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Abstract
Purpose Ecosystem changes occurring against a backdrop of climate changes have set off a chain reaction through the cycle 
of matter and energy affecting water, soils, and plants. Heavy metal elements have long been research hotspots due to their 
unique impacts on the composition and function of soils and plants. Most studies of heavy metals are conducted in contami-
nated industrial and residential areas, but more studies need to be conducted on well-protected nature reserves undergoing 
ecological transition.
Method This study was conducted in a wetland-to-grassland ecotone in the Huihe National Nature Reserve, Inner Mongolia, 
where wetland has been decreasing and turning into grassland in the past few decades. To compare associations between the 
grasslandification of wetland and the presence of heavy metals, concentration of 11 heavy metals [iron (Fe), copper (Cu), 
zinc (Zn), manganese (Mn), nickel (Ni), vanadium (V), antimony (Sb), arsenic (As), chromium (Cr), cadmium (Cd), and 
lead (Pb)], vegetation characteristics (above and belowground plant biomass, height, and species), and topsoil (0–20 cm) 
characteristics [pH, electrical conductivity (EC), soil moisture, bulk density, and concentration of P, K, Ca, Na, and Mg] 
were measured at four independent sites, each of which contained three kinds of ecosystems (i.e., treatments): wetlands, 
wetland-grassland junctions, and grasslands.
Results Soil Fe, Cr, and Pb concentrations increased as the ecotype shifted from wetland to grassland, whereas Mn and Cd 
decreased. SW (soil water) and pH levels also decreased; the SW value was the highest in the wetlands (32.8 ± 3.63%) and 
decreased from the junction lands (30.6 ± 4.7%) to the grasslands (22.1 ± 2.85%) (p < 0.01); and pH decreased from 8.9 to 
7.8 from the wetlands to the adjacent wetlands (p < 0.01). Plant coverage and aboveground biomass levels were highest in 
the wetland plots, whereas belowground biomass levels were highest in the grassland plots.
Conclusions Even though little human disturbance occurs in the grassland-to-wetland ecosystems in the nature reserves of 
Huihe Hulunbuir, Inner Mongolia, trace amounts of heavy metals were still detected (Fe, Cr, Pb, Mn, and Cd). Shifts in soil 
water and pH may be responsible for this phenomenon.
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1 Introduction

Global warming and land usage have caused consider-
able ecosystem changes in recent years (Meyfroidt and 
Lambin 2011; Horion et al. 2019), including wetland loss 

and grassland degradation (Niu et al. 2012; Dong et al. 
2012; Nguyen et al. 2016; Yang et al. 2016). The natu-
ral wetland area of China decreased by approximately 
33% between 1978 and 2008 based on remote sensing 
data and, of this, riverine and lacustrine wetlands con-
stituted the majority of wetland loss (Niu et al. 2012). 
Environmental processes cause changes in ecosystems, 
producing a series of chain reactions that affect biodi-
versity (García-Palacios et al. 2018), ecosystem services 
(Charles and Dukes 2008), and net primary productivity 
(Costanza et al. 2007).
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Soil material is one of the foundations of an ecosys-
tem (Rillig and Mummey 2010; Adhikari and Hartemink 
2016; Faucon et al. 2017). Moreover, research on natu-
ral ecosystems and soil often focuses on soil carbon and 
nitrogen cycling (Batlle-Aguilar et al. 2011), soil micro-
organisms (Lorenzo et al. 2010), and the soil rhizosphere 
(Cardon and Whitbeck 2011). Heavy metals levels in soil 
have mostly been studied in areas of high population den-
sity or in places with a high likelihood of anthropogenic 
pollution such as mining areas (Li et al. 2014), indus-
trial areas (Yaylalı-Abanuz 2011), agricultural irrigation 
zones (Zhang et  al. 2018), and transportation/railway 
areas (Zhang et al. 2018). However, relatively few have 
focused on natural reserve areas where toxic metals can 
accumulate and then never degrade. Heavy metals settle 
in soils and vegetation through dry and wet deposition 
(Zhang et al. 2018). Studies have been done on ecosystem 
services (Zhang et al. 2019a, b), biodiversity (Xu et al. 
2017), and carbon and nitrogen cycles (Gao et al. 2020) 
in nature reserves, which accounted for 18% of the geo-
graphic area of China until the year 2020 (Sun et al. 2020). 
Yet, this research did not focus on heavy metal levels in 
the soil. In nature reserves, heavy metal pollution is gener-
ally restricted by local regulations, but natural processes 
can still contribute heavy metals to the soil.

Essential heavy metals are necessary for the proper func-
tion of biological systems (Dai et al. 2004; Chen et al. 2010; 
Seth 2012; Sarwar et al. 2017). Low concentrations of ele-
ments like copper (Cu), zinc (Zn), manganese (Mn), nickel 
(Ni), and iron (Fe) are required by plants for proper growth 
(Fageria et al. 2009) and have important regulatory roles 
in a number of biological processes such as electron trans-
fer and enzymatic reactions (Fageria et al. 2009; Chaffai 
and Koyama 2011). Non-essential metals with no known 
biological functions in plants are antimony (Sb), arsenic 
(As), chromium (Cr), silver (Ag), cadmium (Cd), mercury 
(Hg), and lead (Pb) (Viehweger 2014). Excessive levels of 
these non-essential metals are toxic to plants and can inhibit 
growth, deteriorate soil quality, reduce yield, and lead to the 
production of poor quality or toxic crops (Seth et al. 2007; 
Choppala et al. 2014).

As a part of the Eurasian steppe landscape, the Hulunbuir 
grassland encompasses multiple ecosystem types such as 
grassland, wetland, forest, and sandy land. It is naturally 
an ecologically sensitive and vulnerable region, but global 
climate change has exacerbated these problems (Bai et al. 
2008; Hu et al. 2015). This area provides crucial ecosystem 
services including windbreak provision, sand fixation, and 
water conservation in northern China. It is also rich in bio-
diversity and an important habitat for migratory birds.

The Huihe National Nature Reserve is a mosaic of wet-
lands and grasslands found adjacent to each other. The 
distribution of these wetlands and grasslands depends on 

topography, precipitation, and temperature (He et al. 2018). 
Climate change, especially the frequent occurrence of 
drought, had caused the loss of wetlands, the reduction of 
plant species diversity, and land desertification in the Hulun-
buir grassland region (Li et al. 2018; Na et al. 2019; Zhou 
et al. 2019). To understand how heavy metals are distributed 
throughout wetlands and grasslands undergoing an ecologi-
cal transition the correlation between ecosystem type and 
heavy metal concentrations in the wetland-to-grassland soils 
of the Huihe National Nature Reserve in Hulunbuir, Inner 
Mongolia, during August 2020 through a regional scale plot-
based field investigation and laboratory chemical analyses. 
Forty-eight plots in four separate sites were selected and 
studied. At each site, topsoil (0–20 cm) was sampled and 
vegetation structure data was collected from three wetland 
plots and three grassland plots (3 m*3 m).

The hypotheses of this work are as follows: (1) some soil 
heavy metal concentrations differ between wetlands and 
grasslands, even in the well protected ecological transition 
zone of Hulunbuir, Inner Mongolia; (2) changes in soil water 
affect pH and plant biomass levels in wetland-to-grassland 
transition zones; and (3) environmental factors have the 
greatest effect on soil heavy metal concentrations.

2  Materials and methods

2.1  Study area

The research area is located in Hulunbuir Huihe 
National Nature Reserve of Inner Mongolia, China 
(48°10′50″ ~ 48°57′00″ N, 118°47′30″ ~ 119°41′27″ E, 
600–750 m above sea level). The study area has a temper-
ate continental monsoon climate with annual average tem-
peratures ranging from − 2.4 to 2.2 °C. The study site has 
long and cold winters and relatively warm and short sum-
mers with a frost-free period ranging from 100 to 120 days. 
Annual precipitation levels reach is 300–350 mm. Of this, 
over 70% fall between June and August (Fig. 1). Fluvisols 
and Kastanozems are the main types of soils in the research 
area (IUSS Working Group WRB 2014).

2.2  Sampling design

Soil samples and data on vegetation characteristics were col-
lected during August 2020. To evaluate ecological factors 
and heavy metal concentrations in the soil, four sampling 
sites were selected near one of three wetland types: (1) HH 
and TM sites which are close to rivers; (2) HG and XP sites, 
both of which are contained within lakes (Table 1).

Sample plots were set up in wetland areas, grassland 
areas, and wetland-grassland areas which were at the junc-
tion between these two habitats (Supplementary Fig. 1). 
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Four 3 m*3 m replicate plots spaced 50 m apart were set up 
in each of the three areas. Thus, every sampling site con-
tained three kinds of plots: (1) wetland plots; (2) wetland-
grassland junction plots; and (3) grassland plots. An RTK 
(GPS, South Mapping Galaxy I. China) was used to get the 
accurate positioning data including geodetic coordinates 
(LAT, LON) for all 48 plots across the four different sites. 
The definitions and the estimates of topographic properties 
are presented in Table 1. More detailed information is pre-
sented in Supplementary Table 1.

2.3  Data collection

Three random replicates of surface soil were collected from 
each sampling plot using a rectangular soil sampler (10 cm 
long × 10 cm wide × 20 cm deep). Humus layer samples were 
sieved through a 2-mm mesh sieve. This step removed live 
roots, mycorrhizal mycelia, and coarse plant remnants. The 
treated soil sample was then divided into two parts, one of 
which was kept fresh and the other of which was kept dry. 
In each sample plot, two soil samples were collected from 
the middle of the surface soil profile (0–20 cm) using a ring 
cutter (100  m−3).

Aboveground biomass (AGB) was measured by harvest-
ing all aboveground plant material in a 0.25 m × 0.25 m sub-
plot, and belowground biomass (BGB) was collected using 
an excavation method. All the AGB parts of the green plant 
were dried for 30 min at 105 °C within 1 day after excavation 
before being transferred to the laboratory. BGB was sampled 
by extracting a soil cylinder approximately 25 cm in diam-
eter and collecting plant matter based on local root depth 
(0 ~ 40 cm of soil). BGB matter was carefully collected and 
separated from the soil and other belowground material. No 
distinguishment was made between living and dead roots. 
The samples were passed through a 0.5-mm mesh sieve 
and then washed with purified water. Both AGB and BGB 

samples were dried in an oven (75 °C) until a constant bio-
mass was achieved to calculate dry biomass.

2.4  Laboratory analysis

Soil was air-dried and passed through a 2-mm mesh sieve 
prior to analysis. Three grams of soil were mixed with dis-
tilled water (1:2.5, w/v) for 30 min and a pH meter was used 
to determine pH. Soil water (SW) concentrations were cal-
culated as the loss of mass from fresh soil (10 ± 0.5 g) over 
24 h of drying at 105 °C in aluminum cans until the weight 
was constant.

The soil was air-dried and passed through a 0.15-mm 
mesh sieve prior to metal concentration analysis (P, K, Ca, 
Mg, Na, V, Cr, Fe, Mn, Co, Ni, Cu, Zn, As, Mo, Cd, and Sb 
were measured) based on the national standard method of 
China (HJ 803–2016). Soil samples were digested in a mix-
ture of concentrated HCl,  HNO3,  H2O2, and HF at 180 °C 
using a microwave oven (Ethos Touch Control, Milestone 
Inc., Italy). The digested solutions were diluted with deion-
ized water prior to chemical analysis. Inductively coupled 
plasma mass spectrometry (ICP-MS 7800 and ICP-OES 
5800, Agilent, USA) was used to measure the levels of metal 
in prepared samples and in natural standard reference soil 
after every 10 measurements (GBW 07406). The national 
research center for certified reference materials in China was 
consulted to assure the quality of testing.

2.5  Data analysis

R (version 4.0.0) (R Core Team 2020) was used for statis-
tical analyses and data visualization. Each of the 48 plots 
was considered an experimental unit, and the four replicate 
plots were averaged before performing statistical analyses. 
Prior to conducting ANOVA, the assumption of normality 
(Kolmogorov–Smirnov test) and homogeneity (Levene’s test) 
was checked for each variable. For each site, ANOVA was 

Fig. 1  Annual mean precipitation and temperature in Hulunbuir, 
Inner Mongolia. (a) Annual mean precipitation in the Hulunbuir area 
(1990–2015); (b) Trends in precipitation and air temperature (1990–

2015); (c) Annual mean temperature in Hulunbuir area (1990–2015). 
The red marker “*” represents the study area location in the Huihe 
National Nature Reserve
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Table 1  Basic information for the study plots

Plots and 
treatments

Geographical location Plant Soil

Latitude (N) Longitude (E) Altitude Dominant species Ca K Na P Mg

m (mg kg−1) (mg kg−1) (mg kg−1) (mg kg−1) (mg kg−1)

HH-Wetland-1  48°13'11.86"N 119°15'37.52"E 717 Leymus chinensis 
Tzvel

71,236 10,000 6950 14,602 1587

HH-Wetland-2  48°13'13.08"N 119°15'40.67"E 716 Leymus chinensis 
Tzvel

62,872 11,155 6893 6036 1680

HH-Wetland-3  48°13'14.02"N 119°15'43.92"E 716 Leymus chinensis 
Tzvel

37,488 15,030 8360 12,431 1714

HH-Wetland-4  48°13'15.18"N 119°15'47.25"E 715 Leymus chinensis 
Tzvel

57,198 12,061 7401 11,023 1660

HH-Junction-1  48°13'10.68"N 119°15'39.17"E 718 Leymus chinensis 
Tzvel

36,131 17,377 9965 7001 1062

HH-Junction-2  48°13'11.51"N 119°15'41.61"E 720 Leymus chinensis 
Tzvel

32,150 17,147 10,314 4589 1120

HH-Junction-3  48°13'12.23"N 119°15'44.46"E 717 Leymus chinensis 
Tzvel

19,383 19,356 10,665 6299 1101

HH-Junction-4  48°13'13.13"N 119°15'47.19"E 718 Leymus chinensis 
Tzvel

29,220 17,960 10,314 5963 1093

HH-Grassland-1  48°13'9.86"N 119°15'40.22"E 722 Leymus chinensis 
Tzvel

970 24,651 12,817 1401 518

HH-Grassland-2  48°13'10.69"N 119°15'42.55"E 722 Leymus chinensis 
Tzvel

1264 22,951 13,537 1123 542

HH-Grassland-3  48°13'10.39"N 119°15'40.65"E 721 Leymus chinensis 
Tzvel

1153 23,606 12,902 2158 481

HH-Grassland-4  48°13'11.71"N 119°15'47.46"E 722 Leymus chinensis 
Tzvel

1128 23,735 13,085 1560 514

HG-Wetland-1  48°26'16.65"N 119° 9'1.17"E 681 Leymus chinensis 
Tzvel

37,369 15,123 11,092 9305 951

HG-Wetland-2  48°26'15.02"N 119° 9'1.06"E 681 Leymus chinensis 
Tzvel

33,578 18,727 11,159 4829 970

HG-Wetland-3  48°26'13.46"N 119° 9'0.90"E 680 Leymus chinensis 
Tzvel

20,105 20,610 11,701 8411 1001

HG-Wetland-4  48°26'12.27"N 119° 9'0.66"E 680 Leymus chinensis 
Tzvel

30,349 18,153 11,317 7515 973

HG-Junction-1  48°26'16.47"N 119° 9'4.87"E 680 Leymus chinensis 
Tzvel

19,290 18,736 13,706 4169 656

HG-Junction-2  48°26'14.64"N 119° 9'4.71"E 681 Leymus chinensis 
Tzvel

17,418 21,590 13,663 3864 668

HG-Junction-3  48°26'13.23"N 119° 9'4.53"E 682 Leymus chinensis 
Tzvel

10,605 21,289 13,782 4935 675

HG-Junction-4  48°26'12.02"N 119° 9'3.91"E 681 Leymus chinensis 
Tzvel

15,771 20,538 13,717 4322 666

HG-Grassland-1  48°26'16.13"N 119° 9'8.17"E 682 Leymus chinensis 
Tzvel

1076 22,326 16,251 1027 354

HG-Grassland-2  48°26'14.30"N 119° 9'7.76"E 682 Leymus chinensis 
Tzvel

1173 24,318 16,076 894 345

HG-Grassland-3  48°26'12.91"N 119° 9'7.32"E 683 Leymus chinensis 
Tzvel

993 21,804 15,773 1440 330

HG-Grassland-4  48°26'11.71"N 119° 9'6.87"E 682 Leymus chinensis 
Tzvel

1079 22,816 16,032 1120 342

XP-Wetland-1  48°48'52.12"N 119°22'22.74"E 644 Leymus chinensis 
Tzvel

6501 20,244 15,232 4005 313

XP-Wetland-2  48°48'53.02"N 119°22'38.36"E 643 Leymus chinensis 
Tzvel

4282 26,300 15,423 3622 259
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used to compare the environmental variables of grassland and 
wetland ecosystems. Two-way ANOVA was performed to 
compare environmental variables among both the treatments 
(two ecosystems: wetland and the grassland) and sampling 

sites (four locations). All results are represented as mean 
value ± standard error. Pearson correlations were analyzed 
using R, and the data was visualized using the “Performance 
Analytics” package.

Table 1  (continued)

Plots and 
treatments

Geographical location Plant Soil

Latitude (N) Longitude (E) Altitude Dominant species Ca K Na P Mg

m (mg kg−1) (mg kg−1) (mg kg−1) (mg kg−1) (mg kg−1)

XP-Wetland-3  48°48'54.85"N 119°22'56.49"E 644 Leymus chinensis 
Tzvel

4721 26,189 15,042 4389 288

XP-Wetland-4  48°48'59.84"N 119°23'30.33"E 644 Leymus chinensis 
Tzvel

5167 24,244 15,232 4005 286

XP-Junction-1  48°48'48.56"N 119°22'23.46"E 647 Leymus chinensis 
Tzvel

3852 23,368 17,530 2335 270

XP-Junction-2  48°48'48.86"N 119°22'38.62"E 644 Leymus chinensis 
Tzvel

2701 26,068 17,022 2149 210

XP-Junction-3  48°48'50.79"N 119°22'56.66"E 645 Potentilla acaulis 
L

2807 27,060 16,932 2560 243

XP-Junction-4  48°48'54.68"N 119°23'30.19"E 645 Potentilla acaulis 
L

3119 25,498 17,161 2348 241

XP-Grassland-1  48°48'45.02"N 119°22'23.79"E 649 Potentilla acaulis 
L

1181 26,387 19,684 652 188

XP-Grassland-2  48°48'45.47"N 119°22'38.84"E 647 Potentilla acaulis 
L

1081 25,685 18,614 665 148

XP-Grassland-3  48°48'46.97"N 119°22'56.34"E 646 Leymus chinensis 
Tzvel

831 27,791 18,642 721 178

XP-Grassland-4  48°48'49.02"N 119°23'30.04"E 647 Leymus chinensis 
Tzvel

1031 26,620 18,980 679 171

TM-Wetland-1  48°55'45.43"N 119°40'29.46"E 636 Iris ensata Thunb 24,559 21,691 18,572 18,923 607
TM-Wetland-2  48°55'19.87"N 119°39'56.25"E 633 Leymus chinensis 

Tzvel
26,003 20,259 12,579 13,101 984

TM-Wetland-3  48°55'17.98"N 119°39'28.37"E 637 Leymus chinensis 
Tzvel

17,446 23,826 14,585 17,279 560

TM-Wetland-4  48°55'39.31"N 119°40'23.99"E 634 Leymus chinensis 
Tzvel

22,669 21,925 15,245 16,433 717

TM-Junction-1  48°55'45.42"N 119°40'23.71"E 634 Leymus chinensis 
Tzvel

21,838 22,500 16,377 13,227 545

TM-Junction-2  48°55'23.00"N  119°39'52.76"E 632 Suaeda glauca 
Bunge

19,522 22,249 15,721 11,541 835

TM-Junction-3  48°55'21.17"N 119°39'26.97"E 643 Leymus chinensis 
Tzvel

16,097 24,668 14,784 13,228 611

TM-Junction-4  48°55'39.31"N 119°40'17.88"E 636 Suaeda glauca 
Bunge

19,152 23,139 15,627 12,665 663

TM-Grasstland-1  48°55'45.67"N 119°40'18.95"E 635 Suaeda glauca 
Bunge

18,955 23,284 14,107 7413 428

TM-Grasstland-2  48°55'25.57"N 119°39'50.35"E 634 Leymus chinensis 
Tzvel

12,948 24,144 18,674 9818 630

TM-Grasstland-3  48°55'24.91"N 119°39'25.51"E 653 Leymus chinensis 
Tzvel

14,560 25,415 14,839 8987 625

TM-Grasstland-4  48°55'39.11"N 119°40'11.89"E 640 Leymus chinensis 
Tzvel

15,487 24,281 15,873 8739 560

Four sites were selected (HH, HG, XP, and TM). In each site, 3 wetland plots and 3 grassland plots were established and sampled. All data were 
collected in August 2020
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3  Results

3.1  Soil trace heavy metals

3.1.1  Soil Fe, Cr, and Pb concentrations decreased 
as wetland transitioned into grassland

Fe and Mn decreased significantly between grassland, 
grassland-wetland junction, and wetland soils at the 
study sites (Table 2). The concentration of Fe is 22.2% 
greater in wetland than in adjacent grassland soils 
(11,374 ± 1621.39 mg  kg−1, 12,552.6 ± 866.19 mg  kg−1, 
and 13,903.2 ± 1260.92 mg   kg−1 in wetland, junction, 
and grassland soils, respectively) (Fig. 2a). By contrast, 

the concentration of Cr is 19.8 ± 3.3 mg  kg−1 in wetland 
soil and 28.9 ± 2.7 mg  kg−1 in grassland soil. Cr concen-
tration was also significantly different between all three 
sites (p < 0.001) (Fig. 2b). In two out of the four sites 
in which Pb decreased significantly, the concentration 
of Pb was 13.3% lower in wetland than in grassland soil 
(16.2 ± 0.82 mg  kg−1 soil) (Fig. 2c).

3.1.2  Soil Mn and Cd concentrations increased as wetland 
transitioned into grassland

On average, the concentration of Mn was 28.7% higher in 
wetland than in grassland soils (452.3 ± 163.73 mg  kg−1, 
383.6 ± 25.38 mg  kg−1, 322.6 ± 30.97 mg  kg−1 for wetland, 

Table 2  Tests of differences among the plots based on one-way ANOVA

Plots mean the p value group the data from the same site (e.g., HH, TM; n = 6) and conducted one-way ANOVA. SW, soil water; Height, plant 
average height; TB, plant total biomass; AGB, aboveground biomass; BGB, belowground biomass. Treatments mean the p value group the data 
from the same treatment (grassland, junction, and wetland; n = 12) and conducted one-way ANOVA

df Fe K P V Cr Mn Co Ni Cu Zn As

Plots 3  < 0.001  < 0.001  < 0.001  < 0.001  < 0.001  < 0.001  < 0.001  < 0.001  < 0.001  < 0.001  < 0.001
Treatments 2  < 0.001  < 0.001  < 0.001  < 0.001  < 0.001  < 0.001 0.038 0.559 0.320 0.001 0.515
Plot*Treat 6 0.273  < 0.001  < 0.001 0.010 0.939  < 0.001 0.084 0.225 0.030 0.936 0.230

df Mo Cd Sb Pb pH SW Cover Height TB AGB BGB

Plots 3  < 0.001  < 0.001  < 0.001 0.007  < 0.001  < 0.001  < 0.001  < 0.001  < 0.001  < 0.001  < 0.001
Treatment 2 0.173  < 0.001 0.031 0.001  < 0.001  < 0.001  < 0.001  < 0.001  < 0.001  < 0.001  < 0.001
Plot*Treat 6 0.194 0.007 0.318 0.001 0.150 0.259 0.042  < 0.001 0.630  < 0.001 0.132

Fig. 2  Heavy metal concentrations in wetland and grassland soils of 
at the four study sites. (a) soil total Ferrum metal concentration; (b) 
Chromium metal; (c) Plumbum metal; (d) Manganese metal; (e) Cad-

mium metal; (f) Stibonium metalHH, HG, XP, and TM represent the 
four selected sites (n = 4 plots were used for each site-ecosystem com-
bination). All data were collected in August 2020
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junction, and grassland soils, respectively). Mn signifi-
cantly increased from wetlands to grasslands at the HG and 
XP sites and generally increased at all four sites (Fig. 2d; 
Table 2). Cd was similar to Mn, in that it increased by 
28.7% from wetlands to grasslands (0.10 ± 0.014 mg  kg−1, 
0.09 ± 0.015 mg  kg−1, 0.06 ± 0.019 mg  kg−1 for wetland, 
junction, and grassland soils) (Fig. 2e). Levels of other trace 
heavy metal elements changed, as well, but the differences 
were not significant (Supplementary Fig. 2).

3.2  Soil as an environmental variable

Each of the three ecosystems had different environmental 
factors. pH increased significantly from wetland to junction-
land to grassland. SW was lower (wetland: 32.8 ± 3.63; junc-
tion land: 30.6 ± 4.7%; grassland: 22.1 ± 2.85%, p < 0.01, 
n = 16) and pH higher (from 8.9 ± 0.7 to 7.8 ± 0.9) in the 
grassland plots than in adjacent wetlands at all four study 
sites (Fig. 3a, b). P concentrations were 50.7% greater in 
the wetlands than the grasslands (p < 0.001), and K concen-
trations were 34.0% higher in the wetlands. Both P and K 
were affected by the study site, the ecosystem treatment, and 
the interaction between study site and ecosystem treatment 
effects (Fig. 3c, d).

3.3  Plant as an environmental variable

Vegetative coverage and the ABG index varied signifi-
cantly among the sites and increased from the wetlands to 
the adjacent grasslands. Vegetative cover was 79 ± 13.0% vs 
75 ± 5.7%, 64 ± 2.4% on average in wetland, junction land, 
and grassland, respectively (Fig. 3e). Plant average height 

showed with a pattern like that of the vegetative coverage. 
ABG was 40.9% higher in the four wetland sites on aver-
age (96 ± 47.7 g  m−2) than it was in the four grassland sites 
(57 ± 8.8 g  m−2; p < 0.001) (Fig. 3g). However, BGB in the 
wetland sites (351 ± 47.9 g  m−2) was significantly (p < 0.001) 
lower than it was in the grassland sites (667 ± 68.5 g  m−2) 
(Fig. 3h).

3.4  Correlations between variables

The concentration of Fe was significantly, positively, and 
strongly correlated with Cr (R = 0.83, n = 48, p < 0.01), Co 
(R = 0.670, n = 48, p < 0.01), Pb (R = 0.63, n = 48, p < 0.01), 
and total plant biomass (R = 0.65, n = 48, p < 0.01) but 
was negatively correlated with plant coverage (R =  − 0.78, 
n = 48, p < 0.01). Mn was correlated with Ca (R = 0.87, 
n = 48, p < 0 0.01), P (R = 0.902, n = 24, p < 0.01), SW 
(R = 0.65, n = 48, p < 0.01), Zn (R = 0.712, n = 24, p < 0.01), 
and Cd (R = 0.649, n = 24, p < 0.01) but was negatively 
correlated with K (R =  − 0.907, n = 24, p < 0.01), Na 
(R =  − 0.841, n = 24, p < 0.01), and Pb (R =  − 0.579, n = 24, 
p < 0.01) (Fig. 4).

4  Discussion

Generally, heavy metal concentrations in soils of the Huihe 
Nature Reserve did not exceeded benchmarks set by the 
local environmental protection agency (GB 15618–2018). 
Heavy metal elements are less involved in the plant-soil 
cycle than organic elements (C, N, P, K) (Manlay et al. 2002; 

Fig. 3  Environmental variables in wetland, wetland-to-grassland 
junction, to grassland plots at the four study sites. (a) soil water con-
tent; (b) soil pH; (c) soil total phosphorus concentration; (d) soil 
total  potassium concentration; (e) plant average coverage; (f) total 

plant biomass; (g) above-ground biomass; (h) below-ground bio-
mass.  Error bars represent the standard error of the replicate plots. 
HH, HG, XP, and TM represent the four selected sites (at each site, 
n = 4). All data were collected in August 2020

1182 Journal of Soils and Sediments (2022) 22:1176–1187

1 3



Kallenbach et al. 2019). However, soil composition, plant 
density, and the concentrations of some heavy metals were 
significantly affected by environment type (i.e., wetland, 
wet-grassland junction, and grassland).

4.1  Environmental factors affecting water and soil 
pH dynamics

From 1960 to 2017, the average annual precipitation level 
of the Hulunbuir grassland decreased by 3.65 mm every 
10 years (Zhang et al. 2019a, b). In addition to decreasing 
precipitation levels, topology changed across the landscape. 
At all four sites, the grasslands were at a slightly higher 
elevation than both the adjacent wetland-grassland junctions 
and the wetlands. Precipitation levels and topology could 
have affected SW which changed significantly from wetlands 
to junction lands to grasslands. SW affects plant vegetative 
cover, plant height, and AGB levels (Liu et al. 2010; Deng 
et al. 2016), as well as plant diversity levels which were 
positively correlated with SW in this study (Fig. 4). Thus, 
changes in SW may cause wetlands to change into grasslands 
over time.

Generally, the Hulunbuir study site has a strong water 
conservation capacity as it is covered by over 3,000 rivers 

and 500 lakes (Yu et al. 2015). Strong evaporation and tran-
spiration rates (Sun et al. 2016) cause the aeration zones of 
shallow groundwater to accumulate salt at a rapid rate. Thus, 
the soil salt content in this region is high. Evaporation leads 
to a continuous increase in the concentration of alkali metals 
and salt in groundwater (Risacher et al. 2003). This could 
have caused the pH of the wetland ecosystem to reach 8.9 
and the SW to reach 32.9%, compared with grassland where 
the pH is 7.8 and the SW is 22.1% based on this study.

These plot-level studies could partly explain why the 
pH-EC dynamics changed between wetlands, wetland-
grassland junctions, and grasslands. In this study, soil Ca 
and Mg concentrations were over 10 and 5 times higher, 
respectively, in the wetlands than they were in the nearby 
grasslands. The pH and EC levels also decreased from the 
wetlands to the junction plots to the grassland plots. This 
could have happened because Ca and Mg directly influence 
soil base saturation, pH, and EC levels. Since soil pH was 
positively and significantly correlated with exchangeable 
 K+,  Ca2+, and  Mg2+ levels, this study further reinforces 
that these environmental factors interact with one another 
(Behera and Shukla 2015).

The pH values were positively correlated with EC 
(R = 0.81, p < 0.001) (Fig. 4), in that stronger soil conductance 

Fig. 4  Pearson correlation 
coefficient thermal maps of 
physical, chemical, and biologi-
cal indexes across wetland, plots 
junction, and grassland plots. 
The deep red color represents 
the strongest strong positive 
correlation (coefficient R = 1), 
the deep blue color represents 
the strongest strong negatively 
correlation (R =  − 1), and the 
pure white means that there was 
no correlation (R = 0) between 
the two indicators. For each 
index, n = 48
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more likely to be found in alkaline soils. Soil salinization 
restricts the sustainable use of land and the stability of the 
ecosystem (Scudiero et al. 2016), especially in arid and semi-
arid regions with low precipitation and high evaporation rates 
(Wichelns and Qadir 2015). Recent studies suggest that the 
pH may alter the environment of microorganisms, affecting 
the material and structural characteristics of the soil. Sediment 
samples taken from 15 lakes on the Tibetan Plateau showed 
that pH is the best predictor of bacterial community structure 
in alkaline sediments (Xiong et al. 2012). Moreover, studies 
done in the well-conserved, natural ecosystems on Chang-
bai Mountain emphasized that pH predicts how soil bacterial 
is distributed at different elevations (Shen et al. 2013). pH 
changes also change the aggregate structure of the soil (Liang 
et al. 2000; Cornelissen et al. 2018).

4.2  Heavy metal element dynamics 
in wetland‑to‑grassland transition zones

Soil Fe availability could be related to redox potential 
(Colombo et al. 2014). Both high SW content and poor aera-
tion convert ferric iron  (Fe3+) to bioavailable iron  (Fe2+) 
(Lindsay 1984). Moreover, Fe deficiency in plants mostly 
occurs in alkaline soil (Lindsay and Schwab 1982). In this 
study, Fe levels were positively correlated with BGB and 
AGB and negatively correlated with increasing soil pH 
(Fig. 4). The grasslandification of wetlands increased soil 
Fe concentration and deceased Mn concentration. Changes 
in these elements were especially apparent because they are 
found in high abundance in the soil and are easily influenced 
by environmental factors (Fig. 4 and Supplementary Fig. 2).

Manganese, an important plant nutrient, is involved in 
photosynthetic pathways (Millaleo et al. 2010). Mn defi-
ciency is more common in sandy soils, in organic soils with 
a pH > 6, and in heavily weathered, tropical soils (Schmidt 
et al. 2016). Correspondingly, wetland soil had a signifi-
cantly higher Fe concentration and a higher pH at all four 
sites. When Mn concentrations within the plant exceed opti-
mal levels, non-essential heavy metals adversely affect the 
plant as they are unable to be reduced naturally. This causes 
oxidative stress which ultimately damages cell structures 
(Asati et al. 2016). The levels of some non-essential metals 
(Cr, Pb, and Cd) changed slightly from wetlands and grass-
lands. These metals are toxic, as they can cause severe harm 
to plants and animals (Rahman and Singh 2019; Seth et al. 
2007; Choppala et al. 2014). Cr-induced oxidative stress 
leads to lipid peroxidation in plants which severely damages 
the cell membranes (Hayat et al. 2012). Although levels of 
non-essential metals did not exceed hazardous limits, both 
Cr and Pb concentrations were greater in grasslands than in 
adjacent wetlands in three out of the four sites.

In summary, soil Fe, Cr, and Pb concentrations decreased 
from wetlands to grasslands, whereas soil Mn and Cd 

concentrations increased from wetlands to grasslands. Heavy 
metal elements are often found near mine shafts (Cheng 
et al. 2019a, b; Tian et al. 2018a, b), railways, and highways 
(Zhang et al. 2012) where is easy to import more exogenous 
heavy metal pollutants. For example, road dust from mining 
areas has a Cd content 60 times greater than normal dust and 
a Pb content that is nearly 14 times greater. An investigation 
of long-term agricultural production activities in the Hetao 
irrigation district indicated that heavy metals accumulated 
in irrigated soils (Zhu et al. 2017a, b). Excessive levels of 
these non-essential metals are toxic to plants and can cause 
growth inhibition, soil quality deterioration, yield reduction, 
and production of poor quality or toxic agricultural products 
(Seth et al. 2007; Choppala et al. 2014).

4.3  Belowground plant biomass change

AGB and plant coverage were higher in the wetland plots, 
whereas BGB was higher in the grassland plots which had 
neutral, low humidity soil. BGB was negatively correlated 
with SW in all 48 plots. Since grassland soil contained less 
SW, roots may have been encouraged to grow deeper to 
obtain water, resulting in more BGB and more total biomass 
(TB) in the grassland plots than in the other two ecosystem 
types.

According to a structural equation model of a semi-
arid grassland near the research area, plant coverage and 
AGB had the strongest, yet also contradictory effects on 
SW (Yinglan et al. 2019). A gradient analysis conducted 
in native grasslands across the Loess Plateau, China, on the 
AGB, BGB, and SW properties of plant communities indi-
cated that higher atmospheric humidity favors greater plant 
diversity, vegetative cover, AGB, and BGB. In this study, 
these factors were positively and significantly correlated 
with soil moisture levels (Deng et al. 2016).

Changes in SW may have had a comprehensive impact on 
changes in the salinity, alkalinity, and heavy metal content of 
the soil. This is predicted to have affected plant biomass lev-
els and increased the transition rate of wetland to grassland 
in a protected nature reserve. Less water might have encour-
aged grassland root growth and increases underground bio-
mass which led to a higher BGB and TB. In accordance with 
this observation, the wetland plots had a high-level plant 
biodiversity and vegetative coverage, whereas the grassland 
plots had more BGB.

5  Conclusion

In the nature reserve of Hulunbuir, Inner Mongolia, the 
concentrations of some heavy metal elements (Fe, Cr) sig-
nificantly increased from wetland soil to wetland-grassland 
junction soil to grassland soil, whereas soil Mn and Cd 
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concentrations decreased, even though human interference 
was minimal. Relatively low concentrations of heavy metals 
among the plots indicate that disturbance from unnatural 
pollution is controlled well in the reserve. Soil water content, 
pH, levels of vegetative coverage, and levels of aboveground 
biomass were higher in the wetlands than in the grasslands, 
whereas belowground biomass was higher in the grasslands 
since the plants needed to develop larger root systems to 
access water. Topography, especially altitude differences, 
caused the soil water distribution differences, and the loss of 
precipitation coupled with evapotranspiration due to climate 
change likely caused the pH differences. The concentrations 
of some essential soil metals like Fe and Cr and those of 
non-essential metals like Cd and Mn were changed during 
the grasslandification of the wetlands.
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