
1Scientific RepoRTS |  (2018) 8:2228  | DOI:10.1038/s41598-018-20723-4

www.nature.com/scientificreports

Lateral heterogeneity of soil 
physicochemical properties in 
riparian zones after agricultural 
abandonment
Huijuan Xia  1,2,3, Weijing Kong2,3, Xuesen Li4, Juntao Fan2,3, Fen Guo2,3 & Osbert Jianxin Sun  1

The study aimed to identify the lateral heterogeneity of soil physicochemical properties in riparian 
zones, and its underlying drivers during natural restoration after agricultural abandonment. Abandoned 
farmlands, after 5-year natural restoration, within 500 m from the edges on both sides of Liaohe 
River were selected as the study area. Soil physicochemical properties of four lateral buffers (<10 m, 
10~100 m, 100~300 m, and >300 m from river edge, respectively) along riparian zones were measured. 
The results showed that riparian soils were characterized by high sand content (78.88%~96.52%) and 
poor soil nutrients. Soil silt content, organic carbon (OC), cation exchange capacity (CEC), total nitrogen 
(TN), and available nitrogen (AN) increased laterally with increasing distance from river edge, while 
soil sand content decreased. Total phosphorus (TP) and available phosphorus (AP) are not spatially 
autocorrelated. Soil OC, TN, AN, and CEC along upstream and midstream reaches showed negative 
spatial autocorrelation along the lateral gradients, and positive along downstream reach. Altitude, 
distance from river edge and distance from nearest farmland were the pronounced factors affecting soil 
physicochemical properties in this study.

Understanding the ecosystem succession of abandoned farmlands is important for the conservation of biodiver-
sity, mitigation of soil erosion, carbon sequestration, and water retention1. Following agricultural abandonment, 
in general, vegetation could be restored through natural restoration (secondary succession) or active restoration 
(seed sowing or tree plantations)2,3. Secondary succession has attracted increasing attention for its higher natural 
value and lower cost4,5. To date, most researches on agricultural abandonment focused on the temporal dynamics 
of soil organic carbon, nitrogen, phosphorus6–8, vegetation composition and plant species diversity9,10. There is 
evidence that secondary succession after agricultural abandonment leads to significant changes in soil physical 
and chemical properties3. As the substratum for organisms living in, soils affect the distribution and diversity of 
plant species and even the performance of individual organisms11.

Soils are spatially heterogeneous as a consequence of combined actions of physical, chemical, or biological 
processes that act at different scales12–14. The spatial heterogeneity of soil properties is mainly affected by parent 
material, topography, vegetation, climate, biological conditions, and human activities such as land use changes 
and agriculture15. Previous studies mainly focused on the response of soil heterogeneity to land use and topog-
raphy in terrestrial ecosystems16–19. However, the spatial heterogeneity of soil properties in riparian zones, the 
line-shaped system, was likely related to microtopography, vegetation, and the directional effect of environmental 
gradients related to flood11. For example, soil organic carbon and nitrogen in natural riparian zones typically 
increased with distance from river14,20,21. In contrast, soil total carbon and nitrogen in riparian zones during active 
restoration decreased with distance from river22. However, the lateral heterogeneity of soil properties in riparian 
zones during natural restoration after agricultural abandonment is poorly understood.
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Generally, the geographic variables are spatially dependent (spatial autocorrelation)23, and the spatial heter-
ogeneity of variables results from both extrinsic and intrinsic factors24. Spatial autocorrelation has been used to 
express the degree of dependencies among neighboring observations and the spatial heterogeneity of soil prop-
erties in farmlands25, grasslands26, alluvial floodplain27, and wetlands14. Whether riparian zones during natural 
restoration follows the same pattern as the above ecosystems is not clear to our best knowledge. Therefore, Liaohe 
River Reserve, established in 2010, was selected as study area to study the spatial heterogeneity in riparian soils. 
Farmlands within 500 m from the edges on both sides of Liaohe River were abandoned in 2010 and restored 
through natural restoration. Our study was conducted in riparian zones that exposed to agricultural abandon-
ment, and the main objectives were to answer the following questions: (1) how soil physicochemical properties 
change along lateral gradients in riparian zones during natural restoration? (2) What are the determinants affect-
ing the lateral heterogeneity of riparian soil physicochemical properties?

Materials and Methods
Study area. Liaohe River reserve is located in Liaoning Province, between 123°55.5′–121°41′E, 43°02′–
40°47′N (Fig. 1). It originates from the confluence of East and West Liaohe River, flowing about 538 km to the 
Inlet of Bohai Sea in Panjin city, and covers an area of 1869.2 km2. Before 2010 riparian area of the river was 
covered by farmland. Established at 2010, the reserve was recovered mainly by natural recovery inside 500 m 
away from the river course on both sides, and the 500 m natural recovery area was fenced avoiding anthropogenic 
disturbance. The climate is warm-temperate with semi-humid continental monsoon climate. The warmest month 
is July with the temperature ranging from 20 to 30 °C, whereas the coldest month is January with the temperature 
ranging from −18 to −10 °C. Mean annual precipitation ranges from 400 to 1,000 mm, 75% of which occurs 
between June and September. The mean annual evaporation increases from southeast to northwest, ranging from 
110 to 250 mm. The topography is predominately flat with a single landform, namely, alluvial plain.

The study was conducted in three reaches of upstream, midstream and downstream in Liaohe River reserve 
(Fig. 1). Predominant land-use along upstream and midstream reaches is farmland, which is located beyond 
500 m from the river edges on both sides. Within 500 m from the edges on both sides (fenced area) of river, grass-
land is predominant. Riparian vegetation in fenced area along upstream reach is dominated by Setaria glauca and 
Artemisia annua, and Calamagrostis epigeios, Artemisia lavandulaefolia and Artemisia annua along midstream 
reach. Riparian zones along downstream reach are occupied by grassland either within or beyond fenced area, 
and Phragmites australias and Artemisia annua are the dominant species. Riparian vegetation along upstream 
reach is 5 to 10 cm high and 50% to 70% coverage, 30 to 80 cm high and 75% to 90% coverage along middle reach, 
and 100 to 170 cm high and 100% coverage along downstream reach.

Soil and vegetation sampling. Liaohe River Reserve is mainly made up of two land-use types: one farm-
land, the other abandoned farmland. Soil samples were collected from abandoned farmlands along three reaches 

Figure 1. Sketch map of Liaohe River Reserve and sampling sites along downstream reach. Three reaches 
distributed in upstream, midstream and downstream were selected, respectively (as shown in the left map). The 
locations of sampling sites along downstream reach were shown as an example in the right map. Four sampling 
transects were established along each river reach, and four sample sites (<10 m, 10~100 m, 100~300 m, and 
>300 m from river edge, respectively) were established at each transect. The base map (right) is products of 
Wordview II (WV2) provided by Digitalglobe (https://discover.digitalglobe.com). ArcGIS 10.1 software (http://
www.esri.com/software/arcgis) was used to develop the map by the first author (H.X.).
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located in upstream, midstream and downstream, respectively (Fig. 1). Four transects separated by ~2 km were 
established perpendicular to the direction of water flow along each reach, and 12 transects in total. Riparian 
plants in Liaohe River Reserve changed laterally from annual mesic sedges and grasses to perennial xeric species. 
At each transect, lateral variation of plant life forms allowed us to establish sampling sites with a range of buffer 
distances from river edge: <10 m, 10~100 m, 100~300 m, and >300 m (Fig. 1). In total, 48 sites were sampled in 
September 2015, and all sites were exposed to agricultural abandonment based on the land-use change after the 
establishment of Liaohe River Reserve. At each sampling site, three soil cores were collected from the 0–15 cm soil 
layer, and soil cores were combined and mixed to get a composite soil sample. About 30 g from each composite 
soil sample were put into a pre-weighted aluminum box in order to determine soil moisture in the laboratory. 
The rest soil samples were placed in ventilated bags, and brought back to the laboratory. The dominant species 
and main companion species of plant communities at each sampling site were recorded. Plants were identified to 
species level according to Flora of China28, and unknown species were collected and identified in the laboratory.

Soil physicochemical analysis. Soil samples were air-dried, then ground and passed through 1 mm and 
0.149 mm sieves, respectively. Soil physical properties, including soil moisture and soil texture, and chemical 
properties, including pH, conductivity, OC, CEC, TN, AN, TP, and AP were measured.

Soil moisture was measured by oven drying aluminum boxes with fresh soil at 105 °C to a constant weight29. 
Soil texture was measured using Malvern laser particle size analyzer (Mastersizer-2000). Soil pH and conductiv-
ity were measured in soil extracts (10 g soil: 50 mL H2O) after vigorous agitation for 1~2 minutes and a settling 
period of 30 minutes29, using Horiba portable multi-parameter water quality analyzer (D-74). OC was meas-
ured by low-temperature external-heat K2Cr2O7 oxidation–photo-colorimetric method29. CEC was measured by 
BaCl2-H2SO4 method30. TN and TP were measured by alkaline K2S2O8–ultraviolet spectrophotometric method31. 
AN was measured using alkaline hydrolysis diffusion method29. AP was measured by NaHCO3 method29.

Environmental data collection. The longitude, latitude, and altitude of each sampling site were measured 
with global positioning system (GPS). The distance of sampling sites from nearest residence (D-residence), dis-
tance from nearest farmland (D-farmland), and distance from river edge (D-river) were measured with Euclidean 
distance tool in ArcGIS 10.1. D-residence and D-farmland were the indicators of human disturbance, and D-river 
was the indicator of hydrologic disturbance.

Statistical analysis. Means and standard errors for each soil physicochemical property were calculated in 
each sampling buffer. The means in each reach were compared using one-way ANOVA to test the significant 
differences of soil physicochemical properties between the four sampling buffers (<10 m, 10~100 m, 100~300 m, 
and >300 m). Pearson’s correlation analysis was employed to assess the relationships between environmental fac-
tors and soil physicochemical properties. All the above analysis was conducted in SPSS statistics 17.0 and the 
results were plotted using SigmaPlot 10.0.

In order to identify the main environmental factors that affected soil physicochemical properties, ordination 
analysis was conducted using CANOCO 4.5 software. First, detrended canonical analysis (DCA) was used to 
check the length of each axis32. If the length of longest axis was larger than 4.0, unimodal methods were more 
appropriate. On the other hand, if the longest gradient was shorter than 3.0, the linear methods were selected. 
And if the longest axis length was between 3.0 and 4.0, both types of methods were reasonable32. Since the longest 
axis in the study was 0.319, a constrained linear method redundancy analysis (RDA) was chosen for our data. 
All data were log-transformed and centered by species. The Monte Carlo test with 499 permutations was run to 
determine the significance of the RDA model.

Moran Index (I), as the conventional index33, was selected to evaluate the spatial autocorrelation that existed 
among soil samples taken from each reach. I range from −1 to 1. I greater than 0 indicate a positive autocorrela-
tion, and otherwise I less than 0 indicate a negative autocorrelation. I near zero indicate samples with little dis-
cernible pattern in the spatial arrangement of values, or spatial randomness34. Moran’s I analysis was conducted 
in GS+ 5.0 software.

Results
Vegetation and soil properties. Nine plant communities were recorded in all sampling sites. Plant com-
munities close to the river edge were dominated by annual plants, such as sedges and grasses that were short 
and hygrophytic. As the distance of sampling sites from river edge increased, mesic communities, i.e., Artemisia 
annua, Calamagrostis epigeios, and Setaria glauca appeared, followed by tall Compositae community, such as 
perennial Cirsium setosum and invasive species Ambrosia trifida.

Riparian soils in Liaohe River Reserve had high sand content (78.88%~96.52%) and low silt and clay contents. 
Soil moisture varied from 1.20% to 29.02%. The pH values indicated the neutral and slightly alkaline soil condi-
tions in Liaohe River Reserve. Soil conductivity ranged from 1.45 ~ 11.03 ms.m−1. Five years after natural restora-
tion, riparian soils had low nutrient contents. According to the classification criterion of soil nutrients in China, 
the mean concentrations of soil OC, TN, TP, AN, and AP were all at 5th or lower nutrient level (OC < 10 mg.g−1, 
TN < 500 mg.kg−1, TP < 200 mg.kg−1, AN < 30 mg.kg−1, AP < 3 mg.kg−1), indicating Liaohe River Reserve suffer 
from serious lack of soil nutrients.

Lateral heterogeneity of riparian soils. Silt content increased significantly with increasing buffer dis-
tance from river edge, and sand content showed the opposite trend (p < 0.05; Fig. 2). Clay content, soil moisture, 
pH, and conductivity showed no significant difference among four buffers (p > 0.05). Soil OC, CEC, TN, and AN 
contents showed increasing trends with distance from river edge (Fig. 3). Soil OC, CEC, and TP along down-
stream reach, and soil AP along midstream reach showed no significant lateral heterogeneity (p > 0.05). Soil AP 
close to river edge was significantly higher than that in other three buffers along upstream reach (p < 0.05).
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Relationships between soil properties and environmental factors. Soil silt and sand contents had 
significant correlations with D-river and D-residence (p < 0.01; Table 1), while soil clay content and moisture had 
no significant correlations with all environmental factors (p > 0.05). Clay content was positively correlated with 
OC, TN, TP, and AN (p < 0.05). Silt content was positively correlated with OC, TN, TP, AN, and CEC (p < 0.05), 
while sand content was negatively correlated with them (p < 0.05). Soil moisture was positively correlated with 
TP (p < 0.01).

The correlation analysis between soil chemical properties and environmental factors indicated that, altitude 
was positively correlated with conductivity and OC (p < 0.05; Table 1). D-river was positively correlated with OC, 
TN, AN, AP, and CEC (p < 0.05). D-farmland exhibited significant correlations with pH, conductivity, OC, TN, 
TP, and AN (p < 0.05). D-residence did not show significant correlations with soil pH and CEC (p > 0.05), but was 
negatively correlated with the other chemical properties (p < 0.05).

Axis 1 and 2 of RDA were used to reflect the relationships between environmental factors and soil properties 
(Fig. 4). Axis 1 explained 33.69% of the total variance and axis 2 explained 4.26%, which were higher than other 
axes (2.33% for axis 3, and 0.35% for axis 4). Axis 1 was significantly correlated with D-river, D-farmland, and 
D-residence (p < 0.01), and axis 2 was significantly correlated with altitude (p < 0.01). Monte Carlo test showed 
that altitude (p = 0.014, F = 3.5), D-river (p = 0.002, F = 9.5), and D-farmland (p = 0.002, F = 13.8) were signifi-
cant factors affecting soil physicochemical properties.

Spatial autocorrelation of riparian soil nutrients. Moran’s I values along upstream reach decreased 
with increasing separation distance within the scope of 0~700 m, and the spatial autocorrelation of soil OC, TN, 
AN, and CEC changed from positive to negative. Moran’s I values approached to zero when the separation dis-
tance is greater than 1000 m, which indicated the weak spatial autocorrelation of soil nutrients (Fig. 5a).

The spatial autocorrelation of soil nutrients (except CEC) along midstream reach was not significant within 
the separation distance of 0~200 m. Soil nutrients separated by 300~800 m showed significant negative autocor-
relation. Moran’s I values ranged from −0.5 to 0.5 at the separation distance greater than 1,000 m, and had no 
significant changed trends with the increasing distance (Fig. 5b).

Soil nutrients separated by 30~700 m mainly showed positive autocorrelation along midstream reach. At the 
distance of 1,000 m, soil nutrient showed significant negative autocorrelation. At the range of 2,000~3,200 m, 
spatial autocorrelation of soil nutrients changed from positive to negative. Soil nutrients separated by distances 
greater than 4,000 m showed no further autocorrelation (Fig. 5c).

According to the distribution of sampling sites, the distances among sampling sites in each sampling tran-
sect were shorter than 1,000 m, and distances among transects along each river reach were longer than 1,000 m. 

Figure 2. Box-plots of soil texture (Sand, Silt and Clay). The box-plots depict the median (horizontal line in 
each box), the upper and lower quartiles (box), and outliers (circles) of the data for soil texture. Lowercase 
letters above each bar indicate significant differences at the 0.05 level.
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Therefore the autocorrelation at the separation distance shorter than 1,000 m could be used to indicate the spatial 
autocorrelation of soil nutrients in each sampling transect. Soil nutrients along upstream and midstream reaches 
mainly showed negative autocorrelation in each transect. In contrast, the spatial autocorrelation of soil nutrients 
was mainly positive along downstream reach.

Discussion
The lateral heterogeneity of soil silt content, sand content, OC, CEC, TN, and AN was consistent with previ-
ous studies on natural riparian zones14,35, but contrary to that of riparian zones undergoing active restoration22. 
Generally, human activities in active restoration, including the use of heavy machinery, grading and site prepara-
tion activities, and the use of uniform fill materials, disturbed and homogenized soils14. Therefore, it seems that 
natural restoration in riparian zones tends to restore soil spatial heterogeneity to natural levels compared with 
active restoration. While active restoration is needed when dealing with heavily invaded area, where key biotic 
and abiotic thresholds have been crossed and resilience has been reduced36.

The lateral heterogeneity of riparian soil physicochemical properties displayed significant response to altitude, 
distance from river edge, and distance from nearest farmland. Altitude is a complex and multivariate factor that 
always related to substrate, flood, and vegetation37, which have influence on soil properties38,39. Along with the 
distance from river edge, erosion and sedimentation processes showed sharp lateral gradients40, resulting in the 
lateral heterogeneity of soil texture19. Soil texture, concerting with environmental factors, determined the lateral 
heterogeneity of soil nutrients. Previous research indicated that soils, close to river edge, with coarse material lack 

Figure 3. Lateral heterogeneity of soil nutrient contents. Values are means ± SE of 4 sampling sites in each 
buffer. Lowercase letters above each bar indicate significant differences in each river reach at the 0.05 level. 
OC: organic carbon, CEC: cation exchange capacity, TN: total nitrogen, AN: available nitrogen, TP: total 
phosphorus, AP: available phosphorus.
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organic matters41. By contrast, areas far from the channel were characterized by high levels of fine sediment and 
organic matter35. Farmlands were the potential nutrient sources for riparian zones. Nutrients from adjacent farm-
lands leach or flow along the surface to stream, or enter into riparian zones and eventually accumulate in riparian 
soils and vegetation41. Nutrient leaching depend on the water-holding capacity of soils, namely, permeable soils 
support more intensive nutrient leaching than heavy soils42. Therefore, more nutrients were retained in soils with 
lower sand contents. On the other hand, areas close to river edge suffer from more frequent flood than that in 
other buffers38, so that nutrients in sandy soils close to river edge can be more easily flushed away.

Autocorrelation of soil physiochemical properties differed and influenced by different environmental pro-
cess or factors. Soil TP and AP had no significant spatial autocorrelation, indicating a random distribution of 
phosphorus along lateral gradients in riparian zones. Phosphorus is an essential element for plant growth, and 
application of P-fertilizers is needed to overcome the deficiency of phosphorus in arable soils43. Spatial autocor-
relation was low for soil AP in farmlands44. The random distribution of phosphorus indicated that fertilization 
history might still have impacts on soil phosphorus at the initial restoration stage after agricultural abandonment. 
Unlike TP and AP, soil OC, TN, AN, and CEC were spatially dependent along lateral gradients. Previous studies 
showed that whether fertilizers were applied or not, soil OC and TN was spatially dependent45,46. Anthropogenic 

Soil properties

Environmental factors Soil physical properties

Altitude D-river D-farmland D-residence Clay Silt Sand Moisture

Chemical properties

pH −0.02 −0.08 0.28** 0.12 −0.24 −0.27 0.28 −0.26

Conductivity 0.36** −0.06 −0.24* −0.22* 0.10 0.20 −0.19 −0.13

OC 0.24* 0.58** −0.45** −0.25* 0.31* 0.56** −0.54** 0.04

TN 0.20 0.33** −0.42** −0.35** 0.32* 0.54** −0.52** 0.17

TP 0.07 −0.01 −0.35** −0.45** 0.29* 0.35* −0.35* 0.37**

AN 0.19 0.35** −0.43** −0.36** 0.38** 0.58** −0.57** 0.12

AP −0.13 0.25* −0.09 −0.25* −0.25 0.02 0.02 −0.21

CEC 0.04 0.61** −0.19 −0.07 0.08 0.33* −0.30* −0.09

Physical properties

Clay 0.02 0.11 −0.16 −0.25

Silt 0.00 0.41** −0.28 −0.45**

Sand 0.00 −0.37** 0.27 0.44**

Moisture 0.12 0.15 −0.02 −0.14

Table 1. Correlations between soil properties and environmental factors. OC: organic carbon, TN: total 
nitrogen, TP: total phosphorus, AN: available nitrogen, AP: available phosphorus, CEC: cation exchange 
capacity, D-river: distance of sampling sites from river edge, D-farmland: distance from nearest farmland, 
D-residence: distance from nearest residence. **p < 0.01; *p < 0.05.

Figure 4. RDA results of soil physicochemical properties and environmental factors. OC: organic carbon, TN: 
total nitrogen, TP: total phosphorus, AN: available nitrogen, AP: available phosphorus, CEC: cation exchange 
capacity, D-river: distance of sampling sites from river edge, D-farmland: distance from nearest farmland.
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disturbance types influence the spatial distribution of soil properties. Soil organic matter in restored riparian 
zones with urban land-use history was not spatially dependent, and was randomly or homogenously distributed 
due to the restoration activities47. By contrast, soil OC, TN, AN, and CEC during natural restoration with agricul-
tural land-use history tend to distribute heterogeneously with significant autocorrelation.

Soil nutrients along upstream and midstream reaches tended to form High-Low or Low-High assemblages, 
while that along downstream reach tended to form High-High or Low-Low assemblages. Disturbance increases 
negative spatial autocorrelation in species richness and evenness48. The negative spatial autocorrelations of soil 
nutrients along upstream and midstream reaches might also be attributed to human disturbance. Along upstream 
and midstream reaches, farmlands within 500 m from the edges on both sides of the river were abandoned. 
However, riparian zones beyond 500 m were still occupied by farmlands, and external nutrient sources affected 
riparian soil nutrients. Therefore, human disturbance from adjacent uplands may be an inevitable factor affecting 
the spatial autocorrelations of riparian soil nutrients.

References
 1. Rey Benayas, J. M., Martins, A., Nicolau, J. M. & Schulz, J. J. Abandonment of agricultural land: an overview of drivers and 

consequences. CAB Reviews: Perspectives in Agriculture Veterinary Science Nutrition and Natural Resources 2, 1–14 (2007).
 2. Cuesta, B., Rey Benayas, J. M., Gallardo, A., Villar-Salvador, P. & González-Espinosa, M. Soil chemical properties in abandoned 

Mediterranean cropland after succession and oak reforestation. Acta Oecologica 38, 58–65 (2012).
 3. Nadal-Romero, E., Cammeraat, E., Pérez-Cardiel, E. & Lasanta, T. Effects of secondary succession and afforestation practices on soil 

properties after cropland abandonment in humid Mediterranean mountain areas. Agriculture, Ecosystems and Environment 228, 
91–100 (2016).

 4. Prach, K. & Pyšek, P. Using spontaneous succession for restoration of human-disturbed habitats: experience from Central Europe. 
Ecological Engineering 17, 55–62 (2001).

 5. Jiao, J. Y. et al. Can the study of natural vegetation succession assist in the control of soil erosion on abandoned croplands on the 
Loess Plateau, China? Restoration Ecology 15, 391–399 (2007).

 6. Nadal-Romero, E., Cammeraat, E., Pérez-Cardiel, E. & Lasanta, T. How do soil organic carbon stocks change after cropland 
abandonment in Mediterranean humid mountain areas? Science of the Total Environment 566–567, 741–752 (2016).

 7. Wang, Q., Li, Y. & Zhang, M. Soil recovery across a chronosequence of restored wetlands in the Florida Everglades. Scientific Reports 
5, 17630 (2015).

 8. Spohn, M., Novák, T. J., Incze, J. & Giani, L. Dynamics of soil carbon, nitrogen, and phosphorus in calcareous soils after land-use 
abandonment – A chronosequence study. Plant and Soil 401, 185–196 (2016).

 9. Bonet, A. & Pausas, J. G. Species richness and cover along a 60-year chronosequence in old-fields of southeastern Spain. Plant 
Ecology 174, 257–270 (2004).

 10. Zhang, K. R., Dang, H. S., Tan, S. D., Wang, Z. X. & Zhang, Q. F. Vegetation community and soil characteristics of abandoned 
agricultural land and pine plantation in the Qinling Mountains, China. Forest Ecology and Management 259, 2036–2047 (2010).

 11. Gallardo, A. Spatial Variability of Soil Properties in a Floodplain Forest in Northwest Spain. Ecosystems 6, 564–576 (2003).
 12. Goovaerts, P. Geostatistical tools for characterizing the spatial variability of microbiological and physico-chemical soil properties. 

Biology and Fertility of Soils 27, 315–334 (1998).

Figure 5. Spatial autocorrelation of riparian soil nutrients along upstream (a), midstream (b) and downstream 
reaches (c). OC: organic carbon, TN: total nitrogen, AN: available nitrogen, CEC: cation exchange capacity.



www.nature.com/scientificreports/

8Scientific RepoRTS |  (2018) 8:2228  | DOI:10.1038/s41598-018-20723-4

 13. Fennessy, M. S. & Mitsch, W. J. Effects of hydrology on spatial patterns of soil development in created riparian wetlands. Wetlands 
Ecology and Management 9, 103–120 (2001).

 14. Bruland, G. L. & Richardson, C. J. Spatial variability of soil properties in created, restored and paired natural wetlands. Soil Science 
Society of America Journal 69, 273–284 (2005).

 15. Liu, Y., Lv, J., Zhang, B. & Bi, J. Spatial multi-scale variability of soil nutrients in relation to environmental factors in a typical 
agricultural region, Eastern China. Science of the Total Environment 450–451, 108–119 (2013).

 16. Jaiyeoba, I. A. Changes in soil properties related to different land uses in part of the Nigerian semi-arid Savannah. Soil Use and 
Management 11, 84–89 (1995).

 17. Schwanghart, W. & Jarmer, T. Linking spatial patterns of soil organic carbon to topography — a case study from south-eastern Spain. 
Geomorphology 126, 252–263 (2011).

 18. Zhu, H. et al. Land use and topographic position control soil organic C and N accumulation in eroded hilly watershed of the Loess 
Plateau. Catena 120, 64–72 (2014).

 19. Rosemary, F., Vitharana, U. W. A., Indraratne, S. P., Weerasooriya, R. & Mishra, U. Exploring the spatial variability of soil properties 
in an Alfisol soil catena. Catena 150, 53–61 (2017).

 20. Johnston, C. A., Bridgham, S. D. & Schubauer-Berigan, J. P. Nutrient dynamics in relation to geomorphology of riverine wetlands. 
Soil Science Society of America Journal 65, 557–577 (2001).

 21. Sutton-Grier, A. E., Ho, M. & Richardson, C. J. Organic amendments improve soil conditions and denitrification in a restored 
riparian wetland. Wetlands 29, 343–352 (2009).

 22. Smith, M., Conte, P., Berns, A. E., Thomson, J. R. & Cavagnaro, T. R. Spatial patterns of, and environmental controls on, soil 
properties at a riparian-paddock interface. Soil Biology & Biochemistry 49, 38–45 (2012).

 23. Keitt, T. H., Bjornstad, O. N., Dixon, P. M. & Citron-Pousty, S. Accounting for spatial pattern when modeling organism-environment 
interactions. Ecography 25, 616–625 (2002).

 24. Fortin, M. J. & Dale, M. R. T. Spatial Analysis: A Guide for Ecologist. (Cambridge University Press, Cambridge, 2005).
 25. Chen, T., Chang, Q., Liu, J. & Clevers, J. G. P. W. Spatio-temporal variability of farmland soil organic matter and total nitrogen in the 

southern Loess Plateau, China: a case study in Heyang County. Environmental Earth Sciences 75, 28 (2016).
 26. Fu, W., Zhao, K., Zhang, C. & Tunney, H. Using Moran’s I and geostatistics to identify spatial patterns of soil nutrients in two 

different long-term phosphorus-application plots. Journal of Plant Nutrition and Soil Science 174, 785–798 (2011).
 27. Iqbal, J., Thomasson, J. A., Jenkins, J. N., Owens, P. R. & Whisler, F. D. Spatial Variability Analysis of Soil Physical Properties of 

Alluvial Soils. Soil Science Society of America Journal 69, 1338–1350 (2005).
 28. Flora of China Editorial Committee. Flora of China. Science Press, Beijing (1980).
 29. Lu, R. K. Soil and agricultural chemistry analysis. Chinese Agricultural Science and Technology Press, Beijing (2000).
 30. Institute of Soil Science, Academia Sinica (ISSAS). Soil physical and chemical analysis. Shanghai Science and Technology Press, 

Shanghai (1978).
 31. State Environmental Protection Administration of the P.R. China (SEPA). Monitoring and analysis method of water and wastewater. 

China Environmental Science Press, Beijing. pp, 283–285 (1998).
 32. Lepš, L. & Šmilauer, P. Multivariate analysis of ecological data using CANOCO. (Cambridge University Press, New York, 2003; 

202–210.
 33. Robertson, G. P. GS+: Geostatistics for the environmental sciences. Gamma Design Software, Plainwell, Michigan USA. pp, 105 

(2008).
 34. Mathiba, M. & Awuah-Offei, K. Spatial autocorrelation of soil CO2 fluxes on reclaimed mine land. Environmental Earth Sciences 73, 

8287–8297 (2015).
 35. Nakamura, F., Yajima, T. & Kikuchi, S. Structure and composition of riparian forests with special reference to geomorphic site 

conditions along the Tokachi River, northern Japan. Plant Ecology 133, 209–219 (1997).
 36. Ruwanza, S., Gaertner, M., Esler, K. J. & Richardson, D. M. The effectiveness of active and passive restoration on recovery of 

indigenous vegetation in riparian zones in theWestern Cape, South Africa: A preliminary assessment. South African Journal of 
Botany 88, 132–141 (2013).

 37. Day, R. T., Keddy, P. A., McNeill, J. & Carleton, T. Fertility and disturbance gradients: a summary model for riverine marsh 
vegetation. Ecology 69, 1044–1054 (1988).

 38. Fournier, B., Guenat, C., Bullinger-Weber, G. & Mitchell, E. A. D. Spatio-temporal heterogeneity of riparian soil morphology in a 
restored floodplain. Hydrology and Earth System Sciences 17, 4031–4042 (2013).

 39. Ballantine, K. & Schneider, R. Fifty-five years of soil development in restored freshwater depressional wetlands. Ecological 
Applications 19, 1467–1480 (2009).

 40. Gregory, S. V., Swanson, F. J., McKee, W. A. & Cummins, K. W. An ecosystem perspective of riparian zones: Focus on links between 
land and water. BioScience 41, 540–551 (1991).

 41. Dorioz, J. M., Wang, D., Poulenard, J. & Trévisan, D. The effect of grass buffer strips on phosphorus dynamics—A critical review and 
synthesis as a basis for application in agricultural landscapes in France. Agriculture, Ecosystems & Environment 117, 4–21 (2006).

 42. Pärn, J., Pinay, G. & Mander, Ü. Indicators of nutrients transport from agricultural catchments under temperate climate: A review. 
Ecological Indicators 22, 4–15 (2012).

 43. Van der Wal, A., de Boer, W., Lubbers, I. M. & van Veen, J. A. Concentration and vertical distribution of total soil phosphorus in 
relation to time of abandonment of arable fields. Nutrient Cycling Agroecosystems 79, 73–79 (2007).

 44. Bogunovic, I., Pereira, P. & Brevik, E. C. Spatial distribution of soil chemical properties in an organic farm in Croatia. Science of the 
Total Environment 584–585, 535–545 (2017).

 45. Cambardella, C. A. et al. Field-scale variability of soil properties in central Iowa soils. Soil Science Society of America Journal 58, 
1501–1511 (1994).

 46. Mzuku, M. et al. Spatial Variability of Measured Soil Properties across Site-Specific Management Zones. Soil Science Society of 
America Journal 69, 1572–1579 (2005).

 47. Unghire, J. M., Sutton-Grier, A. E., Flanagan, N. E. & Richardson, C. J. Spatial impacts of stream and wetland restoration on riparian 
soil properties in the North Carolina Piedmont. Restoration Ecology 19, 738–746 (2011).

 48. Biswas, S. R., MacDonald, R. L. & Chen, H. Y. H. Disturbance increases negative spatial autocorrelation in species diversity. 
Landscape Ecology 32, 823–834 (2017).

Acknowledgements
This research was supported by the “National Natural Science Foundation of China” (Grant No. 41201187), 
the “EU-China Environmental Sustainability Programme” (Grant No. DCI-ASIE/2013/323–261), and the 
“Major Science and Technology Program for Water Pollution Control and Treatment in China” (Grant No. 
2014ZX07508–001–003).



www.nature.com/scientificreports/

9Scientific RepoRTS |  (2018) 8:2228  | DOI:10.1038/s41598-018-20723-4

Author Contributions
H.X. and W.K. designed the research. H.X. conducted the soil physicochemical analysis. X.L. and J.T. contributed 
to the data sources. H.X., W.K., F.G., and O.J.S. discussed the results. H.X. and W.K. wrote the manuscript. All 
authors contributed to the revisions of manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-20723-4.
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://dx.doi.org/10.1038/s41598-018-20723-4
http://creativecommons.org/licenses/by/4.0/

	Lateral heterogeneity of soil physicochemical properties in riparian zones after agricultural abandonment
	Materials and Methods
	Study area. 
	Soil and vegetation sampling. 
	Soil physicochemical analysis. 
	Environmental data collection. 
	Statistical analysis. 

	Results
	Vegetation and soil properties. 
	Lateral heterogeneity of riparian soils. 
	Relationships between soil properties and environmental factors. 
	Spatial autocorrelation of riparian soil nutrients. 

	Discussion
	Acknowledgements
	Figure 1 Sketch map of Liaohe River Reserve and sampling sites along downstream reach.
	Figure 2 Box-plots of soil texture (Sand, Silt and Clay).
	Figure 3 Lateral heterogeneity of soil nutrient contents.
	Figure 4 RDA results of soil physicochemical properties and environmental factors.
	Figure 5 Spatial autocorrelation of riparian soil nutrients along upstream (a), midstream (b) and downstream reaches (c).
	Table 1 Correlations between soil properties and environmental factors.




