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Abstract. During 1992 and 1993, nitrogen dynamics and microbial activity were investigated 
in an agrisilvicultural system consisting of oats or barley cultivated along the sides of a poplar 
plantation in Sweden. At each of three experimental sites (two silt loams and one silty clay 
loam), sampling for mineral nitrogen was carried out in three layers down to 90 cm at two 
distances from the trees, A (0.5-1.5 m) and B (4.0-5.0 m), two times each year (spring and 
autumn). Sampling of soil for organic matter, carbon and nitrogen, potential nitrification, N 
mineralization, basic respiration and substrate-induced respiration was carried out in the 0-10 
cm layer at three distances from the trees: A (0.5-1.5 m), B (2.5-3.5 m) and C (4.0-5.0 m). 

Significantly larger amounts of organic matter, total carbon and nitrogen at A than at B and 
C, indicated increased inputs from the trees through litter, decaying roots and root exudates. 
This could explain that the rates of nitrogen mineralization, potential nitrification and respira- 
tion were significantly higher at A than at B and C. The presence of trees resulted in a better 
utilization of nitrogen and moisture in the soil, reducing the potential for nitrate leaching 
and accumulating nitrogen close to the trees. The higher concentration of ammonium, lower 
concentration of nitrate and the consistently lower NO;-N/NH4-N-ratios observed at A than at 
C might be explained by a combined effect of increased nitrogen mineralization and efficient 
nitrate uptake by the trees. 

Introduct ion  

A c c u m u l a t i o n  o f  nu t r ien ts ,  c o n s e r v a t i o n  o f  o rgan ic  ma t t e r  and p e r s i s t e n c e  
th rough  t ime  are  cha r ac t e r i s t i c s  u s u a l l y  a s c r i b e d  to na tu ra l  e c o s y s t e m s  
[ W o o d m a n s e e ,  1984]. I n t e n s i v e l y  cu l t i va t ed  so i l s ,  on the o ther  hand,  are  
cha rac te r i zed  by  cons ide rab l e  loses  o f  o rganic  mat te r  and nutr ients .  Pe rsson  
[1974] showed  a dec rease  in humus  conten t  o f  30% in the course  of  2 0 - 3 0  
years  after l and  had  been brought  under  cul t ivat ion.  Consequent ly ,  many  v i rg in  

soi ls  accumula t e  g rea te r  amoun t s  of  m ine ra l i z a b l e  n i t rogen  than their  cult i-  
va ted  counte rpar t s  [Smith  and Young,  1975]. Par t ia l  imi t a t ion  of  na tura l  tree- 
based  e c o s y s t e m s  th rough  agr i s i lv icu l tu ra l  p rac t ices ,  where  trees and crops  
in ten t iona l ly  are m i x e d  on the same land,  is be l i eved  to enhance  the long- t e rm 
sus t a inab i l i t y  and p r o d u c t i v i t y  o f  a g r o e c o s y s t e m s .  Benef i t s ,  such  as ma in -  
ta ining organic  matter ,  i m p r o v i n g  nut r ien t  cyc l ing  e f f i c i ency  and amel io ra t ing  
mic roc l ima te s ,  are gene ra l ly  a t t r ibu ted  to the tree c o m p o n e n t  o f  the sys tem 
[Steppler ,  1987]. More  than ha l f  o f  the nutr ients  taken  up annua l ly  by  t rees  
in t empera te  dec iduous  fores ts  are re turned  to the soi l  by  l i t terfal l ,  through-  
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fall and stemflow [Duvigneaud and Denaeyer-De Smet, 1970]. Both carbon 
and nitrogen have been shown to accumulate underneath trees in natural 
ecosystems [McClaugherty et al., 1985; Boerner and Koslowsky, 1989]. 
According to Gersper and Holowaychuk [1971], stemflow could be respon- 
sible for higher inorganic nitrogen pool sizes close to trees. 

In most forested ecosystems, ammonium is the dominant form Of soil 
mineral nitrogen, whereas nitrate is more abundant in agricultural land [Rice 
and Pancholy, 1972; Robertson and Vitousek, 1981]. Various authors have 
suggested different mechanisms to account for a limitation of the nitrifica- 
tion in more mature ecosystems, such as allelopathic substances [Lodhi, 1977, 
1978; Rice, 1964], low cation and phosphate availability [Vitousek et al., 
1982], high C:N ratio [Johnson and Edwards, 1979] and limited availability 
of ammonium [Vitousek et al., 1982]. However, reports of actual nitrifica- 
tion rates are contradictory. Both an increase [Lamb, 1980; Robertson and 
Vitousek, 1981] and a decrease [Montes and Christensen, 1977] in nitrifica- 
tion rate with successional age of the ecosystem have been reported. 

Nitrogen dynamics in natural forested ecosystems, as well as agricultural 
systems, have been investigated by many scientists, but relevant data on this 
matter from agrisilvicultural systems are very scarce. If trees play a central 
role in nitrogen transformations of natural ecosystems, the same might apply 
to agrisilvicultural systems. In this research it was reasoned that more carbon 
and nitrogen would accumulate close to than away from rows of trees in an 
agrisilvicultural system. Microbiological activity, including nitrogen miner- 
alization, was postulated to be higher closer to than away from trees. It was 
further hypothezised that larger amounts of ammonium and lesser amounts 
of nitrate are present close to than away from trees resulting in lower 
NO~-N/NH~-N-ratios. Due to the length of time needed for trees to grow in 
temperate climates, this investigation utilizes plantations already existing. 
Agrisilvicultural systems were thus created by sowing oats or barley along 
rows of poplar trees. 

Materials and methods 

Study area 

The study area is situated 5 km south of Uppsala, Sweden (50o49 , N and 
17~ ' E). Weather conditions in the area during 1992 and 1993 are presented 
in Fig. 1. Three experiments (Sites 1, 2 and 3) were laid out along the sides 
of a poplar plantation (Populus trichocarpa Hook x Populus deltoides Marsh.), 
planted on former agricultural land where trees at Site 1 had been planted in 
1988 and those at Sites 2 and 3 in 1987. The distance between trees is 1.5 m 
at Site 1 and 3.5 m at Sites 2 and 3. The layout of the experiments is shown 
in Fig. 2 and soil characteristics and crop yields are presented in Table 1. In 
1992, only Site 1 was sown with oats (Arena sativa L.). Sites 2 and 3 were 
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Fig. 2. Field plan for the experimental  area with the three experimental  sites and all the sampling 
plots  (dis tances  in 1993. In 1992, 3 sampl ing  plots  at all the dis tances  (A, B and C 
respect ively)  were  used at Sites 1 and 3. 
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kept weed-free by harrowing. In 1993, barley (Hordeum distichum L.) was 
cultivated at all three sites. Before sowing, the sites were harrowed. After 
harvesting the oats in 1992, the soil was prepared by a disc plough. Before 
this investigation was initiated, the sites had been fallowed and kept weed- 
free by harrowing as close to the trees as possible (30-50 cm from the trees). 
The trees at Site 1 had been fertilized with a total of 60 kg N/ha (NPK 
(18-4-10) micro) during the period of 1988 to 1991 (equivalent to 2.5 mg 
N, 0.54 mg P and t.38 mg K/100 g dry soil). The trees at Sites 2 and 3 were 
given approximately 5 kg of N/ha in 1989, 10 kg/ha in 1990, 60 kg/ha in 1991 
and 1992 (NPK (18-4-10) micro) (equivalent to 5.6 mg N, 1.21 mg P and 
3.11 mg K/100 g dry soil). The trees were not fertilized thereafter and crops 
were not fertilized. 

Sampling plots and sampling 

Sampling plots of 1 x 2 m for determination of chemical and microbiolog- 
ical parameters were selected at three distances from the rows of trees, 0.5-1.5 
m (A), 2.5-3.5 (B) and 4.0-5.0 m (C). Randomization of the sampling plots 
was carried out pairwise (A and corresponding B and C). In 1992, three 
sampling plots were selected at each distance at Sites 1 and 3, six others 
were selected at all three sites in 1993 (Fig. 2). 

Sampling for mineral nitrogen was carried out only at distances A and C, 
three times in both years: in the spring, at crop maturity (development stage 
85 (DC 85), soft dough, of the decimal code according to Tottman [1987]) 
and in late autumn (exact dates are given in Tables 3 and 4). In I992, only 
Site 1 was sampled for mineral N. At crop maturity, most mineral nitrogen 
had been taken up by the vegetation. Since nitrogen uptake was not analyzed 
(and to make the presentation more clear) the data on soil mineral N from 
sampling at crop maturity is not presented here. On each sampling occasion, 
8 soil cores were collected randomly in each plot from the 0--30 cm layer 
(using an auger with 33 mm diameter) and 5 soil cores from the 30-60 cm 
and 60-90 cm layers (using an auger with 26 mm diameter) and mixed 
separately for each layer. In 1993, the number of soil cores collected was 
reduced to 5 from the 0-30 cm layer and 3 from the 30-60 cm and 60-90 
cm layers of each plot at all three sites. The concentration of mineral nitrogen 
is presented from the 0-30 and 30-90 cm layers, even though three layers 
were analyzed separately. 

On September 25, 1992, the 0-10 cm layer in plots A, B and C at Sites 1 
and 3 was sampled for determination of organic matter (OM), soil carbon 
and nitrogen and for microbiological analysis, using an auger with a diameter 
of 33 mm. The 0-10 cm layer, at positions A and C, of Site 1 and 2 was 
sampled on September 21, 1993. All the above parameters were analyzed in 
1993 from Site 1 but only carbon and nitrogen from Site 2. All soil samples 
were put into a freezer at a temperature below -20 ~ within 3 hours after 
sampling. 



306 

Sample preparation and analyses 

For the analysis of mineral nitrogen, the samples were ground in frozen 
condition, and 100 g was immediately mixed with 250 ml of 2 M KC1 and 
shaken overnight. The extract was then filtered by centrifugation and 100 ml 
was kept for analysis. The amount of ammonium and nitrate was determined 
colorometrically, using a TRAACS autoanalyzer. Measurement of the total 
microbial activity, determined as the basic rate of respiration, was done 
according to Palmborg and Nordgren [1993], and the rate of substrate-induced 
respiration (SIR) for estimation of microbial biomass according to Anderson 
and Domsch [1978]. Both were measured with the equipment designed by 
Nordgren [1988]. Potential nitrification was measured according to the method 
of Belser and Mays [1980], modified by Torstensson [1993], a method where 
the accumulation of nitrite is measured. Nitrite oxidation was inhibited through 
the addition of chlorate (15 mM) and the oxidation of ammonium was 
optimized through addition of ammonium sulphate (4 mM). Nitrogen miner- 
alization was determined according to the method of Waring and Bremner 
[1964], where the production of ammonium is measured after incubation of 
soil under waterlogged conditions. All microbiological analyses were deter- 
mined in duplicates. 

After drying and grinding (in a porcelain mill until it passes a 250 gm 
aperture sieve to get a representative sample) of subsamples from the 0-10 
cm layer, the total amount of C and N was determined (in duplicates) using 
a Carlo Erba Elemental Analyzer. The amount of organic matter was deter- 
mined through ashing in furnace (loss of weight after drying to 500 ~ 
expressed as % of dry soil (105 ~ then substracted with a correction factor 
of 1.0 to compensate for weight losses other than organic matter [Ekstr6m, 
1927]). All data comparing A and C were subjected to Student's t-test. All 
data comparing A, B and C (OM, carbon, nitrogen, and microbiological data 
at Sites 1 and 3) were subjected to analysis of variance and the means were 
compared using Tukey's Multiple Range Test at the 5% level. Statistical 
analyses were computed using SYSTAT version 5.2 [SYSTAT, 1992]. 

Results 

Soil organic matter, total carbon and nitrogen 

Significantly larger amounts of OM, total carbon and nitrogen were present 
at A than at B and C at Sites 1 and 3 in 1992, but no differences in the C/N 
ratio were found, in 1993, when 6 sampling plots were used, the differences 
were highly significant at Site 1, but not at Site 2 (only total carbon and 
nitrogen was analyzed at Site 2). The amounts of OM, carbon and nitrogen 
were larger at Site 3 than at the other sites (Table 2). 
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Microbiological analyses 

Potential nitrification, N mineralization, basic respiration and SIR were all 
significantly higher close to than away from trees (except for the rate of basic 
respiration at Site 1 in 1993) (Table 2). No significant differences were 
observed between B and C in any of the microbiological parameters analyzed 
in 1992. Comparing the sites, potential nitrification, basic respiration and 
SIR were higher at Site 3, but N mineralization was greater at Site 1. 
Comparing the years at Site 1, basic respiration and SIR were higher in 1993 
than in 1992. 

Mineral nitrogen 

Amounts of mineral nitrogen at Site 1 on sampling occasions in the spring 
and autumn of 1992 and 1993 are shown in Table 3, and at Site 2 and 3 in 
1993 in Table 4. Mineral N dynamics were similar for different sites and years 
in many respects. 

Larger amounts of ammonium (except in the 30-90 cm layer at Site 1, 
October 1992) and consistently smaller amounts of nitrate were present at 
position A than at C throughout the soil profiles in bother years. In the 0-30 
cm layer, the differences were significant, except in the autumn of 1992 at 
Site 1 and in the autumn of 1993 at Site 3. In the 30-90 cm layer, the 
differences were all significant for nitrate but for ammonium only significant 
in the spring at Site 1 in 1992 and in the spring at Site 3 in 1993. The overall 

Table 3. Soil mineral nitrogen (kg/ha) and the ratio of NO~-N to NHa-N at Site 1 on two 
sampling occasions, in the spring and autumn of 1992 (n = 3) and 1993 (n = 6) at distances of 
0.5-1.5 m (A) and 4.0-5.0 m (C) from the row of Populus. 

Parameter 1992 1993 

May 4 October 26 April 27 October 26 

A C A C A C A C 

0-30 cm 
NH4-N 6.7 2.3*** 3.5 2.9 7.0 4.2*** 6.3 4.0*** 
NO3-N 1.9 3.1" 0,7 1.0 1.7 5.5*** 0.3 0.5* 
Total Min. N 8.6 5.4** 4.2 3.9 8.7 9.7 6.6 4.5*** 
NO3-N/NHn-N 0.3 1.4"** 0.2 0.3 0.2 1.3"** 0.04 0,1"** 

30-90 cm 
NH~-N 3.4 1.2* 2.4 5.0 3,5 2.8 2.4 2.2 
NO3-N 4.3 36.9* 2.8 14.9" 0.8 9.5*** 0.03 1.6" 
Total Min. N 7.8 38.1" 5.2 19.9" 4.3 12.3"** 2.5 3.8* 
NO3-N/NH~-N 1.2 31.8" 1.4 3.3 0.3 4.0*** 0.01 0.9* 

* p _< 0.05; ** p _< 0.01; *** p _< 0.001 (student's t-test) for comparison horizontally within 
each sampling occasion. 
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Table 4. Soil mineral nitrogen (kg/ha) and the ratio of NO:-N to NHn-N at Site 2 and site 3 
on two sampling occasions, in the spring and autumn of 1993 at distances of 0.5-1.5m (A) and 
4.0-5.0 m (C) from the row of P o p u l u s .  n = 6. 

Parameter Site 2 Site 3 

April 28 October 26 April 29 October 26 

A C A C A C A C 

0-30 cm 

NH:-N 6.4 3.2*** 5.4 3.2*** 7.7 5.3*** 5.9 5.6 
NO3-N 3.9 12.4"** 0.7 1.3"** 6.3 12.3"** 2.1 2.7 
Total Min. N 10.3 15.6"** 6.1 4.5** 14.0 17.6"* 8.0 8.3 
NO~-N/NH:-N 0.6 4.0*** 0.1 0.4*** 0.8 2.4*** 0.4 0.5* 

30-90  cm 

NH:-N 5.6 4.0 4.3 3.4 9.1 5.4** 7.5 6.2 
NO3-N 15.7 87.6*** 4.0 17.5"* 33.8 69.8** 8.5 18.0" 
Total Min. N 21.3 91.5"** 8.3 21.0"* 42.8 75.2* 16.0 24.2* 
NO3-N/NH4-N 3.3 23.3*** 1.0 5.2** 3.9 12.7"** 1.2 3.1" 

* p < 0.05; ** p < 0.01; *** p _< 0.001 (student's t-test) for comparison horizontally within 
each sampling occasion. 

differences in nitrate content between A and C were much more pronounced, 
and varied more than the differences in ammonium content. The concentra- 
tion of  nitrate in the 0-30  cm layer was between 3 and 10 times greater in 
spring than in autumn and between 3 and 5 times greater in the 30-90 cm 
layer. The concentrations of  nitrate were very much higher at Site 2 and 3 
than at Site 1, especially in spring. Significantly more total mineral nitrogen 
was present at C than at A below the top soil at all sites and sampling 
occasions. Greater amounts of  mineral nitrogen were present at Site 1 in 1992 
than in 1993, the difference being particularly pronounced at C. 

- + , 

The NO3-N/NH4-N-ratlos were consistently lower at A than at C in all 
samples analyzed in both years. The differences were highly significant, except 
in the autumn of 1992 at Site 1. Comparing the season, the highest ratios at 
C were found in the spring. 

Discussion 

The significantly greater amounts of organic matter and total carbon found 
in the 0-10  cm layer of A should mainly be attributed to the organic matter 
inputs through litterfall and from the roots of the trees, since soil tillage was 
the same at all three distances from the trees. Roots of  trees may play an 
important role in the build-up of organic matter. Nadelhoffer et al. [1985] 
estimated that the fine root biomass pool is replaced 0.5 to 2.2 times a year. 

One of  the weaknesses of  this investigation is the fertilization of  trees 
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during the establishment of the plantation, which naturally has improved 
conditions in A compared to B and C. Most probably, however, the effect of 
added N, P and K did not overshadow the effect of trees. Earlier fertiliza- 
tions at Site 1 were quite low compared to the other sites (44% compared to 
Site 2 and 3), but the differences between A, B and C were just as pronounced 
(see Table 2). Furthermore, one may argue that it would have been desire- 
able to have data on amounts of carbon from the year of establishment. This 
is true, but the data presented here still point towards an increase of organic 
matter close to poplar trees. At Site 2, no significant differences in total carbon 
and nitrogen were found between A and C. A small experiment with poplar 
clones had earlier been carried out close to this site and sampling plots C. 
Even though these trees were harvested some years before the start of the 
present investigation, they certainly could have influenced the results at that 
site. 

The larger amounts of total carbon (the readily available fraction) close to 
the trees would favour overall bacterial activity [Stotzky and Norman, 1963], 
as was shown through increased respiration and N mineralization. Significantly 
higher rates of basic respiration and SIR at A than at C clearly indicate a larger 
microbial biomass close to the trees (Table 2). The direct supply of carbona- 
ceous material from tree roots may partly explain this difference. Material 
such as sugars, aminoacids, and organic acids exudated from living roots, 
are important in supplying maintenance energy and determining growth of 
microbial populations [Bowen and Rovira, 1991]. 

The consistently greater amounts of ammonium at position A (Tables 3 and 
4) and the higher rate of N mineralization at A than at B and C (Table 2) 

+ 

may indicate more favourable conditions for production of NH 4 close to the 
trees. If plant roots stimulate N mineralization, as indicated by many authors 
[Clarholm, 1985; Haider et al., 1987] a higher stimulation would be expected 
close to the trees, where more roots are present. 

The higher total N content at A than at B and C could partly be the result 
of a concentration of nitrogen below the trees through stemflow and through- 
fall [Gersper and Holowaychuk, 1971], and the subsequent incorporation of 
some mineral N into the organic phase. The most probable reason for an 
increased total N content close to the trees may be uptake by roots, scavenging 
a great volume of soil for nitrogen, thus concentrating nitrogen below the trees 
through litterfall. Naturally, one could not exclude earlier fertilization with 
nitrogen as an explanation. However, fertilization at Site 1 ended in 1991 
and the total quantity of N received between 1988 and 1991 did not exceed 
60 kg/ha. 

Before continuing the discussion of mineral nitrogen, it is important to point 
out that the pool sizes of mineral nitrogen are only instantaneous representa- 
tions of the surplus in the balance of inorganic N production versus uptake 
by crops, immobilization and losses. The results of this investigation are in 
agreement with the observation that nitrate concentration fluctuates more 
widely than level of ammonium [Schmidt, 1982; Riha et al., 1986]. The lower 
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total concentration of mineral nitrogen, especially nitrate, below the top soil 
(30-90 cm) at A than at C should be principally attributed to the efficient 
uptake of nitrogen by the trees. The peaks of mineral nitrogen in spring were 
probably a result of larger amounts of decomposable material and increased 
soil moisture. Furthermore, the lack of active roots before the growing season 
starts and a possible stimulation of N mineralization after thawing of frozen 
soil might have led to a build-up of the mineral nitrogen pool in the soil. 
Freezing and thawing could cause a disruption of the structure of organic 
matter, thus facilitating mineralization [Focht and Martin, 1979]. 

- + . 

The low NO3-N/NHa-N-ratlos observed close to the trees in this investi- 
gation may be a combined effect of an efficient nitrate uptake by the trees and 
an enhanced N mineralization. In the present experiments, potential 
nitrification was significantly larger close to the trees than further away (Table 
2). This is only an indication of ammonium oxidation per unit-of time under 
optimal conditions and is not the actual rate of nitrification. However, if 
nitrification was limited, the most probable reason would be competition 
for and not limited availability of ammonium. Plants and heterotrophs are 
considered to be better competitors for ammonium than nitrifiers [Vitousek 
et al., 1982; Gosz and White, 1986], especially when the availability of easily 
degradable carbon is not limited. Furthermore, the drying out of the soil close 
to the trees might have reduced nitrification periodically. 

The higher values of potential nitrification and respiration at Site 3 than 
at Site 1 might be attributed to the higher clay and carbon content at Site 3. 
As NH~-ions are adsorbed to the clay mineral surfaces, such places are 
colonized by nitrifiers [Kunc and Stotzky, 1980]. The greater amount of 
mineral nitrogen at Site 1 in 1992 than in 1993 could partly be caused by the 
incorporation of straw in the autumn of 1992. Furthermore, the temperature 
and moisture conditions might have been more favourable for nitrogen 
mineralization and nitrification in 1992 than in 1993 (Fig. 1). In April and 
July, 1992, the precipitation was higher than in the same months in 1993. 

In conclusion, the introduction of trees into the agricultural system seems 
to have a clear effect on nitrogen dynamics. The roots of the trees obviously 
scavenge mineral nitrogen efficiently, as well as water from the soil profile, 
thus probably reducing the total loss of nitrogen from the system. A build-up 
of both carbon and nitrogen compounds, through litterfall, decaying roots 
and root exudates, close to the trees was shown. This may explain the 
increased microbiological activity, including nitrogen mineralization and 
potential nitrification. The low NO3-N/NH4-N-ratios found close to the trees 
might be explained mainly by a combined effect of increased nitrogen min- 
eralization and efficient uptake by the trees. 
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