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Abstract. Agroforestry has the potential to provide a broad range of ecosystem services including maintenance and improvement of soil and 

water quality. Nevertheless, there is a lack of supporting policies both at national and at European level. Moreover, although tree cover 

density on agricultural land is surprisingly high in the Baltic States, agroforestry is seldom immediately associated with boreal and 

hemiboreal regions. Two agroforestry systems corresponding best to the farming traditions in Latvia are short rotation coppices grown on 

agricultural land and silvopastoral systems. In Latvia, the first experimental area of agroforestry systems of fast growing tree species 

(Populus spp., Salix spp. etc.) and legumes or perennial grasses was established in 2011. To promote the implementation of bioeconomy 

principles, municipal waste (wastewater sludge) and renewable energy by-products (wood ash and digestate) were applied as fertilizers to 

promote increase of yield. Within the study, not only benefits of agroforestry systems were evaluated but also ecological risks associated with 

the application of fertilizers. 
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1. Introduction 
During the recent years, there has been a surge of concern and 

attention to processes of soil degradation and deterioration of water 

quality that have negative impacts on human health, natural 

ecosystems and climate, as well as on economy. Protection of soil 

fertility and water resources is therefore one of the cornerstones of 

environmental protection in Europe. Soil and water quality issues 

transcend national boundaries, and concerted action at the level of 

the EU and even at the global level is necessary to ensure effective 

protection (The European Commission, 2019). 

Agroforestry, defined as land-use systems and technologies where 

woody perennials (trees, shrubs, palms, bamboos, etc.) are 

deliberately used on the same land-management units as agricultural 

crops and/or animals, in some form of spatial arrangement or 

temporal sequence, can be used to mitigate the mentioned threats. In 

agroforestry systems there are both ecological and economical 

interactions between the different components. Agroforestry can 

also be defined as a dynamic, ecologically based, natural resource 

management system that, through the integration of trees on farms 

and in the agricultural landscape, diversifies and sustains production 

for increased social, economic and environmental benefits for land 

users at all levels (FAO, 2019). Agroforestry systems range from 

subsistence livestock and pastoral systems to home gardens, alley 

intercropping, and biomass plantations with a wide diversity of 

biophysical conditions and socio-ecological characteristics (Zomer 

et al., 2009). 

Agroforestry systems can provide a wide range of ecosystem 

services, including supporting services (e.g. pollination and carbon 

cycling); regulating services (e.g. protection against wind, 

biological pest control and nitrogen fixation); and provisioning 

services (e.g. food and non-food products for home consumption 

and income generation) (Hillbrand et al., 2017). Moreover, 

agroforestry, as a sustainable land management practice, has shown 

solid evidence of its role in improving soil and water quality based 

on at least four decades of data gathered from the world over 

(Dollinger & Jose, 2018). Perennial woody tree species are 

important components of agroforestry system. They have extensive 

root systems and accumulate large quantity of biomass (above and 

below ground) as compared to annual crops. Agroforestry has the 

ability to (1) enrich soil organic carbon better than monocropping 

systems, (2) improve soil nutrient availability and soil fertility due 

to the presence of trees in the system (litter addition, decomposition 

and nutrient release, biological nitrogen fixing), (3) enhance soil 

microbial dynamics (increase diversity and density of 

macroinvertebrates in the soils), which would positively influence 

soil health and play an important role in ecological processes such 

as breakdown and cycling of organic matter (Dollinger and Jose, 

2018; Pinho et al., 2012), (4) pump nutrient and control erosion 

losses that are vital processes for improving soil nutrient status for 

sustainable farm production (Sarvade et al., 2014), (5) reduce water 

consumption, help retain water for crops and provide protection to 

watersheds (World Agroforestry, 2019). 

Agroforestry systems are currently more common in temperate, 

sub-tropical and tropical zones, and include a wide range of land 

uses and practices (Feliciano et al., 2018). In the boreal and 

hemiboreal regions, agroforestry is not practiced on a wide scale 

(Lovrić et al., 2017). In Northern Europe, farmers identified that the 

key benefits of agroforestry are primarily social and environmental, 

rather than economic (Graves et al. 2009). The profitability of 

agroforestry in the boreal region is constrained because such 

systems are not eligible for financial support (Lovrić et al., 2017).  

In Latvia, there is a long tradition of several agroforestry systems 

such as silvopasture, clusters of trees in arable land (silvoarable), 

riparian buffer strips, hedgerows and windbreaks etc., but 

agroforestry is not defined by national legislation in Latvia. There 

are two main farming methods which could be classified as 

agroforestry - short rotation coppices (SRC; trees are grown on 

agriculture land and are being managed like agriculture crops; 

Picture 1); and silvopastoral systems (Picture 2). If less than 50 

single trees or trees in small clusters are growing on the field it is 

eligible for common agriculture payments and could be classified as 

normal agriculture practice, otherwise only SRC systems planted 

outside ameliorated areas are eligible for payments. In 2018 in 

Latvia there were 220 ha of Populus spp., 442 ha of Salix spp. and 

only 3 ha of Alnus incana with the status of short rotation coppice. 
Furthermore, it is becoming popular to cooperate between willow 

farmers and beekeepers because there are plenty of meadow species 

below the canopies in SRC, besides that, willows are the first plants 

blooming in the spring (Pučka et al., 2016; Pučka & Lazdiņa, 2017; 

Krēsliņa et al., 2017; Lazdiņa & Bardulis, 2019). There are no 

available statistics on how many ha of forest and bush land are used 

for grazing. In Latvia, there is a huge potential for human made 

silvopastoral systems where fast growing coppice trees (common 

for SRC systems) can be used for shelter of cattle to improve the 

keeping conditions (providing windbreaks and shading). Shelter 

trees are becoming more important in terms of climate change as 

well – due to extreme weather conditions and as capturers of CO2 

(Lazdiņa & Bardulis, 2019). 

 
Picture 1. Two years old hybrid aspen (Populus tremuloides Michx. 

x Populus tremula L.) plantation in agricultural land in Latvia 
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Picture 2. Silvopastoral systems in Latvia - clusters of Scots pine 

(Pinus sylvestris L.) in pasture of calves 
 

2. Impact of agroforestry system of hybrid aspen 

and perennial grasses or legume on soil and water 

quality 
2.1. Research object 

Research was carried out in in the central part of Latvia (in Skriveri 

district, 56°41 N and 25°08 E). The research object was established 

on agricultural land in spring 2011. The experimental plot of hybrid 

aspen (Populus tremuloides Michx. x Populus tremula L.) is a part 

of a large-scale multifunctional plantation of short rotation energy 

crops and deciduous trees with a total area of 16 ha. Soil types 

according to the World reference base for soil resources (2006) is 

Luvic Stagnic Phaeozem, Hypoalbic and Mollic Stagnosol, Ruptic, 

Calcaric, Endosiltic, the dominant class of soil texture is loam and 

sandy loam at 0-20 cm depth and sandy loam at 20-80 cm deep. 

Two different clones (No. 4 and No. 28) of one year old container 

seedlings of hybrid aspen were planted in agroforestry system 

(distance between trees 2.5 x 5.0 m) and as tree plantation (distance 

between trees 2.0 x 2.0 m). Plant material producer - JSC “Latvia’s 

State Forests” nursery “Kalsnava”, Latvia. In sample plots 

established in the agroforestry system, between the 5 m tree rows, 

two legume (Galega orientalis Lam. “Gale” and Lupinus 

polyphyllus L. “Valfrid”) and two perennial grass (Phalaris 

arundinacea L. “Bamse” and Festulolium pabulare “Felina”) 

cultivars were sown for seed production. The grasses and the 

legumes were placed in 2.5 m wide columns. A free space of 1.25 m 

between the trees and grass lines was provided.  
Wastewater sludge, stabilized wood ash and bio-gas production 

residue digestate were initially applied as nutrient and soil buffer 

capacity compensatory fertilizers to improve soil quality (Table 1). 

Wood ash and wastewater sludge fertilizers were applied shortly 

before the planting of hybrid aspen in spring 2011, but digestate 

was applied immediately after planting of the hybrid aspen 

seedlings. In addition, control plots were established where no 

fertilizers were applied. 

In the research object (Picture 3), soil (0-80 cm depth) and soil 

solution (at 30 and 60 cm depth) sampling and physical and 

chemical analyses were performed during the study period from 

2011 to 2015. 

 

Table 1. Characteristics of used fertilizers 

Fertilizer Dose 
Type of 

distribution 

Input of nutrients through 

fertilization, kg ha-1 

total N total P total K 

Stabilized 
wood ash 

6 t DM ha-1 mechanically 2.6 65 190 

Digestate 30 t ha-1 point source 69 1.2 99 

Wastewater 

sludge 
10 t DM ha-1 mechanically 259 163 22 

 

 
Picture 3. Research object in Latvia 

 

2.2. Results and discussion  

Soil quality 

Soil bulk density is an important physical parameter for soil nutrient 

storage, water retention capacity and gas exchange in soils or soil 

aeration (Wang et al., 2011). In research object, we found 

statistically significant decrease in average soil bulk density at 0-40 

cm depth in 2015 if compared to 2011. It demonstrates that tree 

growth and development of root systems decrease the soil bulk 

density in the upper soil layers and soil becomes more permeable to 

water and gaseous substances, while the impact of tree growth on 

soil bulk density in the deeper soil layers is negligible. 

Soil pH is one of the most important parameters affecting soil 

biological activity, plant growth, as well as ion exchange capacity, 

solubility of organic substance and minerals, nutrient availability to 

plants and losses of nutrients due to leaching (Nikodemus et al., 

2008; Lutter et al., 2016a). Considering the large natural variation 

of soil acidity in the research object, statistically significant 

differences in soil acidity between control and treated plots were 

found only in several plots where wastewater sludge or wood ash 

fertilizers had been initially applied. Statistically significant changes 

in soil acidity due to establishment of plantation were not detected. 

It is considered that agroforestry systems have a large carbon 

sequestration potential (Udawatta & Jose, 2011). In the research 

object, organic C content in soil at 0-20 cm depth ranged from  

8.3 g kg-1 to 38.3 g kg-1 in 2011 and from 6.1 g kg-1 to 47.0 g kg-1 in 

2015, but in deeper soil layers (at 60-80 cm depth) – from 0.06 g kg-

1 to 6.7 g kg-1 in 2011 and from < 0.01 g kg-1 to 12.4 g kg-1 in 2015. 

Within the study, statistically significant differences in organic 

carbon stock between 2011 and 2015 were not detected, but, 

contrary to expectations, at 40-80 cm depth the organic carbon 

stock in soil in 2015 was significantly lower than in 2011. There is a 

heterogeneous soil composition in the research object due to recent 

soil recultivation – 20 years ago ground levelling and application of 

peat was done confirmed by the inclusions of organic matter in the 

soil profile (Bardule et al., 2013). Lower soil bulk density promotes 

better soil aeration and decomposition of soil organic matter. Thus, 

the reduction of soil organic C stock found within the study can be 

explained by the mineralization of peat applied 20 years ago. 

Although in the boreal conditions the largest storage of ecosystem 

N is in soils and N cycling by foliage litter is very intensive, 

especially in plantations of fast growing deciduous trees 

(Meiresonne et al., 2006), changes in N stock in soil after 

afforestation of agricultural land have been significantly less studied 

than changes in organic C stock in the soil (Lutter et al., 2016b). 

Within the study both in 2011 and in 2015 statistically significant 

differences in total N content in soil were not detected between 

control and treated plots within the planting design. Average total N 

content in upper soil layers (0-20 cm depth) in the research object 

before hybrid aspen planting was 1.7 ± 0.1 g kg-1, but after five 

vegetation seasons since establishment of plantation (in 2015) 

average total N content in upper soil layers had increased up to 

1.9 ± 0.1 g kg-1. Average total N stock in upper soil layers (0-20 cm 

depth) during the first five years after establishment of tree 

plantation in agricultural land had not changed (0.50 ± 0.03 kg m-2), 
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but average total N stock in 0-80 cm soil layer had decreased from 

1.2 ± 0.1 kg m-2 in 2011 to 1.13 ± 0.06 kg m-2 in 2015. 

So far, in boreal and hemiboreal region, only few studies are 

conducted to evaluate impact of establishment of plantation of fast 

growing Populus spp. on nutrient cycling in soils. Although it is 

considered that homogeneous topsoil is characteristic in agricultural 

lands (Lutter et al., 2016a), we found a relatively high variation in 

our study: for instance, in 2011 in upper soil layers (0-40 cm depth) 

in control plots nitrate content ranged up to 5.1 mg NO3
--N kg-1, 

ammonium ion content ranged from 3.2 to 20.7 mg NH4
+-N kg-1, 

phosphate content ranged from 46.3 to 190.8 mg PO4
3--P kg-1, but K 

content – from 31.2 to 176.2 mg K kg-1. Due to comparatively large 

natural variation of nutrient content in the soil, significant increase 

in nutrient content was detected only in several plots where 

fertilizers had been initially applied. Similarly, during the first two 

years after establishment of hybrid aspen plantation in agricultural 

land and application of fertilizers significant decrease of nutrient 

content in soil was not detected, excluding several plots, but it did 

not indicate a clear trend of decrease of nutrient stock in soil. 

Soils naturally contain a number of heavy metals, and many of them 

are important plant nutrients (Frausto da Silva & Williams, 2001). 

However, the largest amount of heavy metals in soil are the result of 

pollution and are toxic (Smidt et al., 2012). Considering the large 

natural variation of heavy metal content in soil in the research 

object, statistically significant differences of heavy metal content in 

soil between control and treated plots were not detected. 

Consequently, no significant deterioration of soil quality in the 

context of contamination with heavy metals has been observed as a 

result of application of fertilizers, although target values of Zn, Ni, 

As and Cd content in the soil for achieving sustainable soil quality 

were exceeded both in the topsoil and in deeper soil layers. 

Soil solution quality 

Agroforestry systems are considered as an approach for reduction of 

diffuse pollution in agricultural lands, moreover, agroforestry 

systems improve drainage quality with the reduction of rate of 

surface runoff, which contributes to infiltration, sediment deposition 

and nutrient retention. Moreover, in agroforestry systems, tree roots 

intensively take up nutrients, and thus the nutrient leaching into 

groundwater is reduced (Lee et al., 2003; Allen et al., 2004; Nair & 

Graetz, 2004; Jose, 2009).  

Changes of pH can have a significant impact on nutrient cycling in 

tree ecosystems (Tērauda, 2008). Significant differences in soil 

solution pH between control plots (average soil solution pH was 

7.68 ± 0.05) and treated plots (average soil solution pH was 7.85 ± 

0.02) were not detected. However, in the period from 2012 to 2015 

a lower average soil solution pH value (7.76 ± 0.02) was found if 

compared to the average pH value in soil solution in 2011 (8.35 ± 

0.02). 

During the filtration of water of atmospheric precipitation through 

the vegetation and soil layers, conductivity (amount of salts 

dissolved in the water) of the water increases significantly. In all 

plots, higher annual average soil solution conductivity was detected 

in 60 cm depth if compared to 30 cm depth, in several plots the 

difference was statistically significant. At the same time, comparing 

annual average values of soil solution conductivity in control and 

treated plots, significantly higher soil solution conductivity was 

detected in the plots where wood ash and wastewater sludge 

fertilizers had initially been applied. 

Mitigation of leaching of nutrients is one of the ecosystem services 

provided by the agroforestry systems (Tully et al., 2012). The 

results of soil solution analysis indicate significant differences in 

nutrient content in soil solution at the beginning and end of the 

study period, as well as between plots where different fertilizers had 

been initially applied. In all plots, the highest NO3
--N content in soil 

solution in 60 cm depth was observed in 2011 and significant 

decrease of NO3
--N content in soil solution was observed over time 

(on average from 11 ± 2 mg L-1 in 2011 to 0.08 ± 0.02 mg L-1 in 

2015). Comparing to control plots, in plots where wastewater 

sludge fertilizer had been initially applied significantly higher PO4
3-

-P content in soil solution in 60 cm depth was observed in 2014 and 

in 2015. Similarly, in 2014 and in 2015 significantly higher PO4
3--P 

content in soil solution in 60 cm depth was observed in plots where 

wastewater sludge fertilizer had been initially applied if compared 

to 2011 showing gradual decomposition of fertilizer's organic 

matter. This trend was observed in soil solution also in 30 cm depth. 

During the study period from 2011 to 2015 the highest average K 

content in soil solution in 60 cm depth was observed in plots where 

wood ash fertilizer had been initially applied showing significant 

impact of fertilizer on K concentration in soil solution. The highest 

K content (21.4 mg L-1) in soil solution in 60 cm depth was 

observed in the beginning of summer 2012 in plot where wood ash 

fertilizer had been initially applied. 

Heavy metal (Mn, Ni, Cu, Zn, As, Cd and Pb) content in water 

samples of soil solution and atmospheric precipitation sampled in 

spring of 2015 was evaluated – in the fourth year after application 

of fertilizers. During the filtration of water of atmospheric 

precipitation through the soil layers water was enriched with Ni, Cu, 

Pb and As, but in atmospheric precipitation higher Mn (except soil 

solution sampled in 60 cm depth in the plots where wood ash 

fertilizer had been initially applied), Zn and Cd content was 

observed if compared to heavy metal content in soil solution. 

Considering the large natural variation of heavy metal content in 

soil solution, we found no significantly higher heavy metal content 

in soil solution in plots where fertilizers had been initially applied. 

 

4. Conclusions 
The results from the analysis of five years’ trends of soil and soil 

solution quality in fertilized juvenile hybrid aspen (Populus 

tremuloides Michx. x Populus tremula L.) plantation cultivated in 

an agroforestry system in hemi-boreal conditions demonstrate that 

establishment of agroforestry systems in agricultural land and the 

application of fertilizers from municipal waste (wastewater sludge) 

and renewable energy by-products (wood ash and digestate) can 

significantly affect soil and water quality in ecosystems. At the 

same time, this type of management serves the implementation and 

promotion of the circular bioeconomy. 
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