
 

Forests 2020, 11, 247; doi:10.3390/f11020247 www.mdpi.com/journal/forests 

Article 

Development of Nutrient Uptake by Understory 
Plant Arrhenatherum elatius and Microbial Biomass 
During Primary Succession of Forest Soils in Post‐
Mining Land 
Satoshi Kaneda 1,2, Šárka Angst 1 and Jan Frouz 1,* 

1 Biology Centre of the Czech Academy of Sciences, v. v. i., SoWa Research Infrastructure & Institute of Soil 
Biology, Na Sádkách 7, CZ 37005 České Budějovice, Czech Republic; satoshikaneda@hotmail.com (S.K.); 
Sarka.Angst@bc.cas.cz (Š.A.)  

2 Western Region Agricultural Research Center, National Agriculture and Food Research Organization 
(NARO), 2575 Ikano, Zentsuji, Kagawa, 765-0053, Japan 

* Correspondence: frouz@natur.cuni.cz; Tel.: +420-387-777-5769 

Received: 13 December 2019; Accepted: 21 February 2020; Published: 23 February 2020 

Abstract: The development of plant and soil microbial communities is one of the basic preconditions 
for the restoration of functional ecosystems. However, nutrients are concurrently used by plants 
and microbes, and the dynamics of this interaction during ecosystem development have seldom 
been studied. The aim of our study, thus, was to describe the dynamics of nutrient availability in 
soil and, at the same time, the nutrient accumulation in plant and microbial biomass along an 
unassisted primary succession heading toward broadleaf forest. The growth of the understory plant 
Arrhenatherum elatius on soils originating from three (16, 22, and 45 years’ old) successional stages 
of a post-mining area and the development of the microbial community in the presence or absence 
of this plant were studied in a pot experiment. Both, the plant biomass and carbon (C) in microbial 
biomass in intermediate and late middle successional stages were higher than those in the early 
stage. In soil, extractable organic C, extractable organic nitrogen (N), and inorganic N increased with 
proceeding succession, but Olsen phosphorus (P) peaked in the intermediate successional stage. The 
amounts of N and P in plant and microbial biomass increased during succession. In the late middle 
successional stage, the amount of P in microbial biomass exceeded that of plant bound P 
approximately twice, and this increase was higher in pots with plants than without. The results 
imply that the competition between plants and microbes for available P may increase microbial P 
uptake and, thus, hinder plant growth in later successional stages. 
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1. Introduction 

Afforestation is a common way of restoring post-mining land [1]. In some cases, primary 
succession is a sensible approach to restore a functional forest ecosystem [2,3], in which primary 
production is predominantly limited by nutrient availability [4]. Consequently, restoring nutrient 
dynamics and nutrient pools is an important step in the restoration of a functional forest ecosystem 
[5]. 

The most common limiting nutrients in terrestrial ecosystems are nitrogen (N) and phosphorus 
(P) [6]. Nitrogen supply is low especially in the early stages of primary succession because of its 
absence in the majority of primary substrates [7]. On the contrary, Olsen phosphorus (P) becomes 
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more limited later as succession proceeds because of its gradual depletion from soil minerals. The 
availability of these nutrients in soil is largely driven by microorganisms, which take a key role in 
transforming nutrients into a form that is accessible to plants [8]. At the same time, however, microbes 
can compete with plants for the uptake of nutrients [9]. The impact of these somewhat counteracting 
effects of microorganisms on overall plant productivity is still not fully understood. Microbes, 
though, are suggested to regulate plant productivity, especially when the soil system is poor in 
nutrients [8]. 

For microorganisms, carbon (C) is recognized as the element most often limiting their growth 
[10–12], though nutrient (N and P) limitations are also known [13–15]. 

In our study, we explore the nutrient distribution between plants and microbes during primary 
succession towards broadleaf forest. We benefit from a well-established and intensively studied 
chronosequence of post-mining sites where it is possible to observe the development of broadleaf 
forest from the basic post-mining overburden in combination with the continual development of soil 
[2]. In our pot experiment study, we measured the amount of soil C available for microbes in the form 
of extractable organic carbon (EOC) that is considered as the most bioavailable fraction of soil organic 
C [16]. Nitrogen was determined in the form of extractable organic N (EON), which is considered to 
contain large amounts of N bioavailable to plants and microorganisms [9], and inorganic N in the 
form of ammonium (NH4+) and nitrate (NO3−), which are further important N sources for both plants 
and microorganisms [17]. Phosphorus was determined as Olsen P—the plant available fraction of soil 
P (i.e., orthophosphate ions; [18]). These parameters, together with the evaluation of nutrient (N and 
P) contents in plant and microbial biomass, provide new insights into the dynamics of nutrient uptake 
by plant and microbial biomass during proceeding primary succession. As a model plant, the 
common grass Arrhenetherium elatius (L.) P.Beauv. ex J.Presl & C.Presl, 1819, growing in the 
understory of the sites, was used. 

We hypothesized that (1) plants and microbes will compete for nutrients (N and P), resulting in 
differences between plant and microbial biomass. This competition should be reflected in a possible 
decrease in nutrient availability. We further hypothesized that (2) this decrease will be observed 
mainly in P concentrations, as P very often represents a limiting nutrient.  

2. Material and Methods  

2.1. Soil Sampling and Experiment Setup 

The soil used for the pot experiment was collected from a forest chronosequence in post-mining 
sites established by gradual heaping of overburden where spontaneous succession has taken place. 
The sites were located in the Sokolov mining district (50°14′04″ N, 12°41′04″ E, 450–520 m above sea 
level), the overburden was deposited mainly in the form of alkaline mudstones, which subsequently 
disintegrated in to smaller particles and amorphous clay. During soil formation, pH has gradually 
decreased, C and N have accumulated, and P has become more available [2]. The largest change in C 
and N accumulation happened between early and intermediate stages (Table 1). Early (16-years old), 
intermediate (22-years old), and late middle (45-years old) successional stages were used for soil 
sampling. Selected soil characteristics are presented in Table 1. The early successional stage was 
dominated by herbs and grasses (Tusilago farfara L. and Calamagrostis epigejos (L.) Roth) with scattered 
Salix caprea L. shrubs. The intermediate successional stage was overgrown by a dense cover of Salix 
caprea with occasional occurrence of Betula pendula Roth and Populus tremula L. and little or no 
understory. The late middle successional stage was covered by light broadleaf forest dominated by 
Betula pendula and Populus tremula. Dense grass and herb understory were observed at this stage. The 
grass A. elatius used for our experiment is a common plant in the described chronosequence and 
especially abundant in intermediate and late middle successional stages [2]. 
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Table 1. Selected parameters of soils in various successional stages used in the experiment and 
ergosterol content in pots with and without plant at the end of the experiment. Statistically 
homogeneous groups are marked by the same letter (one-way ANOVA, Tukey post-hoc test, p < 0.05). 
If no letter presented, no significant difference was found by ANOVA. 

Successional Stage Early Intermediate Late Middle 
C* (mg g−1) 2.99 7.37 6.20 
N* (mg g−1) 0.22 0.49 0.40 
C:N ratio* 18.7 17.6 15.5 

 No plant Plant No plant Plant No plant Plant 
Ergosterol (ppm) 0.49 ± 0.12a 0.50 ± 0.05a 1.98 ± 0.25b 2.06 ± 0.22b 4.11 ± 0.50c 3.80 ± 0.39c 

* taken from [19–21]. 

Soil was collected from 15 cm depth at each successional stage. The soil was sieved through a 5 
mm mesh and put into plastic pots with a volume of 1317 cm3. In total, six treatments in six 
replications were established: three types of soil (from the early, intermediate, and late middle 
successional stages) in (a) pots with A. elatius and (b) pots without A. elatius. For (a) treatments, 20 
seeds of A. elatius were seeded in every pot. The plant density was adjusted to nine individuals per 
pot after germination. For (b) treatments, the pots were kept without any seedling during the whole 
experiment. The pots were kept outside covered by foil and were either supplied with rainfall water 
or watered if rainfall did not occur during the previous week. The experiment was conducted from 
July 2007 to October 2007.  

2.2. Soil and Plant Analyses 

At the end of the experiment, plants, including roots, were harvested and weighted after drying 
at 60 °C for 48 h. The soil was stored in a refrigerator until processed. EOC and EON, Olsen P, and 
inorganic N content were measured in the soil samples. The following microbial parameters were 
determined: soil respiration, ergosterol content, and microbial biomass C, N, and P. The plant 
biomass was analyzed for N and P.  

Soil and plant C and N contents were measured using a NC 2100 soil analyzer (Thermo-Quest 
Italia.). Samples for EOC and EON were extracted with 50 mL 0.5 M K2SO4 using a 1:50 ratio and 
shaken for 1 h. The extracts were passed through a 0.45 µm filter. The C and N contents in the filtrates 
were determined by high-temperature combustion using a TOC/TN analyzer (Formacs, Skalar). The 
same extracts were further used for the determination of NH4+ and NO3− -N contents; their sum was 
considered to represent the inorganic nitrogen content. Leachates were centrifuged, and the 
supernatants were passed through glass fiber filters. The concentrations of NH4+ and NO3- in the 
filtrates were determined spectrophotometrically (Genesys 6, Thermo Spectronic, USA) using a 
colorimetric method [22].  

Soil respiration was measured at the end of the experiment using an IRGA, S151 CO2 Analyzer 
(Qubit Systems, Ontario, Canada) in an open flow system. Soil respiration was expressed as CO2 µL 
g−1 dry soil hour−1. Ergosterol was extracted and quantified as described previously [23] using a 
Waters Alliance HPLC system (Waters, USA) with methanol as the mobile phase and UV detection 
at 282 nm. Microbial biomass C and N were measured using the fumigation-extraction method 
[24,25]. Correction factors of 0.45 and 0.4 were used for microbial biomass C [24] and N [25], 
respectively. Microbial biomass P was measured using the technique developed by Brookes et al. [26]. 
A correction factor of 0.4 was used for microbial biomass P [26].  

The content of P in plants was measured by treatment with 70% perchloric acid [27]. 
Orthophosphate ions were quantified by the ascorbic acid and ammonium molybdate method 
according to Murphy and Riley [28] modified by Watanabe and Olsen [29]. 

All results are expressed on an oven-dry (105 °C, 24 h) weight basis except for plant parameters 
that are expressed on an oven-dry basis at 60 °C. 

2.3. Statistical Analyses 
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The data are presented as means ± standard deviations (SD). Differences between plant and 
successional stage treatments were analyzed using two-way ANOVA (Tukey post-hoc test). 
Differences between successional stage treatments, in plant biomass were analyzed using one-way 
ANOVA (Tukey post-hoc test) and also the parameters which show significant interaction between 
plant presence and stage by two-way ANOVA was in addition analyzed by one-way ANOVA. In 
cases in which the data were not normally distributed (this was the case for pH, soil density, EC 
aboveground biomass, and Olsen P), they were log (n + 1) transformed before ANOVA was applied. 
ANOVA was performed using Statistica 10.0. (StatSoft, Tulsa USA) 

3. Results 

The aboveground as well as belowground plant biomass in intermediate and late middle 
successional stages were significantly higher than in the early successional stage, but there was no 
significant difference between those two stages (Figure 1). The amount of above- vs. below-ground 
biomass did not significantly differ in any of the three successional stages, though in intermediate 
and late middle successional stages, the amount of belowground biomass tended to be higher than 
that of aboveground biomass (Figure 1).  

 
Figure 1. Aboveground and root biomass of Arrhenatherum elatius grown at post-mining soils of 
different successional stages. Statistically homogeneous groups are marked by the same letter (one-
way ANOVA, Tukey post-hoc test, p < 0.05). Bars represent standard deviations. 

Soil respiration was affected by both plant presence and successional stage (two-way ANOVA; 
Figure 2a). Soil respiration increased with successional stage and was significantly higher in the plant 
treatment as compared to the no-plant treatment. Microbial biomass C, N, and P, and ergosterol were 
affected by soil successional stage only (Figure 2b–d; Table 1). While microbial biomass C increased 
already in the intermediate successional stage (Figure 2b), microbial biomass N did not increase until 
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the late middle successional stage (Figure 2c). Microbial biomass P increased from early to late middle 
successional stages (Figure 2d).  

 
Figure 2. Soil respiration (a), microbial biomass of carbon (C) (b), microbial biomass of nitrogen (N) 
(c), and microbial biomass of Olsen phosphorus (P) (d) in post-mining soils originated from different 
successional stages with and without growing plants (Arrhenatherum elatius). Statistically 
homogeneous groups are marked by the same letter (one-way ANOVA, Tukey post-hoc test, p < 0.05). 
Bars represent standard deviations. 

Ergosterol contents, as indicator of fungal biomass [30], showed a similar course and 
significantly increased with successional stage (Table 1). The mass of N in microbial biomass 
increased from the intermediate to the late middle successional stage in both plant and no-plant 
treatments and did not differ between these treatments in any of the successional stages (Table 2). 
Contrary to that, the plants showed an increase in the N mass already from the early to the 
intermediate successional stage, and the plant N mass was higher than that of the microbial biomass 
for early and intermediate stages, but not for the late middle successional stage (Table 2).  
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Table 2. Mass of N and P in mg pot−1 in plants and microbial biomass. Contents in microbial biomass 
were measured in pots with and without plants. Homogeneous groups are marked by the same letter 
(one-way ANOVA, Tukey post-hoc test, p < 0.05). Letters behind the numbers mark significant 
differences in the same treatment between successional stages, letter before numbers mark significant 
differences between different treatments (with plant without plant) within the same successional 
stage. If no letter is present, the values do not significantly differ. 

Successional Stage Early   Intermediate   Late Middle   
Mass of Element in Microbes with Plants     

 N  a 5.13  ± 1.04 a  a 4.12  ± 0.36 a  b 18.28 ± 0.81 b  
 P  3.46  ± 1.75 a  b 10.09  ± 1.0 9b  c 29.02  ± 0.98 c  

Mass of element in microbes without plants    
 N  a 5.16 ± 1.22 a a 4.82  ± 0.56 a b 17.73  ± 0.63 b 
 P  3.99  ± 2.33 a  a 7.75  ± 0.81 b  b 26.73  ± 0.59 c 

Mass of element in plants      
 N  b 7.38  ± 0.53 a b 12.72  ± 1.21 b  a 13.30  ± 1.59 b  
 P  2.80  ± 0.17 a  c 15.36  ± 1.41 b  a 14.46  ± 1.59 b  

Mass of the P content in microbial biomass increased from the early to late middle successional 
stage, while the P mass did not differ in the early successional stage between plant and no-plant 
treatments. However, in later successional stages it was significantly higher in the plant treatments. 
The P content in the plant itself also increased, but only from the early to the intermediate 
successional stage and while it was higher than that of the microbial biomass in the intermediate 
stage, it was lower than that of the microbial biomass in the late middle successional stage.  

The contents of EOC, EON, Olsen P, and inorganic N in soil were affected by both plant presence 
and successional stage (two-way ANOVA; Figure 3). EOC, EON, and Olsen P were additionally 
affected by an interaction of plant presence/absence and successional stage (two-way ANOVA; 
Figure 3). The contents of EOC, EON, and inorganic N were highest in the late middle successional 
stage (Figure 3a,b,d). Only Olsen P peaked in the intermediate successional stage (Figure 3c). The 
results showed that the presence of A. elatius reduced the content of Olsen P in the intermediate and 
late middle successional stages and also tended to reduce the content of inorganic N, though this 
effect was not significant (Figure 3d). 
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Figure 3. Extractable organic C (a), extractable organic N (b), Olsen P (c), and total inorganic N (d) in 
post-mining soils of different successional stages with and without growing plants (Arrhenatherum 
elatius). Statistically homogeneous groups are marked by the same letter (one-way ANOVA, Tukey 
post-hoc test, p < 0.05). Bars represent standard deviations. 

4. Discussion 

Our results show that nutrient availability in soil and, at the same time, nutrient immobilization 
in plant and microbial biomass increased with proceeding primary succession (Figure 2c,d and Figure 
3b,c, and Table 2). The observed increase in nutrient availability during primary succession has also 
been described by previous studies [4]. The increased availability of N likely corresponds with an 
accumulation of N in soil during succession due to N fixing bacteria and mycorrhizal fungi [8] and a 
gradual increase of N stocks in the ecosystem [31]. The major drivers of an increasing availability of 
P are the gradual weathering of minerals and the activity of plants, which can move P from deeper 
soil horizons to surface soil horizons [31]. A concurrent immobilization of nutrients in the steadily 
increasing plant and microbial biomass during succession, though, might lead to a competition 
between plants and microbes for nutrients. While we did not conduct direct measurements of the 
plant-microbe competition for nutrients, several indicators suggest that such a competition existed, 
particularly in the late middle successional stage. The decrease in available P in soil (Olsen P; Figure 
3c) was associated with an increase in P (and N) in microbial biomass (Figure 2c,d). At the same time, 
the presence of plants reduced (significantly or marginally significantly) the amount of available P 
and total inorganic N in soil (Figure 3c,d). Likewise, in the late middle successional stage, the amount 
of P and N immobilized in microbial biomass was larger than that immobilized in plant biomass 
(Table 2), and was higher for microbial biomass in the presence as compared to the absence of plants. 
This, together with the fact that microorganisms often have a higher P uptake efficiency than plant 
roots and that some microbes can store large amount of P in polyphosphates [32], indicates that plants 
compete with microbes for nutrients, especially for P and increasingly so with advancing succession. 
This may be a specific situation related to primary succession, where the microbial community 



Forests 2020, 11, 247 8 of 10 

 

gradually develops [33], but may also be applicable to secondary successions, such as the succession 
on abandoned fields, where the microbial biomass is suppressed during agricultural use and re-
develops during succession. 

The overall increase of nutrients in the microbial biomass cannot only be explained by the plain 
increase in microbial biomass itself because the largest increase in the amount of microbially bound 
nutrients occurred between the intermediate and late middle successional stages, when microbial 
biomass C mostly stagnated (Figure 2b–d). This suggests that a change in microbial community 
composition may contribute to the observed nutrient increase in the microbial biomass. This is 
supported by the ergosterol contents (Table 1), which increased relatively more than microbial 
biomass C, suggesting a shift from a bacterial to a more fungal dominated microbial community in 
later successional stages. Soil fungi are known to accumulate P in the form of polyphosphate [34]. A 
relative increase of fungi may also be the reason for the tendency of microbial biomass N and P 
contents being higher in later successional stages in the presence of plants because plants are often 
associated with mycorrhizal fungi [35,36]. This can also explain the observed higher microbial 
respiration in the presence of plants (Figure 2a). 

Eventually it should be stated that every mesocosm experiment, also the actual one, should be 
extrapolated to the field with caution. In particular, the described interactions may be more 
complicated in the field, e.g., by interactions with Ectomycorrhizal fungi that can bind more C 
provided by trees or by competition for nutrients and other resources with plant roots of other 
understory plants and associated arbuscular mycorrhiza fungi [37,38]. Earlier studies conducted on 
the same sites revealed that such interactions were strong already in mid successional stages but may 
decrease in late mid succession [39]. Yet, our results suggest that interactions with the non-
mycorrhiza part of the microbial community are important. Due to the simplicity and artificial nature 
of our experiment, we clearly show that the increase of the soil microbial biomass during succession 
had two aspects: (1) microbial biomass can contribute to the mineralization of organic matter and 
nutrient release and (2) soil microbial biomass becomes a progressively stronger competitor for 
nutrients during primary succession. 

5. Conclusions 

Although overall nutrient availability increased with proceeding succession, we could observe 
a decrease in P availability in the late middle successional stage in the pots with plants. The microbial 
community immobilized double the amount of P in comparison to plants in this stage and microbial 
immobilization was significantly higher than that in the pots without plants. This indicates a possible 
competition for available P and its limitation for plants in the late middle successional stage. Thus, 
we postulate that the microbial community is more efficient in covering its P demand as compared 
to plants.  
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