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Abstract

:

In urban areas, land use usually increases soil degradation. However, there are areas occupied by agriculture and woodlands with an essential role in provisioning food and other services such as water and climate regulation. The objective of this work was to assess the effect of long-term land use and soil management practices on peri-urban soils in Zagreb (Croatia). Samples were collected at depth 0–10 cm within intensively tilled cropland (CROP) and vineyard (VINE), traditional grass-covered orchard (ORCH), and forest (FOR). The results showed that bulk density was significantly higher in VINE and CROP than in ORCH and FOR. The opposite dynamic was observed in water-holding capacity, air-filled porosity, aggregate stability, organic matter, and soil organic matter stocks (SOCS). Soil water infiltration was higher in FOR plot compared to the other plots. Overall, land-use change had a substantial impact on soil properties and SOCS, especially in CROP and VINE soils. Tillage, pesticides, and fertilizer applications were presumably the reasons for altered soil quality properties. Intensively used areas (VINE and CROPS) may reduce soil ecosystems services such as the capacity for flood retention and C sequestration.
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1. Introduction


Global demand for goods (e.g., food, energy) increases pressure on ecosystems [1,2]. The world’s population is expected to increase by 2 billion persons in the next 30 years, from 7.7 billion currently to 9.7 billion in 2050, and could peak at nearly 11 billion around 2100 [3]. Near the cities, both agricultural land and forests are being rapidly converted into urban areas as a consequence of urban sprawl. Urban sprawl is a global phenomenon with several negative impacts on the environment, such as landscape fragmentation, habitat loss, air pollution, greenhouse gas emissions, an increase of vulnerability to floods, urban heat island effect, and soil degradation (e.g., pollution and sealing). This land-use change is decreasing the ecosystem services drastically (e.g., air pollution regulation, water storage and infiltration, flood regulation, carbon sequestration, and food provided by these areas) [4,5,6]. For example, sealing hampers soil to retain water, sequester carbon (C), and affect the soil-atmosphere biogeochemical cycles [5,7]. Moreover, land use management has substantial impacts on soil properties, such as infiltration, bulk density (BD) and aggregate stability (AS) [8,9]. These soil properties have strong impact on soil quality and affect the hydrological response [10,11]. Human management, especially in urban and agricultural areas lead to soil degradation represents as factor responsible for decline in soil quality, which deteriorates soil properties by inadequate management, usually for human purposes [12]. Also, the conversion of agriculture areas to urbanized areas implies the loss of food production areas (e.g., orchards, vineyards or croplands) and a decrease in food security [13,14,15]. The reduction of forests and agricultural land close to the cities increases the demand for food if areas located from the city, amplifying the circular economy and the impact on global climate change [16,17].



Despite this trend, in several cities of the world, agriculture near urban areas are an important source of income and provision of food to local markets [18,19]. There are several socioeconomic and environmental benefits [17,20,21] to urban agriculture. However, there are several concerns as well, such as the impacts of pollution in food quality as a consequence of the air, soil, and water used in irrigation [22,23]. Other important aspects related to agriculture is the type of management carried out. Tillage and the use of agrochemicals are known to degrade soil properties and reduce soil quality when compared to forest soils [24,25]. Agriculture soils normally have a lower soil organic matter (OM) and capacity to retain C, hydraulic conductivity and aggregate stability than forest soils [8,9,26,27,28]. On the other hand, agriculture practices are known to increase overland flow and sediment transport [29,30]. There is a need for sustainable agriculture as a consequence of the detrimental impacts of conventional impose on land degradation and the services provided by agriculture lands. This should also be extended in urban agriculture areas, especially because these soils are already affected by other disturbances [17,31]. Therefore, it is crucial to minimize the impacts of urban agriculture on soil degradation as well as reduce the impacts of conventional practices in urban agriculture in water runoff. Agricultural and forested areas in urban areas are key to mitigate the impacts of floods since these are areas of water infiltration and retention [32,33,34]. Therefore, it is key to know the hydrological response to these areas. Also, they can and alleviate the urban effect on greenhouse emissions and increase soil organic C stocks (SOCS). Soils affected by conventional agriculture have low SOCS, as observed by previous works [35,36].



Agriculture practices in the urban areas affect soil physical, hydrological, and C sequestration. Therefore, comparing different land management practices is crucial to understand the impacts of urban agriculture on the capacity to mitigate floods and increase C sequestration in urban areas. This is especially important in areas such as Zagreb where there is a high frequency of extreme rainfall events, environmental hazards [37], and urban expansion [38].



Zagreb has an area of 64,125 ha. Forests, croplands, vineyards and orchards occupy 32.7%, 32.6%, 0.20% and 0.16% of the city area, respectively [39,40]. The large cover of forests and agricultural areas provide an important number of benefits such as food supply, disaster mitigation (e.g., water infiltration) and mitigate climate change (e.g., carbon sequestration or buffering temperature and humidity). Areas with high urbanization development are more vulnerable to environmental hazards [41,42] and significantly contribute to global climate change [6,43]. Moreover, Zagreb inhabitants produce local agricultural products, which changes the soil quality. The aim of this work is to study the impacts of agricultural and forest land use in peri-urban Stagnosols in Zagreb on the capacity to mitigate flood impacts and C sequestration. Although research on urban soils exist, those that address agricultural land use within a great proportion of the total area of a city in comparison with forests in peri-urban environments is uncommon. As such, this work is recognized as appropriate for a better understanding of the impacts of different disturbances on soil quality in specific peri-urban soil.




2. Materials and Methods


2.1. Study Area


Zagreb (Figure 1) is located at 45.8150° N, 15.9819° E, and has a temperate continental (Dfb) climate, according to Köppen [44]. The mean annual (1961–1990) precipitation is 852 mm, and the mean annual (1961–1990) temperature is 10.3 °C, ranging from 1.0 °C (January) to 22 °C (July). Zagreb population increased in the last years. The population in 2014 was 798,424 thousand inhabitants, while in 2018, there were 804,507 thousand inhabitants [45]. This dynamic contributed to urban sprawl phenomena and the expansion of urban areas into agricultural and forested areas. Urban development processes started to occur in the post-socialist period as a consequence of important political, economic, and social changes. During socialist times, there was no strategy of urban development. With capitalism, the change in the market laws and the aim of easy and fast profits, urban development increased [46]. This phenomenon is observed in other eastern European cities, as well [47]. The experimental site is located in the northwest part of Zagreb (Figure 1) (45° 51′ S; 16° 0′ E, 258 m.a.s.l.). Soils were classified as Stagnosols, Anthrosols created from Stagnosols and Dystric Cambisols [48]; the soil texture is silty clay loam (Table 1).




2.2. Treatments Description, Soil Sampling, and Laboratory Analysis


Four sites were selected for the experiment: forest (native vegetation, mostly dominated by Quercus robur) (FOR), (ii) orchard (mix of different species plums, apples and pears trees) (ORCH), (iii) cropland (CROP), and (iv) vineyard (VINE). FOR, ORCH and VINE plots had the same geomorphological characteristics, SW orientation, an inclination of 11%, and an elevation of 256 m.a.s.l. Nevertheless, in the nearby area, there was no area occupied by CROP with the same characteristics, and we had to select a plot with the same soil type that was close to the other plots. The CROP plot was flat and had an altitude of 136 m.a.s.l. We decided to include this plot because it is an important land-use type in this area (occupies 32.6% of the Zagreb area) and may have implications in terms of flood retention and C sequestration. Therefore, it is crucial to include it in this work.



ORCH is situated on terraces and is traditionally managed. The soil is grass-covered and has different types of fruits. Also, the soil is mulched with residues from the grass cuts. No tillage practices or insecticides were used here at least 20 years. Cropland is intensively managed with annual plowing followed by two diskings and roto-harrowing before sowing. Herbicides and insecticides are commonly used annually. Primary tillage for summer crops was implemented in the previous autumn (October or November), and supplementary tillage was applied in the following spring, prior to planting. Tillage practices for winter crops (primary and secondary) were carried out in September or October. The crops are grown following a typical rotation that included maize, soybean, winter wheat, oilseed rape, and alfalfa. The vineyard is managed with tillage based on an annual ripping and rotation digging in spring, followed by harrowing during the growing season. During the vegetation season and in the next one, natural vegetation-covered soil and mulching was performed with the residues left on the soil surface. Within the vines, the weeds were suppressed using herbicides. Chemical protection is commonly used. Such annual management has occurred here for more than 40 years.



Soils were collected in August 2018. Sampling points were identified with a GPS. Eight sampling points were selected in each land use area (Figure 1) (n = 32). Water infiltration measurements were carried out in the vicinity of sampling points with an automatic single ring device (DualHead infiltrometer, Decagon Devices, Pullman, WA, USA) [49]. Core soil sampling (8 per land-use class, 32 in total) was carried out at the 0–10 soil depths using 100 cm3 cylinders. Soil cores were wetted to measure water-holding capacity (WHC) and dried in an oven at 105 °C for 24 h to obtain the bulk density (BD) and air-filled porosity (AFP) according to Black [50]. Additional undisturbed samples (8 per land-use class, 32 in total) were sampled at the 0–10 cm depth. These samples were stored into rectangular boxes and used for the determination of the AS. Samples were broken gently in small pieces before sieving [51].



Aggregate stability was determined by a wet sieving apparatus (similar to [52]) by soaking 4 g of aggregates (diameter 0.4–0.5 mm) in distilled water for 3 min. After replacing cans with a dispersing solution (2 g NaOH/L) sieving continued until only the sand particles were left on the sieves. Both sets of cans were dried at 105 °C and weighted. Percentage of AS was obtained with the equation:


  AS =   W d s   W d s + W d w    



(1)




where   AS   is the percentage of stable water aggregates, Wds is the weight of aggregates dispersed in dispersing solution (g), and Wdw is the weight of aggregate dispersed in distilled water (g). Remains of the aggregate sizes were milled, sieved to a 2-mm mesh, and obtained for determination of soil organic matter and clay, silt and sand content.



Soil particle size distribution was determined by the pipette method with wet sieving (sand fractions) and sedimentation (silt and clay fractions) after soil dispersion with sodium pyrophosphate. Organic matter content was determined by acid potassium-dichromate digestion after the Tjurin method [53]. The SOCS concentrations were determined for depth 0–10 cm. The SOCS content was calculated from the organic matter using the following formula [54]:


  S O C = S O M ÷ 1.724  



(2)







Soil organic carbon stock, expressed for a 0–10 cm depth in t ha−1, was computed as the product of SOC concentration, bulk density, depth, and gravel using the following equation [55]:


  S O C   s t o c k = S O C   c o n c e n t r a t i o n × B D × d ×  (  1 − C F  )   



(3)




where SOC is the organic carbon content (g g−1), BD the soil bulk density (g cm−3), d the thickness of the layer (cm), and CF the proportion (g g−1) of coarse (>2 mm) fragments in the layer.




2.3. Statistical Analysis


Previous to statistical analysis, normality and homogeneity of the variances were assessed using the Shapiro–Wilk test and Leven’s test, respectively. Normality and heteroscedasticity were considered at a p > 0.05. WHC, AFP, SOCS, Clay, and AS, did not respect the normality and homogeneity of the variances. Data were normalized by applying square-root (SQRT), logarithmic (Log), and Box-Cox (BC) transformations. All the statistical analyses were carried out using the normalized data. However, original data is presented in the graphs. Statistical comparisons among land uses were carried out with a one-way ANOVA test. Significant differences were considered at a p < 0.05. In the case, that significant differences were found, a Tukey HSD test was applied. In order to identify the relations between variables and land uses, a redundancy analysis (RDA) was carried out. Statistical analyses were done using Statistica 7.0 and CANOCO 4.5 for Windows. Graphics were carried out using Plotly version 4.1 [56].





3. Results


Soil clay content was significantly higher in ORCH than in VINE, CROP, and FOR. CROP and FOR also had a significantly lower clay content than VINE (Figure 2A). FOR and ORCH had a significantly higher silt content compared to CROP. No differences were observed between VINE and CROP (Figure 2B). Finally, sand content was significantly higher in CROP than FOR, VINE, and ORCH. No differences were identified between FOR and VINE. ORCH also had a significantly lower sand continent compared to VINE and FOR (Figure 2C).



BD was significantly higher in VINE and CROP than in ORCH and FOR. Also, BD was significantly lower in FOR than in ORCH (Figure 3A). WHC was significantly lower in VINE and CROP compared to ORCH and FOR. ORCH had a significantly higher WHC than FOR (Figure 3B). AFP was significantly higher in FOR than in all the other plots. No differences were observed between VINE and CROP. ORCH had a significantly higher AFP than VINE and CROP (Figure 3C).



AS was significantly higher in ORCH and FOR than in VINE and CROP (Figure 4A). Water infiltration was significantly higher in FOR than in VINE and CROP. No differences were observed between ORCH, CROP, and VINE (Figure 4B). Finally, soil OM and SOCS were significantly higher in FOR than in the other land uses. In both cases, VINE and CROP were significantly lower than ORCH (Figure 5A,B). The RDA factor explained 33.3% of the variance and factor 2 31.3%. AFP, water infiltration, OM, SOCS, silt content, and AS had high values in FOR. WHC and clay content in ORCH, while BD and sand content in CROP (Figure 6, Table S1).




4. Discussion


The clay content in ORCH was significantly higher than the other plots. Also, the clay content in VINE was significantly higher than the CROP and FOR. This might be attributed to the fact that ORCH plots were located in terraces. Terraces are known to retain sediments [57,58] and it is very likely that throughout the years, orchard terraces retained a substantial amount of clay particles coming from upper slope positions. Also, the lack of tillage might have contributed to this. Previous works carried out in the same environment found that in these Stagnosols, nontilled plots were where the clay content was the highest [59]. The high BD and low WHC and AFP in VINE and CROP were attributed to the conventional treatment applied in these plots (e.g., tillage and agrochemicals application). Previous works observed that tractor traffic and tillage increase soil compaction, both in croplands [60] and vineyards [61]. The effect of tractor traffic in Croatian vineyards is very high since the yearly traffic frequency per vineyard can exceed 12 times [61]. On the other hand, conventional management decreases WHC [62] and porosity [63]. In the same line, AS was significantly lower in VINE and CROP, compared to FOR. This is also attributed to the conventional management applied, which is known to reduce AS [64,65,66]. The high BD and the reduced WHC, AFP, and AS imposed by intensive tillage and agrochemicals application are the causes for the significantly lower water infiltration in VINE and CROP than FOR. Soils treated with conventional agricultural practices normally have a low infiltration ratio compared with FOR, as observed elsewhere [67,68,69]. Finally, soil OM and SOCS were significantly higher in FOR compared to the other land uses as a consequence of the absence of human disturbance. FOR soils have a high capacity for C sequestration that is higher than in agricultural areas [70,71]. ORCH was in an intermediary position between FOR, and VINE/CROP land uses. In water infiltration, there were no significant differences with FOR. In other cases (e.g., soil OM and SOCS) ORCH was significantly different from all the other treatments. This means that the practices applied ORCH plots (diverse fruit trees, no-tillage, and soil protection with residues from the grass cuts) are friendly when compared to the ones carried out in VINE and CROP. Previous works highlighted that diverse farms have a high capacity to improve soil WHC, AS, water infiltration [72,73] and C sequestration [74]. The RDA results showed that FOR soil is the one with the highest quality, since it has the highest AFP, water infiltration, OM, SOCS, AS, and WHC, while VINE and CROP had the lowest one. Soils with high AS, OM, AFP, and low BD, have high porosity and, therefore, a high hydraulic conductivity. Similar results observed that forest soils had a higher quality when compared to agricultural ones [75,76]. High levels of OM are related to high water infiltration, AFP AS, and WHC and are indicators of healthy soil [77].



The present study reveals that unsustainable land-use practices (VINE and CROP) can decrease important soil functions provided by the ecosystem. This is particularly critical in areas located in urban areas since the capacity to mitigate floods is reduced. Our study showed that ORCH and FOR land uses have a high capacity of water infiltration and are very likely to mitigate flood impacts. Previous works observed that forest land-uses located near urban areas have a high capacity for flood retention [78,79,80]. The areas used for agriculture can also contribute to the reduction of flood impacts [81]. However, as our study highlighted, this depends on the type of management carried out. If the practices are extensive (ORCH), it is very likely that these areas can contribute to flood mitigation [82] and decrease the flood economic losses [83]. When agriculture areas are managed intensively (VINE and CROP), the capacity of these areas to retain flood is significantly reduced. In the present case, it is likely that the areas with high soil compaction may even increase the flood impacts. Poor management practices, especially in sloped areas (e.g., VINE), can enhance flood risks [84]. FOR and ORCH land uses may act as a C sink. On the other hand, the intensive practices carried out at VINE and CROP likely contribute to C losses. However, it is worthy to highlight that VINE and CROP have a high capacity to sequester C due to the reduced OM. If managed properly they could act as a C sink [85]. Several works highlighted that intensive agricultural practices contribute to greenhouse emissions [86,87,88]. In the case of urban agriculture, this can amplify the impacts of urban activities on climate change, and soil C sequestration service is lost.



Agriculture is crucial to ensure food security, increase the income of the urban population [18,89]. Nevertheless, there are significant trade-offs associated with intensive agriculture, such as the reduction of important soil functions and regulating ecosystem services such as flood retention and C sequestration. Therefore, more sustainable management of VINE and CROP land uses needed to increase soil function capacity. Decreased tractor traffic, reduced or no-tillage management, a transition to organic production, wide crop rotation, and organic fertilization in these plots would be beneficial for soil quality [8,31,90]. The implementation of crop diversification practices would be relevant to reverse soil degradation process. For instance, the management applied in ORCH land use is a good example of how to preserve soil quality. The preservation of soil quality should be a national priority [91,92]. Therefore, it is key to maintain forests in urban areas. These areas can provide another type of ecosystem service such as habitat support, air pollution, and microclimate regulation, soil formation, pollination, groundwater recharge, and recreation [93].



The maintenance of a good soil quality status is key to achieve national (e.g., The Environmental Protection Act OG 80/13) and European level (e.g., flood directive—2007/60/EC; water framework directive—2000/60/EC; groundwater directive—2006/118/EC; nitrates directive—91/676/EEC; habitats directive—92/43/EEC) and global targets (United Nations Sustainable Development Goals (SDGs)), to which the European Union is strongly committed [94]. The United Nations SDGs connect soil functions with ecosystem services, and are directly related to SDGs 2 and 6 (Zero Hunger and Clean Water and sanitation)—food security; SDG 3 (Good health and wellbeing)—food safety; SDG 11 (Sustainable Cities and Communities)—urban development; SDG 13 (Climate Action)—C sequestration; SDG 15 (Life on Land)—sustainability of terrestrial ecosystem services. SDGs 7 (Affordable and Clean Energy) and 14 (Life Below Water) are dependent on the soil’s functional condition [95]. Overall, sustainable practices that encourage the maintenance and restoration of soil quality status are vital to achieving sustainable development goals.



This is a first approach to study the effects of different land use management on soil properties. The results are limited to the effects on the studied soils and this could be considered a limitation. In this context, is important to carry out similar works focused on the effect of soil management in different types of soils and their hydrological response. The inclusion of the temporal factor would be an advantage as well, since peri-urban areas are subject to rapid land-use changes.




5. Conclusions


The results of this work showed that soil clay content was affected by sediment retention of the terraces in ORCH. Intensive agriculture practices in VINE and CROP land-use increased soil compaction and reduced WHC, AFP, AS, water infiltration, OM, and SOCS. The soil with the highest quality was from FOR land use as a consequence of reduced human disturbance, while ORCH soil is in an intermediate position between VINE, CROP and FOR. Sustainable agricultural practices carried out in this land-use type favored a high WHC, AFP, AS, soil OM, and SOCS when compared to the other agricultural plots. ORCH land use is a good example of sustainable land management. The soils from FOR and ORCH can mitigate the impacts of floods in urban areas and contribute to C sequestration. On the other hand, the soils from VINE and CROP as a consequence of the intensive land use may increase flood risk and increase C loss.
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Figure 1. Study location and experimental plot design. 
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Figure 2. Box-plots and the results of Kruskal–Wallis (A) and one-way (B) and (C) ANOVA analysis for the effects of land use on (A) soil clay content, (B) silt content and (C) sand content. Different letters represent a significant difference at p < 0.05. The upper hanging bar represents the high edge; the lower hanging bar is the lower edge. The upper and lower box lines mean the quartile 3 and 1, respectively. Finally, the line inside the box is the median. 
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Figure 3. Box-plots and the results of one-way ANOVA analysis for the effects of land use on (A) soil bulk density, (B) water-holding capacity, and (C) air-filled capacity. Different letters represent a significant difference at p < 0.05. The upper hanging bar represents the high edge; the lower hanging bar is the lower edge. The upper and lower box lines mean the quartile 3 and 1, respectively. Finally, the line inside is the median. Note: Soil water-holding capacity and air-filled porosity Box-Cox transformed (used lambda 0.4). 
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Figure 4. Box-plots and the results of one-way ANOVA analysis for the effects of land use on (A) aggregate stability and (B) infiltration. Different letters represent a significant difference at p < 0.05. The upper hanging bar represents the high edge; the lower hanging bar is the lower edge. The upper and lower box lines mean the quartile 3 and 1, respectively. Finally, the line inside the box is the median. Note: Soil aggregate stability SQRT-transformed. 
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Figure 5. Box-plots and the results of one-way ANOVA analysis for the effects of land use on (A) soil organic matter and (B) soil organic matter stock obtained by one-way ANOVA. Different letters represent a significant difference at p < 0.05. The upper hanging bar represents the high edge; the lower hanging bar is the lower edge. The upper and lower box lines mean the quartile 3 and 1, respectively. Finally, the line inside the box is the median. Note: Soil organic matter Box-Cox transformed (used lambda −0.5). 
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Figure 6. RDA about the relation between Factor 1 and 2. Abbreviations: Water-holding capacity (WHC), Bulk Density (BD), Air-Filled Porosity (AFP), Organic Matter (OM), Soil Organic Carbon Stock (SOCS), Aggregate Stability (AS), Vineyard (VINE), Cropland (CROP), Orchard (ORCH) and Forest (FOR). 
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Table 1. Soil physical, chemical and mechanical properties on upper horizon of studied land uses.
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	Soil Properties/Land Use

Soil Description
	Vineyard

Anthrosols
	Orchard

Anthrosols
	Forest

Stagnosols
	Cropland

Dystric Cambisols





	Organic matter (g kg−1)
	1.34
	1.68
	5.34
	1.17



	pH in H20 (w w−1 1:5)
	6.3
	5.9
	6.3
	5.6



	EC (µs cm−1)
	54
	40
	38
	73



	P (g kg−1)
	37
	29
	17
	132



	K (g kg−1)
	180
	150
	150
	215



	Bulk density (g cm−3)
	1.40
	1.33
	0.99
	1.41



	Clay (g kg−1)
	232
	315
	120
	95



	Silt (g kg−1)
	420
	410
	418
	338



	Sand (g kg−1)
	348
	275
	462
	567











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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