soil nitrogen analysis lead to large uncertainties
in total soil nitrogen.

In riparian wetland ecosystems (both in forests and meadows) denitrification
is believed to be the most significant factor for nitrogen removal (Lowrance,
1992; Pinay et al., 1992; Briisch and Nilsson, 1993; Haycock and Pinay, 1993;
Pinay et al., 1993). However, direct evidence is limited by the lack of accurate
field methods for measuring denitrification and by the enormous spatial and
temporal variability of denitrification (Tiedje et al., 1989; Weller et al., 1994).
Table 1 shows the variability of the intensity of the most important processes
relevant to nitrogen removal in riparian ecosystems, including those that control
the transformation and fluxes of nitrogen within ecosystems (e.g., miner-
alisation, nitrification, nitrogen fixation, and dissimilative reduction of ni-
trate to ammonium). Table 1 shows that denitrification varies greatly
(<1-1600 kg ha-1 yr_ 1) but vegetation uptake, especially in riparian meadows,
also display considerable variation (<10-350 kg ha-1 yr_1). Thus, different
processes can play a leading role in nitrogen removal.

2.3.2. Phosphorus removal

Main processes that remove phosphorus in buffer zones are (Kadlec and
Knight, 1996): (1) sedimentation of particulate phosphorus and chemical
precipitation; (2) soil sorption; (3) removal of dissolved inorganic phosphorus
by plant uptake; (4) microbial immobilization and storage in the soil as organic
phosphorus. Additionally phosphorus can be released by phosphine volatilisa-
tion (Devai et al., 1988; Kadlec and Knight, 1996), however this process is not
sufficiently measured and described.
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Table 1. Intensity of processes relevant to nitrogen removal in riparian buffer ecosys-
tems
Intensity rate
Process (kg N ha“1yr-1) Ecosystem Source
N mineralisation 24-400 Temperate hardwoods in Melillo, J981 (cit. after Bow-
riparian zone den, 1986a)
13.7-456 Pine-oak forest, swamp Zak and Grigal, 1991
forest
246-113 Riparian fen and bog Verhoeven et al., 1990
21.1-219 Old-field site (potential Robertson et al., 1988
buffer zone)
Nitrification 38- 80 Oak-beech forest Tietema et al., 1987
3x1-100 Freshwater wetlands Bowden, 1987
'13-29 Pine-oak forest, swamp for- Zak and Grigal, 199)
est
*0.73—183 Old-field site (potential buffer Robertson et al., 1988
zone)
31580-1930 Tidal freshwater marsh Bowden, 1986b
Denitrification 0.16-475 Riparian deciduous forests Weller et al., 1994; Fustec et al.,
Riparian meadows 1991
20-1600 Grassland buffer strip Briisch and Nilsson, 1993
4114-2880 Riparian forests Groffmann et al., 1991
'<0.04-2895 Ambus and Christiansen, 1991
Riparian meadow Cooper, 1990
*2.6-2960 Riparian successional forest Klingensmith and Van Cleve,
31400-23650 1993
Vegetation up- 30-220 Riparian flooded meadows Leonardson et al., 1994
take 34-90 Experimental grass and Uusi-Kéamppé and Ylaranta,
forest buffer strips 1996
3<10-350 Freshwater wetlands Bowden, 1987
315-30 Riparian meadow Prach and Rauch, 1992
N fixation 5-10 Temperate hardwoods Melillo, 1981 (cit. after
Bowden, 1986a)
30-164 Riparian alder stands Klingensmith and Van Cleve,
1993
Dissimilative re- /0.02-1.2 Riparian fen Ambus et al., 1992
duction of ni- b Tidal freshwater marsh Bowden, 1986b and 1987
trate to ammo
mum
Ammonia vola- 30-56 Riparian forests Kim, 1973 (cit. after Bowden,
tilisation 1986a)
3.5-16.5 Riparian meadow Woodmansee, 1978 (cit. after
Bowden, 1986a)
95-114 Riparian grazed sheep Denmead et al., 1976 (cit. after

'inmg N nlF2cT1
2infagN cm-2d"!
3ng N m-2yr-1

4ing N ha 1d 1
’inmg Nnlr21ri
Vg Nm-"h'1l

pasture

Bowden, 1986a)

The microbial pool is usually small and quickly becomes saturated. Therefore,
the microbial uptake is often considered a part of the soil adsorption
(Richardson, 1985). In absolute terms, both the soil adsorption and the
vegetation uptake are on a comparable level, varying from 0.1 to 236 and from
0.2 to 50 kg P ha"lyr1l (Table 2). An interesting mechanism to control
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phosphorus storage in the soil and sediments is the inactivation by nitrates.
Andersen (1982) demonstrated that oxidised nitrogen can buffer the redox
potential of the lake sediment up to 16 kg P ha-1yr'l The same mechanism can
possibly play an important role in buffer zones.

There are also studies that show that phosphorus, in contrast, can be
released from the wetland soils of riparian zones (Richardson and Marshall,
1986; Vanek, 1991). Table 2, presents the most important processes controlling
phosphorus retention in riparian buffers.

Table 2. Intensity of processes relevant to phosphorus removal in riparian buffer
ecosystems
Process Intensity rate  Ecosystem Source

(kg P ha-1yr-1)

Adsorption in 1.72-7.3 Floodplain wetland Yarbro, 1979 (cit. after Mitsch
soil and sedi- and Gosselink, 1993)
ments 15-38 Riparian fen Richardson and Marshall, 1986
36 Alluvial cypress swamp Mitsch et al., 1979
'236 Sawgrass tidal marsh Hsieh, 1988
‘w4 .1-28.6 Constructed riparian wetlands Mitsch et al., 1995
Sedimentation '5.9-130 Constructed riparian wetlands Fennessy et al., 1994
Incorporation of 0.05-2.4 Temperate wetlands Richardson, 1985
organic P into
peat
Vegetation 16.6-50.1 Riparian fen Richardson and Marshall, 1986
uptake 5-8 Experimental grass and forest Uusi-Kamppaé and Ylaranta,
buffer strips 1996
'2-4.5 Riparian meadow Prach and Rauch, 1992
'185 Sawgrass tidal marsh Hsieh, 1988
8.7 Alluvial cypress swamp Mitsch et al., 1979
22.6-16.6 Constructed riparian wetlands Mitsch, 1992
Microbial up- 2.3-14.4 Riparian fen Richardson and Marshall, 1986
take
P inactivation 50.14-16 Eutrophic lake sediments Andersen, 1982
byNO3
Release 0.13-0.30 Aspen-birch forest Timmons et al., 1977
0.46 Riparian forested bog Verry and Timmons, 1982
26-42 Riparian fen Richardson and Marshall, 1986
37.3-1044 Riparian forested wetland Clausen and Johnson, 1990

ing Prrf2yr-1

2in mg P m*2week-1

3in kg P ha** d-*

4retention mostly based on adsorption in sediments

*calculated after the depth and bulk density of sediments

2.4. Role of plants in buffer zones

The role of vegetation in buffer zones is still not clear (Correll, 1997). There
are two main vegetation types of buffer zones studied in different works: grass
zones and forested zones. Haycock and Pinay (1993) found that forested buffer
zones are more effective than grass buffer zones, while other works show good
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purification in grass buffer zones (Peterjohn and Correll, 1984; Groffman et al.,
1991; Correll, 1997). Grass strips are considered sediment traps by which a
large portion of nutrients, especially P is deposited from surface flow
(Mitsch et al., 1979; Peterjohn and Correll, 1984; Yoyng et al., 1980; Cooper et
al., 1987; Magette et al., 1989). At the same time grass buffer strips can also
remove dissolved nutrients (Peterjohn and Correll, 1984; Uusi-Kamppda and
Ylaranta, 1992; Haycock and Burt, 1993; Vought et al., 1994) which shows that
grass strips are an important part of buffer zones. Although the assimilation of
nutrients by herbs in buffer zones has been described in only a few works,
results indicate a high nutrient assimilation ability. Van Oorschot (1994) meas-
ured above-ground N and P uptake in riparian communities up to 7.1 and
1.07 g m“2 respectively. Prach and Rauch (1992) estimate the N and P removal
hay from a floodplain to be 15-30 and 2-4.5 g m 2 respectively.

2.5. Purification of polluted overland and subsurface flow

Riparian buffers can effectively retain sediments from overland flow (Mitsch et
al., 1979; Cooper et al., 1987; Magette et al., 1989). The filtering process in
riparian buffer biotopes has an nonlinear (often exponential) character: on the
upper part of buffer strips (i.e. on the border between arable land and buffer
community) the amounts of adsorbed and transformed substancies are essen-
tially larger than those in the middle and lower parts of the buffer (Doyle et al.,
1977; Mander, 1985; Knauer and Mander, 1989; Vought, et al., 1994).

The role of buffers in the removal of soluble nutrients is more complicated
to assess. However, several case studies worldwide suggest that different ripar-
ian ecosystems can significantly decrease the nitrogen and phosphorus concen-
tration in both overland flow and groundwater (Peterjohn and Correll, 1984;
Pinay and Decamps, 1988; Knauer and Mander, 1988; Jordan et al., 1992;
Osborne etal., 1993; Vought et al., 1994).

The load-retention relationship in various ecosystems has been discussed in
several studies. Fleischer et al. (1991) stimulated an intensive discussion on the
role of wetlands controlling nutrient fluxes in landscapes. They proposed that
the water pollution problems caused by nitrogen loading from non-point
pollution sources can be solved by wetlands, because no limits had been found
on the retention capacity of nitrogen in wetland ecosystems. Mander et al.
(1997b) had similar efficiency of buffer ecosystems where buffer strips studies
and phosphorus retention was included. However, presentation in the same plot
(load vs. retention) of various ecosystems with very different nutrient concen-
tration dynamics only shows the main trends and does not give information
about retention dynamics in individual wetlands. Arheimer and Wittgren (1994)
showed a significant difference between two individual wetlands with different
seasonal hydrological and hydrochemical dynamics. Therefore, they suggested
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that comparison of nutrient retention from different studies and extrapolation of
results from one region to another is consequently only possible if detailed
background data is available. A similar scheme of load-retention relationship
should work for buffer strips as well. Nevertheless, studies on individual ripar-
ian buffers show a very strong positive correlation between nitrogen load and
removal (Haycock and Pinay, 1993).
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3. STUDY AREA AND METHODS

3.1. Description of study area
3.1.1. Porijogi watershed

The study of nutrient cycling and its relation to the agriculture started in 1985
at Porijogi watershed area, South Estonia.

The central and northern parts of the catchment lie within the South-East
Estonian moraine plain 5-10 km southern from. The elevation of the moraine
plateau is from 30 to 60 m above m.s.l., relief is undulated (slopes achieve
normally 5-6%), and the landscape is dissected by primeval valleys (Varep,
1964). The southern part of the drainage basin lies on the northern slope of
Otepdd Heights that is formed from moraine hills and kames with extreme
variety of glacial deposits. The elevation of this region is up to 120 m, the
relative heights reach 30-35 meters. About 50% of the moraine plain (mostly
with podzoluvisols and planosols on loamy sand and fine sandy loam) was used
as arable land. In valleys and other low areas gleysols and peatlands, partly
used as perennial grasslands, dominate. In forested areas (nowadays, about
45% of the territory), coniferous and mixed forests are most common. In
riparian zones alder (Alnus ssp.) forests and willow (Salix ssp.) bushes occur.

3.1.2. Landscape transects

For studying nutrient cycling in agricultural landscapes and influence of buffer
zones to the water quality 6 transects in 1991 and one in 1994 were established.

The transects are situated on slopes adjacent to streams, following of surface
water flow and crossing agricultural fields and different riparian plant com-
munities. Six transects (Porij6gi, Sipeoja I, Sipeoja Il, Tatra, Vanda I, Vanda )
were studied in 1992-1993. The Porijégi and Viiratsi (established in 1994)
transects were main study areas in 1994 and 1995.

The Porijogi transect is located on the slope of a primeval valley where
agricultural activities stopped in 1992. The transect crosses following plant
communities: abandoned field (cultivated last time in 1992) on planosols and
podzoluvisols, abandoned cultivated grassland (mowed last time in 1993) on
colluvial podzoluvisol (dominated by Dactylis glomerata and Alopecurus
pratensis), an 11 m wide wet grassland on gleysol (two parallel communities,
one dominated by Filipendula ulmaria, another by Aegopodium podagraria), a
20 m wide grey alder stand (Alnus incana) on gleysol (Fig. 1A). The Viiratsi
transect is situated in the Sakala heights (Varep, 1964) consisting of moraine
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hills and undulated plains with a variety of glacial deposits. The transect is
located on the moraine plain in the vicinity of a pig farm (with about
30 000 pigs during the study). Almost all the slurry from the pig farm is spread
on the neighbouring fields and whole area is heavily impacted by pig slurry.
The transect crosses following plant communities: field on planosols and
podzoluvisols (slurry was spread in autumn 1994), an 11 m wide grassland
(Elytrigia repens-Urtica dioica) and young grey alder (Alnus incana) trees strip
on colluvial podzoluviol, 12 m wide wet grassland (Filipendula ulmaria) on
gleysol, 28 m wide grey alder (Alnus incana) forest on podzoluvic gleysol
(Fig. 1B).

Porijdgi transect

Viiratsi transect
B

altitude, m

distance, m

Figure 1. Study transects in complex riparian buffer zones in South Estonia.
A — Porijégi; B — Viiratsi. 3 — shallow groundwater sampling point;
P-1 — phytomass sampling plots.
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All other transects are situating on the moraine plain on the slope of valleys.
The Tatra crosses following plant communities: arable land, grassland (slope of
valley), cultivated grassland, sedge fen, spring fen, alder strip. The Sipeoja I
and Sipeoja Il transects cross arable land and alder forest. The Vanda | transect
crosses only arable land and Vanda Il arable land and grassland.

3.2. Materials and methods
3.2.1. Field experiments and laboratory analysis

Stream discharge was measured and water samples were taken for analysing in
laboratory once per month from 16 sampling points from Porijdgi River catch-
ment including 5 closing sampling points of subwatersheds since 1987. On
6 transects (Porijogi, Sipeoja I, Sipeoja Il, Tatra, V&nda I, Véanda Il) shallow
groundwater samples were collected once a month from piezometers installed
on the borders of plant communities during January 1992 to August 1993. On
Porijogi and Viiratsi transects shallow groundwater samples were collected in
every two weeks during June 1994 to December 1995. Shallow groundwater
discharge was estimated on the basis of both Darcy’s law and by gauging with
weirs installed in soil water seeping sites. The surface water from Porij6gi
River was analysed at the South-Estonian Laboratory of Environment Protec-
tion. In 1992-1993 the shallow groundwater was analysed in the laboratory of
the Institute of Environment Protection, 1992-1993 in laboratory of Estonian
Agricultural University. Filtered water samples were analysed for NH4-N, N 02
N, NOr N, total-N (in 1994-1995), POu4-P, total-P and organic matter concen-
trations (on the base of BODS5, only for surface water) following standard
methods for examination of water and wastewater quality (APHA, 1989).

3.2.2. Phytomass study

The phytomass {i.e., standing crop) samples were collected from all riparian
plant communities during the maximum flowering time of the dominant plant
species (2rdand 3rdweek in July; see Milner and Hughes, 1968). Sampling plots
(six in Porijégi and three in Viiratsi) were installed in typical areas of the
community. The above ground biomass was collected from three replicate
quadrates (IxlI m) in each community. Below ground root biomass was
collected from soil cores taken by auger (diameter 158 mm) from a depth of up
to 40-50 cm in three replicates from each location. Roots were washed of soil
and from dried roots and aboveground biomass dry weight was measured and N
and P content was analysed in the laboratory of Estonian Agricultural Uni-
versity. To estimate the aboveground biomass and productivity of grey alder
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forests, dimension-analysis techniques (Bormann and Gordon, 1984; Rytter,
1989; Huss-Danell and Ohlsson, 1992) were used. At both test sites (age 14 in
Porijogi transect and 40 years in Viiratsi transect) 17 and 5 model trees per
plot, respectively, were felled to collect data on the following tree components:
stem (wood and bark), secondary branch growth (wood and bark), primary
branch growth, leaves, generative organs (L6hmus et al., 1996). The relative
increments of the wood and barks of an overbark fraction were assumed to be
equal. Root systems for 6 and 3 out of the sampled 17 and 5 trees respectively
were excavated. The dried weight of all tree components was measured and N
and P content in dried biomass were analysed in laboratory of Estonian
Agricultural University.

3.2.3. Statistical analysis and calculations

Kruskal-Wallis test was perfomed due to inhomogeneity of variances to analyse
N and P concentration changes between measurement points and the test for
Binary Sequences for load versus purification efficiency analyses using
Statgraphics Plus 7.1. The regression analyse of relation between input load
and appearance of negative removal of nutrients was performed by Microsoft
Excel 97.

Removal efficiency E (%) of N and P in buffer communities was estimated as:
E = 100 % * (QinCin- QouCout)/ (QinCin) (1)

where Qinand Qat = inflow and outflow values (m3d-~*), respectively; Cinand
Cat = concentration values (mg ', respectively.

The percentage of buffered stream banks was calculated as follows:

B = Ib/XIt* 100% 2
Ib= length of all stream banks in the catchment (m), having buffer zone or strip
between field and stream.
LIt= total length of stream banks in the catchment (m).
The percentage of unbuffered stream banks was calculated as follows:

U=141, * 100% 3)

lu= length of all stream banks in the catchment (m), having agricultural fields
up to the bank of stream.
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The percentage of stream banks with natural communities was calculated as
follows:

N =\J Elt * 100% (4)

In = length of all stream banks in the catchment (m), bordering with natural
plant communities.



4. RESULTS

4.1. Shallow groundwater

The first study to determine the efficiency of buffer zones was carried out on
6 landscape transects in 1992-1993 (Mander et al., 1995). The study showed
that buffer zones have good purification efficiency of nitrogen and phosphorus
in comparison with non-buffered locations. For instance, the Vénda transect
was crossing fields on the both slopes of the ditch and had no buffering plant
communities. There were no remarkable changes in nutrient content between
transect sampling points. The average nutrient content on the boundary of ditch
canopy in both sides was 9.9 and 16.2 mgN I 1of total inorganic nitrogen (TIN)
and 0.11 and 0.09 mgP I" 1of total-P. At the same time in locations, where was
well developed buffer zone, the nutrient content decreased despite of high input
value. In Sipeoja transect the average input of TIN was 25.5 mgN I'land total-P
0.17 mgP I, output values were 0.9 and 0.09 mg I''1 respectively.

The detailed study of nutrient variation in buffer zones was done in Porijogi
and Viiratsi transects in 1994-1995 (Mander et al., 1997a; Kuusemets et al.,
1998; Kuusemets et al., 1999).

The shallow groundwater nitrogen load in two transects was different. The
total-N content in Viiratsi transect reached up to 138 mg 'lin the cultivated
field after slurry application. In Porijdgi transect the highest total-N load was
19.5 mg 'L The results show that there was a considerable decrease in nitrogen
content through the Viiratsi transect buffer zone (see Table 3). The average
total-N decreased during the study period (1994 to 1995) from 23 mg I"1lin the
field (transect point 1, Fig. IB) to 3.1 mg 'l at the end of the buffer zone
(transect point 5). However, this decrease was not significant (P>0.05). There
was considerable decrease in nitrogen through the first 2 m of the buffer zone
where the average total-N decreased from 23 to 14.3 mg 'l in the grass
community (transect point 2) and in the following 11 m wide wet grass
community to 5.6 mg 'l (in transect point 3). In the alder forest zone the
nitrogen content decreased to 3.1 mgN 'l This change from point 2 is highly
significant (P<0.01) compared to the values at points 4 and 5. The change was
highly significant also when comparing points 3 and 4, and 3 and 5.

The nitrogen load in the Porijdgi transect was lower than in the Viiratsi
transect (Table 4). The average total-N content for study period (1994 to 1995)
was 14 mg I'lin the abandoned field (sampling point 1, Fig. 1A) which
increased to 3.0 mg I"™in the cultivated grassland (sampling point 2). Two
meters from the edge of the abandoned cultivated grassland the total-N content
decreased to 1.9 mg 'L By the end of the buffer zone (sampling point 6) the
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average total-N content was 1.5 mg 'L The only significant decrease (P<0.05)
was between sampling points 3 to 6.

The phosphorus values were similar in both transects. The highest average
total-P content in Viiratsi transect was 0.43 mg ' Lin the field which decreased
(not significantly) to 0.17 mg I Lin first buffer zone sampling point (2, Fig. 1B).
In grassland-young alder forest strip the average phosphorus content decreased
highly significantly (P<0.001 in comparison to sampling points 1 and 2) down to
0.05 mg 'l There was a slight but statistically insignificant increase in the last
part of alder forest from 0.05 to 0.07 mg I"'1(sampling point 5).

In the Porijdgi transect the average P content was highest in the abandoned
arable land (0.49 mg I}, sampling point 1, Fig. 1A) which decreased to 0.27 mg
I"in the abandoned cultivated grassland. The phosphorus content decreased
significantly (P<0.01 in comparison with point 3 and P<0.05 in comparison
with point 2) to 0.06 mg f'at the beginning of buffer zone (sampling point 4)
increased insignificantly in the wet grassland to 0.09 mg I'land decreased to
0.06 mg r ’in the alder forest.

Table 3. Nutrient variation in shallow groundwater (average * standard error), soil and
the plant biomass in the complex buffer zone in Viiratsi. Sampling points are
given in brackets following Fig. IB

Field Grassland Wet Alder Stand  Alder

Meadow | Stand 1l
) @ - ©B)(v-2) (V-3 (5)
Total-N in shallow 23 14.3 56 31 31
groundwater (mg I" ) +7.7 +3.6 +0.4 +0.5 +0.7
N assimilation by plants
(@Nirf2 17.5 21.1 14.0
Topsoil (0-10 cm) N
content (mg g~ 2.16 6.76 9.87
Soil (10-20 cm) N
content (mg g"J) 1.66 5.37 5.61
Total-P in shallow 0.43 0.17 0.05 0.05 0.07
ground-water (mg ') +0.28 +0.04 +0.005 +0.004 +0.01
P assimilation by plants
(gPnT2 3.7 48 11
Topsoil (0-10 cm) P
content (mg g-1) 0.49 0.50 0.94
Soil (10-20 cm) P con-
tent (mg g~) 0.37 0.40 0.53
Plant biomass production
(jm'2 1320 1015 1060
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4.2. Nutrient uptake by plants and storage in the soil

The plant biomass production and nutrient uptake was studied in Porijdgi
transect (1992-1995), in Tatra transect (1992-1993) and in Viiratsi transect
(1994-1995). The highest biomass production and nutrient uptake values were
measured in 1992, during last intensive year of agricultural activities in Porijogi
and Tatra transects. In both transects the biomass production was highest in
buffer wet meadow: 3601 g m-2 in Porij6égi and 4524 g m-2 in Tatra. The
nitrogen assimilation was 85.8 and 54.3 g m-2, respectively and phosphorus
assimilation 6.36 and 5.3 g m-2, respectively.

Table 4. Nutrient variation in shallow groundwater (average + standard error, soil and
the plant biomass in the complex buffer zone in Porijégi. Sampling points are
given in rackets following Fig. 1A

Field Cultivated Cultivated Wet Wet Alder
grassland grassland meadow meadow  stand
| 1 I 1

(1HP-1) () (P-2) (3) (P-3) (4) (P-4) (5) (P-5) (6) (P-6)

Total-N in shallow 14 3.0 3.0 19 2.3 15
groundwater (mg ') +0.2 +0.8 14 +0.3 +0.4 +0.2
N assimilation by 11.4 13.2 13.6 21.3f 18.8ft 20.5
plants (g N m~2)

Topsoil (0-10 cm) 2.02 2.82 10.74
N content (mg g_I)

Soil (10-20 cm) N 1.56 2.36 9.54
content (mg g-1)

Total-P in shallow 0.49 0.29 0.27 0.06 0.09 0.06
groundwater (mg ') +0.3 +0.01 +0.15 +0.02 +0.03 +0.005
P assimilation by 2.7 21 2.6 3.0t 3.3tt 15
plants (g P m~2

Topsoil (0-10 cm) 0.45 0.63 1.02
P content (mg g_1)

Soil (10-20 cm) P 0.35 0.53 0.9
content (mg g“J)

Plant biomass pro- 1113 1152 1493 1748 1977 1730

duction (g m~2)

f Aegopodium podagraria, ft Filipendula ulmaria.

In 1994 and 1995 in Viiratsi and Porijdgi transects, the biomass production and
nutrient uptake was smaller. Plant nutrient uptake in the Viiratsi transect was
higher in the wet meadow Filipendula ulmaria association (sampling plot V-2,
Fig. 1B), where an average of 21.1 gN nrf2 yr-1 and 4.8 gP m “ yr 1 was
assimilated in grass (Table 3). This was higher than the nutrient uptake in the
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alder stand (14.0 and 1.1 g m-2 yr-1, respectively). In the Porijégi transect the
uptake of nutrients was also highest in the wet meadow where in the
Filipendula ulmaria association (sampling plot P-5, see Fig. 1A) assimilated
21.3 and 3.0 g nf2yr“lof N and P, respectively (Table 4). This was higher than
annual N and P uptake by the alder forest: 20.5 and 1.5 g m-2, respectively.
Nutrient uptake in 1994 reached 33.9 gN m~2in the Porij6gi transect (sampling
plot P-5) and 5.5 gP m-2yr-1 in the Viiratsi transect (sampling plot V-2).

The nutrient content in soil was highest in the grey alder (Alnus incana)
community, where the nitrogen content in the Porijégi topsoil layer (10.7 mg g“1,
sampling point 6, see Fig. 1) was comparable with that in Viiratsi (9.9 mg g~*).
The phosphorus contents were 1.0 and 5.6 mg g_1, respectively.

4.3. Stream water

The impact of buffer zones to water quality was analysed in Vanda, Sipe and
Porijdgi upper subcatchments of Porijdgi River catchment (Kuusemets and
Mander, 1999). The subcatchments of Vénda and Sipe have similar physico-
geographical conditions, situating in central part of Porijégi River catchment.
Currently, 68% of Vanda and 58% of Sipe subcatchments are used as agricul-
tural land (Table 5). The Porijégi upper subcatchment has only 6.4% agricul-
tural land, 79% of the catchment is covered by forest. This subcatchment can be
used as control area to describe natural outflow rate in the region. In Estonia,
the most intensive use of agricultural lands took place at the end of Soviet
period, from 1985 to 1990 (Mander and Palang, 1994). For instance, in 1987
the average fertilisation intensity was 150 kg N ha-1 and 60 kg P ha“l Since
1990 the use of fertilisers dropped and constituted in 1994 only 2.3% N and
0.8% P of the level in 1987.

Table 5. Riparian buffer zones, natural communities adjacent to streams, and outflow
of N and P (kg ha“lyr-1) from three subcatchments of the Porijdgi River

Subcatch- Total area Area of Percentage Percentage Percentage Outflow of Outflow of

ment (ha) agricul- of buff- of un- of stream  total-N total-P
(stream) tural land ered buffered banks with (kg ha-1 yr-1) (kg ha“lyr-1)

(ha) stream stream natural

banks (B) banks (U) communi-
ties (N)

Véanda 220 150 6 63 31 24.4 0.67
Sipe 900 518 32 51 17 5.0 0.14
Porijdgi 1230 79 6 1 93 2.7 0.09
upper

In the Porijogi catchment, the fertilisation intensity followed the tendency for
the whole Estonia. In our study, outflow values for N and P are calculated as
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average for 1987-1990 (Table 5). The results show very high outflow of
nitrogen (24.4 kg ha"1yr“) and phosphorus (0.67 kg ha”lyr-1) from the Véanda
subcatchment. It is 9.0 and 7.4 times higher than the outflow from the natural
Porij6égi upper subcatchment, respectively. At the same time, from Sipe
subcatchment with similar intensity of agricultural use, the outflow of nitrogen
and phosphorus were only 1.9 and 1.6 times higher than in the natural subcatch-
ment, correspondingly. Although Sipe stream has 51% percentage of un-
buffered stream banks, the outflow of N and P is much lower than that in the
Vanda subcatchment with 63% unbuffered stream banks. One of the explana-
tions is more complex landscape pattern in Sipe subcatchment that shows better
buffering capacity. Here in addition to buffer zone complex structure of land-
scape plays important role (45% of the 6.6 km long main stream is buffered),
the main stream has meandering valley with a well-developed hyporheic zone.
The Vénda stream is completely straightened, has no meandering parts and only
very short fragment of it has buffer zone on both banks that constitutes 7% of
the total length (4.8 km) of the stream.
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5. DISCUSSION

5.1. Purification efficiency of buffer zones

The study of Porijégi and Viiratsi transects showed that they have relatively high
purification efficiency of nutrients (Mander et al, 1997a; Kuusemets et al.,
1998; Kuusemets et al., 1999).

The average removal of total-N and total-P in Viiratsi was 87% and 84%, in
Porijogi transect 50% and 78%, respectively. The water quality improved
already within first meters of buffer zone. In Viiratsi transect the purification
efficiency of total-N and total-P was 38% and 60% within first 2 m in the
buffer grassland, respectively. In Porijogi transect 2 m from the edge of the
cultivated grassland the purification efficiency of total-N and total-P was 37%
and 78%, respectively.

To analyse the relation between purification efficiency and input load we
calculated the purification efficiency separately for each sampling day for every
buffer strip between two sampling points (Kuusemets, et al, 1999). Data were
divided by input load concentration into 8 classes with 11 to 36 measurements
in each class (Tables 6 and 7). The Tests of Binary Sequences were performed
to calculate the level of significance between accurance of positive or negative
removal efficiency. The probability of negative removal was calculated by
dividing the number of negative removal cases with the total measurement
number (%). Comparison of removal efficiency and input load shows that the
removal of total-N was negative (P<0.01, Table 6) when the input was less
than 1.0 mg 'L For loads between 1.0 to 5.0 mg 'L removal of total-N showed
no significant positive or negative tendency, although positive removal was
more common — the probability of negative removal is 30.8 to 40.0%
(P>0.05). For input loads greater than 5.0 mg I 1the purification efficiency is
significantly positive (P<0.01), for input loads greater than 42 mg Il
purification efficiency is always positive (Fig. 2A, P<0.001). The relation
between input load and appearance of negative removal of nitrogen (N,”") is
described by logarithmic regression:

N,,A = 63.0-16.84Ln(INip) ©)
R2=0.78, P<0.001

where INtex= maximum value of N input class.
For total-P there is no interval for negative removal (Table 7). The input value

0.01 to 0.15 mg I1lyields positive or negative removal. Positive removal is
prevalent for input from 0.05 to 0.15 mg P '1— the probability of negative
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removal is 18.8 to 38.9% (P>0.05). For input greater than 0.15 mg 'l the
purification efficiency of total-P was significantly positive (P<0.01), for input
loads greater than 2.1 mg I" 1purification efficiency is always positive (Fig. 2B,
P<0.01). The relation between input load and appearance of negative removal
of phosphorus (Prig) is described by logarithmic regression:

Pue* = 7.9-10.20Ln(1Pimj) (6)
R2=0.72, P<0.01

where IPhu= maximum value of N input class

Table 6. The probability (Tests Binary Sequences) of total-N positive or negative
removal versus input load in buffer strips

Input range of total-N  Probability of nega- Level of signifi- Number of samples
inmg 'l tive removal (%)  cance (n)
0.02-0.3 100 > 1
0.3-1.0 82.4 * 17
1.0-15 30.8 n.s. 13
1.5-2 40.0 n.s. 15
2.0-3.0 38.9 n.s. 18
3.0-5.0 35.3 n.s. 17
5.0-8.0 10.0 = 20
8.0-70 133 > 15

*P< 0.05, ** P< 0.01, n.s. — not significant.

Table 7. The probability (Tests Binary Sequences) of total-P positive or negative
removal versus input load in buffer strips

Input range of total-P in Probability of nega- Level of signifi- Number of samples
mg M1 tive removal (%)  cance (n)
0.01-0.04 514 n.s. 37
0.04-0.05 52.8 n.s. 36
0.05-0.06 23.8 n.s. 13
0.06-0.08 38.9 n.s. 18
0.08-0.10 18.8 * 16
0.10-0.15 26.7 n.s. 15
0.15-0.3 15 = 20
0.3-6 0 ** 15

*P< 0.05, ** P< 0.01, n.s. — not significant.
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The results show strong positive correlation between nutrient load and removal.
However, buffer zones have upper limits of purification and these regression
formulas can not been used in the planning in the case of high input values.
This analysis provides limits for buffer strips as water quality purification
systems. The input load range (1.0-5.0 and 0.01-0.15 g 'l of N and P,
respectively) can be considered to represent natural conditions of buffer strips
where water output quality also depends on natural processes taking place in
the buffer. This can explain certain increase of total-N and total-P inside both
studied buffers. However, the average outflow values from both buffer zones
were lower: 3.1 and 0.07 mg ' 1of total-N and total-P in Viiratsi, respectively
and 15 and 0.06 mg 'l in Porijdgi, respectively. Our estimation on
denitrification intensity showed that this process does not play a substantial role
in nitrogen removal (7.9-20.1 kg N ha-1 yr“lin Porijégi and 8.5-19.3 kg
N ha-1yr-1 in Viiratsi, Mander et al., 1997a).

Figure 2. The relation between input concentration (I; mg 1') and appearance of
negative removal of nitrogen (A) and phosphorus (B), (Nregand Preg; %).

5.2. The designing and management of buffer zones

Although many authors for several ecosystems have reported the buffering
efficiency of vegetated riparian buffers, there are few examples in the literature
about the dimensioning of buffer zones and strips. The first are from the USA,
where methods for the determination the parameters of buffer zones adjacent to
feedlots and manure land treatment sites (Doyle et al., 1977; Overcash et al.,
1981). Phillips (1989) presented calculations to evaluate the buffering effi-
ciency of riparian forests along a coastal plain river. However, calculation
methods usable for landscape planning and stream restoration purposes are not
much developed. It has been found that the purification of the overland flow
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within the buffer strips is non-linear; in the upper part of the strips much more
organic matter, nitrogen and phosphorus was removed than in the downhill part
(Doyle etal., 1977; Mander, 1985; Vought etal., 1994).

Mander (1995) presented dimensioning formulas and nomograph (Fig. 3) for
determining width of buffer zones. The formulas are based on hydrological
models which appeal on capacity of buffer strips to infiltrate overland flow, and
are supplemented with parameters significant for absorption and cation
exchange capacity of soils. Basically, this method is comparable to the widely
used universal soil loss equation (USLE; see Meyer and Wishmeier, 1969).
However, the length-slope factor in this equation, which is a purely empirical
relationship, does not account for changes in either surface flow or erosion
processes (Moore and Burch, 1986). Therefore, Mander (1995) proposed to use
a specific slope length factor. It appeals on overland flow concentration in
lower parts of the relief, e.g., in thalwegs.

In addition to the determination of width another open question is vegetation
type of buffer zone.

The nutrient uptake in plants indicates, that grass communities play as
important role in nutrient retention as grey alder forest. The nitrogen and
phosphorus uptake in above-ground biomass was highest in 1992 in wet
meadow of Porijogi transect (84.9 and 5.48 g nrf2 respectively). In 1994-1995
the average shoot nitrogen and phosphorus content of herbs in wet meadow of
Porijogi transect was 11.6 and 1.6 g m-2, respectively and in Viiratsi transect
10.6 and 2.3 g m-2, respectively. This gives good opportunity to remove a
portion of nutrients by grass mowing and hay cutting while felling of trees can
be done with intervals of decades. Cutting should be done during the maximum
flowering period of the dominant species when the nutrient content in the shoot
biomass is highest (Deinum, 1966). The mowed herbs should be removed after
mowing to avoid rapid nutrient loss from hay (see Schaffers, et al., 1998).
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soil type

Figure 3 The nomograph for determination o te recommended buffer strtip’s width (adopted fran Mander
ad Kuusemets, 1998).



CONCLUSIONS

1. Buffer zones and buffer strips along ditches, channels and riverbanks are
most attractive multi-functional mitigation elements for watershed manage-
ment. Buffer zones and buffer strips have number of positive functions.
Some are important to reduce the negative environmental impacts to the
water others are beneficial to the landscape and biodiversity. Buffer strips
and zones allow stopping pollution at the source where it arises and reduc-
ing expenses of measures for improvement water quality in the stream.
Designing of buffer zones and strips should be important part of landscape
planning.

2. The studied transects show high purification efficiency. The average
removal of total-N and total-P in Viiratsi was 87% and 84% and in Porijogi
50% and 78%, respectively. The water quality had already improved within
the first meters of the buffer zones. In Viiratsi transect the purification
efficiency of total-N and total-P within the first 2 m of the buffer grassland
was 38% and 60%, respectively, whereas the purification efficiency of total-
N and total-P of the first 2 m from the edge of the cultivated grassland in the
Porijogi transect was 37% and 78%, respectively. The heavily loaded
complex buffer zone consisting of grass and forest strips showed relatively
low output concentrations for total-N and total-P that are comparable with
the output values from the unloaded transect.

3. Comparison of removal efficiency and input load shows that the removal of
nutrients in buffer strips depends on input load level. The removal of total-N
was negative (P<0.01) when the input was less than 1.0 mg I' . For loads
between 1.0 to 5.0 mg '} removal of total-N showed no significant positive or
negative tendency, although positive removal was more common — the
probability of negative removal was 30.8 to 40.0% (P>0.05). For input loads
greater than 5.0 mg I'1the purification efficiency is positive (P<0.01). For
total-P there was no interval for negative removal. The input value 0.01 to
0.15 mg I'lyields positive or negative removal. Positive removal is prevalent
for input from 0.05 to 0.15 mg P I'1— the probability of negative removal is
18.8 to 38.9% (P>0.05). For input greater than 0.15 mg I, the purification
efficiency of total-P was positive (P<0.01). This indicates that buffers have
certain area of unpredictability for input loads where removal of nutrients is
not sufficiently predictable.

4. The results show that complex buffer zones of grass and forest strips are
very effective in N and P retention. This kind of complex can be recom-
mended for buffer strip design where grass strips considered as sediment
traps but also as important mechanism for dissolved N and P removal. Both
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features provide the opportunity to remove part of the nutrients from the
system. In addition to efficient nutrient purification potential, forest buffer
strips have many other environmentally important functions such as protec-
tion against soil erosion, filtering polluted air, canopy shading, and in-
creasing biological and landscape diversity.

. An original method for dimensioning buffer zones and buffer strips for
agricultural catchments has been worked out. It takes into to consideration
topography (i.e., specific slope length and slope), soil factors, hydrological
parameters and land cover type. This method has shown satisfactory results
in planning the riparian buffer zones and buffer strips in Estonia.

. The nutrient uptake in plants indicates, that plant removal can be important
opportunity to remove a portion of nutrients from the buffer zones. The
easiest possibility is grass mowing and hay cutting while felling of trees can
be done with intervals of decades. The average N and P content in herbal
shoots in the wet meadows was 11.6 and 1.6 g m’2 respectively in the
Porijogi transect and 10.6 and 2.3 g m~2 respectively in the Viiratsi transect.
Cutting should be done during the maximum flowering period of the domi-
nant species when the nutrient content in the shoot biomass is highest. The
mowed herbs should be removed after mowing to avoid rapid nutrient loss
from hay.
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SUMMARY IN ESTONIAN

LAMMASTIKU JA FOSFORI SIDUMINE
POLLUMAJANDUSMAASTIKE KALDAAARSETES
PUHVERKOOSLUSTES

Veekoguédrsed kaldavoondid ja -ribad on olulised maastiku poltufunktsionaal-
sed komponendid, millel on olulisi keskkonnakaitselisi funktsioone, nagu vee
kvaliteedi parandamine, mulla kaitsmine erosiooni eest, 8hu puhastamine,
vooluveekogu séngi varjutamine ja makroftiutide vohamise tdkestamine, soodsa
mikrokliima loomine, elupaikade rajamine loomadele ja lindudele, Ghendus-
koridoride moodustamine looduslike tuumalade vahel, bioloogilise ja maastiku-
lise mitmekesisuse suurendamine. To0s kéasitletakse pinnasevee kvaliteedi muu-
tust puhverkooslustes ja selgitatakse taimede osa toitainete eemaldamises.

TO0O peamisteks eesmérkideks olid (1) lammastiku ja fosfori sidumise selgi-
tamine kompleksse struktuuriga (erinevatest kooslustest) erisuguse sisend-
koormusega kaldadarsetes puhverdkosusteemides, (2) kaldadarsete puhvrite
laiuse maaramise aluste ning veekaitse seisukohalt oluliste majandamismeetme-
te véljatéotamine.

Peamiselt uuriti kahte maastikuprofiili, mis l&bisid p&llumaa, kultuurrohu-
maa, soostunud niidu ja hall-lepiku kooslusi. Porijde transekt asub Kagu-Eesti
lavamaal moreenkiinka ndlval — drgoru veerul, kus p8llumajandustegevus 18p-
pes 1992. a. Viiratsi transekt asub Sakala k&rgustikul lainjasse moreentasandik-
ku l8ikunud salkoru veerul seakombinaadi laheduses, kus pideva sealdga laota-
mise tdttu on véaga kdrged toitainete koormused pinnaseveele. Uurimise tule-
mused néitasid, et 31 m laiune rohumaa-lepiku puhverriba Porijéel eemaldas
50% sisenevast uldlammastikust ja 78% uldfosforist. Viiratsi 51 m laiune puh-
ver eemaldas 87% sisenevast lammastikust ja 84% fosforist. Kuigi Viirat-
si transektil ulatus lammastiku sisend 138 mg N I'1ja oli keskmiselt 23 mg ']
oli puhvrist valjavoolava pinnasevee keskmine ldmmastiku sisaldus 3,1 mg
N "1 Porijdel olid vastavad nditajad 3,0 ja 1,5 mg N I''1 Fosfori sisaldused olid
molemal transektil sarnased. Viiratsis oli fosfori keskmiseks sisendiks
0,43 mg '] valjundiks 0,07 rngfl Porijée transektil oli keskmine fosfori
sisaldus puhvrisse sisenevas pinnasevees 0,49 ja puhvrist véljuvas vees
0,06 mg I . Rohttaimede biomass oli kuni 3601 g rrf2 hariliku angervaksa
(Filipendula ulmaria) dominantkoosluses, lammastiku sidumine taimede poolt
samas koosluses oli kuni 85,8 g mf2ja fosfori sidumine kuni 6,36 g m“2.

Hasti valjakujunenud puhvritega Sipe oja valgala valjakannete vdrdlus
puhverdamata Vé&nda kraavi valgalaga (m8lemad Porijoe alavalgalad) néitas, et
kGige intensiivsema pdllumajanduse perioodil 1980. aastate I6pus oli Véanda
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valgalalt lammastiku véljakanne 4,9 korda ja fosfori vdljakanne 4,8 korda
suurem, v@rreldes Sipe oja valgalaga.

Samas vOib madalate sisendvéartuste puhul tdheldada puhverkooslustesse
lammastiku ja fosfori valjakandumist puhvrist. L&mmastiku puhul osutusid alla
1,0 mg N TI'lsisendi korral puhastusefektiivsused statistiliselt usaldusvéarselt
negatiivseks, tle 5,0 mg N I Lkorral aga positiivseks. Fosfori puhul ainult nega-
tiivsete puhastusefektiivsustega piirkonda ei esinenud, tle 0,15 mg P I'1korral
olid puhastusefektiivsused positiivsed. Nende adrmuste vahele jadvat vahemik-
ku saab késitleda méaaramatu piirkonnana, kus vdib esineda nii negatiivseid kui
ka positiivseid puhastusefektiivsusi.

Koostati originaalne metoodika veekogudarsete puhvrite laiuse méaaramiseks
sdltuvalt reljeefist, mullaparameetritest, veereziimist ja taimkattest. Mitmes val-
galas tehtud analiits kinnitab metoodika kasutatavust maastikuplaneerimisel.

Parima puhastustulemuse saavutamiseks tuleks kasutada rohumaa ja puistu
kombineeritud puhveralasid. Toitainete eemaldamiseks puhvrist on otstarbekas
rohttaimi dominantliigi maksimaalse ditsemise ajal niita, kui toitainete sisaldus
taimede maapealses osas on kdige suurem. Niidetud rohi tuleks puhvrist eemal-
dada, sest toitained hakkavad pérast niitmist heinast vélja leostuma. Puhver-
tsoonide ja ribade kavandamine tuleb ette ndha kohalikes uldplaneeringutes,
madrates nende laiused ja soovitatava taimekoosluste struktuuri.
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Abstract

The transformation of nitrogen and phosphorus was studied in various riparian ecotones of the moraine plain
and moraine-hilly landscapes in the Porijégi River catchment area, southern Estonia. Soil water and ground water
samples were collected once per month between 1992 and 1993 from piezometers installed between plant com-
munities located along topo-edaphic gradients from moraine uplands to stream valleys at six sites. The production
rate, as well asthe N and P content in plant biomass from the 1 m 2plots located near the piezometers was analyzed.

Results show that various riparian ecotones had a significant influence on soil water quality. In the arable land,
the mean annual concentration of total inorganic nitrogen (NH4+ N 02+ N 03) in piezometer water was 3-40 mg
N 11, but in the grey alder forest (Alnus incana) total inorganic nitrogen never exceeded 1 mg N I-1. The most
significant reduction was in the average concentration of N 0 3-N content which was reduced from 25 mg 1*“ lunder
the arable land to 0.5 mg 1~ within the alder forest. The average total phosphorus (orthophosphate phospho-
rus+ organic phosphorus) concentration also decreased under the alder stands, being 0.2-1.5 mg P I-1 in the
arable land and less than 0.2 mg P I-1 in the alder forest (less than 0.1 mg P I- 1in loamy soilsand 0.2 mg P I-1 in
sandy soils). Wetland herb communities (Carex elata association and Filipendula ulmaria-Cirsium oleraceum-
Aegopodium podagraria community) also had a significant influence on soil water quality. Plant biomass (sum of
above- and below-ground biomass) of riparian and wetland communities accumulates up to 70 g N m*2and up
to 6 g P m~2during the growth season. Harvesting of riparian herbaceous communities may remove 20-30% of
nutrient input. In the cultivated grasslands on sandy colluvial soils with a deep humus layer and sedge fens the
content of NH4-N and total-P in groundwater toplayer significantly increased, rising to 3 mg and 0.5 mg I-1,
respectively. Also, it has been assumed that vertical penetration of deep groundwater (contaminated with nitrate
and phosphate), may increase the nutrient load to surface water bodies, despite the physical presence of a wide
buffer zone (e.g. sedge fen) along the river corridor. From the observations of this work, alder forests and/or
willow bushes as buffer strips on and adjacent to the stream banks are recommended to control diffuse water
quality.

Keywords: Buffer sinps/zones; Grey alder forest; Landscape profiles; Nitrogen and phosphorus removal; Plant uptake; Riparian
ecotones
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1. Introduction

The flow of material and energy within land-
scapes can be represented in the form of gradient
fields where the transition from peaks and hol-
lows coincide with ecotones (Jagomaégi et al.,
1988; Correll, 1991). The significance of the
ecotone is that all material transfers between
ecosystems are regulated at the boundaries. The
higher the rate of human management of land-
scapes, the steeper the gradients and the greater
importance of ecotones. The managed systems
such as arable lands usually export significant
quantities of soil, nutrients, pesticides, heavy
metals, and other inorganic ions. Normally, var-
ious wetlands and riparian communities regu-
late the volume and quality of these fluxes
through a combination of biological and physi-
cal retention and transform other functions
(Jordan et al., 1986; Risser, 1990). In recent
years, numerous researchers have investigated
and quantified the buffering capacity of riparian
wetlands, forests and meadows (Nichols, 1983;
Yates and Sheridan, 1983; Howard-Williams,
1985; Pinay and Decamps, 1988; Hoffmann,
1991; Ambus and Christiansen, 1991; Correll and
Weller, 1992; Briisch and Nilsson, 1993; Mitsch
and Gosselink, 1993). In 1990 an international
UNESCO/MAB project ‘The Role of Land/In-
land Water Ecotones in Landscape Management
and Restoration’, dealing essentially with the
buffering effect of riparian ecosystems, was ini-
tiated (Ddcamps et al., 1990).

Various vegetated buffer strips have been used
to both decrease non-point pollution load of
water bodies and to filter wastewater from dif-
ferent point pollution activities. The best known
example is the overland flow wastewater treat-
ment through grassland slopes (Smith and
Schroeder, 1985; Payer and Weil, 1987; Magette
etal., 1989; Schwer and Clausen, 1989; Zirschky
et al., 1989). In the USA, forest or grassland
buffer strips have been reported to control pol-
luted overland flows from feedlots and waste-
water land treatment sites (Doyle et al., 1975;
Vanderholm et al., 1979; Bingham et al., 1980;

Young et al., 1980; Overcash et al., 1981; Pin-
kowski et al., 1985; Dillaha et al., 1988). The
preventive role of buffer strips downslope from
fields of intensive manure spreading, especially
on frozen soil has also been established (Thomp-
son et al., 1978; Mander, 1985).

The nutrient dynamics of riparian buffers un-
der natural conditions is more complicated, be-
cause the variety of riparian biotopes and be-
cause long-term studies are needed to obtain a
representative view of the nutrient accumula-
tion dynamics. However, different studies dem-
onstrate the importance of riparian buffer strips
in nutrient removal (Reddy et al., 1982; Peter-
john and Correll, 1984; Lowrance et al., 1984;
Jacobs and Gilliam, 1985; Knauer and Mander,
1989; Briisch and Nilsson, 1991; Groffmann et
al., 1991; Vought et al., 1991; Lowrance, 1992;
Mitsch, 1992; Haycock and Pinay, 1993; Uusi-
Kamppé and Ylaranta, 1993).

In Estonia, investigations on nutrient trans-
formations in riparian buffer strips have been
carried out since the end of the 1970s (Mander,
1985). On this base a law protecting water zones
and strips, as well as the principle of regulating
land-use in riparian areas, were established in
1983. This law states that all water courses and
water bodies with a catchment area exceeding 10
km?2 must have a buffer zone 50-1300 m wide.
The width depends on the land-use intensity of
adjacent territories (i.e. the potential pollution
load), and on the use and importance ofthe water
resource. For agricultural areas, the preferable
land-use alternative is a perennial grassland with
combination of a forest or bush buffer strip di-
rectly on riverbanks or lakeshores. The width of
those riparian buffer strips is 5-50 m and de-
pends on soil and relief conditions of the adja-
cent landscape (Mander, 1989). Currently, new
water protection laws are being worked out that
will include the principle of water-protection
zones and strips.

Riparian ecotone investigations continue in the
Porijdgi River drainage basin (276 km2) in
southern Estonia. This catchment was chosen for
a long-term study of nutrient cycling in agricul-
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tural landscapes and especially buffer zones.
Continuous monitoring of surface water and
groundwater quality within the catchment started
in 1987 (Mander et al., 1989). In autumn 1991,
six transects were established along topo-edaphic
gradient through various riparian ecotones.

2. Study area

The Porijégi River drainage basin is repre-
sentative of the whole of southern Estonia. It is
located on the border of two landscape regions:
the plain of southeast Estonia and the Otepdd
Heights (Varep, 1964). The central and north-
ern parts ofthe Porijdgi River catchment area lie
within the southeast Estonian moraine plain in
the vicinity of Tartu (58°23'N; 26°44'E), the
second largest town in Estonia. The elevation of
the plateau is from 30 to 60 m above mean sea
level. Reliefis undulated (slopes are normally 5-
6%), and the landscape is dissected by primeval
valleys, 3-5 km wide and up to 40 m deep,
formed by streams during the Pleistocene and re-
modeled by glaciers of the last, Weichselian gla-
ciation (Varep, 1964). The southern part of the
drainage basin lies on the northern slope of Ote-
paa Heights that is formed from moraine hills
and kames with extreme variety ofglacial depos-
its. The elevation of this region is up to 120 m,
the relative heights reach 30-35 m.

The bedrock of the whole catchment area is
formed by red Devonian sandstone (compact
sandstone with clay and aleurolite layers, which
is covered by loamy sandy-till of the Weichselian
glaciation or glaciofluvial and glaciolacustrine
sands and gravels. The Devonian sandstone lies
in the depth from 2 m (in lower course) to 60 m
(on the hills of Otepdd Heights). The depth to
the water table varies depending on relief and
geomorphologic conditions (0.5-20 m). The
upland soils are mostly podzoluvisols, planosols,
and podzols on loamy sands and fine sandy loams
with the surface soil organic matter content and
pH value in the cultivated fields being 1.6-1.9%
and 5.6-6.5, respectively. On steeper slopes the
soils have been eroded. About 50% ofthis area is
used as arable land. In valleys and other low areas
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gleysols and peatlands, partly used as perennial
grasslands, dominate. The fertilization rate of
intensively managed fields was approximately
150 kg N, 70 kg P, and 100 kg K ha“1year-1.
Application rates have decreased by as much as
a factor of 3 over the last 2 years (Mander et al.,
1994). In forested areas (about 25% of the ter-
ritory), coniferous and mixed forests are most
common. In riparian zones, alder forests and
willow bushes occur. Bogs covered with pine or
birch forests are the most common wetland com-
munities on the catchment borders.

The average precipitation during the research
period is 780 mm year-1 (1992-1993). During
the study period, winters have been relatively
mild (mean air temperature for the coldest
month was approximately —5°C (February
1993)). Snowcover lasted only a few days be-
tween November and April 1992/1993.

3. Materials and methods
3.1. Fieldstudies

The Porijogi River drainage basin was divided
into eight sub-catchments, each with different
land-use structure. Within this region, six tran-
sects were established in autumn 1991 along a
topo-edaphic gradient to study the nutrient dy-
namics in groundwater flow from the moraine
plateau to stream valleys (Fig. 1). The six tran-
sects were located in four sub-catchments and
represent the most common ecotones present in
the Porijogi catchment (Figs. 2-5). Results of
four of the six transects are presented in this
paper.

In each landscape profile four to six piezome-
ters (plastic pipes, diameter 100 mm, length 1.0-
5.5 m, lower part perforated and covered with
glass-fiber material) were established on the
boundaries between the plant communities.
Water samples were collected and the ground-
water height was measured once a month from
piezometers. The stagnant water was pumped
from the piezometer before water samples were
taken. Water samples were transported into the
laboratory and analysed for NH4N, NO2N,
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Fig. 1. Scheme ofthe Porijogi River catchment area with the land-use structure in subcatchments, water sampling points (weirs),
and locations of landscape profiles. Sub-catchments: I, Porijogi upper course (Porijégi I); I, Idaoja River; Ill, Peeda River; IV,
Porijogi River middle course (Porijdgi I1); V, Sipeoja stream; VI, Tatra River; VII, Vanda ditch; VIII, Porijégi River lower
course (Porijogi 111); 1X, Aardla polder. Location of landscape profiles; 1, Sipeoja Upper; 2, Sipeoja Lower; 3, Porijégi Middle;

4, Tatra Middle; 5, Vanda Middle; 6, Vanda Lower.

NOj-N, P04P, total-P and S04 contents.
Above-ground biomass of the herbaceous layer
was determined only in two transects (Porijogi
Middle and Tatra Middle) using 1 mxIl m
quadrats. Three to five quadrats were estab-
lished at each location (Table 1). Below-ground
root biomass was estimated from sequential cor-

ing and in-growth core samples to assess the her-
baceous layer root production at the same sam-
ple locations. Three cores were taken from each
harvested quadrates from April to September
once every 2 months. Herb roots were separated
from soil by washing. The flesh, oven-dry, and
ash-free mass of both above-ground and below-
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Fig. 2. Nutrientdynamics in the landscape profile ofSipeoja Lower. Crops in arable land: potato, vegetables, barley. Grey (white)
alder forest (Alnus incana): 30-40 years old, partly with intensive herb layer growth in open sites dominated by Cirsium olera-
ceum and Filipendula ulmaria). 1-4, locations of piezometers and sampling sites. Average water table in piezometers is shown
with black column. Lines indicate mean values of nutrient concentration in piezometers during the whole period (January 1992-

August 1993) and three hydrologic periods.
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Fig. 3. Nutrient dynamics in the landscape profile of Porijégi Middle during the period January 1992-August 1993. 1-6, loca-
tions of piezometers and sampling sites. Crops in arable land: winter rye, barley. Cultivated grassland: Elytrigia repens group.
Wet meadow: Filipendula ulmaria-Cirsium oleraceum-Aegopodium podagraria association. In grey alder forest (20-30 years
old), Aegopodium podagraria is dominating in the herb layer. For explanation of symbols see Fig. 2.

ground parts of herbs has been estimated (Pers-
son, 1983). Soil samples were also collected from
two depths (0-10 cm and 30-40 cm) at each
piezometer to analyse for C, N and P contents.
Soil types in landscape profiles were recorded

from soil maps (1:5000) made in the 1980s and
which cover almost all of Estonia (Soil maps of
Collective and State Farms of Estonia, 1987).
Plant communities were described by the Braun-
Blanquet method.
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Period - - Jan- O ¥ -1 Sept-
Apr Aug Dec

Fig. 4. Nutrient dynamics in the landscape profile of Tatra Middle. Arable land: fallow. Abandoned grassland: Elytngia repens
group. Cultivated grassland (with Dactylisglomerata dominating). Complex of valley bottom wetlands on peatland soil: a sedge
fen (Carex elata association) with some willows (Sahx spp.) and birches (Betula pubescens), a spring fen (Sesleria coerulea
association). Alder forest strip (Alnus incana and A. g/utinosa). For explanation of symbols see Fig. 2.

14
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Fig. 5. Nutrient dynamics in the landscape profile of Vanda Middle. Crops in arable land: barley, npe, winter wheat. Grassland:
pioneer weed vegetation (Elytrigia repensgroup). For explanation of symbols see Fig. 2.

3.2. Laboratory analyses

All water analyses were made following CO-
MECON countries standard methods compati-
ble with international methods for examination
of water and wastewater quality (American Pub-
lic Health Organization (APHA), 1981). The pH
value was measured in the laboratory with glass
electrode pH meter. Dissolved ammonium-N
and sulphate-S were determined colorimetric-

ally, according to Golterman et al. (1978). Ni-
trite and nitrate were measured in acidified sam-
ples by reduction on cadmium amalgam and
colorimetry (APHA, 1981). The total phospho-
rus  (orthophosphate  phosphorus 4-organic
phosphorus) in water samples was determined
colorimetrically after conversion to orthophos-
phate by wet digestion with acid. Determination
ofdissolved orthophosphate followed colorimet-



U. Mander cl al. / Landscape and Urban Planning 31 (1995) 333-348 341

Table |

Herbaceous layer biomass (g DW m ~2) and plant uptake of nitrogen and phosphorus (g m *2)

Transect Vegetation Sampling Biomass
community* plot no.”
Above- Below-
ground ground
Porijogi
Middle Arable land (rye) 1 2948 161
Cultivated grassland 4 469 355
Wet meadow 5 3090 511
Tatra Middle Grassland 1 904 778
Cultivated grassland 2 469 355
Sedge fen 3 2081 2443
Spring fen 4 601 1690
Spring fen 5 1369 805

Nitrogen in biomass Phosphorus in biomass

Total Above- Below- Total Above- Below-  Total
ground ground ground ground
3109 13.05 2.22 15.27 55 0.29 5.79
824 8.85 38 12.65 16 0.42 2.02
3601 84.9 0.85 85.8 5.48 0.88 6.36
1682 9.7 8.4 18.1 114 0.88 2.02
824 8.85 3.8 12.65 16 0.42 2.02
4524 33.3 21 54.3 3.2 21 53
2291 8.9 13.15 22.05 0.64 0.65 1.29
2174 24.4 10.9 35.3 2.44 0.67 4.06

* For description of vegetation community and sampling plots see Figs. 3 and 4.

rically as blue phosphomolybdate, without ex-
traction (Golterman et al., 1978).

Al plant material samples for chemical analy-
sis were air-dried (40°C), ground, and analyzed
for N and P contents: N with Kjeldahl procedure
(APHA, 1981) and P photocolorimetrically
(APHA, 1981).

4. Results and discussion

4.1. General influence ofriparian buffers on
stream water quality

The influence of riparian buffers on water
quality was observed by comparison with long-
term average values of nutrient contents in
streams of the Porijogi River catchment area
(Table 2). All measuring points (weirs) of these
streams are located 0.5-2 km downstream from
the riparian ecotone transects. A dense positive
correlation was found between the proportion of
arable land and nutrient runoff from the sub-
catchments (total inorganic nitrogen (TIN),
r=0.68; Plo, r=0.88; S04-S, r=0.78; Mander et
al., 1989). Also, correlation between the propor-
tion ofarable land and mean nutrient concentra-
tions in streams is positive (r=0.82-0.95; Table
2). A negative correlation was found between the
mean buffer zone width and nutrient concentra-
tions in streams (r=0.72-0.77). Both Porijogi

and Tatra are relatively unloaded small rivers
that flow into valleys and have well developed
riparian buffer zones (forest, meadow and fen
ecosystems). Accordingly, very low average NH4
N, NO3N, PO:-P and SO:-S concentrations in
these rivers have been registered. The values are
close to those recommended for Estonian rivers:
0.15 mg, 1.0 mg, 0.03 mg and 5.0 mg I" 1, respec-
tively (Velner et al., 1978, cited in Mander,
1989). Relatively low standard deviations (SD)
seem to suggest a stabilizing influence of natural
buffer zones. Only Pfll content and SD value for
Tatra River was relatively high (0.07 £0.! 4 mg
P1-"'), probably as a result of uncontrolled fluxes
from a pig farm close to the valley or because of
orthophosphorus leaching from the peatlands in
the valley bottom (Table 2, see also Fig. 4). Si-
peoja stream (Sipe stream) and Vanda channel
are much smaller but have similar water dis-
charge and pollution loads within the catchment
area (during 1987-1991, 110-150 kgN ha'l, 30-
50 kg P ha-1 and 80-120 kg K ha-1). However,
Sipeoja stream has a well developed buffer zone
of fens and grey alder forests/willow bushes of
50-150 m width but the Vénda ditch catchment
is without such compensating ecotone. There-
fore, the NH4-N and N 03N concentrations and
SD values for Véanda ditch are two to three times
higher than in Sipeoja stream (Table 2).



Table 2
Long-term (1987-1992) average values and standard deviations for water discharge (m3s_1) and nutrient contents (mg 1"1) of the Porijégi River
catchment area. All measuring points are downstream from the riparian ecotone transects

Measuring Transect Sub-catchment Percent of Mean width of No.of Water NH4-N NOj-N Total P so04s
point no. area arable land in buffer zone* samples discharge
(Fig. 1) (ha) the sub- (m)
catchment

Sipeoja 2 900 57.6 50 83 0.0610.09 0.31 +0.19 1.4011.05 0.0710.09 11.515.5
Porijdgi Il 3 9560 29.8 200 83 0.88 + 1.02 0.1910.13 0.8410.64 0.0410.03 6.712.9
Tatra 4 3800 45.2 120 83 0.3810.27 0.1610.12  0.9710.65 0.0710.14 8.914.2
Vinda 5 210 68.4 2.5b 7 0.0310.06 0.8010.54  3.0212.00 0.0810.15 11.215.8

*Mean distance of arable land from the river channel.

b Width of the ditch bank.

Significantly differentiated pairs of nutrient concentrations (Student's /-test, />2): NH4-N: Sipeoja-Porijogi Il, sipeoja-Tatra, Sipeoja-Vanda, Pori-
jogi ll-Vanda, Tatra-Véanda; N 03N: all pairs; P 04-P: no pairs; S 04-S: all pairs.
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4.2. Seasonal dynamics ofgroundwater quality
in the riparian transects

All results are divided into four time series ac-
cording to the most important hydrographical
periods and presented as average values of these
periods: total period (January 1992-August
1993), winter/spring (January-May), summer
(May-August), and autumn/winter (Septem-
ber-December) (Figs. 2-5).

4.2.1. Nitrogen

Variations in the concentration of different ni-
trogen forms in groundwater along the landscape
transects differed seasonally. The average study
period (January 1992-August 1993) values of
NH4N in all piezometers were between 0.05 and
3.0 mg 1* 1 It was the most variable water quality
parameter. The lowest values were found in
sandy soils under arable land (Figs. 2, 3and 5).
This appears to be the result of relatively good
aeration in light soils that guarantees good con-
ditions for nitrification (see Peterjohn and Cor-
rell, 1984). The highest average ammonium
concentrations of the whole period (2-3 mg NH4
N I-1; Figs. 3 and 4) were under the perennial
cultivated grasslands that have not been plowed
for at least 7 years. Similar results were de-
scribed in earlier investigations on riparian buffer
strips by Knauer and Mander (1989). However,
several authors have pointed out the preventive
role of perennial grasslands as buffers for nitro-
gen, including ammonium (Lowrance et al.,
1984; Cooke and Cooper, 1988; Zirschky et al.,
1989; Ambus and Christiansen, 1991). One rea-
son for NH4 leaching from grassland soils in the
Porijogi catchment is the deep humus layer
(maximum depth 1.2 m; Porijégi Middle tran-
sect; see piezometer 3, Fig. 3). This has formed
on the lower slopes by accumulation during last
50-60 years owing to high rates of erosion in the
upper hillslope. Relatively shallow roots of the
grassland community (25-50 cm) and deep aer-
ation in the sandy humus layer create conditions
conducive to humus mineralization and ammo-
nium leaching. This takes place mostly during the
growing season (Figs. 2, 3and 4). It was also ob-
served that significantly higher NH4N concen-
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trations in piezometer water was associated with
spring fen communities (Fig. 4), owing to min-
eralization under anaerobic conditions in the
peat. The NH4-N concentration in groundwater
from the grey alder forest was lower, averaging
less than 0.2 mg I-

Nitrite nitrogen values in transects varied very
little and were always less than 0.05 mg 1“". This
was the same in the case of stream water quality.
Therefore, this parameter has not been shown in
the figures.

Transformation of nitrate nitrogen in riparian
ecosystems is complex and many studies have
been carried out to clarify these processes (Hus-
sey et al., 1985; Cooke and Cooper, 1988; Pinay
and Decamps, 1988; Hoffmann, 1991; Ambus
and Christiansen, 1991; GrofTman et al., 1991;
Correll and Weller, 1992; Lowrance, 1992;
Briisch and Nilsson, 1993; Haycock and Pinay,
1993). The variation of N0O3N concentration
over the time in water samples from the Porijogi
River catchment was very small (SD less than
25% of the absolute value), and significantly less
than variation in space. Very high valuesofN 03
N (15-25 mg I- lin the Sipeoja Lower transect
and 10-35mg 1~ 1lin the Vénda Middle transect)
were found in piezometer water under the inten-
sively fertilized arable lands (Figs. 2 and 5).
These values exceed allowable drinking water
standards (10 mg NO3N I-1) by 1.5-3.5 times
and the levels recommended for Estonian rivers
by 15-35 times (Velner et al., 1978, cited in
Mander, 1989). However, the N 03N content in
the Porijogi Middle landscape profile (1.0 mg
N 03N I-1; Fig. 3) was unexpectedly low for ar-
able lands. Under perennial grasslands on min-
eral soils the average N 03N concentration did
not exceed 2.0 mg I-1 and in alder forests the
N 03N content was always less than 0.5 mg I-
One factor causing lower N 03N concentrations
could be denitrification which can remove 0.4 g
N m-2 h~' (Lowrance, 1992) and may also be
intensive during the winter (Briisch and Nils-
son, 1993; Haycock and Pinay, 1993). A signifi-
cant increase of the average N 03N concentra-
tion in shallow groundwater has been found in
the transition zone of sedge and spring fen com-
munities in the valley bottom of Tatra River
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where the NO3N content increases by as much
as 6 mg |- 1 (Fig. 4). This is probably due to
seeping deeper groundwater layers which trans-
port nitrate to the valley bottom. This 3-5 m wide
seepage zone is easily recognized in winter, when
ice shields form on the frozen ground. Through-
out this region (Tatra River and Véanda ditch sub-
catchments), the groundwater is heavily pol-
luted with nitrate (Mander et al., 1994).

The concentration of TIN (sum of NH4N,
NO02N and NOj-N) in piezometer water de-
pends on NO3N concentrations. If the NO3N
content is high (over 10mg N03N1~") then the
TIN concentration is dominated by the nitrate
ion (Figs. 2 and 5). In this case, the variation in
TIN values between arable land and cultivated
grassland was much smaller than in the various
nitrogen ions. The average TIN content in pie-
zometer water in both arable lands and culti-
vated grasslands varied between 1.5 and 3.5 mg
I- . Within the alder forests, however, the max-
imal values of TIN never exceeded 1.0 mg 1" “.

Because of good mineralization conditions, the
total nitrogen (N,ol; TIN + dissolved organic N)
concentration in mineral soils of the transects is
probably very close to the TIN concentration
values (see e.g. Jordan et al., 1986; Knauer and
Mander, 1989). In peatland soils the share ofN IQ
will be much higher and depends on aeration
conditions but, normally, will not be more than
30% of all nitrogen forms (Nichols, 1983; How-
ard-Williams, 1985).

4.2.2. Phosphorus

All values of P04-P concentration in piezo-
meters were about 30-40% less than P,ct values.
The correlation between these two parameters
was highly significant (R2=0.85). Therefore,
only Pto, values are presented in this paper. They
varied on a large scale both over the time and
space. The lowest variations of Plat values in time
occurred in the Sipeoja Lower profile (less than
20% of mean values over the study period). In
the highest piezometer of this transect the aver-
age P,a content reached 1.3+0.31 mg I_I (Fig.
2). This is probably a result of local anaerobic
conditions in the soil causing a leachate of ortho-
phosphorus. This is supported by the fact that the

NOTr N concentration in this piezometer was also
lower. The Pld value in the piezometer upslope
from the alder buffer strip dropped to 0.2 mg P
I-1. Also, NO3N and SO.-S mean values de-
creased in the same profile before the start of the
buffer strip. This may be the result of small-scale
changes in soil parameters.

In the rest of the transects, the Plol variations
over time were large. Because of relatively low
concentrations, most of the differences in values
were not significant (SD values differ from ab-
solute values by 100-150% ). A significant leach-
ing of phosphorus appeared from the sandy col-
luvial soil under the cultivated grassland. This
was most intensive during the summer period
when the average Ptol content in piezometer water
reached 0.6 mg I-1. The average P,ot concentra-
tion in the piezometer water under the culti-
vated grassland for the study period was
0.2510.17 mg P 1~* (Figs. 3 and 4). However,
under the wet meadow (the Filipendula ul-
maria-Cirsium oleraceum-Aegopodium poda-
graria community) and alder forest the mean
study period Ptol concentration and its standard
deviation are significantly less: 0.10 £0.08 mg
and 0.11 £0.10 mg P I- ', respectively (Fig. 3).

A slight decrease of Plat content in the ditch
bank piezometers appeared in the V&nda Middle
transect, which does not have significant buffer
ecosystems (Fig. 5).

A significant decrease of P,at concentration
within the spring fen in the Tatra Middle tran-
sect is probably a combined result of deeper
groundwater seeping and mineralization of or-
ganic P to orthophosphorus which isthen leached
under anaerobic conditions in the fen (Fig. 4).

4.2.3. Sulphur

In comparison with other ions, the sulphate
concentration showed the least variation over the
experimental period. The standard deviation
values of each piezometer were less than 25% of
the absolute average value for the whole period.
Higher sulphate concentrations were found in
groundwater under the intensively fertilized ar-
able lands on sandy soils: 100 mg S I-1 in the
Sipeoja Lower (in the highest piezometer) and
Viéanda Middle profiles, and 80 mg S I- 1Porijogi
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Middle profile (Figs. 2, 3and 5). Under the per-
ennial grassland vegetation downslope of arable
lands the S04-S concentration was 20-60 mg 1'
In the piezometers installed in peatland (Tatra
Middle) the S04S concentration was signifi-
cantly higher than in adjacent mineral soils un-
der the perennial grassland (35 mg I- 1vs. 15 mg
I_1) but was less than under the arable lands.
Thus, perennial grasslands on mineral soils had
lower sulphate loading to shallow groundwater.

Increasing S04-S values under the peatland of
Tatra River valley may be the result of external
sulphate transport by seeping deeper groundwa-
ter in the valley bottom (Fig. 4).

Alder forests had no significant influence on
the sulphate content in the groundwater toplayer
of mineral soils. Nevertheless, a slight decrease
of S04-S content on the bank of Tatra River,
where a narrow strip of alder trees on mineral
alluvial sediments occur, was probably due to
changing aeration conditions within the alder
root-zone (Fig. 4).

4.3. Herb biomass analyses in landscape profiles

There is limited work on nutrient uptake by
plants in riparian ecosystems, especially in ripar-
ian forests (Peteijohn and Correll, 1984; Fail et
al., 1986). Our investigations on productivity
and nutrient accumulation of herb communities
in two transects of the Porijogi catchment area
showed that the production in riparian sedge fens
and wet meadows is 2-5.5 times higher than in
adjacent cultivated grasslands (3600-4500 gdry
weight (DW) and 820-1680 g DW m “2, respec-
tively), and up to 30% higher than in the rye field
(3109 gD W m -2, Table 1).

Nitrogen uptake by the riparian Carex elata
community was three to four times higher than
for adjacent cultivated grassland (54 g N m-2
vs. 13-18 g N m*“2). The accumulation of nitro-
gen in the total biomass (above-ground + below-
ground biomass) of the Filipendula ulmaria-
Cirsium oleraceum-Aegopodium podagraria
community was 85.8 g N m '2 which exceeds the
N uptake rate of the rye field by a factor of 5.6
and cultivated grassland by a factor of 6.8. In this
riparian community, 99% of nitrogen was accu-

mulated in above-ground biomass (Table 1).

Differences in phosphorus uptake between ri-
parian ecosystems and cultivated land commu-
nities were significantly less but showed the ad-
vantage of riparian communities: 3.1-6.4 g P
m-2 in riparian sedge fensand meadows and 2.0-
5.8 g P m-2in rye fields and grasslands. Maxi-
mum phosphorus uptake in the Filipendula ul-
maria-Cirsium oleraceum-Aegopodium poda-
graria community was 6.4 g P m“2 About 60-
85% of the phosphorus was accumulated in
above-ground biomass of riparian communities.

We do not know about further nutrient fluxes
during the decomposition and mineralization of
such large amounts of herb biomass. Certainly, a
significant part of the nutrients will accumulate
in the soil. The low nitrogen and phosphorus
concentrations observed in the riparian shallow
groundwater during the study period indicates
that the leaching of nutrients from these com-
munities is not an essential component. Anyway,
an effective and normal way of nutrient removal
from riparian zones is biomass harvesting. The
calculated average annual denitrification rate
within riparian meadows is about 1700 kgN ha*“ 1
year- 1(base on average denitrification rates for
spring and autumn of about 20 mg N m-2 h-1;
Briisch and Nilsson, 1993). Then, in addition,
the nutrient removal via harvesting could re-
move 30% of annual nitrogen accumulating both
in vegetation and soils. For phosphorus this rate
will probably be 20%.

4.4, Perspectives

Seeping of contaminated deep groundwater
within buffer zones or directly into the riverbed
is a serious problem which occurs in valleys in-
tersecting deeper groundwater layers of agricul-
tural uplands (Fig. 4). Another problem could
be that at some point in time buffer zones could
become nutrient saturated (e.g. Vanek, 1991).
Nevertheless, in both cases a forest or bush buffer
strip on river banks seems to be an effective
method to control both nitrogen and phosphorus
fluxes. A positive side effect ofthese stands would
be to protect banks against erosion. Nutrient sat-
uration could be avoided by regular harvesting
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of these strips which would not cause significant
nutrient losses like the clear-cutting or large-scale
afforestation in the catchment if undertaken sen-
sitively (Bormann and Likens, 1979; Smith,
1992). Thus, one possibility would be for these
areas to join the network of decentralized energy
forest areas.

A very important area of further investigation
is the long-term role of black alder (Alnus gluti-
nosa) and grey alder forests in nitrogen and
phosphorus cycling. Alders (both A. glutinosa
and A. incana), the common riparian trees in
Europe, are nonleguminous angiosperms which
possess an endophytic actinomycetal fungus in
root nodules that enables them to fix nitrogen at
a rate of up to 225 kg N ha-1 year'l (Wetzel,
1975). This may cause a large nitrogen surplus
in the ecosystem and lead to leaching from the
riparian soils (Binkley et al., 1992; Burmann and
Gordon, 1984). Nevertheless, results of this
study and some earlier investigations in Estonia
and Germany show that alder forests have a ben-
eficial role in filtering nitrogen and phosphorus
fluxes (Mander, 1985, 1989; Knauer and Man-
der, 1989). For instance, nearly 100% of the
phosphorus and 50% of the nitrogen was ad-
sorbed in 10-m-wide strips of both riparian alder
forests growing downslope of intensively fertil-
ized agricultural fields (Knauer and Mander,
1989). Probably, a dense herb layer of these alder
forests dominated by nettles ((Jrtica dioica)
would enhance nitrogen uptake.

Many questions remain outstanding in rela-
tion to the role of alder stands in nutrient cy-
cling. Additional studies have been initiated at
the Limnology Institute, University of Lund,
Sweden, and in Estonia. In Lund, the influence
of the age of black alder forests on nitrogen and
phosphorus cycling will be studied. In Estonia,
in co-operation with several departments of the
University of Tartu and Estonian Agriculture
University, grey alder forest sites (one without
nutrient loading, another with additional input
fluxes by application of slurry and wastewater)
will be analyzed for transformation and storage.
The main concern is: how long will the buffering
process remain if a riparian zone is vegetated
with alder?

5. Conclusions

(1) A significant lower mean annual concen-
tration of NH4-N, NOr N and total-P concentra-
tion in shallow groundwater within the combi-
nation of riparian Filipendula ulmaria-Cirsium
oleraceum-Aegopodium podagraria communi-
ties and young grey alder forest was observed (0.4
mg, 0.5 mg and 0.1 mg 1“ respectively).

(2) During the vegetation assimilation pe-
riod, total nutrient uptake by biomass (sum of
the above-ground and below-ground biomass) of
the riparian Filipendula ulmaria-Cirsium olera-
ceum-Aegopodium podagraria community was
up to 86 g N m-2 year- land 6.4 g P m-2 year™
In Care:c elata associations the corresponding
values were 54 gand 5.3 gm 'l

(3) In cultivated grasslands with shallow sod
layer, especially on deep colluvial soils (humus
layer depth up to 1.2 m), a significant leaching
of NH4-N and P 04-P was observed. This process
intensified in summer and autumn (from May
to November).

(4) Seeping of contaminated deeper ground-
water at the base of valley slopes, as well as an-
aerobic conditions in the peatland soils increases
the NOr N, PI0, and S04-S concentrations of
groundwater within the riparian fen
communities.

(5) Grey alder forests and willow bushes on
stream banks are recommended as water protec-
tion strips to decrease nutrient fluxes into the
stream, i.e. perennial grasslands as water- pro-
tection zones should be combined with forest/
bush buffer strips.

(6) Harvesting of riparian herb communities
may remove a significant fraction (25-30%) of
the annual nitrogen and phosphorus accretion
with riparian zones.

(7) In the Vénda ditch sub-catchment, a proj-
ect of ecotechnological measures to improve the
water quality of this area has been worked out
(Mander et al., 1994). That concept is based on
principles of buffer zones and buffer strips, root-
zone systems for wastewater purification and
restoration of the stream channel (e.g. Petersen
et al., 1992).



U. Mander et al. / Landscape and Urban Planning 3 1 (1995) 333-348 347

Acknowledgments

We wish to acknowledge colleagues from the
South-Estonian Laboratory of Environment
Protection, Tartu and from the Institute of En-
vironment Protection, Estonian Agricultural
University for assistance in analyzing the water
and biomass samples. We also thank Dr. Lena
Vought from the Limnology Institute, Univer-
sity of Lund, Sweden, for her help in editing the
manuscript.

References

Ambus, P. and Christiansen, S., 1991. Denitrification and
other nitrogen cycling processes in a riparian meadow.
Project abstracts of the Danish NPo Research Pro-
gramme. C-Absiracts. No. Cl 3a, Ministry of the Environ-
ment. National Agency of Environmental Protection,
Denmark, pp. 187-202.

American Public Health Organization, 1981. Standard
Method for the Examination of Water and Waste Water,
15th edn. APHA, Washington, 1134 pp.

Bingham, S.C., Westerman, P.W. and Overcash, M.R., 1980.
Effect of grass buffer zone length in reducing the pollution
from land application areas. Trans. ASAE, 23: 330-336.

Binkley, D.. Sollins, P., Bell, R., Sachs, D. and Myrold, D.,
1992. Biogeochemistry of adjacent conifer and alder-
conifer stands. Ecology, 73 (6): 2022-2033.

Bormann, B.T. and Gordon, J.C., 1984. Stand density effects
in young red alder plantations: productivity, photosyn-
thate partitioning and nitrogen fixation. Ecology, 2: 394-
402.

Bormann, F.H. and Likens, G.E., 1979. Pattern and Process
in a Forested Ecosystem. Springer, New York/Heidel-
berg/Berlin, 253 pp.

Briisch, W. and Nilsson, B., 1993. Nitrate transformation and
water movement in a wetland area. Hydrobiologia, 251:
103-111.

Cooke. J.G. and Cooper, A.B., 1988. Sources and sinks of
nutrients in a New Zealand hill pasture catchment I1l. Ni-
trogen. Hydrol. Process., 2: 135-149.

Correll, D.L., 1991. Human impact on the functioning of
landscape boundaries. In: P. Risser, R. Naimanand M.M.
Holland (Editors), The Role of Landscape Boundaries in
the Management and Restoration of Changing Environ-
ments. Chapman and Hall, New York, pp. 22-34.

Correll, D.L. and Weller, D.E., 1992. Factors limiting pro-
cesses in freshwater wetlands: an agricultural primary
stream riparian forest. In: R.R. Sharilz and J.W. Gibbons
(Editors), Freshwater Wetlands and Waildlife. CONF-
8603101, DOE Symp. Scr. No. 6 1, USDOE Office of Sci-
entific and Technical Information, Oak Ridge, TN, pp. 9-
23.

16

Decamps, E., Fournier, F, Naiman, R.J. and Petersen, Jr,,
R.C., 1990. An international research effort on land/in-
land water ecotones in landscape management and resto-
ration 1990-1996. Ambio, 19(3): 175-176.

Dillaha, T.A., Sherrard, J H., Lee, D, Mostaghimi, S. and
Shiholtz, V.O.. 1988. Evaluation of vegetated filler strip
as a best management practice for feed lots. J. Water Pol-
lut. Control Fed., 60: 1231-1238.

Doyle, R.C., Wolf. D.C. and Bczdicek, D.F., 1975. Effective-
ness of forest buffer strips in improving the water quality
of manure polluted runoff. In: Managing Livestock Wastes.
Proc. 3rd Int. Symp. on Livestock Wastes, 21-24 April
1975, ASAE, St. Joseph, MI, pp. 299-302.

Fail, Jr., J.L., Hamzah, M.N., Haines, B.L. and Todd, R.L.,
1986. Above and belowground biomass, production, and
element accumulation in riparian forests of an agricul-
tural catchment. In: D.L. Correll (Editor), Catchment
Research Perspectives. Smithsonian Environmental Re-
search Center, Edgewater, MD. Smithtronian Institution
Press, Washington, DC, pp. 193-224.

Golterman, H.L., Clymo, R.S. and Ohnstad, M.A.M., 1978.
Methods for Physical and Chemical Analysis of Fresh
Waters. Blackwell, London, 214 pp.

GrofTman, P.M., Axelrod, E.A., Lemunyon, J.L. and Sulli-
van, W.M., 1991. Denitrification in grass and forest veg-
etated filter strips. J. Environ. Qual., 20: 671-674.

Haycock, N.F.. and Pinay, G., 1993. Groundwater nitrate dy-
namics in grass and poplar vegetated riparian buffer strips
during the winter. J. Environ. Qual., 22: 273-278.

Hoffmann, C.C., 1991. Water and nutrient balances for a
flooded riparian wetland. In: Ministry of the Environ-
ment, National Agency of Environmental Protection,
Denmark. Nitrogen and Phosphorus in Fresh and Marine
Water. Project Abstracts of the Danish NPo Research
Programme, C-Abstracts, C 13-b-, pp. 203-220.

Howard-Williams. C., 1985. Cycling and retention of nitro-
gen and phosphorus in wetlands: a theoretical and ap-
plied perspective. Freshwater Biol., 15: 391-431.

Hussey, M.R., Skinner, Q.D., Adams, J.C. and Harvey, A.J.,
1985. Denitrification and bacterial numbers in riparian
soils of a Wyoming mountain catchment. J. Range Man-
age., 38(6): 492-496.

Jacobs, T.C. and Gilliam, J.W., 1985. Riparian losses of ni-
trate from agricultural drainage waters. J. Environ. Qual.,
14(4): 472-478.

Jagomaégi, J., Kiilvik. M., Mander, U. and Jacuchno, V., 1988.
The structural-functional role of ecotones in the land-
scape. Ekologia (CSSR), 7(1): 81-94.

Jordan, T.E., Correll, D.L., Peterjohn, W.T. and Weller, D.E.,
1986. Nutrient flux in a landscape: the Rhode River
catchment and receiving waters. In: D.L. Correll (Edi-
tor), Catchment Research Perspectives. Smithsonian En-
vironmental Research Center, Edgewater, MD. Smith-
sonian Institution Press, Washington, DC, pp. 57-76.

Knauer, N. and Mander, U., 1989. Studies on the filtration
effect of differently vegetated buffer stripes along inland
waters in Schleswig-Holstein. 1. Information: Filtration



348 U. Manderel al. / Landscape and Urban Planning 31 (1995) 333-348

of nitrogen and phosphorus. Z. Kulturtech. Landentwick-
lung, 30: 365-376, in German, with English summary .

Lowrance, R., 1992. Groundwater nitrate and denitrification
in a coastal plain riparian forest. J. Environ. Qual., 21:
401-405.

Lowrance, R, Todd. R., Fail, J., Hendrickson, Jr., O., Leon-
ard. R. and Asmussen, L, 1984. Riparian forests as nu-
trient filters in agricultural catchments. BioScience, 34(6):
374-377.

Magette, W.L., Bnnsfield, R.B., Palmer, R.E. and Wood, J.D.,
1989. Nutrient and sediment removal by vegetated filter
strips. Trans. ASAE, 32(2): 663-627.

Mander, U., 1985 The renovation effect of polluted surface
flow in vegetated buffer strips. Acta Commentationes
UniversitaiisTartuensis, 701: 77-89, in Russian, English
summary.

Mander, U., 1989. Kompensationsstreifen entlang der Ufer
und Gewasserschutz. Bericht D 10, Landesamt fir Was-
serhaushalt und Kisten Schleswig-Holstein, Kiel, 61 pp.

Mander, U., Metsur. M. and Kilvik, M., 1989. Stérungen des
Stoffkreislaufs, des Energiefiusses und des Bios als Kriter-
ien fur die Bestimmung der Belastung der Landschaft. Pe-
termanns Geogr. Mitt., 4: 233-244.

Mander, U., Kuusemets, V. and Treier, K., 1994. Variation
in groundwater quality in South Estonian rural areas.
IAHS Proc. of GQM ’93: Groundwater Quality Manage-
ment, Tallnin, Estonia, 6-9 September 1993. IAHS Publ.
No. 220, pp. 81-93.

Musch, W.J., 1992. Landscape design and the role ofcreated,
restored, and natural riparian wetlands in controlling
nonpoint source pollution. Ecol. Eng., 1: 27-47.

Mitsch, W.J. and Gosselink, J.G., 1993. Wetlands, 2nd edn.
Van Nostrand Reinhold, New York, 722 pp.

Nichols, D.S., 1983. Capacity of natural wetlands to remove
nutrients from wastewater. J. Water Pollut. Control Fed.,
55:495-505.

Overcash, M R., Bingham, S.C. and Westerman, P.W., 1981.
Predicting runoff pollutant reduction in buffer zones ad-
jacent to land treatment sites. Trans. ASAE, St. Joseph,
M1, pp. 24,430-435.

Payer, F.S. and Weil. R.R., 1987. Phosphorus renovation of
wastewater by overland flow land application. J. Environ.
Qual., 16(4): 391-397.

Persson, H., 1983 The distribution and productivity of fine
roots in boreal forests. Plant Soil, 71:87-101.

Peterjohn, W.T. and Correll. D.L., 1984. Nutrient dynamics
in an agricultural catchment: observations on the role of
riparian forest. Ecology, 65: 1466-1475.

Petersen, R.C., Petersen, L.B.-M. and Lacoursiere, J.O., 1992.
A building-block model for stream restoration. In: P.J.
Boon, P. Calow and G.E. Petts (Editors), River Conser-
vation and Management. John Wiley, pp. 293-309.

Pinay, G. and Decamps, H., 1988. The role o f riparian woods
in regulating nitrogen fluxes between the alluvial aquifer
and surface water: a conceptual model. Regul. Rivers: Res.
Manage., 2: 507-516.

Pinkowski, R.H., Rolfe, G.L. and Arnold, L.E., 1985. Effect
of feedlot runoff on a Southern Illinois forested catch-

ment. J. Environ. Qual., 14(1): 47-54.

Reddy, K.R., Campbell, K.L., Graetz, D A. and Portier, K.M.,
1982. Use of biological filters for treating agricultural
drainage effluent. J. Environ. Qual., Il1: 591-595.

Risser, P., 1990. The ccological importance of land-water
ecotones. In: R.J. Naiman and H. Decamps (Editors), The
Ecology and Management of Aquatic-Terrestrial Eco-
tones, Man and the Biosphere Series. UNESCO, The Par-
thenon Publ. Group, Pans pp. 7-21.

Schwer, C.B. and Clausen, J.C., 1989. Vegetative filter treat-
ment of dairy milkhouse wastewater. J. Environ. Qual.,
18:446-451.

Smith, C.M., 1992. Riparian afforestation effects on water
yield and water quality in pasture catchments. J. Environ.
Qual., 21: 237-245.

Smith, R.G. and Schroeder, E.D., 1985. Field studies of the
overland flow process for the treatment of raw and pri-
mary treated municipal wastewater. J Water Pollut. Con-
trol Fed., 57(7): 785-794.

Soil Maps of Collective and State Farms of Estonia, 1937.
Map series in the State Design Institute ‘Eesti
Pdllumajandusprojeki’.

Thompson, D.B., Loudon, T.L. and Gerrish, J.B., 1978. An-
imal manure movement in winter runoff for different sur-
face conditions. Best Management Practices for Agricul-
ture and Silviculture. Cornell Conference, pp. 145-158.

Uusi-Kamppa, J. and Ylaranta, T., 1993. Buffer strips for
sediment removal from agricultural surface runoff In: U.
Mander et al. (Editors). Energy, Environment and Nat-
ural Resources Management in the Baltic Sea Region, 4th
Int. Conf. on System Analysis, Tallinn, Estonia, 18-21
May 1993. Nordiske Seminar-og Arbejdsrapporter 653,
pp. 469-478.

Vanderholm, D.H., Dickey, E C., Jacobs, J.A., EImore, R.W.
and Spahr, S.L., 1979. Livestock feedlot runoffcontrol by *
vegetative fillers. EPA-600/2-79-143. US Environmental
Protection Agency, 66 pp.

Vanek, V,, 1991. Riparian zone as source of phosphorus for
a groundwater-dominated lake. Water Res., 25(4): 409-
418.

Varep, E., 1964. The landscape regions of Estonia. Publica-
tions on Geography IV. Acta et Commerstationes Univ-
ersitatisTartuensis, 156: 3-28.

Vought, L.B.-M., Lacoursiere, J.O. and Voelz, N.J., 1991.
Streams in the agricultural landscape'l Vatten, 47: 321 —
328.

Wetzel, R.G., 1975. Limnology. W.B. Saunders, Philadel-
phia, PA, 539 pp.

Yates, P. and Sheridan, J.M., 1983. Estimating the effective-
ness of vegetated floodplains/wetlands as nitrate-nitrite
and orthophosphorus filters. Agric. Ecosyst. Environ., 9:
303-314.

Young, R.A., Huntrods, T. and Anderson, W., 1980. Effec-
tiveness of vegetated buffer strips in controlling pollution
from feedlot runoff. J. Environ. Qua!.,, 9(3): 483-487.

Zirschky, J., Crawford, D., Norton, L.. Richards, S. and Dee-
mer, D., 1989. Ammonia removal using overland flow. J.
Water Pollut. Control Fed., 61(7): 1225-1232.






Mander, U., L6hmus, K., Kuusemets, V. and Ivask, M. 1997.

The potential role of wet meadows and grey alder forests as buffer zones.
Buffer Zones, Their Processes and Potential in Water Protection,

Proe. of the Int. Conf. on Buffer Zones. Haycock, N. E. et al. (eds.).
Oxford, Quest Environmental, Foundation for Water Research, pp. 35-46.



The potential role of wet meadows and
grey alder forests as buffer zones

U. Mander] K. L6hmus1 V. Kuusemetsland M. lvask2

IInstitute of Geography, University of Tartu, 46 Vanemuise St., EE2400 Tartu, Estonia
* Environmental Protection Institute, Estonian Agricultural University, 5 Kreutzwaldi St.,
EE-2400 Tartu, Estonia

Abstract

Two differently loaded riparian buffers including wet meadows (Filipendula ulmaria-
Aegopodium podagraria - Cirsium oleraccum - Urtica dioica) and grey alder (Alnus incana)
stands were investigated. The main inputs and outputs (atmospheric deposition, input
and output in surface and subsurface flow, nitrogen fixation and denitrification) and
accumulation of N and P in plant biomass, litter and soil were estimated. A 31 m wide buffer
zone of wet meadow and grey alder forest removed 67% nitrogen and 81% phosphorus,
while in a 51 m buffer zone, also containing a grassland strip in addition to wet meadow
and alder forest, 96% N and 97% P was retained. In the riparian buffers studied, an effective
retention of nutrients (34-186 kg N halyr® and 1.6-6.0 kg P ha!vr]) was observed even with
very high input loads (276.3 and 12.8 kg halyrlof N and P, respectively).

INTRODUCTION

Riparian wet meadows and forests have been identified as important buffers for water bodies
(Lowrance et al., 1984; Peterjohn and Correll, 1984; Haycock and Pinay, 1993; Vought et al., 1994). Most
research only considers inputs and outputs, but among the internal processes of riparian ecosystems
relevant to nutrient retention, denitrification has been investigated most intensively (Groffmann et al.,
1991; Lowrance, 1992; Weller et al., 1994; Pinay et al., 1993). Only a few studies deal with plant uptake
and soil accumulation within riparian forests (Peterjohn and Correll, 1984; Lowrance et al., 1984) and
wet meadows (Leonardson et al., 1994). The aim of this paper is to analyse the most important nutrient
fluxes and pools in complex riparian buffer zones to explain their transformation and removal
efficiency in differently loaded areas.

SITE DESCRIPTION

Two different riparian buffers including wet meadows and grey alder stands were selected in Estonia:
one in the unpolluted Porijdgi River catchment (for area description see Mander et al., 1995), the other,
in the vicinity of the Viiratsi pig farm (32,000 pigs), Viljandi County. The physio-geographical
conditions of the Viiratsi study site are similar to those of the Porijégi River catchment. In both areas,
transects in thalwegs were established along a topo-edaphic gradient in autumn 1993 (Fig. 1). In the
Porijogi test site the following series of riparian buffer communities, in the downhill direction, was
analysed: abandoned (formerly cultivated) grassland (serves as source community) - buffer 1; wet
meadow (dominated by Filipendula ulmaria, Aegopodium podagraria, Cirsium oleraceum, and Urtica
dioica), 11 m - buffer 2; grey alder stand (14 yr), 20 m. In the heavily polluted Viiratsi test site the
transect was established through the following communities: arable land (fertilised by pig slurry;
serves as source community) - buffer 1; eutrophic grassland strip (Elytrigia repens, Urtica dioica) with a
young grey alder stand, 11m - buffer 2; wet meadow pattern (Filipendula ulmaria), 12 m - buffer 3;
grey alder forest (40 yr), 28 m. In the landscape profiles piezometers (3 rows in the Porijogi transect
and 4 rows in the Viiratsi site, with 3 replicates in each row) and study plots were established on the
boundaries between plant communities. The main nitrogen (N) and phosphorus (P) cycles and

Buffer Zones: Their Processes and Potential in Water Protection. Edited by N.E. Havcock. T.P. Burt, 247
K.W.T. Goulding and G. Pinay. ISBN 0 9530051 0 0 © 1997 Quest Environmental.
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budgets have been assessed. This paper presents the main inputs and outputs (atmospheric
deposition, input and output in surface and subsurface flow, nitrogen fixation and denitrification) as
well as accumulation in plant biomass, litter and soil from July 1994 to July 1995.

Figure 1. Schemes of test sites: A - Porijogi (less polluted), B - Viiratsi (heavily polluted).
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MATERIAL AND METHODS

Productivity and uptake estimation

Dimension-analysis techniques (Bormann and Gordon, 1984; Rytter, 1989; Huss-Danell and Ohlsson,
1992) were used to estimate the above-ground biomass and productivity of grey alder forests. At both
test sites (age 14 and 40 years) 17 and 5 model trees per plot, respectively, were felled to collect data on
the following tree components: stem (wood and bark), secondary branch growth (wood and bark),
primary branch growth, leaves, generative organs. The relative increments of the wood and bark of an
overbark fraction were assumed to be equal. Root systems for 6 and 3 out of the sampled 17 and 5
trees respectively were excavated and divided into five fractions; stump, coarse roots: d > 20 mm,
5mm<d<20mm,2mm <d <5mm and fine roots (d <2 mm). Nodule mass (kg ha') was estimated
separately in June and July 1995. To estimate the below-ground production, the shoot/root ratios for
tree biomass and production were assumed to be equal.

All tree components were analysed for N, P, energy and ash contents. Tree components have been
estimated using the regression equation:

Iny =a+b Indbh 1)

where y is the oven-dry mass of tree component (kg) and dbh - diameter at breast height (cm); all
equations had very high correlation coefficients and significance (p< 0.0001 in all cases; Table 1).

Table 1. Parameters of regression equations (1) used in dimension analysis for estimating
the mass of tree compartments (kg); r?- coefficient of determination, s.e.e. - standard error
of estimate.

Age (years) Tree compartment a b r2 s.e.e.
overbark (kg)

14 (Porijdgi) Stem -2.492 2.399 0.992 0.07
Branches -6.064 3.123 0.925 0.31

40 (Viiratsi) Stem -2.406 2.354 0.984 0.14
Branches -3.891 2.353 0.947 0.33

The phytomass (i.e., standing crop) samples were collected during the maximum flowering time of the
dominant plant species (2nd and 3rd week in July; see Milner and Hughes, 1968) from all riparian
plant communities. Sampling plots (six in Porijdgi and three in Viiratsi), for analysing plant cover and
phytomass, were installed in typical areas of the community. Two typical patches within the wet
meadow community (dominated by Aegopodium podagraria and Filipendula ulmaria) in the Porijogi
transect were analysed (see Balsberg, 1982). Above-ground biomass was collected from three replicate
quadrats (IxI m) in each community. Below-ground root biomass was collected from soil cores taken
by auger (diameter 158 mm) from the depth of up to 40-50 cm in three replicates from each location.

Field experiments and laboratory analysis

Water samples were collected and groundwater depth measured once or twice a month by
piezometers. Filtered soil water samples were analysed for NH4-N, NO2-N, NO3-N, total Kjeldahl
nitrogen (TKN), PO4-P, total Kjeldahl phosphorus (TKP), SO4, Fe, Ca (APHA, 1989). Soil bulk density,
texture class and field capacity were determined for each 20 cm of soil profile (up to 1.5 m depth).
Hydraulic conductivity was estimated by using tracer (chloride) and pumping experiments (Freeze
and Cherry, 1979). Groundwater discharge was estimated on the basis of both Darcy's law and by
gauging with weirs installed in groundwater seeping sites. TKN and TKP of plant samples were
estimated.

The acetylene method was used to measure the N fixation rate in soil (Groffmann and Tiedje, 1989). To

assess the denitrification rate acetylene as a nitrous oxide reduction inhibitor was used (Yoshinari
etal, 1977).
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RESULTS AND DISCUSSION

Nitrogen and phosphorus budgets in differently loaded buffer zones

Nitrogen

Despite the significantly higher N loading in the Viiratsi riparian buffer zone relative to the Porijogi
complex (0.4-4.3 and 2.0-62.1 mg N |1 respectively) the output concentrations were comparable
(0.4-2.1 and 0.5-3.0 mg N | ). Atmospheric N deposition in Porijogi and Viiratsi was estimated to be 6.1
and 6.3 kg N ha'yr1 respectively. Extremely high TKN contents in the Viiratsi soil water (56.1 and
62.1 mg 19 reflect pig slurry application in the adjacent field in July and August 1994. Intensive
fertilisation over many years has compacted the soil and disturbed the microfauna. Therefore the N
concentration in soil water under the arable land has always been high. In the Porijdgi catchment, by
contrast, the N input has decreased during the last three years since agricultural activities in the
upland field ceased. The high buffering capacity in the Viiratsi study (Table 3) is the result of: (1) the
large accumulation of organic nitrogen in the soil, (2) the relatively high plant uptake, (3) the relatively
high denitrification value, (4) the relatively low N2 fixation. Ruxes (2)-(4) were generally smaller than
those in the Porijdgi test site (Table 2).

Table 2. Main fluxes and pools of nitrogen and phosphorus in the heavily polluted test site at
Viiratsi (kg ha1yr).

Fluxes and pools Grassland Wet meadow Alder forest
N P N P N P

Precipitation 6.3 3.1 6.3 31 6.7 1.0

Nitrogen fixation 55 0.8 21.0

Input surface flowand 264.5 9.7 79.0 3.7 45.2 2.0
subsurface flow

Accumulation in plant 165.0 45.0 352.0 38.0 140.2 10.8
biomass

Litter *78.2 *21.9 *201.8 *17.9 87.0 4.0

Denitrification 20.1 10.2 7.9

Output surface flowand 79.0 3.7 45.2 2.0 9.0 0.4
subsurface flow

Active soil exchange 90.2 -14.0 -119.5 -15.3 2.8 -4.2

Soil store (kg ha') 11.2 2.7 17.3 14 20.6 21

*above-ground litter, estimated values

Denitrification within the grey alder forest was 12-21 pg N m: hr' at Porijégi and 3-14 pg N m 2hr' in
Viiratsi. Nevertheless, in adjacent wet meadow and abandoned grassland upslope from the forest in
Porijogi, the rate was higher (4-57 and 5-41 pg N mJhr', respectively). The main characteristics in
denitrification intensity are comparable with other investigations:

(a) most denitrifying activity was observed in spring and late summer (Struwe and Kjoller, 1990;
Weller et al., 1994)

(b) denitrification was faster in the upper part of the complex buffer zone (upslope from the alder
forest; see also Duff and Triska, 1990; Pinay et al,, 1993; Weller et al., 1994)

Characteristic (b) is due to significantly higher nitrate concentrations in soil water upslope. Struwe
and Kjoller (1991) have found up to 100 times more denitrifying activity in slurry incubations than in
black alder forest in the field.

Nitrogen uptake by grey alders is high at both sites. In Viiratsi the summary uptake is about 30% less
than in Porijogi, i.e. 140.2 and 204.8 kg N halyr', respectively (Tables 2 and 3). The forest stand in
Viiratsi is less dense and older than that in Porijdgi (1810 trees ha' by average age of 40 yr and 6110
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trees halby 14 yr, respectively). In addition, only a portion of trees are grey alders; in Viiratsi 77% and
in Porijogi 86%. The N allocation in alder production indicates that most of the N accumulates in
leaves (88.5 kg N halyrlin Viiratsi and 85.8 kg N halyrlin Porijdgi, in percentages of the total N
uptake: 63% and 42%, respectively). We measured a relatively large amount of N in the bark of stems
and branches (8.5 kg N ha' yrlin Viiratsi and 23.1 kg N hadyrlin Porijogi). Because the growth of
trees in older stands is less than that in younger stands, the N uptake by stems and branches of old
trees is lower than that of younger trees. Moreover, the annual N uptake stored in root production
decreases in older stands. Due to slow retranslocation into senescing leaves in autumn (8% in Viiratsi
and 14% in Porijogi), most N is accumulated in leaf litter, half of which mineralises during the next
season. Thus, a realistic N removal rate by tree uptake is about 40-50 kg less than the total annual
uptake.

Atmospheric N2 fixation in the alder stand in Viiratsi was significantly less than that in Porijdgi (i.e.,
0.2-2.8 and 0.6-15 yg N m 2hr1 respectively) with a maximum in July. The highest N2 fixation values
(up to 2.3 ng N mJhrlin Porijdgi and 17.9 |ig N mJhr' in Viiratsi) were observed within wet
meadows and grassland communities; most fixation was observed in May. The smaller N2 fixation in
Viiratsi is due to predominating N assimilation over N2 fixation while high concentrations of mineral
N are present in the root (see Troelstra et al., 1992). However, our investigations show that N2 fixation
plays a less significant role in the total N budget in both study plots.

The active soil exchange (ASE) is calculated as follows (Tables 2 and 3):
ASE = Input - Output - Accumulation in plant biomass + Litter )]

Except for the alder stand in Viiratsi, the active soil exchange of N for riparian communities was
negative. Therefore, plant uptake exceeded the accumulation in soil during the study period. In
comparison with the soil store of N in different communities (8-19 t halin Porijdgi and 11-21 t halin
Viiratsi; Tables 2 and 3) the plant uptake and all other fluxes are small. Thus, the buffering capacity of
colluvial soils with a deep humus layer, typical of riparian soils of agricultural areas, is the key factor
in nutrient retention in studied buffer zones.

Table 3. Main fluxes and pools of nitrogen and phosphorus in the less polluted test site at
Porijogi (kg ha’yr").

Fluxes and pools Wet meadow Alder forest
N P N P
Precipitation 6.1 3.9 6.4 0.7
Nitrogen fixation 6.5 36.0
Input surface flow and 40.0 25 25.6 1.8
subsurface flow
Accumulation in plant 223.0 27.0 204.8 15.1
biomass
Litter *125.4 *12.7 82.0 4.0
Denitrification 19.3 8.5
Output surface flowand  25.6 1.8 13.2 0.6
subsurface flow
Active soil exchange -89.9 -9.7 -76.5 -9.2
Soil store (kg ha') 7.9 1.9 19.2 19.6

*above-ground litter

Phosphorus

The P output concentration from the intensively loaded Viiratsi site is not significantly higher than that
in Porijdgi, varying from 0.2 to 0.55 mg P 11and 0.08 to 0.65 mg P 11 respectively. Nevertheless, the
input P values at the border of the arable land and the eutrophic Elytrigia repens - grassland in Viiratsi
are significantly higher than those on the border of the Filipendula-Aegopodium wet meadow and the
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aider forest in Porijogi, being 0.6-7.09 and 0.42-1.05 mg P 1', respectively. The high P concentrations at
Viiratsi are caused by slurry applications to the adjacent field upslope. The high rate of P retention in
the Viiratsi site can be explained by: (1) uptake by alders and (2) accumulation in the soil.

In Viiratsi, the total P uptake is about 28% less than that in Porijogi: 10.8 and 15.1 kg P ha 1y r1(Tables 3
and 2). In the older stand, half the assimilated P is utilised in leaves; in the younger stand one third.
The P retranslocation from senescing leaves in autumn is significantly higher than that for N, being
about 60% in both stands. The active soil exchange of P in all buffer zones was negative, i.e., the plant
uptake in all communities exceeded the annual accumulation in soil, as for N. However, considering
the large soil store of P (1.9-2.0 t halin Porijogi and 1.4-2.7 t ha' in Viiratsi; Tables 2 and 3), we suggest
that in the long-term most retained P is accumulated in the soil.

In the long-term, this very high loading cannot be balanced by Fe, Al and Ca phosphate precipitation.
This is, seemingly, the key process in P retention in Viiratsi. Also, some investigations suggest that
permanently high N concentration in soils can cause P leaching (Andrusch et al., 1992). On the other
hand, our earlier investigations demonstrate that riparian alder forests are effective buffers for P
(Mander et al., 1995). Even in riparian wetlands P can be retained due to micro-scale oxygenation
variability within the wetland and, probably, due to phosphorus inactivation by nitrate (see Ripl, 1982).

Our results suggest it is important to harvest older Alnus incana stands (>20 yr) earlier, due to their
decreasing uptake and productivity with age.

Removal efficiency of nitrogen and phosphorus in buffer zones

Removal efficiency E (%) of N and P in riparian communities was estimated as:

E = 100% * (QinCin - Qou.Cout)/ (QinGn) 3)

where Qin and Qout = inflow and outflow values (m”d ‘), respectively; Cm and Cout = concentration
values (mg 1'), respectively.

The retention capacity R (kg ha 1y r') was calculated as follows:

R = £(QinCin - QoutCout)/ A 4

where 1(QinCin- QoutCout) is the annual retention and A is the area of the buffer zone.

The specific removal (% m J is defined as the removal efficiency per unit width of a buffer zone. This

characteristic is useful for planning and establishing buffer communities.

Table 4. Removal efficiency (%), specific removal (% nr") and retention (kg ha'yr’) of
nitrogen and phosphorus in test sites.

Grassland Wet meadow Alder forest Whole complex
N P N P N P N P
Porijogi (less polluted)
Removal efficiency (%) 36 28 48 67 67 81
Specific removal (% m’) 3.3 2.5 2.4 3.4 2.2 2.6
Retention (kg ha’yr’) 14.4 0.7 12.4 1.2 131 1
Viiratsi (heavily polluted)
Removal efficiency (%) 70 62 43 46 80 80 97 96
Specific removal (% nr’) 6.4 5.6 3.6 3.8 2.9 2.9 1.9 19
Retention (kg ha'yr’) 1855 6 33.8 1.7 36.2 16 56.7 2.2

The buffers investigated showed high removal efficiency and retention values (Table 4). The specific
removal of N was decreased downslope which coincides with the edge effect reported in earlier
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papers (Knauer and Mander, 1989). According to values presented in Table 4, the 50-60 m wide
complex buffer zone is able to retain and transform most of nitrogen and phosphorus entering the
buffer.

CONCLUSIONS

(1) Riparian wet meadows and grey alder forests (Alntts incana stands) are effective buffers on stream
banks and lake shores, even with very high input loads (276.3 and 12.8 kg ha’yrlof N and P,
respectively).

@

~

Both N and P retention in more complex sequential buffer zones consisting of different biotopes
was higher than in simple sequential buffer zones of fewer biotopes: f.£. a 31 m wide buffer zone
of wet meadow and grey alder forest removed 67% N and 81% P, within the 51 m buffer zone of
grassland strip, wet meadow and alder forest 96% N and 97% P was retained.

(3) Grey alder stands provide potential as wood for fuel. From the point of view of both productivity
and nutrient retention, the optimal age to harvest is 12-15 years.
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Introduction

The role of vegetation in the cycling of nutrients in riparian buffer zones is still uncertain (Correll,
1997). In 1992-97, a study was conducted of nutrient concentrations and transformations in
plants, shallow ground water dynamics and herbage biomass production within riparian ecotones
of south-eastern Estonian moraine plain, an intensive agricultural area in southern Estonia.

Study Area and Methods

In 1994-95, two transects were established on the thalwegs of slopes adjacent to streams, and
crossing different riparian plant communities. The transects had similar physico-geographical
conditions and similar plant communities, covering field, grass and woodland. The Porijogi
transect is situated in a less polluted area where agricultural activities stopped in 1992. The
Viiratsi transect is situated in an area impacted by pig slurry (for area description see Mander et
al., 1995). Ground water and soil water samples were collected twice per month from
piezometers installed on the borders of plant communities. Nitrogen and phosphorus (P)
concentrations in water were analysed in the laboratory of the Estonian Agricultural University
using standard methods (see Mander et al., 1997). Above-ground biomass and root samples of
herbage were taken from 1 m2 plots in different plant communities once per year during the
period of most intensive flowering of dominant species. The dimension-analysis techniques was
used for estimating the above-ground hiomass of alder (Alnus incana), and roots were sampled
by excavation (Mander et al., 1997). The phytomass, calorific, nitrogen and P content in plants
were analyzed.

Results

Table 1. Phosphorus variation in soil water, soil and the plant biomass in ecotones of the Porij6gi
transect. Field: 150m upslope from the river; cultivated grassland I: 120m upslope from the river
(dominated by Dactylis glomerata); cultivated grassland Il: 50m upslope from the river
(dominated by Dactylis glomerata and Alopecurus pratensis)-, wet meadow I: 25m upslope from
the river (Aegopodietum); wet meadow II: 25m upslope from the river (Filipenduletum), grey
alder stand (A. incana): 5m upslope from the river.

Field Cultivated Cultivated Wet Wet Alder
grassland | grassland Il meadow I  meadow I stand
Total-P in soil water 0.489 0.288 0.269 0.088 0.088 0.055
(0.5-2 m; mg ')
Topsoil (10 cm) P 171 26.8 17.7 17.7 51.3
content (mg kg )
Plant biomass 700 1163 1947 1205 2358 1730
production (g m 2)
P content in grass 0.31 0.27 0.18 0.20 020
shoot (%)
P content in grass 025 0.24 0.22 0.33 0.24
roots (%)
P assimilation by 17 2.19 2.94 2.85 4.85 151

plants (g P m 2)
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The results show a significant variation in P concentrations measured in pathways of water
movement for the different plant communities. Average total P concentrations in soil water
decreased in the riparian zones ofthe Porijogi and Viiratsi transects during the study period (June
1994 to December 1995) from 0.489 mg Nto 0.055 mg Il and from 0.430 to 0.068 mg |1,
respectively (see Tables 1and 2).

Grass vegetation plays an important role in P retention in riparian buffer zones. The
biomass production of the Filipendula ulmaria community was up to 2358 g m2 and
accumulation of P was 4.85 g P m'2 This is much higher than the production and P assimilation
ofthe grey alder (Alnus incana) community being 1730 g P m'2and 1.51 g P m'2, respectively.

In the Porijogi test site, the 30m wide buffer zone of wet meadow and grey alder forest
removed 50% of nitrogen and 80% of P, while in a 50m buffer zone in Viiratsi containing a
grassland strip, a wet meadow and an alder forest, 86% N and 85% P was retained. In the
riparian buffers studied, an effective retention of nutrients (34-186 kg N ha'lyr'land 1.6-6.0 kg P
ha'lyrl was observed even with very high input loads (276.3 and 12.8 kg ha'lyr'lof N and P,
respectively). From the total annual inputs of 82.4 kg N ha'land 6.4 kg P ha'linto a 30m wide
sequential buffer strip of grey alder forest and wet meadow, only 16 and 9%, respectively, was
leached into the stream.

Table 2. Phosphorus variation in soil water, soil and plant biomass in ecotones of the Viiratsi
transect. Field: 100m upslope the ditch; grassland strip | (Elytrigia repens): 45m upslope the
ditch; grassland strip Il (Urtica dioica): 45m upslope the ditch; grey alder stand | (A. incanae):
20m upslope the ditch; wet meadow Il (A. incanae): 5m upslope the ditch.

Field Grassland | Grassland M Alder stand I Alder stand 1l
Total-P in soil water 0430 0.173 0.173 0.052 0.068
(0.5-1 m; mg 'Y
Topsoil (10 cm) P 29.7 210.1 2101 123.0 35.0
content (mg kg
Plant biomass 1458 1156 1060 1060
production (g m 2)
Phosphorus content in 0.47 0.49
grass shoot (%)
Phosphorus content in 0.32 0.49
grass roots (%)
Phosphorus assimilation 4.63 5.48 1.08 1.08

by plants (g P m2
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ABSTRACT

A study of purification efficiency and nutrient assimilation in plants was made in two riparian
buffer zones with a complex of wet meadow and grey alder (Alnus incana) stand. In the less polluted
Porijdgi test site, the 31m wide buffer zone removed 50 % of total nitrogen (TOTN) and 78 % of total
phosphorus (TOTP), while the heavily polluted a 51 m wide buffer zone in Viiratsi retained 87% of
TOTN and 84% of TOTP. Load and purification efficiency displayed a significant relationship. The
TOTN removal in buffer strips was negative when the input load was less than 0.3 mg L'l and the
purification efficiency was always positive when the input load exceeded 5 mg L'\ The purification
efficiency of TOTP was positive when the input load exceeded 0.15 mg L*“. Grass vegetation plays an
important role in nutrient retention in riparian buffer strips. Biomass production of the Filipendula
ulmaria community was up to 2358 g m'2 assimilation of N 33.9 and of P 5.3 g m'z, respectively. This is
much higher than the production and N and P uptake of the grey alder (Alnus incana) community, being
1730, 20.5 and 1.5 g m'J, respectively.

Buffer zones have many functions that improve water quality, protect air and soil, and
increase biological and landscape diversity (Mander et al., 1997b). One of the main functions
of buffer zones and riparian wetlands, to purify water of substances, has been widely
described in many regions (Peterjohn and Correll, 1984; Lowrance et al., 1984; Pinay and
Decamps, 1988; Cooper, 1990; Uusi-Kédmppa and Ylaranta, 1992; Haycock and Pinay, 1993;
Gilliam, 1994; Vought et al., 1994). However, our knowledge concerning the water quality
buffering effects of riparian zones is far from adequate (Correll, 1997). Different studies
indicate that buffer zones can retain 0.0043 to 13 g N m'2day'land 0.000057 to 8.67 13 g P
m " day'l(see Mander et al., 1997b). Because retention and efficiency rates vary greatly under
different climatic and physico-geographical conditions, few proposals have been presented
with design criteria for buffer zones and their establishment and management (Dillaha 11l and
Inamdar, 1997, Mander et al., 1997b). The optimal vegetation and the most effective buffer
width is still unclear (Correll, 1997). Haycock and Pinay (1993) found that forested buffer
zones are more effective than grass buffer zones, while other works show good purification in
grass buffer zones (Peterjohn and Correll, 1984, Groffman, 1991; Correll, 1997). Grass strips
are considered sediment traps by which a large portion of nutrients, especially P is deposited
from surface flow (Mitsch et al., 1979, Peterjohn and Correll, 1984; Yoyng et al., 1980). At
the same time grass buffer strips can also remove dissolved nutrients (Peterjohn and Correll,
1984; Haycock and Burt, 1993; Vought et al., 1994) which shows that grass strips are an
important part of buffer zones. Although the assimilation of nutrients by herbs in buffer zones
has been described in only a few works, results indicate a high nutrient assimilation ability.
Van Oorschot (1994) measured above-ground N and P uptake in riparian communities up to
7.1 and 1.07 g m", respectively. Prach and Rauch (1992) estimate the N and P removal hay
from a floodplain to be 15-30 and 2-4.5 g m'2, respectively.

We provide an overview on the purification efficiency of complex riparian buffer
zones in Estonia consisting of native riparian plant communities with emphasis on nutrient
assimilation and input versus retention calculations.
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METHODS
Site Description

To study buffer zone efficiency we established two transects in south Estonia with
similar physico-geographical conditions. The transects are situated on slopes adjacent to
streams, following of surface water flow and crossing agricultural fields and different riparian
plant communities. The Porijogi is situated in the plain of south-east Estonia (Varep, 1964).
The elevation of the moraine plateau is 30 - 60 m above m.s.l., with undulated relief (slopes
are usually 5-6%) and the landscape is dissected by primeval valleys. The Porijdgi transect is
located on the slope of a primeval valley where agricultural activities stopped in 1992.

loamytend abandoned cultivat'd grassland riparian wet meadow

Dactylis glomerata
1 HfiiwT itfopodim

I oy fLik
W

distinct, m

altitude, m B

1S arable land riparian wet meadow
Elytrigia

. " Filipendula
g R) vKana

loamy sand

distance, m

Fig. 1 Study transects in complex riparian buffer zones in South Estonia. A - Porijogi;
B - Viiratsi. 3 - shallow groundwater sampling point; ||j| phytomass sampling plots

The transect crosses following plant communities: abandoned field (cultivated last
lime in 1992) on planosols and podzoluvisols, abandoned cultivated grassland (mowed last
time in 1993) on colluvial podzoluvisol (dominated by Dactylis glomerata and Alopecunis
pratensis), an 11 m wide wet grassland on gleysol (two parallel communities, one dominated
by Filipendula ulmaria, another by Aegopodium podagraria), a 20 m wide grey alder stand
(Alnus incana) on gleysol (Fig. 1A). The Viiratsi transect is situated in the Sakala heights
(Varep, 1964) consisting of moraine hills and undulated plains with a variety of glacial
deposits. The transect is located on the moraine plain in the vicinity of a pig farm (with about
30 000 pigs during the study). Almost all the slurry from the pig farm is spread on the
neighbouring fields and whole area is heavily impacted by pig slurry. The transect crosses
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following plant: field 01l planosols and podzoluvisols (slurry was spread in autumn 1994), an
11 m wide grassland (Elytrigia rcpcns-Urtica dioica) and young alder (Alnus incana) trees
strip on colluvial podzoluviol, 12 m wide wet grassland (Filipendula ulmaria) on gleysol, 28
m wide grey alder (Alnus incana) forest on podzoluvic gleysol (Fig. 1B).

W ater Sampling and Analysing

Shallow ground water samples were collected once or twice a month from piezometers
installed on the borders of plant communities (with 3 replicates on the borders of riparian
communities). Samples were taken from July 1994 to December 1995. Filtered water samples
were analysed for NH/-N, N02-N, NOi'-N, total Kjeldahl-N, P04v-P, TOTP, S042, Fe, Ca2+
in the laboratory of Estonian Agricultural University following standard methods for
examination of water and wastewater quality (APHA, 1989).

Phytomass Sampling and Analysing

The phytomass (i.e., standing crop) samples were collected from all riparian plant
communities during the maximum flowering time of the dominant plant species (2nd and 3rd
week in July; see Milner and Hughes, 1968). Sampling plots (six in Porijogi and three in
Viiratsi) were installed in typical areas of the community. The above ground biomass was
collected from three rcplicate quadrates (IxI m) in each community. Below ground root
biomass was collected from soil cores taken by auger (diameter 158 mm) from a depth of up
to 40-50 cm in three replicates from each location. Roots were washed of soil and from dried
roots and aboveground biomass dry weight was measured and N and P content was analysed
in the laboratory of Estonian Agricultural University. To estimate the aboveground biomass
and productivity of grey alder forests, dimension-analysis techniques (Bormann and Gordon,
1984; Rytter, 1989; Huss-Danell and Ohlsson, 1992) were used. At both test sites (age 14 in
Porijogi transect and 40 years in Viiratsi transect) 17 and 5 model trees per plot, respectively,
were felled to collect data on the following tree components: stem (wood and bark),
secondary branch growth (wood and bark), primary branch growth, leaves, generative organs
(Ldéhmus et al., 1996). The relative increments of the wood and barks of an overbark fraction
were assumed to be equal. Root systems for 6 and 3 out of the sampled 17 and 5 trees
respectively were excavated. The dried weight of all tree components was measured and N

and P content in dried biomass were analysed in laboratory of Estonian Agricultural
University.

Statistical Analysis and Calculations

Kruskal-Wallis lest was pcrfomed due to inhomogeneity of variances to analyse N and
P concentration changes between measurement points and the test for Binary Sequences for
load versus purification efficiency probability analyses using Statgraphics Plus 7.1. The
regression analyse of relation between input load and appearance of negative removal of
nutrients was performed by Microsoft Excel 97.
Removal efficiency E (%) of N and P in buffer communities was estimated as:

E = 100 % * (QmCin mQouiCo,,,)/ (QmCiii) 1)
where
3
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Qinand Qou, = inflow and outflow values (m3d'l), respectively; Cjnand Coui = concentration
values (mg L'1), respectively.

RESULTS

The soil water nitrogen load in two transects was different. The TOTN content in
Viiratsi transect reached up to 138 mg L 1in the cultivated field after slurry application. In
Porijdgi transect the highest TOTN load was 19.5 mg L'l The results show that there was a
considerable decrease in nitrogen content through the Viiratsi transect buffer zone (see Table
1). The average TOTN decreased during the study period (1994 to 1995) from 23 mg L'lin
the field (transect point 1, Fig. IB) to 3.1 mg L 1at the end of the buffer zone (transect point
5, Fig. 1B). However, this decrease was not significant (Kruskal-Wallis test, P>0.05). There
was considerable decrease in nitrogen through the first 2 m of the buffer zone where the
average TOTN decreased from 23 to 14.3 mg L'lin the grass community (transect point 2)
and in the following 11 m wide wet grass community to 5.6 mg '1(in transect point 3). In the
alder forest zone the nitrogen content decreased to 3.1 mg N L 1 This change from point 2 is
highly significant (P<0.01) compared to the values at points 4 and 5. The change was highly
significant also when comparing points 3 and 4, and 3 and 5.

The nitrogen load in the Porijogi transect was lower than in the Viiratsi transect (Table
2). The average TOTN content for study period (1994 to 1995) was 1.4 mg L'l in the
abandoned field (sampling point 1, Fig. 1A) which increased to 3.0 mg L lin the cultivated
grassland (sampling point 2). Two meters from the edge of the abandoned cultivated
grassland the TOTN content decreased to 1.9 mg L'l By the end of the buffer zone (sampling
point 6) the average TOTN content was 1.5 mg L'L The only significant decrease (P<0.05)
was between sampling points 3 to 6.

The phosphorus values were similar in both transects. The highest average TOTP
content in Viiratsi transect was 0.43 mg L'lin the field which decreased (not significantly) to
0.17 mg L 1lin first buffer zone sampling point (2, Fig. IB). In grassland-young alder forest
strip the average phosphorus content decreased highly significantly (P<0.001 in comparison
to sampling points 1 and 2) down to 0.05 mg L 1 There was a slight but statistically
insignificant increase in the last part of alder forest from 0.05 to 0.07 mg L'1(sampling point
5).

) In the Porijogi transect the average P content was highest in the abandoned arable land
(0.49 mg L\ sampling point 1, Fig. 1A) which decreased to 0.27 mg L lin the abandoned
cultivated grassland. The phosphorus content decreased significantly (P<0.01 in comparison
with point 3 and P<0.05 in comparison with point 2) to 0.06 mg L 'at the beginning of buffer
zone (sampling point 4) increased insignificantly in the wet grassland to 0.09 mg L'l and
decreased to 0.06 mg L"'in the alder forest.

Plant nutrient uptake in the Viiratsi transect was higher in the wet meadow Filipendula
ulmaria association (sampling plot V-2, Fig. IB), where an average of 21.1 g N m'2yr'land
4.8 g P m2yr'lwas assimilated in ~rass (Table 1). This was higher than the nutrient uptake in
the alder stand (14.0 and 1.1 g m " yr’l respectively). In the Porijégi transect the uptake of
nutrients was also highest in the wet meadow where in the Filipendula ulmaria association
(sampling plot P-5, see Fig. 1A) assimilated 21.3 and 3.0 g m 2yr'lof N and P, respectively.
This was higher than annual N and P uptake by the alder forest: 20.5 and 1.5 g m?",
respectively. Nutrient assimilation in 1994 reached 33.9 g N m “ in the Porijégi transect
(sampling plot P-5) and 5.5 g P m'2yr'lin the Viiratsi transect (sampling plot V-2).

The nutrient content in soil was highest in the alder Alnus incana community, where
the nitrogen content in the Porijégi topsoil layer (10.7 mg g 1 sampling point 6, see Fig. 1)
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was comparable with that in Viiratsi (9.9 mg g'D. The phosphorus contents were 1.0 and 5.6
mg g 1, respectively.

Table 1. Nutrient variation in shallow groundwater (average + standard error), soil and
the plant biomass in the complex buffer zone in Viiratsi. Sampling points are given in
brackets following Fig. IB.

Field Grassland Wet Meadow  Alder Stand I  Alder Stand 1l

@ (2XV-1) (3)(V-2) 4)(V-3) ©)
TOTN in shallow 23+ 143+ 5.6+ 3.1+ 3.1+
groundwater (mg L') 7.7 36 0.4 05 07
N uptake by plants
, 175 211 14.0
@Nm?
Topsoil (0-10 cm) N 2.16 6.76 9.87
content fmg g
Soil (10-20 cm) N 1.66 537 5.61
content (mg g J
TOTP in shallow 0.43+ 0.17+ 0.05+ 0.05+ 0.07+
groundwater (mg 1')  0.28 0.04 0.005 0.004 0.01
P uptake by plants
, 3.7 438 11
(gPm?D
Topsoil (0-10 cn?) P 0.49 0.50 0.94
content (mg g')
Soil (10-20 cm)‘ P 0.37 0.40 0.53
content (mg g')
Plant biomass 1320 1015 1060

production (g m'2)

Table 2. Nutrient variation in shallow groundwater (average * standard error, soil and
the plant biomass in the complex buffer zone in Porijogi. Sampling points are given in
brackets following Fig. 1A.

Field Cultivated Cultivated Wet Wet Alder
grassland |  grassland I Meadow  meadow stand
@ I It
(P-1) (2)(P-2) (3KP-3) (4)(P-4)  (5XP-5)  (6)(P-6)
TOTN in shallow 1.4+ 3.0 3.0+ 1.9+ 2.3t 15+
groundwater (mg L']) 0.2 0.8 14 0.3 0.4 0.2
N uptake by plants
GNm2 11.8 15.3 195 21.1t 24,11+ 20.5
Topsoil (0-10 cm) N
content (mg g'D 2.02 2.82 10.74
Soil (10-20 cm) N
content (mg g 9 1.56 2.36 9.54
TOTP in shallow 0.49+ 0.29+ 0.27+ 0.06+ 0.09+ 0.06+
groundwater (mg L']) 0.3 0.01 0.15 0.02 0.03 0.005
P uptake by plants .
2.9 24 3.2 3.0i 3.6t 15
Topsol (0-10.6m) P
opsoil (0-10 cm
content (mg g') 0.45 0.63 1.02
Soil (10-20 cm) P
content (mg g') 0.35 0.53 0.9
Plant biomass 1113 1152 1493 1748 1977 1730

production (g m'2)
t Aegopodium podagraria, t+ Filipendula ulmaria
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DISCUSSION

Both transects show high purification efficiency. The average removal of TOTN and
TOTP in Viiratsi was 87% and 84% and in Porijogi 50% and 78%, respectively. The water
quality had already improved within the first meters of the buffer zones. In Viiratsi transect
the purification efficiency of TOTN and TOTP within the first 2 m of the buffer grassland
was 38% and 60%, respectively, whereas in Porijégi transect the purification efficiency of
TOTN and TOTP the 2 m from the edge of the cultivated grassland was 37% and 78%,
respectively.

To analyse the relation between purification efficiency and input load we calculated
the purification efficiency separately for each sampling day for every buffer strip between two
sampling points. Data were divided by input load concentration into 8 classes with 11 to 36
measurements in each class (Tables 3 and 4). The Tests of Binary Sequences were performed
to calculate the level of significance between accurance of positive or negative removal
efficiency. The probability of negative removal was calculated by dividing the number of
negative removal cases with the total measurement number (%). Comparison of removal
efficiency and input load shows that the removal of TOTN was negative (P<0.01, Table 3)
when the input was less than 1.0 mg L'1l For loads between 1.0 to 5.0 mg L'\ removal of
TOTN showed no significant positive or negative tendency, although positive removal was
more common - the probability of negative removal is 30.8 to 40.0% (P>0.05). For input
loads greater than 5.0 mg L 1the purification efficiency is significantly positive (P<0.01), for
input loads greater than 42 mg L 1 purification efficiency is always positive (Fig. 2A,
P<0.001). The relation between input load and appearance of negative removal of nitrogen
(Nn,A is described by logarithmic regression:

N, J=63.0-16.84Ln(INnm) @)
R2=0.78, P<0.00l

where
Insku = maximum value of N input class

Table 3. The probability (Tests Binary Sequences) of TOTN positive or negative
removal versus input load in buffer strips.

Input range of  Probability of negative Level of Number of samples (n)

TOTN in mg L*1 removal (%0) significance

0.02-0.3 100 = 1

0.3-1.0 82.4 * 17

1.0-15 30.8 n.s. 13

152 40.0 ns. 15

2.0-3.0 389 ns. 18

3.0-5.0 353 ns. 17

5.0-8.0 100 > 20

8.0-70 133 =

* P< 0.05, ** P< 0.0; n.s.- not significant



Kuusemets. V J1Mander. U. Shallow Groundwater Quality in Riparian liuffer zones. Submittal for ilie Journal of Environmental Quality

Table 4. The probability (Tests Binary Sequences) of TOTP positive or negative removal
versus input load in buffer strips.

Input range of  Probability of negative Level of Number of samples (n)

TOTN in mg L*L removal (%) significance

0.01-0.04 514 ns. n
0.04-0.05 52.8 ns. 36
0.05-0.06 238 ns. 13
0.06-0.08 38.9 ns. 18
0.08-0.10 18.8 ns. 16
0.10-0.15 26.7 ns. 15
0.15-0.3 15 = 20
036 0 = 15

* P< 0.05; ** P< 0.0\ n.s.- notsignificant

For TOTP there is no interval for negative removal (Table 4). The input value 0.01 to
0.15 mg L 1yields positive or negative removal. Positive removal is prevalent for input from
0.05 to 0.15 mg P L'1l- the probability of negative removal is 18.8 to 38.9% (P>0.05). For
input greater than 0.15 mg L'\ the purification efficiency of TOTP was significantly positive
(P<0.01), for input loads greater than 2.1 mg L 1 purification efficiency is always positive
(Fig. 2B, P<0.01). The relation between input load and appearance of negative removal of
phosphorus (P,,,*) is described by logarithmic regression:

P«f* = 7.9-10.20Ln(IP,u) @)
R2=0.72, P<0.0!

where

Ip»im = maximum value of N input class

100
B
80
y=7.9-10.20Ln(x)
60 R1=0.72
B
0t — L
S*
20 VA
0 -
1 2 } 4 1"
-20
UmgPL")

Fig. 2. The relation between input concentration (I; mg L'1) and appearance of negative
removal of nitrogen (A) and phosphorus (B), (N,,£-and P,,#; %).

The load-retention relationship in various ecosystems has been discussed in earlier
studies (Fleischer et al., 1991; Haycock and Pinay, 1993; Mander et al., 1997b). The results
show strong positive correlation between nutrient load and removal. However, buffer zones
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have upper limits of purification and these regression formula can not been used in the
planning in the case of high input values.

This analysis provides limits for buffer strips as water quality purification systems.
The input load range (1.0-5.0 and 0.01-0.15 g I'lof N and P. respectively) can be considered
to represent natural conditions of buffer strips where water output quality also depends on
natural processes taking place in the buffer. This can explain certain increase of TOTN and
TOTP inside both studied buffers. However, the complex butter zone consisting of different
ecosystem strips have good purification ability. The average outflow values from both buffer
zones were lower than 3.1 and 0.07 mg L'1of TOTN and TOTP in Viiratsi, respectively and
1.5 and 0.06 mg L’1in Porijdgi, respectively. Our estimation on denitrification intensity
showed that this process does not play a substantial role in nitrogen removal (7.9-20.1 kg N
ha 1yr'lin Porijogi and 8.5-19.3 kg N ha 1y rlin Viiratsi, Mander et al., 1997a).

The nutrient uptake in plants indicates, that grass communities play a more important
role in nutrient retention than grey alder forest. This gives good opportunity to remove a
portion of nutrients by grass mowing and hay cutting while felling of trees can be done with
intervals of decades. The average N and P content in herbal shoots in the wet meadows was
11.6 and 1.6 g m'2, respectively in the Porijogi transect and 10.6 and 2.3 g m'2, respectively in
the Viiratsi transect. Cutting should be done during the maximum flowering period of the
dominant species when the nutrient content in the shoot biomass is highest (Deinum, 1966).
The mowed herbs should be removed after mowing to avoid rapid nutrient loss from hay (see
Schaffers, et al, 1998).

The results show that complex buffer zones of grass and forest strips are very effective
in N and P retention, which agrees with previous research (Schultz, et. al., 1995; Lowrance,
1991). This kind of complex can be recommended for buffer strip design where grass strips
considered as sediment traps but also as important mechanism for dissolved N and P removal.
Both features provide the opportunity to remove part of the nutrients from the system. In
addition to efficient nutrient purification potential, forest buffer strips have many other
environmentally important functions such as protection against soil erosion, filtering polluted
air, canopy shading, and increasing biological and landscape diversity.

CONCLUSION

In general, buffer zones can be effective multifunctional tools to control nutrient losses
from intensively used watersheds. The studied buffer strips showed good purification
efficiency for N and P when input was high (>5 mg N L"land >0.15 mg P L'l respectively).
At the same time the complex buffer zone that consists of different buffer strips have high
purification efficiency. For instance, a heavily loaded complex buffer zone consisting of grass
and forest strips showed relatively low output concentrations for TOTN and TOTP that are
comparable with the output values from the unloaded transect. However, removal can be
negative in case of lower input (<I mg N L 1). Some unpredictability of output concentration
was observed when the initial input was intermediate. When planning and designing buffer
zones, the role of grass buffer strips and wet meadows should be considered. Management of
grasslands and forests can significantly decrease the load in complex buffer zones.
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Abstract

A strong linear correlation was found between the log-transformed load and retention of
nitrogen and phosphorus in riparian buffer zones (r = 0.99 and 0.997, respectively). Analyses
of N and P budgets in four riparian forests of varying age (two grey alder stands in Estonia
and two riparian deciduous forests in USA) show a significant efficiency. Despite the
different input load (72.9-110.4 kg N ha-1 year-1 and 2.5-3.0 kg P ha-1 year-1), the
outputs into streams from the alder stands systems were comparably low (9.0-13.2 and
0.38-0.62 kg ha-1 year-1). The older forests from the USA showed less efficiency. Plant
uptake of both N and P in younger stands was significantly higher than in older forests.
Methods to determine the buffer zones’ and buffer strips’ width and their efficiency are
presented. The testing of efficiency assessment in a watershed in Estonia demonstrated an
expected efficiency of buffers. © 1997 Elsevier Science B.V.

Keywords: Nitrogen; Phosphorus; Load; Retention; Buffer zones; Buffer strips; Riparian
forests

‘ Corresponding author. Tel.: + 372 7 465819; fax: + 372 7 465825; e-mail: mander@ math.ut.ee

0925-8574/97/$ 17.00 G 1997 Elsevier Science B.V. All rights reserved.
P11 S0925-8574(97)00025-6


mailto:mander@math.ut.ee

300 U. Mander et al. / Ecological Engineering 8 (1997) 299 324
1 Introduction
1.1. Ecological network of the territory

Riparian ecosystems are essential multifunctional elements of the worldwide
ecological network (BishofT and Jongman, 1993; The EECONET Declaration,
1993; Baldock et al., 1993). The same is valid for Estonia, where stream and ditch
banks covered with grey alder (Alnus incana (L.) Moench.) and willow species
(Salix spp.) are typical of rural landscapes and the ecological network during the
last century. However, with the beginning of intensive amelioration and land
reclamation in 1960s, the traditional mosaic of rural landscapes has changed
significantly. Many grasslands, small wetlands, woodlots, trees rows, stone fences
and other ecologically important landscape elements were liquidated in order to
enlarge and homogenize agricultural fields. Channels and ditches were usually
constructed without forest/bush vegetation. Despite the dominating mentality of
Soviet ‘agroindustrial’ development, which did not pay attention to ecological
objectives, the first experimental reaches of ditches with forest buffers were re-estab-
lished in the 1970s to demonstrate the economical benefit of such ecological
engineering measures (Mander, 1985).

1.2. Main functions of riparian buffers

Riparian biotopes have the following essential functions: (1) filtering of polluted
overland and subsurface flow from intensively managed adjacent agricultural fields;
(2) protecting banks of water bodies against erosion; (3) filtering polluted air,
especially from local sources (e.g. large farm complexes, agrochemically treated
fields); (4) avoiding intensive growth of aquatic macrophytes by canopy shading; (5)
improving the microclimate in adjacent fields; (6) creating new habitats in land in-
land water ecotones; and (7) creating more connectivity in landscapes due to
migration corridors and stepping stones.

1.3. Filtering of polluted overland and subsurface flow from intensively managed
adjacent agricultural fields

Several case studies worldwide suggest that different riparian ecosystems can
significantly decrease the nitrogen and phosphorus concentration in both overland
flow and groundwater (Peterjohn and Correll. 1984; Pinay and Decamps. 1988;
Knauer and Mander, 1989; Jordan et al., 1992; Osborne et al., 1993; Vought et al.,
1994).

Three biological processes can remove nitrogen: (1) uptake and storage in
vegetation; (2) microbial immobilization and storage in the soil as organic nitrogen;
and (3) microbial conversion to gaseous forms of nitrogen (denitrification; Weller et
al., 1994). Table 1 shows the variability of the intensity of the most important
processes relevant to nitrogen removal in riparian ecosystems, including those
which control the transformation and fluxes of nitrogen within ecosystems (e.g..



Intensity of processes relevant to nitrogen removal in riparian buffer ecosystems

Process
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Nitrification
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Ammonia volatilization

*'mg N m"'2day~
b/fg N cm-2 day
Lg N m-2 year"
dg N ha~1day 1
emg Nm 2h"
1//g N itt 2 h~

Intensity rate
(kg N ha vear )

24 400
3.7-4561
46 113~
1.1-219”

38 SO

<1 1001
13 291
0.73 183~
1580 1930"

0.16 475
20-1600
114 - 28801
<0.04-2895"
2.6 2960e
1400 23 650"

30-220
34-90

< 10350~
o oo

5-10
30 164

0.02-1.2"

5e

30-56
3.5-16.5
95-114

Ecosystem

Temperate hardwoods in riparian zone
Pine-oak forest, swamp forest
Riparian fen and bog

Old-field site (potential bulTer zone)

Oak-beech forest

Freshwater wetlands

Pine-oak forest, swamp forest
Old-field site (potential buffer zone)
Tidal freshwater marsh

Riparian deciduous forests
Riparian meadows
Grassland buffer strip
Riparian forests

Riparian meadow

Riparian successional forest

Riparian flooded meadows
Experimental grass and forest buffer
strips

Freshwater wetlands

Riparian meadow

Temperate hardwoods
Riparian alder stands

Riparian fen

Tidal freshwater marsh

Riparian forests
Riparian meadow
Riparian grazed sheep pasture

Source

Melillo, 1981 (cited after Bowden, 1986a)
Zak and Grigal, 1991
Verhoeven et al.. 1990
Robertson et al.. 1988

Tietema et al.. 1987
Bowden, 1987

Zak and Grigal, 1991
Robertson et al.. 1988
Bowden, 1986b

Weller et al., 1994; Fustec el al.. 1991
Briisch and Nilsson. 1993

Groffmann et al., 1991

Ambus and Christiansen, 1991
Cooper. 1990

Klingensmith and Van Cleve, 1993

Leonardson et al., 1994
Uusi-K&mppa and Ylaranta, 1996

Bowden, 1987
Prach and Rauch, 1992

Melillo, 1981 (cited after Bowden, 1986a)
Klingensmith and Van Cleve, 1993

Ambus et al., 1992

Bowden, 1986b and Bowden, 1987

Kim, 1973 (cited after Bowden, 1986a)
Woodmansee, 1978 (cited after Bowden. 1986a)
Denmead et al.. 1976 (cited after Bowden.
1986a)
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mineralization, nitrification, nitrogen fixation, and dissimilative reduction of nitrate
to ammonium). Table 1 shows that denitrification varies greatly (< 1-1600 kg
hayear-1) but vegetation uptake, especially in riparian meadows, also displays
considerable variation ( < 10-350 kg ha-1 year-1). Thus, different processes can
play a leading role in nitrogen removal.

Phosphorus, in contrast, can be released from the wetland soils of riparian zones
(Richardson and Marshall, 1986; Vanek, 1991). Table 2 presents the most impor-
tant processes controlling phosphorus retention in riparian buffers.

Storage of phosphorus in riparian buffer zones depends on the following pro-
cesses: (1) soil adsorption; (2) removal of dissolved inorganic phosphorus by plant
uptake; (3) microbial uptake; and, in the case of peatlands, (4) incorporation of
organic phosphorus into peat (Richardson, 1985). In absolute terms, soil adsorption
and vegetation uptake are on a comparable level, varying from 0.1 to 236 and from
0.2 to 50 kg P ha-1 year-1, respectively (Table 2). An interesting mechanism to
control phosphorus storage in the soil and sediments is the inactivation by nitrates.
Andersen (1982) demonstrated that oxidized nitrogen can buffer the redox potential
of lake sediments and immobilize the phosphorus up to 16 kg P ha “1year 1 The
same mechanism can possibly play an important role in buffer zones.

1.4. Riparian buffer zones and buffer strips

In some countries the complex structure of buffer zones is officially recom-
mended or legislatively stated. In the USA the recommended complex buffer zone
consists of three parts which are perpendicular to the stream bank or lake shore
(sequentially from agricultural field to the water body): a grass strip, a young
(managed) forest strip and an old (unmanaged) forest strip (Lowrance, 1991) In
agricultural areas of Estonia, the preferable land-use alternative was a perennial
grassland (buffer zone) in combination with a forest or bush buffer strip directly on
river banks or lake shores (Mander, 1989). New laws on nature conservation and
environment protection in Estonia stress the importance of riparian buffer zones
and strips, and provides jurisdiction for buffer zones of protected areas and all
natural/seminatural ecosystems outside protected areas. For instance, the Act on
Protection of Coastal Areas (1994) and the Act on Protection Surface Waters
(1994) state that all building activities are prohibited within 200 m from the coastal
line and lake shores.

Although the buffering efficiency of vegetated riparian buffers has been reported
by many authors for several ecosystems, there are few examples in the literature
about the dimensioning of buffer zones and strips. The first well known examples
come from the USA, where methods for the determination the parameters of buffer
zones adjacent to feedlots and manure land treatment sites (Doyle et al., 1977;
Overcash et al., 1981). Phillips (1989) presented calculations to evaluate the
buffering efficiency of riparian forests along a coastal plain river.

However, calculation methods usable for landscape planning and stream restora-
tion purposes are not much developed.
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In this paper some methods to determine the buffer zones” and buffer strips’
width and their efficiency are presented and results of efficiency assessment in a
watershed in Estonia are demonstrated.

Table 2
Intensity of processes relevant to phosphorus removal in riparian buffer ecosystems

Process Intensity rate Ecosystem Source
(kg P ha-1
year“")
Adsorption in soil and  1.72-7.3 Floodplain wetland Yarbro, 1979 (cited after
sediments Mitsch and Gosselink,
1993)
15-38 Riparian fen Richardson and Marshall,
1986
36 Alluvial cypress swamp Mitsch et al., 1979
236" Sawgrass tidal marsh Hsieh, 1988
41-28.6'd Constructed riparian Mitsch et al., 1995
wetlands
Sedimentation 5.9-130“ Constructed riparian Fennessy et al., 1994
wetlands
Incorporation of 0.05-2.4 Temperate wetlands Richardson, 1985
organic P into peat
Vegetation uptake 16.6-50.1 Riparian fen Richardson and Marshall,
1986
5-8 Experimental grass and Uusi-Kamppéa and
forest buffer strips Ylaranta, 1996
200 -4500a Riparian meadow Prach and Rauch. 1992
185* Sawgrass tidal marsh Hsieh. 1988
8.7 Alluvial cypress swamp Mitsch et al., 1979
2.6- 16.6b Constructed riparian Mitsch, 1992
wetlands
Microbial uptake 2.3-14.4 Riparian fen Richardson and Marshall,
1986
P inactivation by NO,” 0.14 16" Eutrophic lake sediments Andersen, 1982
Release 0.13-0.30 Aspen-birch forest Timmons et al., 1977
0.46 Riparian forested bog Verry and Timmons. 1982
26-42 Riparian fen Richardson and Marshall,
1986
7.3-10447 Riparian forested wetland Clausen and Johnson, 1990

“gPm*©“2yearl
bmg Pm"* ; week~1
ckg P ha~1lday*“1

d Retention mostly based on adsorption in sediments.
e Calculated after the depth and bulk density of sediments.
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2. Material and methods

2.1. Multi-site analysis

To analyze the influence of pollution load on nutrient retention in riparian
ecosystems, about 50 literature sources of international distribution were compared.
In addition, the results of some Estonian studies were taken into consideration. The
following types of buffer ecosystems were analyzed: (1) riparian forest buffer strips
(in some cases wetland forests), (2) shelterbelts, (3) hedges, (4) riparian grassland
buffer strips, (5) grassy slopes for wastewater treatment (e.g., from feedlots), (6)
grassland strips in strip-cropping. The majority of chemical budget studies was
available only for the spring and vegetation period. Only a few studies were made
over a whole year. Nonetheless, the average values of collected data were used for
this analysis. The nutrient input and output values of ecosystems were calculated by
multiplying the nutrient concentration and water discharge, averaged over the study
period, and dividing by the area. The input of nutrients into the system is defined
as the nutrient (pollution) load (in g m”- day ).

The nutrient retention capacity in g m 2day 1was calculated as follows:

R —ZiQinQn — QouiCoul)/A 0]

where £((?inCin—douiQut) is the daily retention, A is the area of the buffer zone,
Qm and Qoul are the inflow and outflow values (m3day"™ ‘), respectively. Cm, and
Cou, are the concentration values (mg | _1I), respectively.

Removal efficiency E (%) of N and P in riparian communities was estimated as:

E = 100*(OinCin_ B oulCout)/(R inCin) 2)

Statgraphics 7.1 was used for statistical analysis.

2.2. Estonian riparian forest comparisons

To analyze buffering efficiency in riparian forests, two riparian buffers with grey
alder stands of different ages were selected in southern Estonia: a 20 m strip with
a l4-year-old stand in the Porijégi River catchment and a 28 m strip (40 year) in
Viiratsi, Viljandi County (a territory of a large pig farm). In both areas, landscape
transects in thalwegs were established along a topoedaphic gradient. Groundwater
wells, overland flow samplers, precipitation gauges, litter traps, and study plots to
analyze various plant and soil parameters were established on both the upper,
middle and lower parts of the grey alder stands. The main nitrogen and phosphorus
flows and budgets have been assessed and the methods are described more precisely
in earlier papers (Mander et al.,, 1994, 1997).

Data on nutrient flows in two riparian forests in USA (Peterjohn and Correll,
1984; Lowrance et al., 1984; Fail et al., 1986) are used to compare their buffering
efficiency with Estonian grey alder stands.
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2.3. Dimensioning of riparian buffers

Calculations presented in this paper are based on hydrological models which
depend on capacity of buffer strips to infiltrate overland flow, and are supple-
mented with parameters significant for absorption and cation exchange capacity of
soils. Basically, this method is comparable to the widely used universal soil loss
equation (USLE; see Meyer and Wischmeier, 1969). However, the length-slope
factor in this equation, which is a purely empirical relationship, does not account
for changes in either surface flow or erosion processes (Moore and Burch, 1986).
Therefore, a specific slope length factor has been induced into our equation. It
depends on overland flow concentration in lower parts of the relief, e.g., in
thalwegs.

The width of riparian buffer strips depends on soil and relief conditions of the
adjacent landscape, and ranges normally between 5 and 50 m. It can be determined
on the base of maps of reclaimed areas in 1:2000 scale with detailed topographic
and soil data (Fig. 1) using the following formula (Mander, 1995):

P=/qfilXmK,n) ?3)
where P is the optimal width of forest/bush buffer strip (m); t is the time variation
coefficient (from days to min; / = 0.00069); q is the mean intensity of overland flow
during the thawing period (mm day \ for Estonia q = 8.4);/is the specific slope
length (m); i is the mean slope in the catchment (/= tan a); m is the roughness
coefficient of the surface in the catchment (mean value for plowed fields, 1.0; for
intensively managed grasslands, 1.1; and for natural meadows, 1.2); Kxis the water
infiltration within the buffer strip during the spring (mm min-1, mean value over
different soil types varies normally between 0.1 and 10); and n is the soil
adsorption capacity in the buffer strip.

In heterogeneous topographic areas (e.g. moraine-hilly landscapes), the specific
slope length / is defined as:

/= Fjl 4)
where F is the elementary catchment area of a gully (nr); and / is the width of a
gully immediately on the bank of a stream or on the lake shore (m). This approach
applies in a complex glacial relief or when buffer strips discharge to receiving waters
through a gully. For homogeneous slopes, the/ value is calculated as the distance
(m) from the watershed border to the stream bank (lake shore).

The soil adsorption capacity n is calculated as:

n —In Lyx/In /vooarscsam (5)
where In Isx is the specific area of the investigated soil type (m2g *); and In/jooarse
sand is the specific area of the coarse sand (nr g ).

Mean value of the integrated soil parameter k(k = Kt*n) for main soil types is:
coarse sand, 1.00; fine sand, 0.80; loamy sand, 0.61; sandy loam, 0.53; sandy clay
loam and loam, 0.43; clay loam and sandy clay, 0.33; and clay, 0.21.

Fig. 1 presents a fragment of a 1:2000 map with isohypses and soil investigation
data that was used for the dimensioning of the width of riparian buffer strips using
the formulae presented above.

25
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0 20 40 60 80 100 120m

Fig. I. A portion of a topographical map with elevations (m, asl), isohypses and soil data (horizons’
depth in cm; h, humus; r, gravel; Is, loamy sand; s'L, light sandy loam; s"L, middle sandy loani: L. loam;
T, peat with numbers of depth and mineralization rate), presenting an elementary watershed (used as
arable land) in an agricultural landscape. The optimal recommended width (P) of the buffer strip is
calculated using the Eq. (3). F is the area of the elementary watershed, / is the width of the watershed
‘mouth’ on the bank of a channel (m). Eq. (4) gives the specific slope length (/) of the elementary
watershed. The parameters /. m n. and kK (Eq. (3) and Eq. (5)) are determined as mean values using
the soil, land-use and topographic data of the map.
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In addition to detail soil and topographical maps, we used soil and hydrogeolog-
ical data from the Department of Soil Science and Department of Land Reclama-
tion, both Estonian Agricultural University (Mander, 1985, 1989).

2.4. Efficiency assessment of designed buffer zones and buffer strips

The methods described in this paper served as a basis for designing of buffer
zones and buffer strips in several river catchments in Estonia. To assess the
efficiency of designed buffer zones and buffer strips, a simplified assessment
method, based on catchments, has been developed (Mander, 1995). The method
depends on the use of soil and topographic land use maps (from 1:2000 to 1:10000)
normally available for detail planning. Buffer zones are defined as perennial
(extensively used) cultivated grasslands along the watercourses (normally, 50-200
m wide). Buffer strips are forest or bushes (5-50 m wide) growing directly on the
stream banks. In simplified presentation, the formulae are as following:

fa= (Y*z+ YAKXCcAc 100%) (6)

where Ed is the assessed summary buffering efficiency of designed buffer zones and
strips (%), YBZ is the buffering efficiency of designed buffer zones (kg year - '), KBS
is the buffering efficiency of designed buffer strips (kg year-1), Xc is the mean
annual nutrient runoff from the catchment (kg ha~ 1year- ) and Ac is the area of
the catchment (ha).

Abz="c/Ibz( -d) @

where ABZ is the area of designed buffer zone (former arable land converted into
perennial grassland; ha), <% coefficient showing the average decrease of nutrient
runoff from perennial grasslands when compared to arable land (Qardde |ad= 1.0);
this value can vary in a large range; in the case study catchments presented in this
paper, the O values for N and P have taken 0.5 and 0.7, respectively (Mander,
1995).

r,,s= Xv K(e/100% 1+(T; Am,) 8)

where K is the coefficient showing the share of nutrients and organic matter
transported with overland flow; in the case of studied catchments, the K value for
N and P is 0.5 and 0.8, respectively; e is the average buffering effect of forest/bush
buffer strips (% m ~"); in a buffer strip of 1 m width, the e value for N is 3 and for
P 4%; for buffer strips wider than 10 m, the nonlinear retention function must be
used; m, is the width of a designed buffer strip (m); Aml is the area of the
elementary catchment of a designed buffer strip of mi width (i.e. the area from
which overland flow entering the buffer strip will be formed; ha); the value of Am,
will be derived from the topographic land use maps.

The most problematic part of the calculations is the estimation of the mean
annual value of nutrient runoff from catchments (Xc). This approach is rather
simplified and based on the mean annual fertilization intensity and soil structure of
the catchment. However, in some case study catchments the calculated N and P
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runoff values fit well to measured values (Mander et al., 1989). In addition, if the
aim is only to estimate buffering efficiency of designed buffer zones and strips (£],
the Xc value will be eliminated (Egs. (6-8)).

This method to estimate the buffer zones’ and buffer strips’ efficiency was tested
in the Porijogi River catchment, Estonia (Mander, 1995). Two sub-catchments, the
Sipe stream and the Vanda ditch sub-catchments, of the whole watershed have been
chosen for the efficiency assessment. Both of them are relatively small, well
calibrated, and have been intensively cultivated. Likewise, there are problems with
groundwater pollution by nitrates in both areas (Mander et al., 1994). Especially,
the Vanda ditch sub-catchment has been used as the experimental polygon for the
implementation of stream restoration and ecological engineering measures.

3. Results and discussion
3.1. Loacl-retention relationship

The data of nitrogen load and hydraulic load in buffer strips show predominately
low values. From 26 published cases of nitrogen retention in buffer strips, the
nitrogen load was lower than 2 g m-2 day'lin 19 cases, and the hydraulic load
below 100 mm day“1lin 21 cases (Table 3). For phosphorus the data distribution
is more symmetrical. However, of 21 studies, the hydraulic load was below 100 mm
day ~1in 12, but in nine cases the phosphorus load was lower than 0.01 mgP m"™’
day ~', and in ten cases between 0.01 and 1.5 mgP m day“ Due to the skewed
data distribution, the regression analysis was made with logarithmic values of load
and retention.

The intensity of retention processes in forest and grassland buffer strips is
different when compared with wetlands. Buffer strips studied were mostly in
mineral soils and water residence time is lower than in wetlands. The high retention
efficiency of buffer strips depends mainly on the heterogeneity of the loading events,
i.e.,, the best results occur when the polluted water from adjacent fields enters
buffers in short events (e.g., during intensive rain-falls and/or intensive thaw). This
phenomenon has been documented in several studies on natural buffer strips
(Knauer and Mander, 1989), and has also been demonstrated in experimental plots
(Yousefet al., 1987; Dillaha et al., 1988; Magette et al.. 1989). In some research and
experiments on transects through different buffer strips, both overland and subsur-
face flow was analyzed, but most research has dealt only with overland flow.

The regression between logarithmic values of nitrogen load and removal in buffer
strips is linear (Fig. 2(A))

v= - 0.194 + 0.9487- (r= 0.99, n = 26) 9)

There are relevant differences between the removal of different nitrogen forms in
buffer strips. Typically, the proportion of organic nitrogen increases with low
nitrogen inputs in overland flow and soil water passing through the buffer strip
(Peterjohn and Correll 1984). At the same time the concentration of total nitrogen



Table 3

Nitrogen and phosphorus budgets in riparian buffer ecosystems

References

Abernathy
et al.,
1985

Bingham et
al., 1980

Brisch and
Nilsson,
1993

Dillaha et

al., 1988

Hoffmann,
1991

Country

South
Carolina,
USA

North
Carolina,
USA

Denmark

Virginia,
USA

Denmark

Buffer
ecosystem

Cultivated
grassland on
slope as
wastewater
application
site

Cultivated
grassland
buffer-strip
on slope
Riparian
meadow
(wetland) of
Rabis
stream
Grassland
buffer strip
on slope,
Chesapeake
Bay catch-
ment area
flooded
riparian
wetland

Hydraulic
load (mm
day-1)

33

33

49

22

150

49

Load(gm~2 Retention
capacity (g efficiency

day-1)

0.19

6.47
2.29

0.187

m~-day~') (%)

4.57

4.0
1.26

0.135

Removal

74

49

71

58

62
52

72

Area (m2)

1687

220

156

1600

50

1370

N and P Time
form

TKN year
TKN 2 years
NOr N 2 years
TKN I year,
Total-P summer
Total-N 1.5 years

Comments

Raw sewage

Lagoon
effluent
Dairy ma-
nure appli-
cation site

Denitrifica-
tion study
in situ

Feedlot
runoff 9.1
m wide
strip, (over-
land flow)

Ground-
water and
overland
flow
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Table 3 (continued)

References  Country
Jacobs and North
Gilliam. Carolina,
1985 USA
Knauer and Schleswig-
Mander. Holstein.
1989 Germany
(partially
unpub-
lished
data)

Buffer
ecosystem

Riparian
forest. Middle
Coastal Plain

Alder wood
(Alnus gluri-
no.su), ripar-
ian buffer
strip

Flood plain
wetland (C'ir-
xio-Polygone-
mm) at a
small lake
Natural grass-
land buffer
strip

Hydraulic
load (mm
day'l

0.08

103

0.9

19
0.35

Load (g m 2 Retention
day- ")

0.624

0.62
0.053

0.0084
0.00017

0.28
0.0465

0.15
0.0027

Removal Area (nr)
capacity (g efficiency
m*’day*") (%)

0.616 99 1000
0.59 95 540
0.047 89
0.0070 83 540
0.00017 100
0.27 99 650
0.0372 80
0.145 97 660
0.0022 83 660

N and P
form

NOy-N

Total-N
Total-P

Total-N
Total-P

Total-N
Total-P

Total-N

Time

3 years

| year, sum-
mer and
spring

Comments

Surface and
subsurface
flow from
arable land
Overland flow
from agricul-
tural upland

Subsurface
flow from
agricultural
upland
Overland flow
from inten-
sively man-
aged pasture
on steep slope
Overland flow
from arable
land subsur-
face flow
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Lowrance

et al.,
1984

Magette el

al..

1989

Mander,
1985

Mitsch el

al..

1979

Georgia,
usa"

Maryland,
USA
Estonia

Ilinois.
USA

Little River
floodplain
hardwood
riparian
forest
Cultivated
grassland
Salix -
Carcx-wet-
land
meadow,
buffer zone

Grey alder
buffer strip
(Alnus in-
aina)
Cultivated
grassland on
slope, buffer

Alluvial cy-
press-tupelo
swamp

0.79

20

57

105

49

0.11 0.09
27.2 13.0
20.0 8.67

1.64 141

1.336 1.128

0.76 0.62

0.68 0.62
0.85 0.745
0.0096 0.0087

S4

48
43
83
84

82
92

88

90

3400

50

550

150

150

300 000

Total-N

Total-N
Total-P
TIN
pod4-p

TIN
pod-p

TIN

Total-P

I year

I year, sum-
mer
Summer

and spring,
mean of 3
years

| year, sum-
mer

I year

Non-point
pollution
sources

Surface
runoff
Overland
How reten-
tion in ex-
perimental
sprinkled
plots and
snowmeclt
retention

Simulated
overland
flow on
plots, ma-
nure appli-
cation site
Surface How
with a 5-d
flood and
swamp
groundwater
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Table 3 (continued)

References

Mitsch et
al., 1995

Payer and
Weil, 1987

Pell and
Nyberg,
1989

Peterjohn
and
Correll,
1984

Pinay and
Decamps.
1988

Country

Illinois,
USA

Maryland,
USA

Sweden

Maryland,
USA

France.
River
Garonne

Buffer
ecosystem

Constructed
riparian wet-
lands:

EW 3

EW 5
EW 4

EW 6
Grassland-
strip (Phaturis
arundinacea)
Grassland-
strip

Riparian de-
ciduous forest
at Rhode
River water-
shed

Riparian de-
ciduous
forest, R.
Louge

Hydraulic
load (mm
day“J

456

1206
342

1304

28

67

0.95

0.22

Load(g m 2 Retention

day-1)

0.0085

0.0064
0.0014

0.0031
0.0148

0.005

0.0009

0.014
25x 10 5

0.15

capacity (g
m-~2day"') (%)

0.0056

0.0052
0.0012

0.0028

0.01

0.48

0.0043
0.0008
0.012

- 57 x 10-

0.05

Removal
efficiency

67

79
89

94

67

83

87
87
86
299

33

Area (m2)

23 300

18 700
23 400

34 500
1380

59 000

59 000

50 000

N and P
form

Total-P

Total- P

Total-P

Total-N
Total-P
Total-N
Total-P

NOr N

Time

3 years

2 years
I year

! year

| year

1 year

Comments

High-flow
wetland

Low-flow
wetland

Surface flow

Subsurface
flow

Dentrificaton
calculated
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Schwer and  Vermont.
Clausen. USA
1989
Smith and California.
Schroeder. USA (near
1985 Davis)
Todd et al.. Georgia.
1983 USA?
Young et Minnesota.
al.. 1980 USA
Yousel' et Florida.
al.. 1987 USA
Xirschky et  Texas,
al.. 1989 USA
TKN: total

Grassland
buffer-strip
on slope
Grassland
slopes for
wastewater
treatment

Riparian de-
ciduous
forest
Grassland
buffer strip
downslope
of a feedlot
Roadside
grassy
swales:

Maitland
MPCOT

(irasslaiul
slopes for

wastewater
treatment

Kjeldahl nitrogen.

4.2

0.57

73

354

398

40

0.21
0.345

0.0016

1.708
0.945

0.669
0.1721
0.437
0.1330
114

0.2
0.304

0.21

0.0007

1.019
0.587

0.341
0.1084
0.179
0.0558
0.24

95

56

42

60
62

51

41
42
21

276
20 480

20 480

3400

111

106

340

6300

Total-N
Total-P

TKN

Total-P

TKN
Total-P

Total-N
Total-P
Total-N
Total-P
TKN

2 years

| year, sum-
mer and
winter

| year

1 year, sum-
mer

Five experi-
ments in
summer

Over 1 year

Dairy
wastewater

Ammonia
volatiliza-
tion. raw or
primary
treated
wastewater
Subsurface
flow

Simulated
rainfall.
overland
flow
Simulated
highway
runoff on
grassy
slopes

Ammonia
volatiliza-
tion. raw
wastewater
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O  summer
O whole year
4 wastewater inflow

—a—L.inear (summer)

-3 -2 -1 0

log load (g N m-2 d-1) load (g N m-2 d-1)
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decreases. In the case of very high inputs of organic nitrogen and ammonia, the
nitrification processes cause an increase in nitrate nitrogen output (Dillaha et al.,
1988). The proportion of nitrate nitrogen also increases when the overland flow
passes through a buffer strip with leguminous plants, which can fix the atmospheric
nitrogen (Young et al., 1980; James et al., 1990).

A similar to nitrogen relationship was registered for phosphorus in buffer strips
with a close linear correlation between the log-values of load (v) and retention (>):

v— - 0.184 + 0.967n- (r= 0.997, n= 11) (10)

Eqg. (10) was calculated mainly on the results of the vegetation period (Fig. 2(A)).
However, the data from short-term events during summer with extremely high
input load show the continuing high retention capacity for phosphorus (Magette et
al., 1989). Some literature research described the share of groundwater transport of
phosphate phosphorus in output from buffer strips (Peterjohn and Correll, 1984;
Knauer and Mander, 1989). It demonstrates that phosphorus can be absorbed more
intensively from the overland flow than from the subsurface water.

Significant hydraulic load seems to influence the retention capacity to a very
small degree. High retention values were registered both by high and low hydraulic
loads. In buffer strips the influence of hydraulic load was more significant when
compared with wetlands (Mander and Mauring, 1995). On the other hand, the
nitrogen retention in buffer strips was more significantly influenced by hydraulic
load than the phosphorus retention. Nevertheless, increasing hydraulic load caused
a slight decrease of nutrient retention both in wetlands and buffer strips.

The relative removal efficiency y/x for both N and P is decreasing when x
increases. Fig. 2(B) presents the relative removal efficiency curves for N and P.
Although the correlation between y/x and load (log nv is not high the plots clearly
demonstrate decreasing trend of y/x values.

The load-retention relationship in various ecosystems has been discussed in
several studies. Fleischer et al. (1991) proposed that the water pollution problems
caused by nitrogen loading from non-point pollution sources can be solved by
wetlands, because no limits had been found on the retention capacity of nitrogen in
wetland ecosystems. In fact, as shown above, the relative removal efficiency is fairly
limited. Thus, the ‘endless’ increase of retention capacity is a myth. Also, presenta-
tion in the same plot (load vs. retention) of various ecosystems with very different
nutrient concentration dynamics only shows the main trends and does not give
information about retention dynamics in individual wetlands. Arheimer and Witt-
gren (1994) showed a significant difference between two individual wetlands with
dilferent seasonal hydrological and hydrochemical dynamics. Therefore, they sug-
gested that comparison of nutrient retention from different studies and extrapola-
tion of results from one region to another, is only possible if detailed background
data is available. A similar scheme of load-retention relationship should work for
bufter strips as well. On the other hand, studies on individual riparian buffers show
a very strong positive correlation between nitrogen load and removal (Haycock and
Pinay, 1993). However, this relationship could not be automatically used for
planning and design of riparian buffers. It should be supported by detailed data for
every individual planning area.
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3.2. Efficiency of riparian buffer strips: results of some case studies

Riparian forest ecosystems often serve as buffer strips but different forests show
a large variation in nutrient removal. The most intensive nutrient removal was
observed in bushes and young forest stands. This is due to intensive nutrient uptake
by plants and high microbiological activity of soils (Bormann and Gordon, 1984).
On the other hand, in undisturbed mature ecosystems, like old wetlands and other
climax ecosystems, the imports and exports of nutrients are in balance (Valiela and
Teal, 1979; Devito et al., 1989). Among the internal processes of riparian ecosys-
tems relevant to nutrient retention, denitrification has been investigated most
intensively (Groffmann et al., 1991; Lowrance, 1991; Weller et al., 1994; Pinay et
al., 1993). However, only a few studies deal with the whole nutrient budget of
riparian buffers. These are, for instance, investigations on alluvial cypress swamps
(Mitsch et al., 1979), riparian forests (Peterjohn and Correll, 1984; Lowrance et al.,
1984; Fail et al., 1986) and wet meadows (Leonardson et al., 1994).

In the following, buffering efficiency of two grey alder forests of different ages in
Estonia (Mander et al., 1995, 1997) and two older riparian forests in the USA
(Peterjohn and Correll, 1984; Lowrance et al.,, 1984) are compared (Table 4).

3.2.1. Nitrogen

Despite the higher input in grey alder forests the outputs are at comparable level
in all of four test sites. In all cases, more than half of the input enters the buffer via
overland and subsurface flow. Due to symbiotic fixation of atmospheric N2 the
nitrogen load is higher in alder stands. The accumulation in tree biomass in
younger stands is higher because of their higher productivity and uptake rate.
However, the flux via litter is proportionally higher in older stands. The buffering
capacity of nitrogen in riparian forests is mainly the result of plant uptake which
decreases as the stands become older. In comparison with the soil store of nitrogen
in different communities (8-19 t ha“1in Porijogi and 11-21 t ha“1in Viiratsi;
Mander et al., 1997), the plant uptake and all other fluxes are small. Thus, the
buffering capacity of colluvial soils with a deep humus layer, typical of riparian
soils of agricultural areas, is a key factor in nutrient retention in studied alder
forests.

3.2.2. Phosphorus

The inputs and outputs of phosphorus were on a comparable level, except for the
Little River test site (Lowrance et al., 1984; Fail et al., 1986) where both have
higher values caused by higher atmospheric deposition rate. In this case, the
atmospheric input exceeds the input by overland and subsurface flow. As for
nitrogen, the biggest flux is plant uptake that is lower in older stands. Considering
the large soil store of phosphorus (1.9-2.0 t ha*“ 1in Porijogi and 1.4-2.7 tha 1
in Viiratsi; Mander et al., 1997), we suggest that in the long-term most retained
phosphorus is accumulated in the soil.

In the long-term this very high loading cannot be balanced by Fe, Al and Ca
phosphate precipitation. This is seemingly the key process in phosphorus retention



Table 4
Nitrogen and phosphorus llux and cycling in riparian forests (kg ha 1year ') in four test sites

Flux and cycling Porijégi Estonia (age 14  Viiratsi Estonia (age 40 Rhode River MA. USA Little River GA. USA (age>
years)“ years)* (age> 50 years)b 50 years)l
N P N P N P N P
Input, included 110.4 25 72.9 30 53 214 518 5.6
Precipitation 6.4 0.7 6.7 1.0 14 0.14 12.2 35
Nitrogen fixation110 36 21.0 10.6
Overland and subsurface flow 68.0 18 45.2 20 39 2.0 29.0 2.1
Transformation
Accumulation in tree biomass 204.8 151 140.2 108 77 10 22.3 14
Litter 82.0 4.0 87.0 40 62 7.8 26.8 41
Denitrificationd 85 7.9 315
Active soil exchange (ASE)e - 341 -9.2 2.8 -4.2 28.8 -0.79 11.8 4.4
Output into stream 13.2 0.62 9.0 0.38 9.2 0.73 13.0 3.9

“ Mander et al., 1997.

b Peterjohn and Correll, 1984.

c Lowrance et al., 1984; Fail et al., 1986.

d Estimated on the base of four measurements during October 1993-September 1994 (fixation in soil by non-symbiotic bacteria) and after Rytter et al., 1991;
Huss-Danell et al., 1991 (fixation by nodules).

'‘Calculated; '+ °, accumulation in soil; '—\ mineralization, vegetative uptake and transformation by biota.

ASE is the input-output-accumulation in plant biomass—denitrification + litter.

c Above-ground storage only.
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Table 5

Removal efficiency, specific removal and retention of nitrogen and phosphorus in grey alder test sites
(Mander et al.,, 1995)

Porijdgi Viiratsi

N P N P \
Removal efficiency (%) 81 67 80 8l
Specific removal (% m~") 41 34 2.9 2.9
Retention (kg ha“ 1year“1) 20.9 12 36.2 16

in alder stands. Some investigations also suggest that permanently high nitrogen
concentrations in soils can cause phosphorus leaching (Andrusch et al., 1992). On
the other hand, our earlier investigations demonstrate that riparian alder forests are
effective buffers for P (Mander et al., 1995). Even in riparian wetlands P can be
retained due to micro-scale oxygenation variability within the wetland and, proba-
bly, due to phosphorus inactivation by nitrate (Andersen, 1982).

Our results suggest it is important to harvest older Alnus incana stands (> 20
years) earlier, due to their decreasing uptake and productivity with age.

3.2.3. Removal efficiency of nitrogen and phosphorus in buffer zones

Removal efficiency E (%) of N and P from the groundwater and overland flow
in riparian communities was estimated according to formula 2. The retention
capacity R (see Eq. 1) was calculated in kg ha 1year

The specific removal (% m - ") is defined as the removal efficiency per unit width
of a buffer zone. This characteristic is useful for planning and establishing buffer
communities.

In Table 5, values of the removal efficiency, specific removal and retention for
studied riparian grey alder forests are presented. Despite the lower vegetation
uptake of N in the older alder stand in Viiratsi, the retention is higher than in the
younger stand in Porijogi. Due to smaller width the specific removal is higher in the
Porij6gi transect.

We observed a significantly higher efficiency values in the complex sequential
buffer strip that includes a grassland strip, wet meadow and grey alder stand, than
in single ones (Mander et al.,, 1997). The specific removal of N was decreased
downhill which coincides with the edge effect reported in earlier papers (Doyle et
al., 1977; Mander, 1985; Knauer and Mander, 1989; Vought et al.. 1994). The
50-60 m wide complex buffer zone was able to retain and transform most of the
nitrogen and phosphorus entering the buffer.

Some of the results of this work which are considered while designing the buffer
zones and buffer strips are presented in the Table 6. The relatively high estimated
summary efficiency (£) of buffer zones and buffer strips in the Vanda ditch
sub-catchment (14.0 and 24.4 for N and P, respectively) is due to high percentage
of additional buffer zones (67% of the total area of buffer zones) and buffer strips
(87.5%, correspondingly). Buffer zones have shown 1.5-3 times higher intensity
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than the buffer strips, however, the nutrient removal capacity in planned buffer
strips is many times higher (964 and 85.7 kg ha-1 year-1 for N and P, accord-
ingly). The very high estimated nitrogen removal can be explained by both high
nitrate concentration in seeping groundwater (30-50 mg N031-1; Mander et al.,
1994) and high denitrification. In the Sipe stream sub-catchment, the percentage of
additional buffer zones and strips is 9.3 and 5.0% of their total area, respectively.
This is one of the reasons why the estimated total efficiency (E) of additional
buffers is lower than in the Vanda sub-catchment, being 11.3 and 15.3%. corre-
spondingly (Table 6).

In the last 3 years, a significant decrease in nutrient losses from this area has
occurred. This is, again, caused by the lower intensity of fertilization and land
cultivation (Mander and Palang, 1994).

Table 6
Estimated efficiency of existing (1990) and planned buffer zones and buffer strips in two sub-catch-
ments of the Porijogi River. Estonia (after Mander, 1995)

Sub-catchment Sipe stream Vénda ditch
Area (ha) 900 220
Arable land in 1990 (ha) 518 150
Buffer zones in 1990 (ha)

Existing 420 56

Planned 22 112

Total 442 168
Buffer strips (ha)

Existing 7.8 0.2

Planned 0.8 14

Total 8.6 1.6
Arable land to be converted (ha) 23 113
Mean annual nutrient loss from arable land (kg ha-1 year-1)

N 6.3 121

P 0.57 123
Efficiency of buffer zones (t year )

N 0.38 2.85

P 0.035 0.18
Efficiency of buffer strips (t year”")

N 0.33 135

P 0.052 0.12
Total efficiency (t year ')

N 0.71 4.2

P 0.087 0.3



320 U. Mander el al. , Ecological Engineering 8 (1997) 299-324

4. Conclusion

Both our investigations and studies on riparian ecosystems drawn upon in this
paper demonstrated significant nutrient removal from the incoming material fluxes.
The correlation between the log-transformed load and retention for nitrogen and
phosphorus in buffer ecosystems was linear and very high. Even when the input
concentrations were extremely high, the buffers were able to remove both nitrogen
and phosphorus. Many different natural and semi-natural ecosystems play an
essential role in controlling material fluxes through landscapes of which bushes,
young forest stands and wet grasslands show the most intensive nutrient removal.
This is due to intensive nutrient uptake by plants and high microbiological activity
and adsorption capacity of soils. Therefore, the mosaic landscape pattern with
different buffering ecosystems is able to control even high nutrient fluxes. However,
harvesting from buffer zones and buffer strips is needed in order to remove the
accumulated material and to keep the buffers in a young succession stage. Many
new perspectives on the use of buffer ecosystems make their maintenance and
establishment attractive from both ecological and economic point of view.
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ECOTECHNOLOGICAL MEASURES TO CONTROL
NUTRIENT LOSSES FROM CATCHMENTS

Valdo Kuusemets and Ulo Mander

University of Tartu. Institute of Geography, 46 Vanemuise St., EE-2400 Tartu, Estonia

ABSTRACT

Ecoiechnological measures allow to use different natural and seminatural ecosystems to control nutrient
losses from intensively used watersheds. The most effective means are buffer strips, buffer zones and
constructed wetlands. In southern Estonia a 31 m wide buffer zone of wet meadow and grey alder forest
removed 50 % nitrogen and 78 % phosphorus, while in a 51 m buffer zone, also containing a grassland strip
in addition to wet meadow and alder forest, 87 % N and 84 % P was retained. The outflow of total - N was
4.9 and outflow of total - P was 4.8 lower in well-buffered watershed in comparison to similar watershed
with lower buffering ability. Three constructed wetlands in southern Estonia were studied. The removal
efficiency was 76 - 84% for BODs, 39 - 70% for total-N. 73 - 83% for total-P. All results show that
compared to other seasons the winter performance was not reduced.

KEYWORDS

Constructed wetlands, non-point pollution, nutrient control, point pollution riparian buffer zones.

INTRODUCTION

Control of nutrient losses from catchments needs proper management of point and non-point pollution. For
management of point pollution there are many technical (conventional) solutions that are in many cases
expensive and do not solve all environmental problems in long term perspective. Two principle ways exist in
the control of non-point pollution from rural catchments: (1) adoption of “Best Environmental Practices” by
optimisation of fertilisers use. crop rotation, and soil cultivation methods in a manner that maintains the
nutrient equilibrium in the soil; (2) using various mitigation measures as buffering ecosystems (e.g., riparian
buffer strips and buffer zones, natural and constructed wetlands, hedgerows, shelterbelts) to intercept and
transform nutrient fluxes from agricultural lands to water. These two classes of measures can be classified as
ecoiechnological measures for pollution control that can be used in certain conditions also for management
of point pollution despite of conventional technologies. Under the term “ecotechnology” (i.e., ecological
engineering) we consider the engineering in the sense that it involves the design of this natural environment
using quantitative approaches and basing our approaches on basic science; it is technology with the primary
tool being self-designing ecosystems (Mitsch and Jorgensen. 1989). According to principles of ecological
engineering, the most effective way to reduce pollution load is to decrease pollution at source (often called as
"the beginning-of-pipe-principle”. Mitsch and Jorgensen. 1989). This principle is applied in a large variety of
oiganic agricultural systems. However, certain losses of nutrients occur even from the biodynamic farming,
the most extremely equilibrium-orientated agricultural system (Granstedt, 1990; Van Mansvelt and Mulder,
1993), which needs measures applied. One of the most ecologically sound solutions for purifying wastewater
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by degree of treatment intensity and the degree of recycling are constructed wetlands (Guterslam, 1991).
Constructed wetlands for wastewater treatment show good purification ability (Geller et al., 1991; Heeb and
Ziist, 1991: Jenssen et al., 1993; Mandei and Mauring, 1997. Brix. 1998) likewise natural, seminatural and
artificial buffering ecosystems that provide a great interest in terms of controlling the nutrient fluxes
(Lowrance et al., 1984; Peterjohn and Correll, 1984; Knauer and Mander, 1989; Haycock and Pinay, 1993;
Vought et al.. 1994). Riparian buffer strips and buffer zones (Mander et al., 1997b) as multifunctional
elements of rural landscapes can be also defined as one of the most ecologically sound solutions for control
of water quality. Constructed wetlands and buffer zones can purify water from various pollutants. Mainly,
purification of suspended solids, organic matter, nitrogen and phosphorus have been considered in literature
Kadlec and Knight (1996) describe the main purification processes as following. Suspended solids are
purified by: (1) sedimentation and trapping; (2) chemical precipitation. Main purification processes for
organic matter are: (1) microbial decomposition and respiration; (2) chemical precipitation and
sedimentation. Nitrogen is removed by: (1) uptake and storage in vegetation; (2) microbial immobilization
and storage in the soil as organic nitrogen; (3) microbial conversion to gaseous form of nitrogen
(denitrification); (4) ammonia volatilization. Phosphorus is removed by: (I) sedimentation of particulate
phosphorus and chemical precipitation; (2) soil sorption; (3) removal of dissolved inorganic phosphorus by
plant uptake; (4) microbial immobilization and storage in the soil as organic phosphorus.

The main objective of this paper is to analyse efficiency of riparian buffer zones and constructed wetlands in
some agricultural watersheds in Estonia.

MATERIAL AND METHODS
Site description

The study area is the Porijogi River basin that lies within the southeast Estonian moraine plain 5-10 km
south of Tartu (58°23771; 26°44'E). The moraine plain is 30-60 m a.s.l. with undulated relief, and is dissected
by primeval valleys. The southern part lies on the northern slope of Otepd4 heights, which consists of
moraine hills and kames. A more detailed description of the study area is given in an earlier study (Mander
etal., 1995).

In 1994-95, two transects were established on the thalwegs of slopes adjacent to streams, and crossing
different riparian plant communities. Transects had similar physico-geographical conditions with similar
plant communities, covering field, grass, wet meadow and woodland. The Porijdgi transect is located in the
central part of Porijogi catchment with lower pollution load, where agricultural activities slopped in 1992.
The Viiratsi transect is situated in an area impacted by pig slurry from the Viiratsi pig farm. A more detailed
description of transects is given in Mander et al. (1997a). In the landscape profiles piezometers (3 rows in
the Porijogi transect and 4 rows in the Viiratsi site, with 3 replicates in each row) and study plots were
established on the boundaries between plant communities.

Also, following constructed wetlands for wastewater treatment were studied:

« sand/plant filter system in P8lva, established in 1992 (90 nr. wastewater flowrate 2 nr d 1, area loading
3.8 g BOD m2d ’, water detention time 15-25 d);

« seminatural wet meadow covered with Phalaris aruiulinacea, established in 1989 (later called as
"Phalaris -slope"; 2400 m2 130 mJd 1 1g BOD nr d 1, 20-40 d);

¢ drainage channel with intensive macrophyte growth that was not constructed for wastewater purification
and receives wastewater from a cascade of four sedimentation ponds (one anaerobic and three aerobic
ponds) for wastewater treatment (later called as “bioditch": 140 nr, 125m'd 40 g BOD m 'd ', 0.5 d).

A more detailed description of these constructed wetlands is presented in an earlier study (Mander and

Mauring, 1997).
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Field experiments and laboratory analysis

Stream discharge was measured and water samples were taken lor analysing in laboratory once per month
from 16 sampling points from Porijégi River catchment including 5 closing sampling points of
subwatersheds. On transects soil water samples were collected once or twice a month from piezometers
installed on the borders of plant communities during June 1994 to December 1995. Soil water discharge was
estimated on the basis of both Darcy’s law and by gauging with weirs installed in soil water seeping sites.
Water samples from inlet and outlet of studied constructed wetlands were taken and water flow was
measured since 1989 (PhaUiris-slope, Rakke) and since 1993 (Pdlva) once a month. The surface water from
Porijogi River and wastewater from constructed wetlands was analysed in the South-Estonian Laboratory of
Environment Protection, Tartu. Filtered water samples were analysed for NH4-N, NO?-N, NOi-N, total-N,
POj-P, total-P and organic matter concentrations (on the base of BOD-O following standard methods for
examination of water and wastewater quality (APHA, 1989). Filtered soil water samples were analysed in
the laboratory of Estonian Agricultural University for NH4-N. NOr N, NOi-N, total-N, P04-P, total-P, S04,
Fe.Ca (APHA, 1989).

Efficiency and buffering percentage calculations
Removal efficiency E (%) of N and P in buffer communities and constructed wetlands was estimated as:
E = 100 % * (QinCm- Q,uiCau,)/ (Q,nCm) n

Q,,, and QU = inflow and outflow values (nr d '), respectively; C,, and Cau, = concentration values (mg I'J),
respectively.

The retention capacity R in buffer zones and constructed wetlands (kg ha 1yr'land g m'2d'L respectively)
was calculated as follows:

R = 1(Q,nCin - QoulQmi)/ A 2)
A = area of the buffer zone or constructed wetland.

The specific removal (% m'l) is defined as the removal efficiency per unit width of a buffer zone. This
characteristic is useful for planning and establishing buffer communities.

The percentage of buffered stream banks was calculated as follows:
B = Ib/11,* 100% 3)

Ih= length of all stream banks in the catchment (m), having buffer zone or strip between field and stream.
11, = total length of stream banks in the catchment (m).

The percentage of unbuffered stream banks was calculated as follows:

U = IUI1, * 100% (4)
lu= length of all stream banks in the catchment (m), having agricultural fields up to the bank of stream.
The percentage of stream banks with natural communities was calculated as follows:

N =\J II, * 100% (5)

I, = length of all stream banks in the catchment (m), bordering with natural plant communities.

31
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RESULTS AND DISCUSSION

Role of buffer zones

The buffers investigated showed good removal efficiency. According to values presented in Table 1, in the
31m wide Porijdgi transect 50% of total nitrogen and 78% of total phosphorus was removed, while in the 51
m wide Viiratsi transect showed 87% and 84% removal, respectively. The lower N removal efficiency in the
Porijdgi transect can be explained by lower incoming nitrogen load in soil water (average for study period
3.0 mg N ). In Viiratsi the same value was 23 mg N |11 In both cases the most intensive retention and
transformation was taken place already in the first part of the buffer. In the Porijogi transect all phosphorus
and major part of nitrogen was retained and transformed within the first 11 m wide Filipendula-Aegopodium
wet meadow strip. Likewise, in the heavily polluted Viiratsi buffer zone first 11 m wide Elytrigia repens-
grassland and 12 m wide Filipendula-Acgopodium wet meadow retained all phosphorus and main part of
nitrogen entering the buffer. The specific removal of wet meadow plant communities reached 3.3% m 1 for
N, 7.1% m  for P in Porijogi and 5.0% m land 5.9% m 1lin Viiratsi, respectively. In the Viiratsi transect
grey alder stand (Alnus incana) did leach out some phosphorus. However, the concentrations of ground
water were very low (0.07 mg '] for such heavily polluted area and were comparable with outflow from less
polluted Porijogi River transect (0.06 mg I'D). The increase of phosphorus in lower part of buffer zone can be
caused due to the saturation in buffer zone.

Table 1 Average total nitrogen and total phosphorus content for study period in soil water (mg "'1), removal
efficiency (%) and specific removal (% m ).

Grassland Wet meadow Alder forest Whole
complex
N P N P N P N P
Porijogi (less polluted)

Soil water quality (input, mg I'}) 30 027 19  0.06 3 027
Soil water quality (output, mg I'}) 19  0.06 15  0.06 15 0.06
Removal efficiency (%) 37 78 21 0 50 78

Specific removal (% m') 33 71 11 0 16 25
Retention (kg ha'lyrl) 144 07 124 12 131 10

Viiratsi (heavily polluted)

Soil water quality (input, mg ') 3 0.43 14 0.17 5.6 0.05 23 0.43
Soil water quality (output, mg ') 14 017 56 005 31 007 31 0.07
Removal efficiency (%) 39 60 60 71 45 -40 87 84

Specific removal (% m ‘) 36 55 5.0 5.9 16 -14 17 16
Retention (kg ha 1yrl) 1855 6.0 33.8 17 36.2 16 56.7 2.2

In general, both buffer zones showed high nutrients retention values and should be used as nutrient control
elements in watersheds. The details for designing and dimensioning buffer strips and buffer zones are given
in earlier papers (Mander el al., 1997b).

The impact of buffer zones to water quality was analysed in Vénda, Sipe and Porijogi upper subcatchments
of Porijogi River catchment. The subcatchments of Véanda and Sipe have similar physico-geographical
conditions, situating in central part of Porijogi River catchment. Currently, 68% of Vanda and 58% of Sipe
subcatchments are used as agricultural land (Table 2). The Porijogi upper subcatchment has only 6.4%
agricultural land, 79% of the catchment is covered by forest. This subcatchment can be used as control area
to describe natural outflow rate in the region. In Estonia, the most intensive use of agricultural lands took
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place at the end of Soviet period, from 1985 to 1990 (Mander and Palang, 1994). For instance, in 1987 the
average fertilisation intensity was 150 kg N ha land 60 kg P ha'l Since 1990 the use of fertilisers dropped
and constituted ill 1994 only 2.3% N and 0.8% P of the level in 1987. In the Porijdgi catchment, the
fertilisation intensity followed the tendency for the whole Estonia. In our study, outflow values for N and P
are calculated as average for 1987-90 (Table 2). The results show very high outflow of nitrogen (24.4 kg ha 1
yr') and phosphorus (0.67 kg ha'lyr'l) from the Vanda subcatchment. It is 9.0 and 7.4 times higher than the
outflow from the natural Porijogi upper subcatchment, respectively. At the same time, from Sipe
subcatchment with similar intensity of agricultural use, the outflow of nitrogen and phosphorus were only
19 and 1.6 times higher than in the natural subcatchment, correspondingly. Although Sipe stream has 51%
percentage of unbuffered stream banks, the outflow of N and P is much lower than that in the Vénda
subcatchment with 63% unbuffered stream banks. One of the explanations is more complex landscape
pattern in Sipe subcatchment that shows better buffering capacity. Here in addition to buffer zone complex
structure of landscape plays important role (45% of the 6.6 km long main stream is buffered), the main
stream has meandering valley with a well-developed hyporheic zone. The Vénda stream is completely
straightened, has no meandering parts and only very short fragment of it has buffer zone on both banks that
constitutes 7% of the total length (4.8 km) of the stream.

Table 2. Riparian buffer zones, natural communities adjacent to streams, and outflow of N and P
(kg ha'ly r1) from three subcatchments of the Porijdgi River.

Subcatchment ~ Total ~Area of Percentage Percentage of Percentage of Outflow of  Outflow of

(stream) area agri- of buffered unbuffered stream banks total - N total - P
(ha)  cultural stream stream banks  with natural (kg ha'lyr'l) (kg ha'lyr
land banks(B) ) communities )
(ha) (N)
Véanda 220 150 6 63 31 24.4 0.67
Sipe 900 518 32 51 17 5.0 .0.14
Porijogi upper 1230 79 6 1 93 2.7 0.09

Constructed wetlands for wastewater treatment

Budgets of organic matter (BOD>), total-N and total-P of three constructed wetlands in southern Estonia (a
sand/plant filter; a combined overland flow-vertical flow root-zone system on a P/i«/«ra-slope, and an
aquatic macrophyte channel, a "bioditch™) show their high retention capacity and removal efficiency (Table
3). Except for nitrogen, the efficiency of the sand/plant filter was found satisfactory. Based on average input
and output values of BODs (173 and 28 mgO | 1, respectively) the purification efficiency of organic matter
was 84%. For total-N and total-P the purification efficiency was 39% and 76%, correspondingly. Input
values of N and P in this system were 40.5 mgN 1 10.9 mgP f\ respectively, and output values 24.8 mgN 1
land 2.9 mgP I'L respectively. In the Plhalaris-slope, 76% of organic matter (input 17, effluent 4 mgO 1 1),
69% of total-N (input 16. effluent 5 mgN ') and 83% of total-P (input 4.1, effluent 0.7 mgP 11 was
removed. Due to high input load, the BODx<;, total-N, and total-P values in the outlet of the bioditch were
high and extremely varying: 1-62, 1.5-17.2, and 0.1-4.6 mg Il respectively. However, even in the
‘overloaded” conditions the purification efficiency was high: 84% for BODs (average input 10.9 and effluent
2.9 mgP I'). 70% for total-N (10.9 and 2.9 mgP 1'] respectively) and 73% for total-P (10.9 and 2.9 mgP '}
respectively). To guarantee the recommendable output values from the bioditch, either a significant decrease
of input load or an enlargement of the area of wetland should be achieved. All results also show that
compared to other seasons the winter performance was not reduced. The retention and removal efficiency
values in constructed wetlands for wastewater treatment in Estonia coincides with results obtained from
literature (Table 3). Mitsch (1994) showed that restored or constructed riparian wetlands established to
control non-point pollution could also achieve relatively high retention capacity. For instance, in the Des
Plaines River riparian wetlands in Illinois the phosphorus removal efficiency is 63-98%. The relatively low
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rate of retention (0.001-0.01 g m"' d ') is caused by lower input values and less activity of micro-organisms
in these seminatural systems.

Table 3. Main characteristics of some constructed wetlands for wastewater treatment.

Flow

Constructed Area Load Retention Removal
wetland (nr) ratg , (9 m2dm) (gm2d) efficiency
(mid?) (%)
| 1} 1] 1 1l 1l | 1 11!
Sand/plant filter 90 2 38 08 023 32 03 018 8 39 76

(Pdlva, Estonia)l

Phalaris-s\ope
(Koopsi, Estonia)l 2400 130 1. 09 023 0.2 0.3 019 76 69 83

Bioditch (Rakke,

Estonia)1l 140 125 40 4.9 143 12.8 17 0.29 84 70 73
Free water surface 0.1- 0.01- 0.03- 0.005- 35-  46-
constructed 5.62 0.161 3.92 0.14- 752 80'
wetlands (range)

Subsurface flow 0.1- 0.27- 0.02- 0.03- 45- 8-
constructed 8.62 1.643 5.62 1,373 752 89'

wetlands (range)

Des Plaines River
wetlands (USA;
range)l
after Mander and Mauring, 1997; "- after Mander and Mauring. 1995; - after Mitsch, 1994, ingm' yr'L
|-BODS5; Il -N; W-P

0.001- 0.001- 55-  63-
0.01 0.01 80 98

In many cases, especially, by optimal hydrogeological conditions, the building and maintenance of
constructed wetlands for wastewater treatment is more cost-effective than the rehabilitated conventional or
prefabricated systems. The cost estimation was made for 8 small settlements with load range 100 to 710

Tuudi - Liiva Kirbla Martna Réude Kullamaa  Koluvere Kuusiku Saida

X Conventional rehabilitated plant H  New prefabricated plant 1 | Constructed wetland X load p.e. \

Figure 1. Comparison of annual operation and maintenance costs of three different systems for wastewater
treatment in villages of the Matsalu catchment (in Estonian crowns, EEK; 1 DEM = 8.00 EEK).
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population equivalent (p.e.) in the Matsalu Bay catchment. West Estonia, where three different options for
every settlement were compared with equal influent-effluent quality conditions. The study was executed by
the Norconsult International A.S. (Norway), Center for Soil and Environmental Research (Jordforsk,
Norway) and local authorities (Ministry of Environment; Centre for Ecological Engineering Tartu) with the
support of The World Bank (Norconsult. 1996). The analysis showed that building costs of constructed
wetlands vary very much depending on conditions for building. In some extreme cases (karst. not protected
ground water) building costs of constructed wetlands can be slightly higher than for new prefabricated
treatment plants. Results of the study demonstrate that constructed wetlands are 1.5-4 times cheaper to
manage and maintain than the conventional ones (Fig. 1). In Estonia, both natural and artificial wetlands
have been used for purification of polluted water from agricultural fields and various point-pollution sources
(Mander and Mauring, 1997). These systems have a potential for treatment wastewater from single houses,
villages, small towns, tourist resorts, farms and landfills, as well as from some industrial areas of marginal
location. However, in towns, settlements with central channelization, and majority of industrial objects, the
wastewater is purified by various conventional (traditional) treatment plants.

CONCLUSIONS

Ecotechnological measures give good possibilities for controlling nutrient fluxes in watersheds. The most
attractive multi-functional mitigation element for watershed management will be creation of buffer zones
and buffer strips along ditches, channels and riverbanks. Buffer zones and buffer strips have number of
positive functions. Some are important to reduce the negative environmental impacts to the water others are
beneficial to the landscape and biodiversity. Buffer strips and zones allow stopping pollution at the source
where it arises and reducing expenses of measures for improvement water quality in the stream.

Constructed wetlands have been used mostly for purification wastewater, also for improvement water quality
in the streams, less for non-point pollution purification. Constructed wetlands analysed in this paper.showed
different appearance with respect to BOD, total-N and total-P. Good purification efficiency also in cold
climate conditions allows widen field of use of constructed wetlands. Prototypes of all studied wetlands
could be used for both mam treatment systems or in conjunction with other treatment methods especially in
rural areas, small settlements, single houses, motels etc. They can be used in the gullies, by the manure
storage places, for purification of rainwater from technically used surfaces (manufacturing areas, roads).
However, constructed wetlands are not suitable for all purposes and they can not be seen as alternative to the
conventional systems in every place. The proper design criteria must be followed to guarantee required water
quality standards.

Ecotechnological measures are cost-effective to control non-point pollution in intensively used watersheds.
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