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Preface to “Nutrient Cycling and Plant Nutrition in 
Forest Ecosystems” 

Understanding nutrient cycling in forest ecosystems is crucial for managing forest resources 
and mitigating global climate change; one of the applications of understanding nutrient cycling is 
the management of plant/forest nutrition and forest productivity [1]. Nutrient cycling and plant 
nutrition have been subjects of research in forest science for a long time but there have been new 
focuses in dealing with current environmental issues; for example, there has been recent focus on 
the effect of global change factors (such as drought and warming) on nutrient cycling and plant 
nutrition in forest ecosystems [2] and the need to better understand the effect of persistent 
atmospheric pollutants such as nitrogen and sulfur on forest ecosystems when such pollutants 
eventually return to the soil [3]. Disturbance regimes such as hurricanes that could occur on an 
annual basis and disturb a large tract of land can be devastating to the ecosystem and the society 
but little research has been conducted to understand the effect of such disturbances on soil 
biogeochemistry [4]. 

The call for submissions to the Special Issue on Nutrient Cycling and Plant Nutrition in 
Forest Ecosystems was met with an enthusiastic response and we have now finalized the Special 
Issue with 16 articles. The 16 articles include a review article, a meta-analysis article and 14 research 
articles. The 16 articles cover a broad range of topics from assessing the influence of sampling 
methods on the quantification of soil carbon and nitrogen contents and stocks [5] to a study on 
surface carbon dioxide exchange across a climatic gradient [6]. The Special Issue can be 
summarized into five themes: 1) disturbance effects on soil properties; 2) nutrient dynamics in 
forest soils and nutrient management; 3) soil–plant relations and forest ecophysiology; 4) carbon 
dioxide emissions from forest soils; and 5) methods for studying forest soil properties and 
productivities.  

The first theme of the Special Issue includes a set of four articles that evaluated the effect of 
disturbance regimes (including harvesting, thinning and hurricane) on stocks of soil carbon and 
nitrogen and other nutrients.  In Menegale et al. [7], the effect of timber harvest intensity (stem-
only, whole tree harvest and whole tree harvest plus litter layer removal) on the stocks of available 
phosphorus and sulfur, total nitrogen, and oxidizable carbon in an Oxisol planted to Eucalyptus 
(Eucalyptus grandis) was studied in Brazil. Twelve years after the treatments were applied, nutrient 
stocks in the 0–20 cm layer were reduced in all treatments as compared with the pre-experiment 
values and the reduction increased with increasing harvesting intensity, demonstrating the 
negative impact of the intensive harvesting regimes. In a similar study on medium-aged Norway 
spruce (Picea abies L. Karst.) and Scots pine (Pinus sylvestris L.) stands in Germany [8], whole tree 
harvesting caused a much greater export of nutrients than whole tree harvesting but with needles 
retained on site, with the lowest nutrient export in the stem-only harvesting, consistent with 
Menegale et al. [7] in terms of the harvesting intensity effect on nutrient availability. Lodge et al. [4] 
considered downed tree trunks (or coarse woody debris) from hurricanes as a critical component of 
the disturbance effect and showed that coarse woody debris affected root length growth and soil 
properties in upslope vs downslope positions relative to the coarse woody debris. On this theme, 
the article by James and Harrison [9] provides a very good summary of the effect of timber 
harvesting on soil carbon using a meta-analysis approach. They reported that harvesting reduces 
soil carbon, on average, by 11.2%, with the 95% confidence interval between 14.1 and 8.5%; the 
magnitude of the loss is dependent on the soil horizon or depth evaluated, and the soil order. The 
largest loss occurred in the surface organic horizons, or the forest floor.  

In the second theme on nutrient dynamics in forest soils and nutrient management, five 
articles are included. Among the five articles, Huang et al. [10] reported that native and invasive 
earthworms had different abilities for resource utilization and their subsequent effect on soil carbon 
and nitrogen dynamics and the colonization of invasive earthworms were also different.  The 
spatial patterns of the distribution of soil nutrient stocks were different among nitrogen, 
phosphorus and potassium in Moso bamboo (Phyllostachys heterocycla (Carr.) Mitford cv. Pubescens) 
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forests in southern China, implying a need for differential fertilization rates if those nutrients need 
to be added to address nutrient deficiencies [11]. Phosphorus is increasingly being recognized as a 
nutrient that can be limiting for forest productivity; Julich et al. [12] reported that 1) the 
composition of phosphorus forms in preferential flow pathways was different from that in the soil 
matrix; and 2) labile organically-bound phosphorus accumulates in preferential flow pathways 
such as biopores in temperate beech (Fagus sylvatica L.) forests with contrasting soil phosphorus 
contents in Germany. Within this theme, two articles are on fertilizer use efficiency and forest 
nutrient management. Raymond et al. [1] used enhanced efficiency fertilizer products, as compared 
with urea, to improve fertilizer nitrogen use efficiency in loblolly pine (Pinus taeda L.) plantations in 
southeastern United States and showed that fertilizer N recovery at the ecosystem level and 
fertilizer nitrogen use efficiency were greater for enhanced efficiency fertilizer products than for 
urea, demonstrating a new way to improve fertilizer nitrogen use efficiency. In the last article on 
this theme, Parent and Coleman [13] provide an excellent overview of nutrient management for 
grand Fir (Abies grandis (Douglas ex D. Don) Lindley) in Inland northwestern United States. 

Four articles are published on the third theme: soil–plant relations and forest ecophysiology. 
In an interesting article by Xu et al. [14], soil and vegetation data from a 30-ha old-growth broad-
leaved Korean pine (Pinuskoraiensis) forest were used to illustrate that soil properties strongly affect 
forest community structure and the soil–plant relationship was more strongly expressed with the 
canopy species.  Of the four evergreen Fagaceae species studied in southwestern Japan, Kayama 
and Yamanaka [15] discovered that the effect of inoculation of the tree species with ectomycorrhizal 
fungi for planting on a calcareous soil depends on the tree and ectomycorrhizal species. Guo et al. 
[16] reported that a combination of nitrogen, phosphorus and potassium fertilizer application was 
most effective in improving the net photosynthesis rate and growth (height and diameter) of Ginkgo 
biloba L. trees in central eastern China. In a unique study by Chen et al. [17], the seasonal dynamics 
of nutrient resorption and concentration of phenolics in association with leaf senescence of a 
mangrove shrub species (Aegiceras corniculatum (L.) Blanco) was studied. They reported high 
nitrogen and phosphorus resorption efficiencies and suggested that high total phenolics to nitrogen 
and total condensed tannin to nitrogen ratios in senescent leaves were likely nutrient conservation 
strategies for the studied mangrove species.  

The fourth theme has a lone article that reports a 3-year dataset on surface net C exchange 
and ecosystem respiration across different landforms, including upland, peat plateau and collapse 
scar, in mid-boreal to high subarctic ecoregions in the Mackenzie Valley in northwestern Canada 
[6]. Such studies are urgently needed in addressing the potential effect of a warmer climate on 
ecosystem processes in the vulnerable high latitudes. The authors showed that upland forest sites 
were sources of CO2, collapsed areas were sinks of CO2, especially in the high subarctic, and peat 
plateaus were minor sources of CO2.  

The fifth and last theme on methods for studying forest soil properties and productivities 
includes two articles. The Metsaranta and Bhatti [18] article explored the possibility of using 
diameter increment reconstructed annually from tree-ring data to estimate the annual growth 
increments of the wood volume of five species:  jack pine (Pinus banksiana Lamb.), lodgepole pine 
(Pinus contorta Dougl.var. latifolia Engelm.), black spruce (Picea mariana (Mill.) B.S.P.), white spruce 
(Picea glauca (Moench) Voss.), and trembling aspen (Poplus tremuloides Michx). They concluded that 
the success of such estimates depends on the tree species, the diameter class, and the equation used 
to estimate the volume. In the last article in this Special Issue, Wang et al. [5] compared the effect of 
two different soil sampling approaches (pedogenetic horizon versus fixed-depth) on the 
quantification of soil organic carbon and nitrogen content and storage in larch (Larix gmelinii) 
plantations in northeast China. They found that the sampling method effect was dependent on the 
soil sampling depth, site type and forest stand age. They suggested that future soil assessments 
should control for methodological differences. 

We thank the authors for submitting their manuscripts to this Special Issue and for returning 
their revisions promptly. We also thank the reviewers for their contribution in the publication of 
this Special Issue; some of the reviewers graciously accepted to review a manuscript three times to 
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make sure that the final product is of a high quality for publication. We also received strong 
support from the Journal’s Editorial Office—the support substantially reduced the Guest Editors’ 
workload. It was the collective efforts of the authors, the reviewers and the staff in the Office that 
made the publication of this Special Issue possible.  

Scott X. Chang and Xiangyang Sun 
Guest Editors 
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Abstract: This study uses detailed soil and vegetation data collected in a 30-ha old-growth
broad-leaved Korean pine forest to study the effect of soil properties on tree community structures.
Spatial distribution patterns are simulated using a homogeneous Poisson process (HomP) and
a homogeneous Thomas process (HomT). The simulated distributions are compared with the
observed ones to explore correlations between certain tree species and several soil elements.
The HomP model shows that all tested tree species are significantly correlated with at least one
principal component in the upper-layer soil elements. The HomT model shows that only 36.4% of
tree species are significantly correlated with the principal component of at least one upper-layer
soil element. This result shows that the impact of dispersal limitation is greater than impact of
environmental heterogeneity on species spatial distributions. The spatial autocorrelation of species
induced by the dispersal limitation will largely conceal the plant-soil relationships caused by the
heterogeneity of soil elements. An additional analysis shows that the elements in the upper soil layer
which have the greatest impact on community niche structure are Pb, total phosphorus (TP), total
nitrogen (TN), Cu, Cr, Zn and available nitrogen (AN). The corresponding elements in the lower
soil layers are Pb, TP, Cu, organic carbon (OC), Mn, total potassium (TK) and AN. Different species
seem to be complementary regarding the demands on the available soil resources. The results of this
study show that the tree species in the different growth groups have different habitat preferences.
Compared with subcanopy and shrub species, the canopy species have more significant correlations
with the soil elements.

Keywords: plant-soil relationships; dispersal limitation; habitat filtering; soil elements

1. Introduction

The impact of species dispersal and habitat filtering on the species distribution at medium
(1–100 km2) and large landscape scales (100–10,000 km2) can be easily quantified if the soil
resources of a particular forest community show a mosaic pattern and exhibit obvious heterogeneity
characteristics [1], in which case certain habitat factors may have a significant impact on the species
spatial distribution [2–4]. At the local scale (<1 km2), the pattern induced by a species dispersal
limitation is very similar to that induced by the habitat heterogeneity. It is therefore relatively difficult
to distinguish between the impact of species dispersal and habitat filtering on a species’ spatial
distribution. A considerable amount of evidence shows that the species distribution is often closely

Forests 2016, 7, 159 1 www.mdpi.com/journal/forests
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correlated with certain soil elements, as well as with the soil texture, terrain features, parent material
and other factors at a local scale [5]. Such significant plant-soil relationships occur widely in temperate
forests, subtropical forests and tropical forests [5–8].

Seed dispersal is an important ecological process affecting community structuring. Dispersal
limitation will occur when the seeds cannot arrive at a new suitable location, and available evidence
shows that species dispersal limitation is often found in the forest communities [9]. However, whether
dispersal limitation will have a significant impact on community spatial patterns is still in dispute [10].
Habitat filtering is another important ecological process affecting community assemblage and species
coexistence [11,12]. The habitat filtering effect may significantly impact the growth and survival of
seedlings. A species adapted to a particular habitat can survive and coexist with other species, while
a species which is not adapted to that habitat may be eliminated [13,14]. In tropical and subtropical
forests, certain habitat factors such as topography and soil conditions may cause many plant species to
show clustered distributions. The spatial distribution of plant species is often highly correlated with
certain habitat factors [15,16]. Habitat heterogeneity isolates those species which are unable to coexist
into different habitat patches. For example, different species have different competitive capacities in
different habitat patches and respectively occupy the patches where they have the strongest competitive
capacity [17]. In undisturbed forests, the resource heterogeneity shows a very low contribution to
species diversity, while the resource quantity in heterogeneous habitats is the main driving force
impacting on the species diversity [18].

Studies involving the relationship between species distributions and environmental factors often
consider the topographic variables or habitat types based on specific topographic variables [8,19].
However, the topographical factors are not suitable to replace the soil property for disclosing the impact
of environmental factors on the species distribution [20]. Therefore, it is necessary to adopt direct
environmental factors such as soil elements in the study of plant-soil relationships [6]. In addition,
different tree species contribute differently to the soil nutrient composition through their mycorrhiza
and litter. Bonifacio et al. [21] found that the content of organic matter in the soil of a broad-leaved
spruce mixed forest was lower than that in a pure spruce forest. Moreover, the organic matter in the
local soil layer of the pure spruce forest was obviously enriched, but all of the soil organic matter in
the broad-leaved spruce mixed forest was distributed uniformly.

The importance of the soil resource heterogeneity to the maintenance of community diversity has
been widely recognized, but the impact of the soil resource quantity on the species distribution has not
yet been evaluated systematically. Temperate forests account for a high proportion of the world’s forest
resources, and research regarding the relationship between soil resources and species distribution is
helpful in revealing the structuring mechanisms of temperate forest communities. This study evaluates
the relationship between species spatial distributions and soil resources in an old-growth broad-leaved
Korean pine forest community and attempts to answer the following questions: (1) Do the soil elements
significantly affect the species spatial distribution in a broad-leaved Korean pine forest? (2) If yes,
which soil elements are closely related to the forest community niche structure? In order to determine
the actual relationship between the plant and soil elements, we eliminate the disturbance resulting
from the species dispersal using specific spatial simulation techniques.

2. Materials and Methods

2.1. Field Data Acquisition

The research area is located within the Jiaohe Forest Experimental Area Administration Bureau
of Jilin province, where a temperate continental mountain climate affected by monsoons and an
average temperature of 3.7 ˝C prevails. July is the hottest month, with an average temperature
of 21.7 ˝C. January is the coldest month, with an average temperature of ´18.6 ˝C. The average annual
precipitation is 695.9 mm. The soil type is a dark brown forest soil according to the Chinese soil
taxonomy [22], with an average depth of 45 cm. In winter, the soil surface freezing time is about
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150 days, with a frozen layer depth of 1.0–2.5 m. Because of the strong biological accumulation of the
humus layer effect, the soil has high organic carbon content.

In 2010, a 30-ha (500 m ˆ 600 m) research plot was established in a typical old-growth broad-leaved
Korean pine forest which is located at 43˝57.928’–43˝58.214’ N and 127˝45.287’–127˝45.790’ E, far from
urban areas and is virtually unaffected by human disturbance. The altitude of the research plot is
576.03–784.18 m, and the altitudinal difference between the highest and the lowest point is 208 m.
All woody plants with a breast height diameter (dbh) exceeding 1 cm were tagged and mapped, their
species were identified, and their dbhs, tree heights, crown widths, and heights to live crown were
assessed. In this 30-ha observational study, a total of 49,678 woody plants (belonging to 48 species)
were recorded. The dominant tree species are Pinus koraiensis, Tilia amurensis, Fraxinus mandshurica,
Ulmus laciniata and Acer mono.

A combination of systematic and random sampling was used to assess soil properties. We randomly
selected one direction from the eight directions around each 40 m ˆ 40 m grid intersection and then
randomly selected two distances from 2 m, 8 m and 15 m distances to form three combinations (2 m
and 8 m, 2 m and 15 m or 8 m and 15 m) in the selected direction (see [23] for a detailed description
of this approach). Finally, a total of 540 sample points were obtained in the 30-ha plot. The plant
root system in the plots was mainly concentrated in the 0–20 cm soil layer, especially in the upper
0–10 cm layer, where the root system was dominant. Therefore, soil samples were taken from the
upper (0–10 cm) and lower soil layer (10–20 cm) at each sample point and 18 soil variables were
assessed: available nitrogen (AN), total nitrogen (TN), available potassium (AK), total potassium
(TK), available phosphorus (AP), total phosphorus (TP), organic carbon (OC), pH, Cu, Ni, Cd, As, Pb,
Zn, Mo, Cr, Mn and Mg. We used ammonium nitrogen-indophenol blue colorimetry to measure the
content of available nitrogen; the hydrochloric acid-ammonium fluoride method to assess available
phosphorus; the ammonium acetate extraction method to assess available potassium; the Kelvin
heating digestion method to assess total potassium, and the high-temperature external-heat potassium
dichromate oxidation method to assess organic carbon. Heavy metal elements were extracted using the
Mehlich3 general extracting agent. Concentrations were assessed using inductively coupled plasma
atomic emission spectrometry (ICP-AES). The above experiments were carried out according to the
recommendations of the China Soil Council [24].

2.2. Relationship between Species Distribution and Soil Elements

Principal component analysis (PCA) was used to identify several composite factors representing
various original variables by means of the dimensionality reduction method, and to allow these
composite factors to retain the greatest possible amount of information for a large number of original
variables. These composite factors had to be mutually unrelated. The 18 soil variables used in this
paper have a very high correlation, so there is also a serious multicollinearity problem. In order to
compress and extract the main information of the soil elements, principal component analysis was
used for these soil elements and the pH values.

The Monte Carlo method was used to simulate species spatial distributions. We assume that the
heterogeneous spatial distribution of the soil elements causes specific species distribution patterns.
To evaluate this assumption, we applied two spatial point process models, the homogeneous Poisson
process (HomP) and the homogeneous Thomas process (HomT) for simulating specific spatial
distributions. The homogeneous Poisson process (HomP) simulates a completely random spatial
species distribution and is used to test the significance of the plant-soil correlation. The homogeneous
HomP thus assumes that all individuals of a certain plant species are randomly distributed in the
plots. However, most of the tree species are not randomly distributed, thus it is necessary to consider
a non-random process [24]. Therefore, we also used a homogeneous Thomas process (HomT) to
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simulate the autocorrelation of the species spatial distribution, which may be the result of dispersal
processes [25–27]. The Poisson process model is usually expressed as Equation (1):

ρ pμq “ α¨ exp
´

z1:k pμq βT
1:k

¯
(1)

When ρ pμq is a constant, the point pattern is represented by a homogeneous Poisson process
(completely random); z1:k pμq is the function of environment variables where μ is the location of a point;
α is the average density of the species distribution and βT

1:k are the coefficients.
The homogeneous Thomas process is usually expressed by Equation (2):

ρc pμq “ αk pμ ´ c; δq (2)

where the parameter c defines the location of the parent tree, and k pμ ´ c; δq defines the dispersal
model of the offspring around the parent trees.

The spatial point process model was used to simulate the distribution pattern of each species
in the observational study area [28]. For each species, there are 1000 distribution maps, including
999 simulated maps and one observed species map. The simulated species distribution maps were
then matched with the principle components (PCs) distribution maps of the soil elements. The Pearson
coefficient between each simulated species distribution and the PC distribution map among the
40 m ˆ 40 m square cells were calculated. Thus, the 95% confidence interval can be calculated based
on 999 Pearson coefficients. When the Pearson coefficient between the observed species distribution
and the PCs is greater than the upper limit of the 95% confidence interval, then the relationship
between the species distribution and the PCs of the soil elements represents a significant positive
correlation. The correlation will be negative if the Pearson coefficient between the observed species
distribution and the PCs is smaller than the lower limit of the 95% confidence interval. Alternatively,
the correlation will be non-significant.

To ensure reasonable sample sizes, the analysis was limited to the 33 most abundant species
(Table S1) which are represented by at least 30 individuals in the study area. In accordance with the
potential maximum height (hmax), the tree species were assigned to one of three groups: canopy
species (hmax ě 15 m), subcanopy species (5 m ď hmax < 15 m) and shrub species (hmax < 5 m).
The 33 species include 23 canopy species, 5 subcanopy species and 5 shrub species.

The Canonical Correspondence Analysis (CCA) was used to study the relationship between the
species composition and the soil environment. The species composition was expressed by a species-site
matrix, and the soil environment was expressed by 18 soil elements.

The ecological niche breadth, which reflects the degree of adaptation to different environments, is
reciprocal to the degree of ecological specialization [29]. In this study, we evaluate Levins’ ecological
niche breadth of tree species represented by at least 30 individuals [30], and test the degree of ecological
specialization of each species with regard to the soil elements. The Levins’ ecological niche breadth
indicator formula is specified in Equation (3):

Bi “
´ÿ

Nij

¯2 {
´ÿ

Nij
2
¯

(3)

where Bi is the ecological niche breadth of species i, and Nij is the resource value in the j'th resource
grade for species i. In order to evaluate the overall impact of each soil variable on the community
niche structure, a boxplot for the ecological niche breadth of all studied species was drawn for each
soil variable.

All calculations were performed using the R statistical software [31]. The principal component
analysis was implemented using the “vegan”, “ade4”, “gclus” and “ape” packages.
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3. Results

The difference in the species compositions among the 40 m ˆ 40 m cells was significantly correlated
to the difference in the average concentrations of soil elements in those cells for both the upper and the
lower soil layer. The CCA ordination analysis regarding soil nutrient and community composition
shows that most soil variables are significantly correlated with the CCA ordination axes (Figure 1,
Table 1). However, some soil elements show similar effects according to the lengths and directions of
the soil nutrient vectors. Surprisingly, major soil elements (such as N, P and K) do not show a stronger
influence than the metal elements (such as Ni, As and Mg) in both soil layers. The same nutrient shows
a consistent direction in both soil layers, but the nutrient vectors in the upper soil layer are longer than
those in the lower layer (Figure 1).

Figure 1. Canonical correspondence analysis (CCA) in two soil layers involving the upper (a) and
lower layer (b). The species abundance and average values of soil nutrients in the 40 m ˆ 40 m
plots were used to test the relationship between species composition and soil elements. The species
scores and site scores of the first two ordination axes are drawn in the figure. The arrow direction
indicates the positive and negative correlation between the soil nutrient and ordination axes, while the
length of the arrow represents the degree of correlation between certain soil nutrient variables and the
community composition.

Table 1. Pearson’s correlations between soil variables and the first two axes of canonical correspondence
analysis (CCA).

Soil Variables
Upper Soil Layer Lower Soil Layer

CCA1 CCA2 CCA1 CCA2

available nitrogen ´0.12 ´0.13 ´0.11 ´0.14
total nitrogen ´0.91 *** 0.07 ´0.91 *** 0.27 ***

available potassium 0.13 0.05 0.03 ´0.05
total potassium ´0.02 ´0.41 *** ´0.05 ´0.36 ***

available phosphorus ´0.05 ´0.36 *** ´0.22 ** ´0.44 ***
total phosphorus ´0.05 0.12 0.00 ´0.01
organic carbon 0.08 ´0.51 *** ´0.07 ´0.39 ***

Cu 0.07 ´0.26 *** 0.08 0.10
Ni 0.15 * 0.19 * 0.05 0.18 *
Cd ´0.16 * ´0.23 ** ´0.19 * ´0.41 ***
As ´0.34 *** 0.02 ´0.30 *** 0.03
Pb ´0.10 0.17 * ´0.07 0.15 *
Zn ´0.21 ** ´0.31 *** ´0.21 ** ´0.29 ***
Mo 0.05 ´0.26 *** 0.03 ´0.35 ***
Cr 0.03 0.33 *** 0.05 0.28 ***
Mn ´0.16 ´0.01 ´0.09 ´0.03
Mg 0.02 0.31 *** 0.04 0.29 ***
pH ´0.04 ´0.23 ** ´0.04 ´0.36 ***

* indicates p < 0.05; ** indicates p < 0.01; *** indicates p < 0.001.
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As soil nutrient variables are significantly correlated with each other (Table S2), we obtained
a group of optimum orthogonal unit vectors based on principal component analysis. The first four PCS

(PC1, PC2, PC3 and PC4) are not related to one another and jointly explain 53%–54% of the variation
in soil elements in the two soil layers. In the two layers, the first principal component (PC1) accounts
for 20.3%–21.9% of the variation in soil nutrient concentrations, while the second (PC2) accounts for
11.3%–14.1%. The third principal component (PC3) accounts for 10.7%–10.9% and the fourth (PC4) for
8.9%–9.1% (Table 2).

Table 2. Soil variable loadings on the four principal components (PCs) in the two soil layers.

Soil Variable
Upper Soil Layer Lower Soil Layer

PC1 PC2 PC3 PC4 PC1 PC2 PC3 PC4

available nitrogen ´0.387 ´0.318 ´0.445 ´0.122 0.111
total nitrogen ´0.130 ´0.370 ´0.219 ´0.419 0.164

available potassium 0.191 ´0.306 ´0.369 0.140 0.195
total potassium ´0.229 0.296 ´0.156 0.260

available phosphorus ´0.379 ´0.119 ´0.190 0.145 ´0.160
total phosphorus 0.142 ´0.152
organic carbon 0.318 0.355 ´0.203 0.202 ´0.267 ´0.308 ´0.238

Cu ´0.252 ´0.345 0.422 ´0.103 ´0.222 0.442 ´0.356
Ni ´0.184 0.248 0.315 ´0.259 0.153 ´0.264
Cd ´0.389 ´0.134 ´0.150 ´0.415 0.161 0.210
As ´0.270 ´0.378 ´0.154 ´0.293 ´0.165 0.318 0.159
Pb 0.113 ´0.232 0.493 ´0.103 0.393 ´0.494
Zn ´0.318 0.401 ´0.234 ´0.141 ´0.348 ´0.379 ´0.25
Mo ´0.421 ´0.216 ´0.430 0.127 0.317
Cr ´0.311 0.401 ´0.238 ´0.157 ´0.334 ´0.102 ´0.380 ´0.255
Mn ´0.158 ´0.224 0.317 ´0.196 ´0.296 ´0.174
Mg ´0.292 0.176 0.306 ´0.372
pH 0.196 ´0.318 ´0.177 0.149 ´0.384

Variance (%) 21.9 11.3 10.9 8.9 20.3 14.1 10.7 9.1
Species (n ě 5) 25 25 16 23 24 20 19 17
Species (n ě 30) 24 23 14 20 23 20 17 16

PC1 is the most important principal component, reflecting the contribution of the metal elements.
In the upper soil layer, PC1 shows a positive correlation with Pb, and a negative one with other
elements. In the lower soil layer, PC1 has negative correlations with all metal elements except Pb.
The loading values of each soil nutrient variable in PC3 show a large difference. PC3 exhibits a negative
correlation with most soil variables in the upper soil layer, but a positive one with most soil variables
in the lower soil layer. PC2 and PC4 together represent all the information on various soil elements.

When the Monte Carlo method was used to test the relationship between different principal
components and species distributions, most species show a significant correlation with the principal
components. The difference in species showing significant correlation with the PCs before and after
eliminating rare species (n < 30) is minor. Only very few (1–3) rare species show significant correlations
with the soil elements (Table 2).

When testing the tree species-soil relationships, four PC axes are used, which replace the
individual soil elements to reduce the testing frequency. The HomP model was used to establish the
confidence interval and to test whether the species distribution is closely related with the soil elements
represented by the PCs. All studied tree species show a significant correlation with at least one principal
component of soil elements in the upper soil layer, while 87.9% of the species are significantly related
to at least one principal component of elements in the lower soil layer. The HomT model eliminates
the effect of the species dispersal limitation, and the results show that only a few tree species exhibit
a preference for particular soil elements. A total of 12 tree species are significantly related to at least
one principal component of elements in the upper soil layer (accounting for 36.4% of all studied tree
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species), and 10 tree species are significantly related with at least one principal component of elements
in the lower layer (accounting for 30.3% of all studied tree species). The results between the HomT and
HomP models are very different. We assume that the spatial autocorrelation of species distributions
induced by the dispersal limitation may confound the true plant-soil relationships induced by the
spatial heterogeneity of soil elements (Tables 3 and 4).

Table 3. Relationships between species distribution and one of the first four PC axes of soil nutrients
in the upper soil layer. HomP represents the homogeneous Poisson process; HomT represents the
homogeneous Thomas process.

Tree Species
HomP HomT

PC1 PC2 PC3 PC4 PC1 PC2 PC3 PC4

Betula platyphylla ´ ´ ´
Acer mandshuricum + ´ ´ ´

Padus racemosa ´ ´ ´
Abies nephrolepis + + +

Ulmus davidiana var. japonica + ´ +
Ulmus macrocarpa + ´ ´

Betula costata ´ ´
Betula dahurica +
Pinus koraiensis ´ + ´

Juglans mandshurica + ´ ´
Sorbus pohuashanensis + +

Phellodendron amurense ´ ´ ´
Tilia mandschurica + + +

Ulmus laciniata + ´ ´ + ´
Quercus mongolica + ´ +
Carpinus cordata + + ´

Acer tegmentosum ´ + + ´ ´ +
Acer mono + ´ ´

Abies holophylla + ´
Fraxinus mandshurica + ´ + ´

Sorbus alnifolia ´ ´
Populus koreana ´
Tilia amurensis + +

Syringa reticulata var. amurensis + ´ ´ + + +
Acer barbinerve ´ + +

Tilia mandschurica + +
Acer ukurunduense ´ + + + +

Lonicera maackii +
Euonymus macropterus +

Eleutherococcus senticosus + ´ + ´
Euonymus pauciflorus ´ + +
Corylus mandshurica ´ ´ ´ +

Rhamnus davurica ´
Significant negative correlation 10 11 11 9 2 2 2 1
Significant positive correlation 14 12 3 11 3 2 2 2

Non-significant correlation 9 10 19 13 28 29 29 30

Symbol “+” indicates significant positive correlation at the 0.05 level; Symbol “´” indicates significant negative
correlation at the 0.05 level.
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Table 4. Relationships between species distribution and one of the first four PC axes of soil elements
in the lower soil layer. HomP represents the homogeneous Poisson process; HomT represents the
homogeneous Thomas process.

Plant Species
HomP HomT

PC1 PC2 PC3 PC4 PC1 PC2 PC3 PC4

Betula platyphylla + ´ +
Acer mandshuricum + ´ + ´ +

Padus racemosa ´ ´
Abies nephrolepis + ´

Ulmus davidiana var. japonica + ´ + ´
Ulmus macrocarpa + ´

Betula costata ´ + ´ +
Betula dahurica +
Pinus koraiensis ´ + +

Juglans mandshurica +
Sorbus pohuashanensis

Phellodendron amurense ´ + +
Tilia mandschurica + + ´ ´

Ulmus laciniata + + +
Quercus mongolica +
Carpinus cordata + + ´ ´ ´

Acer tegmentosum ´ + ´ + + +
Acer mono +

Abies holophylla ´ + ´ +
Fraxinus mandshurica + ´ + +

Sorbus alnifolia + +
Populus koreana + + +
Tilia amurensis

Syringa reticulata var. amurensis + ´ + ´ ´
Acer barbinerve ´ + +

Tilia mandschurica ´ ´
Acer ukurunduense ´ + ´

Lonicera maackii + ´
Euonymus macropterus

Eleutherococcus senticosus
Euonymus pauciflorus ´ + ´ + ´
Corylus mandshurica ´ ´ + +

Rhamnus davurica ´ ´
Significant negative correlation 10 10 6 9 1 1 1 1
Significant positive correlation 13 10 11 7 1 5 2 1

Non-significant correlation 10 13 16 17 31 27 30 31

Symbol “+” indicates significant positive correlation at the 0.05 level; Symbol “´” indicates significant negative
correlation at the 0.05 level.

Significant species-soil relationships show up mainly for the canopy species. A total of 39.1% of
canopy species (14 of 23 species) are significantly related to the PCs of soil elements in the upper
soil layer, while 34.8% of canopy species (14 of 23 species) are significantly related to the PCs of soil
elements in the lower soil layer. Two out of five subcanopy species show significant correlations with
the PCs of soil elements in the upper soil layer, and only one out of five subcanopy species shows
significant correlations with the PCs in the lower soil layer. Only one out of five shrub species shows
significant correlations with PC3 of soil elements in the upper soil layer and with PC2 and PC4 of
elements in the lower soil layer (Table 5).
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Table 5. Species distribution-PC associations examined by the homogeneous Thomas process in
different growth groups.

Soil Layer
Canopy Species Subcanopy Species Shrub Species

23 Species 5 Species 5 Species

Upper
Number of species related to PC1 5 (3+, 2´) 0 (0+, 0´) 0 (0+, 0´)
Number of species related to PC2 3 (1+, 2´) 1 (1+, 0´) 0 (0+, 0´)
Number of species related to PC3 2 (0+, 2´) 1 (1+, 0´) 1 (1+, 0´)
Number of species related to PC4 3 (3+, 0´) 1 (1+, 0´) 0 (0+, 0´)

Number of species unrelated to PCs 14 3 4

Lower
Number of species related to PC1 2 (1+, 1´) 0 (0+, 0´) 0 (0+, 0´)
Number of species related to PC2 4 (4+, 0´) 1 (0+, 1´) 1 (1+, 0´)
Number of species related to PC3 3 (2+, 1´) 0 (0+, 0´) 0 (0+, 0´)
Number of species related to PC4 1 (1+, 0´) 0 (0+, 0´) 1 (0+, 1´)

Number of species unrelated to PCs 15 4 4

The first number in parentheses refers to the number of species that showed positive plant-soil relationships;
the second number in parentheses is the number of species that showed negative plant-soil relationships.

The soil nutrient variables are highly correlated with each other (Table S2). It is thus difficult
to evaluate the relative importance of individual soil elements in a community niche structure.
We calculated the ecological niche breadth of all species for individual soil nutrient gradients and
conclude that the smaller ecological niche breadth indicates a higher specialization degree of particular
focal species. When the ecological niche breadth is relatively small, plant species show a weak
adaptability to the variations in soil properties. Thus, the smaller the niche breadth for a given soil
variable, the greater is the effect of that soil variable on the niche structure of the community. The soil
elements which have the largest impacts on the community niche structure are Pb, TP, TN, Cu, Cr, Zn
and AN in the upper soil layer and Pb, TP, Cu, OC, Mn, TK, AN, TN, Zn and Cr in the lower layer
(Figure 2). The ecological niche breadths of AK, TK, AP, OC, AN, TN, Ni and pH show significant
differences between the two soil layers. These nutritional elements, which are represented differently
in the two soil layers (Table S4), are important for plant growth.
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Figure 2. Boxplot of niche breadth values for 18 soil nutrients in two soil layers. The smaller the niche
breadth for a given soil variable, the greater is the effect of that soil variable on the niche structure of
the community.
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4. Discussion

A particular community pattern involves specific ecological processes, and a particular process
in turn represents the cause and driving force of many different patterns. Previous studies have
shown that the old-growth broad-leaved Korean pine forest exhibits a strong dispersal limitation [32].
The joint effects of environmental heterogeneity and dispersal limitation can more effectively explain
the species-area relationships and β diversity in the old-growth broad-leaved Korean pine forest [33].
Our study extracted four principal components to express the spatial variation of soil variables.
Each principal component reflects different combinations of the soil characteristics. PC1 indicates the
spatial variation of metal elements in soils such as Cu, Ni, Cd, As, Pb, Zn, Mo, Cr, Mn, Mg, while PC2,
PC3 and PC4 indicate the spatial variation of the nutrients (nitrogen, phosphorus, potassium, organic
carbon) and soil pH.

A species distribution simulation using a spatial point process model can directly evaluate the
relationships with the nutrient PCs. The plant-soil relationships tested by the homogeneous Thomas
model are less indicative than those tested by the homogeneous Poisson model: they are reduced
by 63.6% in the upper soil layer, and by 57.6% in the lower layer. True effects of environmental
filtering on the species distribution are reduced after eliminating spatial autocorrelation induced from
a dispersal process. Therefore, we can conclude that the dispersal-limitation effect on a particular
species distribution is greater than the effect of the environmental heterogeneity.

Previous studies have shown that soil elements strongly affect vegetation patterns in tropical
and temperate forest communities [34–37]. Paoli et al. found that the spatial distributions of 18 out
of 22 tree species in a tropical forest community were significantly associated with soil elements,
especially with P, Mg and Ca [38]. They argued that dispersal and niche processes jointly determine
mesoscale beta diversity in a Bornean Dipterocarp forest. John et al. [7] detected an effect of soil elements
on the spatial distribution of particular tree species in three diverse neotropical forest plots. They found
that the spatial distributions of 36%–51% of all the tree species in these plots show strong associations
with soil nutrient distributions. B and K in their BCI plot, Ca and Mg in the Yasuni plot and K, P, Fe
and N in the La Planada plot showed the strongest effects on community niche structure [7].

In a subtropical broad-leaved forest community, spatial heterogeneity of soil elements was
associated with distributions of 88.2% (90 out of 102 species) of tree species after controlling the effects
of dispersal limitation. The soil factors most strongly influencing species distributions were TC, TN, TP,
K, Mg, Si, soil moisture and bulk density [6]. Our results showed that TP, TN, AN in the upper soil layer
and TP, TK, TN, AN in the lower soil layer strongly affect species distributions. Nitrogen, phosphorus
and potassium are the essential mineral elements for plant growth, as well as being rather limited
soil elements, and their concentration directly affects plant growth and survival [39,40]. The variation
coefficient of AN, AP, AK, TN, TP and TK in the broad-leaved Korean pine forest ranges from 0.16 to
0.44, and shows obvious spatial heterogeneity (Table S3). When the quantity of nitrogen, phosphorus
and potassium in the habitat cannot meet the plants’ demands, they will become important limiting
factors for plant growth.

Metal elements show consistent effects on community structure in the two soil layers. Pb, Cu, Cr
and Zn in both the upper and lower soil layers strongly affect the community niche structure of the
old-growth forest. Previous studies have shown that metal elements have important effects on the
growth, development and breeding of plants. Cu is a cofactor influencing the structure and catalytic
compounds of proteins and enzymes and is thus essential for the normal growth and biochemical
processes. However, excessive Cu will produce a large number of free radicals and malondialdehyde
(MDA), causing metabolic disturbances and inhibiting plant growth [41].

Zn is an active cofactor for a large number of enzymes related to the metabolism of DNA
transcription, protein, nucleic acid, carbohydrate and lipids [42,43]. Furthermore, Zn is the essential
microelement for any living body, and Zn deficiency will cause a series of nutrition problems in
plants. Pb is not an essential element and may cause enzyme function disorders, generating active
oxygen in plant tissue cells, which will lead to membrane lipid peroxidation, and change the related
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enzymatic activity of active oxygen metabolism [44,45], which finally affects biochemical processes
and the morphological structure of plants [46]. Cr is not an essential element, but may also affect
plant growth and development. A high concentration of Cr may inhibit the root cell differentiation of
plants, block water absorption, and have a toxic effect, while a low concentration of Cr can promote
the growth of roots and root hairs, increase the cortical tissue layers in the roots, and thus facilitate
plant growth [47,48]. A low concentration of Cr will also promote the formation of chlorophyll, while
a high concentration will inhibit the formation of chlorophyll [49,50]. Mn in the lower soil layer has
an especially severe impact on our community niche structure. Mn is an essential element in the PSII
oxygen evolution complex [51–53], and its role is to realize water splitting in the reaction center of PSII
and to provide electrons to the electron transfer chain as part of thylakoid coupling [54]. Therefore, an
Mn deficiency will decrease the photosynthetic capacity of the leaves [55].

Different species groups were formed in accordance with their visible properties. Plant species
usually belong to the same growth group under similar environmental conditions, which is the result
of adaptive convergence [56]. Plant species in different growth groups have shown different soil
habitat preferences in a subtropical forest plot. Only five shrub species were significantly related to
the four soil property principal component axes, while most of the canopy species and subcanopy
species were significantly related to 1–2 principal component axes [6]. Our results show that the tree
species in the different growth groups have different habitat preferences. Compared with subcanopy
and shrub species, the canopy species have more significant correlations with the PCs of the soil
elements. In addition, different canopy species also show different soil preferences. Canopy species
play a dominant role in structuring the forest community. Intense competition will occur when
different tree species have similar demands for specific soil resources and some members of a species
with weak competitive strength may die. On the other hand, the demands of different tree species
on available soil resources may be complementary, which facilitates the full utilization of existing
resources and the coexistence of species.

5. Conclusions

This work evaluates plant-soil correlations by comparing simulated the spatial distributions
of tree species with observed ones in a large forest observational study. The impact of dispersal
limitation is greater than impact of environmental heterogeneity on species spatial distributions.
The spatial autocorrelation of species induced by the dispersal limitation will largely conceal the
plant-soil relationships caused by the heterogeneity of soil elements. Certain elements in the upper
and lower soil layers were identified to influence community niche structure. Tree species in different
growth groups have different habitat preferences. Compared with subcanopy and shrub species, the
canopy species have more significant correlations with the soil elements.

Supplementary Materials: The following are available online at www.mdpi.com/1999-4907/7/8/159/s1,
Table S1: Number of individuals of the 33 most abundant species in the 30-ha study area, Table S2: Pearson’s
correlations among soil nutrients and pH values, Table S3: Variation coefficients of soil variables within the study
area, Table S4: Descriptive statistics of the soil variables.
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Abstract: Grand fir (Abies grandis (Douglas ex D. Don) Lindley) is widely distributed in the moist
forests of the Inland Northwest. It has high potential productivity, its growth being nearly equal to
western white pine, the most productive species in the region. There are large standing volumes
of grand fir in the region. Nutritionally, the species has higher foliage cation concentrations than
associated conifers, especially potassium (K) and calcium (Ca). In contrast, it has lower nitrogen
(N) foliage concentrations, which creates favorable nutrient balance on N-limited sites. Despite
concentration differences, grand fir stores proportionally more nutrients per tree than associated
species because of greater crown biomass. Although few fertilization trials have examined grand
fir specifically, its response is inferred from its occurrence in many monitored mixed conifer stands.
Fertilization trials including grand fir either as a major or minor component show that it has a
strong diameter and height growth response ranging from 15% to 50% depending in part on site
moisture availability and soil geology. Grand fir tends to have a longer response duration than
other inland conifers. When executed concurrently with thinning, fertilization often increases the
total response. Late rotation application of N provides solid investment returns in carefully selected
stands. Although there are still challenges with the post-fertilization effects on tree mortality, grand fir
will continue to be an important species with good economic values and beneficial responses to
fertilization and nutrient management.

Keywords: forest nutrition; grand fir; fertilization; Inland Northwest

1. Introduction

Grand fir is widely distributed in the moist forests of the Pacific Northwest (Figure 1). Its range of
39–51 degrees latitude and 114–125 degrees longitude includes southern Canada in the Okanogan and
Kootenay Lakes region south through northeastern Washington, northern Idaho, western Montana,
and northeastern Oregon [1]. In the Inland Northwest, it occurs on moister sites from 450 to 1800 m
elevation on a wide variety of soils derived from basalts, granites, gneiss, and sandstone as long as
moisture is adequate [1]. Grand fir does best throughout the region where a deep layer of volcanic ash
occurs [2,3]. There are similar occurrences of grand fir throughout western Montana habitat types and
northeastern Washington and Oregon plant associations [4,5]. Grand fir is shade tolerant and often
takes a subordinate position in the stand in mixture with other inland species.

Forests 2016, 7, 261 15 www.mdpi.com/journal/forests
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Figure 1. Range map of grand fir in the Pacific Northwest [6].

Grand fir has high potential productivity. Once established, it grows rapidly nearly equal
to Douglas-fir (Pseudotsuga mensiesii (Mirb.) Franco) on the Pacific Coast and western white pine
(Pinus monticola Dougl. ex D. Don) in Idaho [1]. As it approaches 50 years old, height is comparable
to other associated species in the Inland Northwest including western larch (Larix occidentalis Nutt.).
At 100-years-old, grand fir may approach or surpass other species in total height and volume yield.
Table 1 is a general comparison of grand fir and its associates in the Inland Region using data from
various historical authors [7–9]. The last two columns of Table 1 include data for coastal Douglas-fir
for an approximate comparison with inland Douglas-fir [10].

Table 1. Grand fir height and total volume yield compared to associated species in the US Inland
Northwest. All yields are from yield tables of fully stocked stands.

Stand
Age

Grand Fir Western White Pine Western Larch Inland Douglas-Fir Coastal Douglas-Fir 1

Height
(m) 2

Volume
(m3) 3

Height
(m) 2

Volume
(m3) 4

Height
(m) 2

Volume
(m3) 5

Height
(m) 2

Volume
(m3) 6

Height
(m) 7

Volume
(m3) 8

50 20.6 74.1 21.5 140.3 22.8 37.9 20.0 73.4 23.7 110.0

100 36.3 367.1 42.4 393.3 37.8 141.2 35.4 206.6 33.8 260.1
1 From McArdle [10], Site Class IV, 100-year site index = 110; 2 From Deitschman [7], Table 2, p. 14; 3 From
Stage [9], Table 7, p. 25; 4 From Haig [8], Table 6, p. 20; 5 Stage, op. cit, Table 12, p. 41; 6 Stage, op. cit., p. 9,
Table 2; 7 McArdle, op. cit., Table 1, p. 12; 8 Ibid., Table 3, p. 23.

There are large standing volumes of grand fir in the Inland Northwest. It ranks first in total
growing stock volume at 26 percent [11]. Douglas-fir ranks second at 23 percent. In Idaho, grand fir
also makes up the largest percentage of species harvested, ranking first at 36 percent with Douglas-fir
second at 26 percent [12].

Grand fir log and lumber values are lower than Douglas-fir, which is the framing lumber standard
in the Inland Region. Grand fir has compensating wood quality advantages over Douglas-fir, such as
higher log scale, lighter weight, less shrinkage during drying, and excellent fiber characteristics.
Alternative forest products that add value are Christmas trees, floral boughs, and oils obtained from
the foliage.
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2. Nutrient Characteristics

Grand fir has some unique nutritional characteristics compared to other inland conifers.
When grand fir was compared to other conifers in over 160 stands, it had higher foliar base cation
levels and also higher variation [13]. Grand fir N foliar concentrations are slightly less than associated
conifers (Figure 2a). However, foliar K is higher (Figure 2b) and Ca levels are even higher (Figure 2c).
Grand fir also has higher foliar concentrations of sulfur (S) and boron (B) than the other species
(not shown). Foliar nutrient data from several studies confirm that N concentrations were similar for
all species but other cations were higher in grand fir [14].
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Figure 2. Relative cumulative frequency graphs of foliar N (a); K (b); and Ca (c) concentrations for
grand fir (GF), inland Douglas-fir (DF), lodgepole pine (LP), and ponderosa pine (PP). Y-axis shows
the proportion of trees sampled that are below the nutrient concentration on the horizontal axis.
Foliage was collected from over 160 mixed conifer stands that were randomly selected within categories
representing geographic region, habitat type, stand density, and rock type to assure that differences in
foliar nutrient characteristics reflect species and not sample site differences [13].
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Canopy nutrient content shows that grand fir acquires more nutrients than other conifer species
(Figure 3). Grand fir holds twice the canopy foliar biomass as ponderosa pine and lodgepole pine
and 1.4 times the foliar mass as Douglas-fir for a given diameter class [15], which is in part due to
greater needle weight in comparison to other inland species (Figure 4).

Figure 3. Total nitrogen (N), phosphorus (P), potassium (K), calcium (Ca), and sulfur (S) content of
aboveground portion of four inland tree species: grand fir, Douglas-fir, ponderosa pine, and lodgepole
pine [16].
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Figure 4. Foliage weight comparison between crown classes of grand fir and Douglas-fir [17].

Shade tolerant tree species (such as grand fir) incorporate cations at higher rates than intolerants
(Figure 2b,c). Consequently, in mixed-conifer stands, grand fir may be more competitive for nutrients
than less tolerant conifers, particularly when nutrient supply is limited [14]. This indicates that grand
fir may have greater nutrient demand than associated species, which would affect its competitive
ability in mixed stands and its response to nutrient additions.

We evaluate nutrient status by comparing foliage nutrient concentrations of field-collected test
samples to critical foliar nutrient levels determined from greenhouse-grown seedlings. The critical
nutrient level is the concentration above which growth does not respond to nutrient additions [14,18].
Table 2 shows the critical foliar nutrient levels for four Inland Northwest tree species. Seedling-based
critical levels are used as reference values in mature stands. The critical level of foliar N in grand
fir is 11.5 mg·g−1, 18 percent less than Douglas fir. Critical levels of other selected macro- and
micro-nutrients are about the same as for other species, suggesting that grand fir may be able to cope
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with lower N concentrations than other species due to its larger crown biomass, and relatively low N
values (Figure 2a). Although critical levels of N are lower, only 20 percent of unfertilized grand fir has
adequate levels of N (Figure 2a) indicating that there still may be considerable opportunity for growth
increases from N additions. However, there are important limitations in our knowledge of seedling
critical levels relate to fertilizer responses in mature trees.

Table 2. Critical nutrient concentrations for inland conifer species: grand fir (GF), Douglas-fir (DF),
lodgepole pine (LP), and ponderosa pine (PP) [14].

Foliar Concentration GF DF LP PP Ingestad Ratios *

N (mg·g−1) 11.5 14.0 12.0 11.0 100
P (mg·g−1) 1.5 1.2 1.2 0.8 16
K (mg·g−1) 5.8 6.0 5.0 4.8 50
S (mg·g−1)) 0.8 1.1 0.9 0.8 7
Cu (μg·g−1) 3 2 3 3 0.03
B (μg·g−1) 10 10 4.3 20 0.2

* Optimum nutrient ratios, R = 100 (M/N), where M is the concentration of the element of interest and N is the
concentration of N ([19] except S/N).

Grand fir’s shade tolerant ecological status may help it survive and grow in a subordinate position
in mixed stands. The lower critical N levels compared to Douglas-fir and lodgepole pine and foliar
N levels in untreated stands indicate that grand fir is able to use N conservatively when in low
supply. Conversely, when N is available, grand fir may utilize N more aggressively. Higher foliar
concentrations of other nutrients such as K and B in untreated grand fir stands suggest that it is
commonly in good nutritional balance [14].

Nutrient balance is an important consideration in tree nutrition. Plants require nutrients in
specific proportions, which Ingestad [19,20] expressed as optimal nutrient ratios calculated relative to
N. Nutrient ratios are consistent among plant taxa due to metabolic requirements, and therefore, are
important indicators of nutrient balance (Table 2). As with critical nutrient concentrations, optimal
nutrient ratios are based on seedling studies. We assume they are consistent in mature trees because
there is important stoichiometric balance among all taxa [21], but we are not aware of studies that
consider nutrient balance in mature trees. Grand fir nutrient ratios across three studies found more
than 80% of trees measured had K, S, B, and Cu ratios above the Ingestad ratios listed in Table 2.
Phosphorous ratios of grand fir averaged near Ingestad’s values. Grand fir has relatively high nutrient
ratios compared with inland Douglas-fir [22] and perhaps other inland northwest conifers because
of the relatively low N concentrations and high concentrations of other nutrients in tree foliage
(Figure 2). The resulting good nutritional balance of grand fir further suggests that it may have a
competitive advantage.

The previous data show that grand fir has lower N concentrations and N critical levels than
Douglas-fir and other inland conifer species. However, the concentrations and ratios of other nutrients
are relativity high in grand fir. Grand fir may be better able to utilize available site N than other
inland conifer species because of this favorable nutrient balance. Furthermore, grand fir maintains
relatively high foliage biomass and therefore stores site nutrients for its own use and out of reach from
competitors. These unique features may be partially explained by grand fir’s physiology as a shade
tolerant species [23]. Perhaps grand fir can tolerate low levels of soil N by sequestering site N in foliage
while maintaining a favorable nutrient balance. It is then well-prepared for aggressive growth when
opportunity arises.

3. Response to Fertilization

Fertilization is an important tool in nutrient management of conifer stands containing grand
fir. The commonly deficient N levels along with subordinate canopy position and shade-tolerance
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of grand fir suggest that it may have strong foliar and growth response to N additions. However,
several complicating factors must be accounted for when considering foliar nutrient and stand growth
response to fertilizer. These factors include stand density, the relationships with site quality, and the
fact that N fertilizer growth response can be offset by an increase in mortality. We consider each of
these factors in the following sections.

Foliar data for grand fir reveals a strong response to N additions, both in young stands at crown
closure and mature stands at the end of the rotation (Figure 5). There was also good foliar response to
additions of S and B (data not shown). Foliage did not respond positively to K additions (Figure 6)
perhaps because all the trees were above critical K levels before fertilization. It is also possible that the
amount of added K was insufficient relative to added N, or that the results simply reflect the dilution
effect of expanding foliage in response to the N. Limited trials with phosphorous (P) in the Inland
Northwest show no response in either foliar nutrient or growth responses [24]. Consequently, P has
receive little attention as a limiting nutrient in the Inland Northwest. There is some evidence that
mature trees respond to P amendments in more alkaline, N-rich soils where additional research is
warranted [25].

Figure 5. Grand fir foliar N response additions for young (~15 year-old) and mature (~40 year-old)
stand ages [16]. (Foliage samples were collected one-year after fertilization with 224–336 kg N ha−1

as urea).
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Figure 6. Grand fir foliar K response after fertilization with 224 kg N ha−1 (N-only) or a blend of
224 kg N ha−1, 170 kg K ha−1 + 73 kg S ha−1 + 2.7 kg B ha−1 (Best) [16].
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Reflecting foliar responses, N fertilization trials generally show a strong response in both tree
diameter, and height [26]. Various trials show consistent growth responses to N rates or combinations
of N with other nutrients [16,27] (Figure 7). Growth responses over 20 percent are within the realm of
economic feasibility. Additional macro- and micronutrients have resulted in a response in some, but
not all instances. For example, multi-nutrient trials showed that grand fir responds well to S and B
applications but not necessarily K [16,27,28]. Limited responses to K are also observed in Douglas-fir,
even though K is suspected of protecting trees from mortality following N-only fertilization [29].

Figure 7. Grand fir (GF) and Douglas-fir (DF) volume increment response in three different fertilization
trials at various locations. (a) Average annual ten-year response to two levels of N-only fertilization at
224 and 447 kg N ha−1 in 30 Douglas-fir dominated (80% basal area) stands in Idaho, Montana, Oregon
and Washington including five parent material classes and three vegetation series representing the
range of regional productivity [30]; (b) Average annual eight-year response to either 224 kg N ha−1

or 224 kg N ha−1 + 73 kg S ha−1) in seven mixed conifer stands growing on basalt parent materials
at 1370 to 1680 m in Abies grandis and Abies lasiocarpa vegetation series [31]; (c) Average annual
two-year response to individual-tree treatments of 224 kg N ha−1 (N-only) or a blend of 224 kg N ha−1,
190 kg K ha−1 + 73 kg S ha−1 + 2.7 kg B ha−1 (Best) in eight young (5–10 cm average diameter) stands
all on metasedimentary parent material [16].

Response trials have shown that the length of the growth response is 4–6 years for unthinned
stands [23,32] and up to 14 years in properly thinned stands [32,33]. Thinning concentrates the growth
on fewer trees allowing them to take advantage of other site resources and sustain the response for a
longer period.

Repeating a fertilization application can have differing effects depending on the site [27].
For example, grand fir showed a strong repeat response with an additional 90 kg N ha−1 treatment
on the drier sites, but did not respond to higher rates. Grand fir also showed a good repeat response
to 89 and 180 kg N ha−1 on the wetter sites. However, Douglas fir did not respond to these repeat
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treatments. Repeat fertilizations of grand fir on moist sites at rates of 90 to 180 kg N ha−1 are expected
to result in a significant basal area growth response compared to a single fertilization. However,
a significant response of grand fir is not likely on drier sites.

Differences in site quality can partly explain the range in fertilizer response. Important factors
affecting fertilizer response to site quality include soil parent material, and soil moisture as indicated by
climax vegetation series. Soil types modified by bedrock geology can influence growth and response
to nutrient additions. One of the earliest investigations involving geologic rock types found no
differentiation between responses on three different rock types [34]. More precise experimental designs
have since detected parent material effects by using individual tree screening trials. Screening trials
include different treatments of replicated trees across a uniform site. Sites with various parent materials
then contain replicates of that design.

Rock types divide into three categories when unfertilized controls are compared using N-only
fertilization, and a multi-nutrient treatment that included N, K, S, and B (Figure 8). Grand fir does
not respond to fertilizer additions on soils derived from some parent material types (schist and
basalt), indicating they are not deficient in any of the applied nutrients. Sites with soils from other
parent materials respond only to N additions, but not multi-nutrients (granite, carbonate bearing
metasedimentary, indicating they are N deficient, but other applied nutrients are not limiting. Heavily
weathered quartz metasedimentary rocks have the greatest response to multiple nutrients to achieve
optimal growth, indicating more than N is deficient. Productivity of grand fir on quartz-meta parent
material is equal to the highest growth observed among the screening trials when treated with
multi-nutrient fertilizer.
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Figure 8. Fertilizer treatment effects on 2-year stem volume by soil parent material. Stem volume is
expressed as a percentage of untreated trees growing on schist soils. Fertilizer treatments included
224 kg N ha−1 (N-only), or a blend of 224 kg N ha−1, 190 kg K ha−1 + 73 kg S ha−1 + 2.7 kg B ha−1

(Best). Two metasedimentary parent materials include a quartzite (quartz-meta) and carbonate
(carb-meta) [24].

Vegetation series as described by habitat type [2] also affect growth response due to soil moisture
variations. Habitat types containing more available soil moisture or higher amounts of organic matter
would tend to have better response. Soils containing volcanic ash display increased productivity and
N response for all conifer species due to the increase in water-holding capacity [3]. Yet, only half of
the sites where grand fir is the climax vegetation contain significant ash deposits. Higher elevation
vegetation series are associated with greater moisture availability and ash depth, and grand fir is
capable of higher productivity on these sites due to increased moisture availability during the growing
season. The limited ash deposits and dryer site conditions for the grand fir habitat type suggest that
grand fir is tolerant of dryer conditions. However, when grown on sites with abundant moisture
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grand fir is capable of better growth than on drier sites. The above results demonstrate that there
are differences in nutrient availability and fertilization response among soils, bedrock types, and
vegetation series but these differences interact with moisture availability and will require focused
research effort to discover mechanisms responsible for distinctions among bedrock geology, surficial
deposits, and moisture availability.

The development stage of a forest stand explains some of the response variability observed in
previous experiments with soils and site types. A good understanding of these stages and their effect
on nutrient requirements helps determine when nutrient additions will provide a growth response.
Stands of trees have differing nutritional needs depending on where they are in the successional
pathway of development [35].

At the seedling and sapling stage, the trees are unrestricted in their quest for nutrients, especially if
artificially planted with competition control. Consequently, during the seedling stage of development,
sites meet seedling nutrient requirements, and seedlings can explore the soil for available nutrients
reducing the need for additions. Furthermore, they can take advantage of the nutrient flush that often
occurs after timber harvest. Grand fir plantations are rare because the species abundantly regenerates
in association with planted seedlings of higher-value species. Consequently, we are not aware of
seedling fertilizer tests specifically for grand fir. Nutrition of natural grand fir seedling development is
a potential area of research. Tests using planted seedling of other inland conifer species on multiple
sites show few consistent responses to broadcast applied nutrients [36]. During one seedling trial
where fertilizer was applied into the planting hole, Douglas-fir and ponderosa pine exhibited increased
height and diameter growth after outplanting, but also had higher mortality, especially at greater N
application rates [37].

As stands develop through intermediate ages, nutrient demands increase until they reach the
self-thinning stage when nutrient demands are greatest [35]. At this stage, the ability to respond to
treatments is high because of nutrient limitations and high stand vigor. This stage is not necessarily
age-related because stand age at self-thinning can vary depending on the size-density relationship,
species, site quality, and stand establishment practices [38,39]. One would expect during self-thinning
that nutrient additions would increase growth. Unfortunately, many of the recorded grand fir
experiments do not specifically indicate the stage of stand development or measures of density.

Experiments in relatively young (10–30 years old), high-density stands showed strong response
to fertilization [26,40–42]. As stands mature, nutrient demands continue and stand density becomes a
controlling influence. If artificial fertilization occurs during this time, grand fir should have a strong
response in comparison with associated species. Tree spacing control during this period is important
to allow sufficient non-nutrient resources to support fertilizer response. As stands reach mature and
old growth conditions, nutrient demands depend more on site factors. Grand fir’s physiology as
a late-successional, shade-tolerant tree may affect its response by allowing it to conserve N when
necessary but be more demanding during competitive growth phases such as that which would occur
during crown closure [23]. Focused study is required on the ability of grand fir to compete for nutrients
during between crown closure and self-thinning stages of stand development.

During the crown closure through self-thinning stages of development, additional growth
response is possible when thinning and fertilization are combined as demonstrated from numerous
experiments [32,34,43–45]. After thinning a crowded stand, light, water, and temperature become more
favorable for growth [46]. Fertilization within a decade after thinning, or in properly spaced stands
allows the trees to take advantage of the additional resources [30,47]. Thinning and then nutrient
additions are beneficial, especially if relative densities prior to fertilization allow adequate space for
increased growth. Research trials show that combined thinning and fertilization are additive compared
to the individual treatments [47,48]. In some instances the total growth response of the crop trees is
greater than the sum of either fertilization or thinning effects alone [32].

Grand fir exhibits higher mortality after fertilization, especially with N-only amendments.
Its mortality is naturally greater than that of Douglas-fir, and N fertilization only increases that
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trend (Figure 9) [49]. Of the known reasons for mortality, N fertilization increases insect-caused tree
mortality more than other causes. This is commonly observed in trees and is attributed to improved
foliage nutritional quality [50]. Addition of other macro- and micronutrients tended to reduce mortality
but not significantly [16]. There is critical need to learn more about the causes of increase mortality to
N-only fertilizer applications.
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Figure 9. The causes of ten-year basal area mortality of Douglas-fir and grand fir treated with either
224 or 447 kg N ha−1 and compared with unfertilized controls. Data are from 30 mature (average
65 year-old) Douglas-fir dominated (80% basal area) stands in Idaho, Montana, Oregon and Washington
including five parent material classes and three vegetation series representing the range of regional
productivity. All stands were recently thinned or were naturally well spaced. Initial basal area averaged
36 ± 10 m2 ha−1 [30].

Nitrogen fertilization can potentially stimulate pests and disease. Insects such as spruce budworm
(Choristoneura occidentalis Freeman) reduce current growth, and can diminish fertilizer response [48].
Grand fir is more susceptible to Douglas-fir tussock moth (Orgyia pseudotsugata McDunnough) than
other inland conifers, but experience confirms that susceptibility tends to decreases with soil volcanic
ash content [51] which, as described above, is expected to interact with soil moisture, tree nutrition
and fertilizer application. The effects of Armillaria root disease (Armillaria ostoyae Romagnesi) can
substantially reduce net response to fertilization. Therefore, stand-level responses to fertilization
may be lower than expected if root disease is present in the stand. Although there were initial
experiments implying that fertilization (especially with K additions) [52] may reduce incidence of root
disease, a 10-year study in a diseased stand found no treatment differences due to fertilization [27].
Moore et al. [29] suggested that tree nutrition (K/N ratio) controls production of phenolic defense
compounds and resistance to the root rot disease Armillaria in Douglas-fir. If true, grand fir should
exhibit a similar relationship because it too is susceptible to Armillaria infection. While the relationship
between favorable K/N ratios and phenolic concentrations was confirmed in seedlings [53,54] they
could not demonstrate an effect of stand-level N and K fertilization on root disease or mortality after
ten years. The potential negative effects of pests and diseases following fertilization are important
to recognize [55] and managers should avoid fertilization in stands that display these properties.
Increased effort is needed to elucidate the relationship between nutrient balance, defense compounds,
and root disease.

Vegetation control using herbicides is expanding in the Inland Northwest. Herbicide application is
cheaper, more effective, and protects the soil surface from compaction and displacement by heavy site
preparation machinery. Grand fir is generally more tolerant to herbicides than associated species [56]
so prudent use presents few difficulties. Specific effects of herbicide application in combination with
fertilization are not well understood in the Inland Northwest Region. However, in the southeastern
U.S., research confirms the positive combined effects of herbicide treatments and nutrient additions [57].
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There is evidence that vegetation control alone may provide additional nutrients to trees by eliminating
competition and causing faster breakdown and mineralization of organic matter [55].

In summary, these studies indicate that grand fir growing under the right conditions can respond
to N fertilization with volume growth ranging from 15% to 50%. Grand fir generally has a longer
response duration than other inland conifers, the greatest response occurring during 3–5 years, tapering
off during 5–8 years, with some response lasting through 10–12 years under optimum conditions.
The response can be greater after well-timed thinning. Repeated fertilizer applications have the
potential to maintain growth response depending on the site and the stage of stand development. It is
important to recognize site types and their interaction on fertilizer response. Grand fir is sensitive to
higher mortality rates after fertilization so when seeking locations for effective treatments, it is critical
to avoid sites with heavily weathered parent material where nutrient imbalance may lead to high pest
and disease susceptibility.

4. Economics of Grand Fir Fertilization

Large land-holding companies in the Inland Northwest are interested in the economics of
fertilization. As a financial investment, forest fertilization must consider the time value of money.
Success is very sensitive to the time between the initial outlay and the final return on investment;
thus, fertilization in older stands is considered to be more profitable because the volume gains
can be harvested sooner [58] and investment returns increase [59]. Late rotation fertilization has a
short payback period with relatively low investment costs relative to other forestry investments [60].
Repeated fertilization can extend the response duration, however a second amendment doubles
the cost and the response is not as strong as the first application. These economic principles have
led foresters in the region to believe that a one-time fertilization late in the rotation can be a sound
forestry investment. A recent Internal Revenue Service (IRS) tax law change that allowed expensing of
fertilization costs further increased the investment potential [61].

Since most grand fir in the Inland Northwest grows in mixture with Douglas-fir and other species,
fertilization experiments require additional analysis and assumptions to confine the results to just
grand fir. Because of this, grand fir response, by itself, is usually inferred using data from mixed stands.

Properly spaced, 60–90 years old mature stands containing grand fir may respond well to N
fertilization with responses similar to those obtained for Douglas-fir stands in western Washington [58].
The treatment generally involves application of 150–300 kg ha−1 of urea N followed by timber
harvest in 8–12 years. This results in a basal area growth response of 20%–80% with comparable
volume responses. Addition of multi-nutrients may improve protection against mortality but does not
significantly improve individual tree growth response [29], so the added cost does not increase the
economic benefit.

Recent operational fertilization treatments in mixed stands including grand fir confirm that
investment returns are very good, often surpassing those of other forestry investments, if stands
are carefully selected [62]. It is essential to identify stand conditions that will provide an acceptable
economic response [63]. Incorporation of a carefully selected fertilization treatment into a general
forest management plan can be economically warranted. These growth responses can be used for
more sophisticated economic analysis for more accurate projections depending on management
requirements. However, such growth responses may require adjustments in coming decades with
increased atmospheric carbon dioxide concentrations and accompanying changes in climate.

5. Management Recommendations

We recommend that a grand fir nutrient management and fertilization program consider the
following concepts.

1. The greatest response from added nutrients seems to occur just after crown closure when
competitive stresses are high.
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2. Grand fir is expected to best respond to nutrient additions when it is maintained in a healthy
and vigorous condition through stand density management.

3. To conserve site nutrients, soil disturbance should be minimized during timber harvest and
stand regeneration activities. Heavy-handed site preparation and slash cleanup may have a negative
impact on the site’s nutrient resources, especially low-quality sites [14]. Some alternate possibilities to
consider include light broadcast burning; leaving small limbs, foliage, and larger material scattered
across the site; and the use of herbicides.

4. Carefully analyze timber stands to determine tree and site conditions, species mix, stand
density, soil parent material, and harvest plans before making fertilization decisions to assure effective
results. Consult the latest fertilization research results to guide grand fir nutrient management.

6. Conclusions

Grand fir is ubiquitous in Inland Northwest forests growing in mixture with other species, mainly
Douglas-fir. It often contains higher crown nutrient content than associate species [14]. Grand fir has
good growth response to N fertilizer and possibly K. The effect of nutrition, especially K, on root disease
potential remains unconfirmed. Good investment returns are possible from fertilization treatments
after careful site evaluation. With good management, and a solid understanding of nutrient dynamics,
grand fir will remain an important species with solid economic values and a positive response to
fertilizer under the right conditions in Inland Northwest forests.
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Abstract: Decaying coarse woody debris can affect the underlying soil either by augmenting nutrients
that can be exploited by tree roots, or by diminishing nutrient availability through stimulation of
microbial nutrient immobilization. We analyzed C, N, microbial biomass C and root length in closely
paired soil samples taken under versus 20–50 cm away from large trunks of two species felled by
Hugo (1989) and Georges (1998) three times during wet and dry seasons over the two years following
the study conducted by Georges. Soil microbial biomass, % C and % N were significantly higher
under than away from logs felled by both hurricanes (i.e., 1989 and 1998), at all sampling times
and at both depths (0–10 and 10–20 cm). Frass from wood boring beetles may contribute to early
effects. Root length was greater away from logs during the dry season, and under logs in the wet
season. Root length was correlated with microbial biomass C, soil N and soil moisture (R = 0.36,
0.18, and 0.27, respectively; all p values < 0.05). Microbial biomass C varied significantly among
seasons but differences between positions (under vs. away) were only suggestive. Microbial C
was correlated with soil N (R = 0.35). Surface soil on the upslope side of the logs had significantly
more N and microbial biomass, likely from accumulation of leaf litter above the logs on steep slopes.
We conclude that decaying wood can provide ephemeral resources that are exploited by tree roots
during some seasons.

Keywords: coarse woody debris; nitrogen cycling; soil carbon; soil nitrogen; tree roots; bark beetle
frass; fine root proliferation; nutrient hotspots

1. Introduction

Coarse woody (CWD) debris can directly and indirectly affect mineral nutrient availability in
underlying soil through inputs of nutrients and carbon compounds in leachates, invertebrate frass
and particulate decay products [1–7]. CWD as defined by Harmon et al. [3] is fallen or standing
dead wood at least 10 cm diameter. Nutrient hotspots that develop in soil beneath decaying CWD
may be important for maintaining forest soil fertility and provide important resources for trees [5].
As noted by Johnson et al. (2014) [8], the influence of soil nutrient hotspots and hot moments on
plant growth is obscured by pooling samples, averaging values and eliminating outliers from data
sets since soil nutrient availability to plants often responds non-linearly to nutrient hotspots and
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additions of organic matter [9]. Studies in tropical montane [10] and lowland tropical forests [11–14]
show that fine roots of trees differentially proliferate in nutrient hotspots (Sayer and Banin 2016) [15].
Two studies in Australian woodlands [16,17] showed significantly higher C, N and P in soil near logs
than 80 cm away, but other studies elsewhere showed decreases in soil N associated with CWD [18–21].
A companion study to ours by Zalamea et al. (2016) [22] that was conducted in different plots at
Bisley and Río Chiquito located on the opposite side of the Luquillo Mountains from our site, and
using somewhat different tree species found no increase in C content in their shallower soil samples
(0–5 cm) under decomposing logs than the deeper strata we studied (0–10 and 10–20 cm), though
Zalamea et al. (2007) [23] did find more water extractable organic matter beneath logs. Reduced soil
N concentrations associated with CWD in North American temperate forests are thought to result
from increased leachates with high C:N ratios which depress rates of N mineralization [18–20], while
lower extractable N with large hurricane inputs of CWD in a tropical forest was attributed to increased
microbial immobilization [21]. Tropical and subtropical forests have fast wood decay rates [7,24,25]
and soils that are often dominated by highly weathered iron and aluminum clays that bind tightly to
phosphorus and make it less available (P-fixing clays). In such tropical and subtropical sites, increases
in soil C from the decay of CWD are predicted by the Century model to increase the amount of readily
exchangeable phosphorus beginning several years after wood addition, thereby stimulating forest
productivity [26]. CWD can also alter the physical characteristics of the underlying soil, such as pH,
moisture and temperature [3,6,16,17,22].

Natural events such as storms, fires and bark beetle outbreaks as well as anthropogenic
disturbances such as logging and salvage operations can deposit CWD on forest floors, potentially
contributing to spatial heterogeneity of soil carbon and mineral nutrient availability [18]. Increasing sea
surface temperatures due to climate change are predicted to produce more frequent high-intensity
hurricanes and typhoons [27–29], while increasing winter temperatures and drought associated
with climate change favor increased bark beetle outbreaks and forest fires in North America [30,31].
Given the increasing frequency of forest disturbance events, it is important to understand the effects of
CWD on soil carbon, soil fertility and forest productivity.

Whether soils under CWD create hotspots of nutrient availability that are exploited by tree roots,
and conversely, whether nutrient sinks under logs caused by microbial immobilization of limiting
nutrients are avoided by tree roots, have received little attention. However, production of fine roots
in Amazonian forest leaf litter was shown to be a response to nutrient hotspots [32], while root
proliferation in response to localized fertilization has been found useful for determining which mineral
nutrients are limiting to tree growth in Hawaii [13] and the Amazon [11]. These studies indicate that
root length can be used as a bioindicator of where limiting resources are available in nutrient hotspots.

The objectives of this study in a tropical forest of Puerto Rico were to determine if soil N and
C and tree root lengths were higher under as compared to away from decomposing logs; whether
soil microbial biomass and tree root lengths in the same samples varied inversely with each other,
thus suggesting competitive exclusion; whether within paired samples, tree roots were more abundant
in resource hotspots; and whether there were temporal patterns in soil N, C, microbial biomass C or
root length that varied with soil moisture.

2. Materials and Methods

2.1. Study Area

The El Verde Research Area of the Luquillo Experimental Forest (LEF), where this study was
conducted, is on the western side of the Luquillo Mountains (18◦18’ N; 65◦49’ W; Figure 1). The sites
ranged from 350–400 m asl. Mean annual rainfall is 3500 mm with a weakly seasonal regime, and
mean temperatures are 22–25 ◦C [32]. The area is classified as subtropical wet forest based on latitude,
potential evapotranspiration and low seasonality according to the Holdridge Life Zone system [32],
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though the moderating effect of the surrounding ocean on temperatures make this comparable to a
tropical wet climate despite the higher latitude.

Figure 1. Section of the El Verde Research Area in the Luquillo Experimental Forest of Puerto Rico
where this study was conducted, showing the four blocks, each with a pair of logs belonging to
two different hurricane cohorts (Hurricane Hugo in 1989 and Hurricane Georges in 1998). The first
letter of the log code refers to the hurricane (G for Georges and H for Hugo) while the number refers to
the block. Logs in two of the blocks were Dacryodes excelsa Vahl. While the logs in the other two blocks
were Guarea guidonia (L.) Sleumer. Direction of stream flow in the Quebrada Prieta and Quebrada
Sonadora is indicated by arrows. The logs are not shown to scale.

Soils in the study area are weathered oxisol clay loams and clays (30%–55% clay, 28%–35% silt
and 18%–34% sand) in the Cristal and Coloso series [33], (Table 1). These clays have a high capacity for
binding to phosphorus, but the upper horizon has high soil organic matter content and moderately
slow permeability. The Coloso clay series has a higher cation exchange capacity than the Cristal clay
loams (43 vs. 29 CEC C−1, respectively) [33]. Litter decomposes quickly and humus is usually absent
between the forest floor litter and the mineral soil [34], as is typical of mull soils. Leaf litter accumulates
on the upslope side of debris dams on slopes >25% [9], resulting in higher soil carbon above than
below permanent debris dams [35].

Table 1. Location of study blocks and their soil types in the El Verde Research Area of the Luquillo
Experimental Forest.

Location Block Latitude, Longitude Soil Type

Q. Sonadora watershed 1 18◦19′24′ ′ N, 65◦49′03′ ′ W Cristal clay-clay loam

Q. Prieta watershed in LFDP
cells 02.09 and 07.10 2 18◦19′30.7′ ′ N, 65◦48′56.6′ ′ W

18◦19′31′ ′ N, 65◦49′02′ ′ W Cristal clay-clay loam

Q. Sonadora watershed 3 18◦19′24′ ′ N, 65◦49′04′ ′ W Cristal clay-clay loam

Q. Prieta watershed in LFDP
cells 10.15 and 10.16 4 18◦19′37′ ′ N, 65◦49′00′ ′ W

18◦19′27′ ′ N, 65◦49′00′ ′ W Coloso clay

2.2. Sampling Design

We examined the effects of decomposing logs of two tree species originating from two major
hurricanes, Hugo and Georges, on soil carbon (C) nitrogen (N) content, microbial biomass C and tree
root length in the underlying soil. Soil samples collected at two depths beneath the fallen logs were
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spatially and temporally paired with samples collected 20–50 cm away. This study on the western side
of the Luquillo Mountains was conducted when the hurricane-felled logs were 0.6–1.1 and 9.6–11 years
after treefall in the two hurricane cohorts, respectively, and was a precursor to a separate study on the
eastern side of the Luquillo Mountains by Zalamea et al. [22,23] when their logs had decayed 6 and
15 years. This study differs in that soils were collected from 0–10 and 10–20 cm depths versus 0–5 cm in
Zalamea et al. [22,23], and we used the chloroform fumigation-incubation method [36] to estimate soil
microbial biomass C rather than substrate induced respiration technique [37] used in Zalamea et al. [22].

Four areas (blocks) were selected for study, each with a pair of logs of the same species that were
at least 30 cm diameter, with one felled by Hurricane Hugo and one felled by Hurricane Georges
(Figure 1). The two species were Dacryodes excelsa Vahl. (Burseraceae) and Guarea guidonia (L.) Sleumer
(Meliaceae); there were two replicate blocks of each tree species. Fallen trees were >30–80 cm in
diameter and at least half of the trunk was in contact with the ground (diameters are given in Table 2).
Slopes varied from 20%–40% (Table 2). All logs were decayed by white-rot basidiomycete fungi based
on the bleached appearance and spongy-fibrous texture, though rates of decay varied among logs
(see Table 2 for details). We used the four-class decay system proposed by Torres (1994) [38] as the
decay classification used for logs in temperate forests works poorly in the tropics where the bark can
be retained on extensively decayed logs. At the time of this study, the youngest logs (0.6–2 years-old)
belonging to the Georges cohort were in decay classes I: no detectable decay, and II: intact bark,
sapwood partially soft, and few invading roots present. The older logs belonging to the Hugo cohort
(9.5–11 years-old) were in decay II to class III: bark partially lost, sapwood soft, roots invading.

Table 2. Characteristics of logs that were used in this study. The label is comprised of the first letter
of the hurricane that felled the tree, followed by the block number. Tree species were Guarea guidonia
(Meliaceae) and Dacryodes excelsa (Burseraceae) but tree species were found to be similar and were
not part of the model. Decay class was rated based on description of the logs were selected for study
according to the classification of Torres (1994) [38]. Decay rate was classified 18 and 27 years after
Hurricane Georges and Hugo, respectively: slow—retaining some bark, diameter loss less than 5 cm;
moderate—no bark remaining, diameter loss more than 5 cm but wood remaining; fast—either in the
form of a mound of humus invaded by roots or no visible remains). Slope (%) was measured where the
logs were located.

Location Label Hurricane
Tree

Species
Diam.
(cm)

Decay
Class

Decay
Rate

Slope
(%)

Q. Sonadora H.1 Hugo 1989 G. guidonia 35–55 2 Slow 28
Q. Sonadora G.1 Georges 1998 G. guidonia 38–80 1 Slow 35

Q. Prieta, LFDP cell 02.09 H.2 Hugo 1989 D. excelsa 35–52 3 Fast 35
Q. Prieta, LFDP cell 07.10 G.2 Georges 1998 D. excelsa 30–35 2 Fast 40

Q. Sonadora H.3 Hugo 1989 D. excelsa 30–43 2 Moderate 20
Q. Sonadora G.3 Georges 1998 D. excelsa 30–55 1 Slow 40

LFDP cell 10.16 H.4 Hugo 1989 G. guidonia 39–53 3 Fast 25
LFDP cell 10.15 G.4 Georges 1998 G. guidonia 45–70 2 Fast 25

2.3. Soil Sampling and Analysis

2.3.1. Soil Sampling

Volumetric soil cores (8 × 8 cm) were extracted to 10 cm depth using a two-part aluminum corer
as shown in Figure 2. Soil cores were extracted from under logs by digging an approach trench and
driving the rectangular corer in horizontally (Figure 2). Each core from under a log was spatially and
temporally paired with a core extracted vertically and located 20–50 cm from the first core and away
from the log. These are hence referred to as “under” and “away” positions. On each sample date,
one pair of cores was extracted from each log on the uphill side of the hill slope, and a second pair was
extracted on the downhill side of the same log to balance the effects of the logs acting as debris dams
on steep slopes [9,35] (Figure 2). Samples were not pooled.
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Figure 2. A rectangular, 2-part soil corer was driven into the soil horizontally from the end of an
approach trench to obtain volumetric soil samples from 0 to 10 cm depth under logs. Corer halves
were used twice (0–8 and 8–10 cm) to obtain soil to 10 cm depth. Paired samples taken away from the
logs were extracted vertically and located 20–50 cm away from the under-log core. Two pairs of cores
were extracted on each date, one pair on the uphill side and the other on the downhill side of the log.
Paired sample locations were randomly selected on each side of the log except for avoiding previously
cored areas and large rocks. Soil samples from the 10–20 cm depth were extracted from the bottom of
the first core holes using a punch corer.

There were three sampling times: April to early May 1999 (dry season); January 2000 (late wet
season) and September 2000 (mid-wet season). These times corresponded to 0.6, 1.4 and 2 years after
Hurricane Georges, and 9.5, 10.4 and 11 years after Hurricane Hugo, respectively. Samples in the
same block were collected on the same day, and all samples for a particular time were collected within
a 12-day period.

2.3.2. Soil Nitrogen and Carbon Content

Soil samples were weighed, hand-sorted to separate soil, roots and rocks; the roots and rocks
were then weighed. A 15–20 g subsample was weighed into an aluminum pan, oven dried at 40 ◦C
and re-weighed to determine soil % moisture. Remaining soil was air dried and stored, then oven
dried at 65 ◦C. Total percent soil C and N were determined at the United States Forest Service (USFS)
International Institute of Tropical Forestry laboratory using a LECO-2000 CNS analyzer [39] following
the procedure of Vitousek and Matson [40]. Two samples of fresh bark beetle frass were also collected
from different logs and analyzed for C and N using the CNS analyzer. We were unable to analyze the
ammonium and nitrate we had extracted with KCl from fresh soils because of hurricane damage to
facilities and infrastructure caused by Hurricane Georges.

2.3.3. Soil Biota

Root length was used as an indicator of resource hotspots. Roots were separated into coarse
(>2 mm diameter) and fine (up to 2 mm diameter) from the 0–10 cm depth core samples, weighed and
cut into ca. 1 cm long pieces. The decision to estimate root length was made after the first core (G.2)
was processed, so those data are missing. Estimates of root lengths were made from three weighed
subsamples per sample using the line-intercept method of Newmann [41]. Total root length was
estimated by multiplying the mean root length per g of roots by the total weight of the roots. Analyses
were made on total root length (fine plus coarse) as coarse roots were negligible.
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Soil microbial biomass C was estimated using the chloroform fumigation-incubation method [36].
Soil moisture was adjusted if there was less than 55% field capacity in two 30–40 g subsamples the
day after collection. One of the subsamples from each sample was fumigated with chloroform under
vacuum, reinoculated with soil and incubated for 10 days in air-tight jars with NaOH for trapping the
CO2 respired; the unfumigated control was also incubated with a CO2 trap. After 10 days, the amount
of CO2 trapped in the NaOH solution was determined by titration with HCl using phenolphthalein
indicator dye. CO2 in the NaOH stock solution was also determined using titration, and the amount
subtracted from the total in the incubation traps. Respired CO2 in the controls was subtracted from
that in the fumigated samples according to the formula in Jenkins and Powlson [36].

2.4. Statistical Analyses

The design was a repeated measures nested randomized complete block. Dependent variables
(soil % C, soil % N, microbial biomass C, total root length and soil moisture at 0–10 cm depth) were
analyzed separately using a Repeated Measures Analysis; the 10–20 cm depth was only sampled twice
for % C and % N, so those data were analyzed separately as a Repeated Measures nested randomized
complete block. The independent variables (fixed effects in the models) were hurricane, position
(under versus away from logs), hillslope direction (uphill or downhill), and time after Hurricane
Georges (0.6, 1.4 and 2 years). Random effects of logs were nested within hurricanes. Block 2 was
omitted from the root length analysis because of missing data for log G.2. All statistical analyses were
performed using SAS Institute (version 9.3, [42]) software for a generalized linear mixed model using
the pseudo-likelihood estimation technique via PROC GLIMMIX. In all analyses, either the normal
or lognormal distribution and an identity link function best fit the data. For % N and root length at
0–10 cm, we had to add the groups = hillslope and groups = position option, respectively, to adjust for
heterogeneity of variance. In all cases, the correlation between the repeated time was best fit by the
unstructured covariance structure. Model selection was based on fit statistics using HQIC (see Table 3
in Results). All models used the Identity Link Function, and all possible interactions were included.
No differences were found between tree species, so they were treated as replicates in all the analyses.

Pearson’s Product Moment correlations were used to analyze relationships among root length,
soil % N, soil % moisture and microbial biomass C. Analyses were performed in Excel. A backwards
elimination multiple linear regression was performed on the April 1999 and September 2000 data from
the 0–10 cm depth using SAS software [42] after determining that all the variables met assumptions of
normality and homoscedasticity of variance. The dependent variable was total root length, and the
independent variables were soil microbial C, soil % moisture and soil % N.

Table 3. Summary of the best fit statistical analysis models and results. Probability annotations are as
follows: suggestive—sug., p < 0.1; * p < 0.05; ** p < 0.01; *** p < 0.001.

Variable (s) Levels Probability

0–10 cm soil horizon

Carbon (total %) Lognormal, Identity Link function, Repeated Measures GLIMMIX,
HQIC fit statistics, all possible interactions included in model (shown if significant)

Position (Under vs. Away) 2 0.0324 *

Hurricane within Block (Hugo vs. Georges) 2 0.3264

Hillslope direction (Upslope vs. Downslope) 2 0.8188

Time (0.6, 1.4 and 2 years post-Georges) 3 0.0374 *

Block (log number, Hurricane nested within Block) true replicates 4
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Table 3. Cont.

Variable (s) Levels Probability

Nitrogen (total %) Lognormal, Identity Link function, Repeated Measures GLIMMIX,
HQIC fit statistics, all possible interactions included in model (shown if significant)

Position (Under vs. Away) 2 0.0020 **

Hurricane within Block (Hugo vs. Georges) 2 0.2177

Hillslope direction (Upslope vs. Downslope) 2 0.0420 *

Time (0.6, 1.4 and 2 years post-Georges) 3 0.6816

Block (log number, Hurricane nested within Block) true replicates 4

Microbial biomass C (mg·kg−1 soil) Gaussian, Identity Link function, Repeated
Measures GLIMMIX, HQIC fit statistics, all possible interactions included
(shown if significant)

Position (Under vs. Away) 2 0.0840 sug.

Hurricane within Block (Hugo vs. Georges) 2 0.9038

Hillslope direction (Upslope vs. Downslope) 2 0.8660

Time (0.6, 1.4 and 2 years post-Georges) 3 < 0.001 ***

Block (log number, Hurricane nested within Block) true replicates 4

Root length (total) Lognormal, Identity Link function, Repeated Measures GLIMMIX,
HQIC fit statistics, all possible interactions included (shown if significant)

Position (Under vs. Away) 2 0.9049

Hurricane within Block (Hugo vs. Georges) 2 0.0440 *

Hillslope direction (Upslope vs. Downslope) 2 0.0250 *

Time (0.6, 1.4 and 2 years post-Georges) 2 0.0182 *

Block (log number, Hurricane nested within Block) true replicates,
deleted one incomplete block 3

Position by Time interaction 1 DF 0.0368 *

10–20 cm soil horizon

Carbon (total %) Lognormal, Identity Link function, Repeated Measures GLIMMIX,
HQIC fit statistics, all possible interactions included (shown if significant)

Position (Under vs. Away) 2 0.0273 *

Hurricane within Block (Hugo vs. Georges) 2 0.5899

Hillslope direction (Upslope vs. Downslope) 2 0.7656

Time (0.6, and 1.4 years post-Georges) 2 0.1673

Block (log number, Hurricane nested within Block) true replicates 4

Hurricane by position interaction 0.0870 sug.

Nitrogen (total %) Lognormal, Identity Link function, Repeated Measures GLIMMIX,
HQIC fit statistics, all possible interactions included (shown if significant)

Position (Under vs. Away) 2 0.0188 *

Hurricane within Block (Hugo vs. Georges) 2 0.7820

Hillslope direction (Upslope vs. Downslope) 2 0.8711

Time (0.6, and 1.4 years post-Georges) 2 0.0579 sug.

Block (log number, Hurricane nested within Block) true replicates 4

3. Results

3.1. Soil Nitrogen and Carbon

Soil C and N were higher under than away from logs of both hurricanes (the 1989 and 1998
cohorts; Figure 3) and hurricane did not contribute significantly to these models (Table 3). All of the
C and N analysis models used a Lognormal distribution and an identity link function based on best
fit statistics (Table 3). Significant differences in both C and N concentration (%) were found between
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under and away from log positions at the 0–10 and 10–20 cm depths (Table 3). Hillslope direction
(upslope versus downslope) was not significant except for soil % N at the 0–10 cm depth; N was higher
on the upslope side. In most comparisons within logs on a given date, mean C and N (mean of upslope
and downslope) were higher under than away from the logs (Figure 3). Percent soil C and N differed
significantly among sample dates, but only at the 0–10 cm depth (Table 3).

Figure 3. Mean percent soil C and N are presented for paired samples taken under decomposing
logs (darker bars) versus samples taken 20–50 cm away and not under the logs (lighter bars) 0.6–2
and 9.5–11 years after Hurricanes Georges and Hugo, respectively. Tree species abbreviations are:
Dac exc—Dacryodes excelsa, and Gua gui—Guarea guidonia. Data are means of two samples, one taken
in the upslope direction and the other taken in the downslope direction on the same day (SD bars in
black). April 1999 sampling was during the dry season, January 2000 was the end of the wet season,
and September 2000 was during the wet season. (a–c) Mean soil % N at 0–10 cm depth; (d–f) Mean soil
% C at 0–10 cm depth; (g,h) Mean soil % N at 10–20 cm depth; (i,j) Mean soil % C at 10–20 cm depth.

Fresh Scoletid beetle frass C and N collected from Tabebuia heterophylla (DC.) Britton were 45.0%
and 0.4%, respectively, while frass from Mangifera indica L. contained 41.8% C and 1.4%. Thus, the C:N
ratios were 128.4 for Tabebuia and 30.3 for Mangifera.
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3.2. Soil Biota

3.2.1. Soil Microbial Biomass C

The best fit model for soil microbial biomass C was a Gaussian distribution and an identity link
function. Differences in soil microbial biomass C were only suggestive between positions (Table 3).
Mean microbial biomass C was generally higher under than away from logs, especially in the April 1999
dry season and January 2000 wet season samples (Figure 4) but there were no significant interactions
of position with time (position time p = 0.634; position time hurricane p = 0.268). Differences in
microbial C were significant among sampling dates (Table 3). Microbial biomass C was lower during
the April 1999 dry season when soils were drier than in the two wet season samples (January and
September 2000; Figure 4).

Figure 4. Mean soil % moisture, microbial biomass C, total root length and soil % N are presented for
paired (8 × 8 cm) soil cores taken to 10 cm depth under decomposing logs (darker bars) versus samples
taken 20–50 cm away and not under the logs (lighter bars). April 1999 sampling was during the dry
season, 0.6 and 9.5 years after Hurricane Georges and Hugo, respectively. January 2000 was the end of
the wet season, 1.4 and 10.4 years after Hurricanes Georges and Hugo, respectively. September 2000
was during the wet season 2 and 11 years after Hurricanes Georges and Hugo, respectively. Data are
means of two samples, one taken in the upslope direction and the other taken in the downslope
direction on the same day (SD bars in black). Tree species abbreviations are: Dac exc—Dacryodes excelsa,
and Gua gui—Guarea guidonia. One log from each hurricane (Georges 1998) and Hugo (1989) is within
each of the four blocks. (a–c): Mean soil % moisture; (d–f): Mean microbial biomass C; (g,h): Mean m
root length; (i–k): Mean soil % N.
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3.2.2. Roots

Most of the tree roots were magnoliod (coarse, little-branched, hairless roots) in which the finest
roots ranged from 1 to 2 mm diameter. The best fit model for the data was a Lognormal distribution
and an identity link function. There was a significant time by position interaction (Table 3). Root length
was greater away from the logs in the April dry season, and greater under the logs in the September
wet season samples (Figures 4 and 5). Hurricane was significant (Table 3) as root length was greater for
older logs from the Hurricane Hugo cohort than for younger logs from the Hurricane Georges cohort
(Figure 4 and comparison of Least Square Means). Although hillslope direction was also significant
(Table 3), and a comparison of Least Square Means showed significantly higher root length on the
upslope than the downslope side of the logs, the pattern is not readily apparent in Figures 4 and 5
because of the reversal of rooting patterns by position between the dry and rainy seasons.

Figure 5. Percent soil N and C, microbial biomass C, and total root length are presented as differences
in values between paired (8 × 8) cm soil cores taken to 10 cm depth under decomposing logs minus
values for samples taken 20–50 cm away and not under the logs. Thus, bars above the zero line had
greater values under than away from the log within a pair while bars below the line had lower values
under than away from the log. Bars represent a single pair of samples, one pair taken in the upslope
direction (Hillslope U) and the other pair taken in the downslope direction (Hillslope D) on the same
day. Logs fell in either Hurricane Hugo (1989) or Hurricane Georges (1998). Two logs, one from each
hurricane, were represented in each of the four blocks. April 1999 sampling was during the dry season,
0.6 and 9.5 years after Hurricane Georges and Hugo, respectively. January 2000 was the end of the
wet season, 1.4 and 10.4 years after Hurricanes Georges and Hugo, respectively. September 2000 was
during the wet season 2 and 11 years after Hurricanes Georges and Hugo, respectively. (a–c) Difference
(under—away) in soil % N; (d–f) Difference (under—away) in soil % C; (g–i) Difference (under—away)
in microbial biomass C; (j,k): Difference (under—away) in m total root length.

3.3. Soil Moisture

Soil moisture only differed significantly between seasons (p < 0.0001). No differences were found
between under versus away positions or for the interaction between season and position. Soils were
significantly drier in the April dry season than in the two wet season samples (Figure 4).
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3.4. Correlations among Variables

Root length was most strongly correlated with microbial biomass (R = 0.36). The relationships
between root length, soil % N and microbial biomass C are shown in Figure 4. Root length was
significantly positively correlated with soil microbial C (R = 0.36), soil moisture (R = 0.27) and soil %
N (R = 0.18), and all the variables were significantly positively correlated with each other (p < 0.05).
It was therefore surprising that the best multiple linear regression model (highest adjusted R2 of 0.12;
p = 0.016) included all three variables, and the coefficient for microbial C changed from positive in the
simpler models to negative because of the inverse relationship between root length and microbial C
in the April dry season samples (Figures 4 and 5). Microbial biomass C was significantly positively
correlated with soil moisture (R = 0.47) and % N (R = 0.27).

4. Discussion

4.1. Do Tree Roots Proliferate in Resource Hotspots?

Decaying CWD has been found to either augment soil nutrient content or availability through
inputs of leachates, insect frass and decayed wood [1,2,4–7,17], or conversely, to diminish available
nutrients though responses of soil microbial communities to inputs of decay products with high C:N
ratios [18,19,21]. The question of how tree roots respond to nutrient hotspots or local nutrient sinks
created by CWD has received less attention [43], though decayed wood itself has been shown to
provide an important source of moisture and nutrients for tree roots [3,6,43]. Trees respond readily
to patches that contain limiting resources by proliferating fine roots disproportionately in resource
hotspots [8,10–14]. Nutrient hotspots associated with CWD may thus play a critical role in maintaining
forest productivity [12]. In this study, we used closely paired soil samples taken under and away
from decaying logs belonging to two hurricane cohorts to determine if soil nitrogen, carbon, moisture,
microbial biomass and tree root lengths were higher or lower under the CWD. Further, we examined
whether the patterns of soil N, C and moisture changed through time and season, and whether roots
proliferated more in patches with high nitrogen or moisture, and whether roots avoided soil patches
with high microbial biomass since microbes can compete with roots for limiting nutrients [21].

4.2. Effects on Soil Nitrogen and Carbon

Unlike the studies by Zalamea et al. [22] and Bantle et al. [1,2], we did not find differences in soil
% C or % N between tree species. One of our tree species was shared with the Zalamea et al. study
(D. excelsa) while our G. guidonia is in the same family and is nearly indistinguishable in quality from
S. macrophylla that was used in Zalamea et al. [22,23]. Fresh wood of D. excelsa and S. macrophylla (and
presumably, G. guidonia) has similar N concentrations [22]. Sites and species were confounded in the
Zalamea et al. study [22], and while they included soil characteristics as covariates in their ANOVAs
to remove effects due to differences between their two sites; it is possible that not all of the site soil
differences were accounted for and that differences in clay content may have contributed to what
was attributed to differences in tree species. In our study, three of the four blocks were located on
the same soil type and all were at the same field site. We found significantly higher % C under than
away from logs at both depths (0–10 and 10–20 cm) and at all sample times. However, the subsequent
study by Zalamea et al. [22,23] 7 and 15 years after Hurricanes Hugo and Georges did not find any
differences between under and away positions in soil % C at 0–5 cm depth in the same forest type
located at a different site on the eastern side of the Luquillo Mountains. Clay content is generally well
correlated with soil organic C (SOC) [44] and the clay contents of soils in the Zalamea et al. [22] sites
(Bisley and Río Chiquito) were lower than at our El Verde site (20%–22% versus 30%–55%). In addition,
the soils in the Zalamea et al. study [22,23] were collected only to 5 cm depth; surface soils contain
less clay and are also more influenced by inputs of organic matter from leaf litter than are deeper
soil horizons. We therefore think that differences in sampling depth and clay content can explain the
disparity between our results and those of Zalamea et al. [22,23]. Clay mineralogy is also an important
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determinant of SOC [44], but all of the highly weathered soils in both the Zalamea et al. [22,23] and
this study were high in aluminum and iron [33]. Zinn et al. [45] noted that aluminum and iron cations
are the most important interlayer mineral binders of dissolved organic matter (DOM), and Kaiser
and Guggenberger [46] showed sorption to the mineral matrix strongly preserved DOM. In contrast,
Kayahara et al. [47] did not find greater amounts of organically complexed Fe and Al in soils below
forest floors with woody debris versus those without wood in the boreal forest of British Colombia
despite finding more total C and greater C in the humic, fulvic and polyphenol fractions of the
overlying forest floors containing wood.

While we do not know how stable the C originating from our logs is and thus how much the logs
contribute to C sequestration in soils, Kalbitz et al. [48] showed that sorption of recalcitrant compounds
was four times greater than labile compounds. Interestingly, one of our logs (H.2) showed high % C
(14%–33% at 0–10 cm depth on two of the three sample dates and 4.7% at 10–20 cm depth in January
2000, and % C was also high away from the log in one of the two January 2000 samples. Log H.2 was
D. excelsa, a species that had historically been used in the El Verde Research Area for making charcoal,
so we suspected this log fell onto an old charcoal pit. Soils around the marked log were examined for
charcoal, which is known to cause elevated soil C, but none was found. We therefore postulate instead
that the paired cores collected in January and September of 2000 from log H.2 coincided with the C
imprint of a previously decomposed log whereas the April 1999 core samples did not. The highest % C
values in the upper 10 cm of soil both under and away from log H.2 in January 2000 corresponded
to our lowest soil bulk density measurements, which suggests an abundance of light fraction soil C.
Log G.1 also had remarkably high soil % C and % N, but primarily at the lower, 10–20 cm depth.
This suggests that the legacy of the former decaying log near G.1 dated earlier than the legacy of the
decayed log associated with H.2, and that light fraction C in the surface soil near G.1 was lost through
decomposition and leaching. Our data indicate that 20% of randomly placed soil cores at our site
may fall on C and N-rich hotspots that are the legacy of decomposed prior CWD. Consistent with our
results, Gutiérrez del Arroyo and Silver [49] found that ten years after a simulated hurricane debris
addition experiment at our site, soil C and N were elevated relative to control plots in both surface and
deep soils, and that both light fraction organic matter and organic molecules complexed with minerals
in the heavy soil fractions were elevated. Both Harmon et al. [3] and Spears et al. [20] noted difficulty in
detecting effects of decaying logs on the underlying soil in Oregon in northwestern USA, likely because
of overlapping legacies from previously decomposed CWD. The fast rates of CWD decomposition at
our wet tropical site (Table 2) and wet tropical forests in general [24] are probably correlated with fast
rates of carbon loss belowground, which makes the imprint of prior treefalls on soil C and N in our
forest clearer than in the cool temperate forests of Oregon with slower decomposition [3,20].

Our finding of more C under logs only 0.6 years after Hurricane Georges under logs from
Georges was surprising as little decomposition was observed. Furthermore, we did not find significant
differences in % C in soils beneath logs from two different hurricane cohorts spaced 9 years apart.
However, Bantle et al. [1] found concentrations of dissolved organic C (DOC) were 5–10 times higher
in runoff from logs than in throughfall even during early decomposition in a temperate beech forest
(3 year-old logs). The products of fungal white rot in wood are primarily CO2 and DOC [34].
Zalamea et al. [23] found significantly more water-soluble organic matter under than away from
their decomposing logs, consistent with DOC of Bantle et al. [1], despite finding no differences in
total soil C.

We found a significant effect of season on soil % C at 0–10 cm depth, with increases in the dry
season (see graphical abstract). Turner et al. [50] found a similar increase in soil C during the dry
season in a more strongly seasonal forest on Barro Colorado Island in Panama. However, we did not
observe a significant increase in soil N whereas the study in Panama did [50].

Much of the early C and N inputs to soil from fallen logs in Puerto Rico may come from bark beetle
frass [21,38,51], and large deposits of frass were noted under our Georges logs beginning 5 months
after they had fallen. We also found especially high microbial biomass C in addition to higher C and N
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under versus away from Georges logs in that sampling (Figure 5). The few studies on the ecological
roles of bark beetles, and effects of xylophagous beetle frass on nutrient cycling [4,5,7,51] indicate rapid
decay of the inner bark, which contains the highest concentration of nitrogen. Showalter [4] showed
rapid loss of inner bark in hardwood logs was related to invertebrate activity and was independent
of climate across a broad geographic gradient in North America. Similar to our study, in Australia,
Lindsay and Cunningham [16] and Goldin and Hutchinson [17] found significantly higher C, N and
P in soil near logs than 80 cm away. Also consistent with our observations, Cobb et al. [51] found
in boreal forest of Canada that xylophagous beetles in a conifer forest that had burned followed
by salvage logging had significantly increased soil C and N at the bases of dead trees via frass
and chewing debris, and a positive and significant relationship between larval abundance and total
soil N, presumably due to inputs of frass. They also found that addition of these beetle frass and
chewings to soil increase microbial respiration by more than three-fold; furthermore, frass additions
decreased germination of two of their three test plant species (as most of the nitrogen returned via
frass is immobilized by microbial biomass and is thus not immediately available to plants). There are
two mechanisms by which saproxylic organisms can affect N release as decomposition proceeds.
They can accelerate release of N immobilized in microbial biomass through indirect interactions with
cord-forming fungi [52,53]. They can also promote N2 fixation by providing conditions conducive
to prokaryote activity in their guts as well as in comminuted wood [54]. Results from Asmus [55]
suggest that frass maybe a preferred substrate for N2 fixing bacteria. Thus, our findings contribute to a
greater understanding of the potential effects of CWD on soil carbon and nutrient cycling following
both natural and anthropogenic forest disturbances.

Further contributing to early impacts of logs on soil nutrient cycling, wood decomposes more
quickly in tropical forests [24,25] such as the one at El Verde in Puerto Rico than in temperate forest
studied by Bantle et al. [1]. Three of our four logs in blocks 2 and 4 could only be identified by the
pink-tipped poles marking their drip lines at both ends of the logs and the fourth log was reduced to a
2 cm deep humus deposit with roots after 18 and 27 years of decomposition for Georges and Hugo
cohorts, respectively. These CWD turynover times are consistent with those from elsewhere in the
neotropics [24,25]. Lang and Knight [56] proposed a faster wood decomposition in the tropics than in
temperate zones because a warm and humid forest floor in the tropics would favor invertebrate activity
through the year. In contrast, Torres [38,57] argued that high moisture content, the cool temperatures
(caused by cloud cover, rainfall and winds) and a low animal diversity on the logs in the wet forest in
Puerto Rico seem to retard wood decay in this habitat. Here, we argue that hurricane conditions can
significantly alter both abiotic (changes in light and moisture level conditions) and biotic conditions
that can affect the rate of recovery and nutrient cycling in the forest via decomposition processes [58].
Our observations in this study would support the contention that dry exposed wood generated by
hurricane disturbance favors saproxylic species [57], which in turn can initiate the decay process. It has
been suggested that wood comminution and bark fragmentation caused by these organisms might
have increased nutrient loss through leaching [59,60].

Our finding of significantly higher % N in soils at two depths under than away from logs is
concordant with the pattern of % C, which is not surprising as soil C and N are usually correlated and
C and N mineralization are coupled [61,62]. Bantle et al. [2] found a net release of N from decaying
beech logs during early decomposition in temperate forest in Germany, with the largest component
being dissolved organic N (DON). Hillslope direction was also significant for the 0–10 cm depth,
with % N (but not % C) being higher on the upslope side of the logs. This result is consistent with logs
acting as terrestrial debris dams that trap leaf litter on their upslope side [9,35], especially in April
1999 and January 2000 (Figure 5a,b). The dates with high surface soil % N coincide with peaks in leaf
litterfall in our site [63]. Tropical forest leaf litter at El Verde in Puerto Rico has high concentrations
of N (1% in González et al. and Silver et al. [64,65]; 1.5% in Lodge et al. [66]) relative to temperate
coniferous forest litter, as is typical of wet lowland and low elevation montane tropical forests, and
net mineralization usually begins immediately and proceeds steadily rather than being preceded by
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immobilization phase in the litter during decomposition [67,68]. It is thus not surprising that soil % N
was higher in the upper soil horizon on the upslope side of our logs.

4.3. Effects on Biota

4.3.1. Root Responses

Root length was greater away from the logs during the April dry season, but the pattern reversed
in the September wet season leading to a significant time by position interaction. Although the shifting
of roots away from soil under logs in the dry season corresponds to when soil microbial biomass C
was highest under logs, this might be interpreted as competitive exclusion of roots for nutrients by soil
microbial biomass, the correlation between roots and soil microbial biomass C was modest (R = 0.36).
The correlation between root length and soil moisture was higher (R = 0.47) while the correlation with
soil % N was smaller (0.18); the correlation of microbial C with soil % moisture (R = 0.47) was higher
than with soil % N (R = 0.27). The change in the microbial C coefficient from positive to negative in the
best-fit multiple linear regression model that included all independent variables was informative and
consistent with the inverse relationship between microbial C and root length in the 0.6 year dry season
samples from Georges logs. These patterns are consistent with root proliferation where nutrients were
more available. On the other hand, mean root length was higher under than away from logs whereas
mean soil microbial biomass C did not differ between positions in September (wet season), which is
not consistent with the competitive exclusion hypothesis. However, inputs of bark beetle frass were
greatest during the first sampling in the dry season, so the inverse correlation between roots and
microbial C in the dry season may be related to effects of early frass deposition. Root lengths were
also significantly higher on the upslope sides of logs, concordant with significantly higher % N on the
upslope side in the upper 10 cm of soil, suggesting that roots may proliferate where N is more available.
Availability of other nutrients, such as P, may have contributed to the rooting patterns since % N is
correlated with % C, and C is known to increase P-availability in weathered tropical clay soils [26].
Soil moisture is another resource that can increase root proliferation [3,43]. Although soil moisture
was slightly higher under than away from Georges cohort logs in the dry season and the January 2000
wet season sampling (Figures 4 and 5), the differences were slight. One of the lowest soil moistures
was recorded for a Hugo log in Block 2 (Figure 4a), which corresponded to some of the highest root
lengths; this pattern is not consistent with moisture being a limiting resource that determines root
proliferation. Soil microbial C and soil % N were also high in those samples, so nutrient availability
also may not have been limiting in the wet season under H.2. Competitive displacement can only
occur where critical resources are limited.

4.3.2. Soil Microbial Biomass Responses

We found the strongest differences in soil microbial C between seasons, with values being
significantly lower during the April dry than in the two wet season samplings. The soil was so dry at
the beginning of the April sampling that one soil sample did not lose weight on oven drying, and some
of the others probably lost water of hydration rather than free water. Fungal biomass [68] and the
microbial community [69,70] in wet tropical forest of Puerto Rico were shown to be highly sensitive to
drying, though community effects were most evident in the very driest soils.

Soil microbial biomass was often (suggestively) higher under than away from logs at the 0–10 cm
depth, especially for Georges logs 0.6 years after the hurricane in the April dry season samples.
This coincided with lower root lengths under than away from the Georges logs in the April dry season
samples. Zalamea et al. [22] did not find differences in microbial biomass between positions, but they
did not sample during the early stages of decomposition. Two possible mechanisms seem plausible for
explaining this pattern: competition between microbial biomass and plant roots for limiting nutrients
and allelophathic effects of beetle frass on roots. As noted above in the discussion of soil % C, the
input of Scoletid beetle frass may have stimulated the soil microbial biomass immobilization of N that
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was observed by Zimmerman et al. [21] beginning 4–6 months after Hurricane Hugo. Cobb et al. [35]
similarly found higher microbial activity with input of xylophagous beetle frass and chewings in
temperate conifer forest. The C:N ratio of the beetle frass and chewings in the Cobb et al. [55] study
was 84–55 while the Scoletid beetle frass we analyzed had C:N ratios of 30–128; all higher than
ratios >12–24 that are associated with N immobilization [62,71]. Frass extracts of bark beetle larvae
have been attributed to potent allelochemicals that might inhibit germination and seedling growth [72].
Thus, the results of our study would suggest a conservative mechanism of recovery and nutrient
retention following a hurricane in this tropical forest that is similar to that observed in the boreal forest
of Canada after post fire disturbance. The observation of greater root length away than underneath
the decaying logs could potentially be explained by allochemical inhibition by secondary compounds
contained in bark beetle frass on roots.

In addition to DOC contributions to soil C from bark and sapwood leachates, frass from bark
beetles in the Scoletideae may have contributed to early increases in soil C below our logs. The fourth
author recorded copious amounts of frass from Scoletid bark beetles underneath our recently fallen
logs five months after Hurricane Georges. Our analyses of two representative samples of Scoletid
beetle frass had 42%–45% C. Because Scoletid beetle frass has a fine texture resembling sawdust due
to comminution by the beetles and processing in their guts and a high C:N ratio, it is likely to be
decomposed quickly by fungi. Our observations of higher soil microbial biomass under than away
from Georges logs 7 months after falling (Figure 5) are consistent with the N immobilization by soil
microbial biomass and the slowing of forest canopy cover beginning 4–6 months after Hurricane Hugo
found by Zimmerman et al. [21]. In a canopy trimming experiment conducted at our field site in El
Verde, Silver (personal communication, 11 March 2014) found increases in soil respiration for several
years after forest plots were subjected to a simulated hurricane as compared to control plots. Further,
Xianbin Liu (personal communication, 12 January 2016) found more labile C in soils of the hurricane
simulation plots for at least 1.5 years after the second application of trimming. Thus, it is likely that at
least some of the C originating from coarse woody debris from disturbances such as tropical cyclones
is labile and readily decomposed once it reaches the soil and is not sequestered. This labile carbon,
however, can contribute to microbial immobilization of nutrients, leading to temporarily lower nutrient
availability for tree roots.

5. Conclusions

Tropical cyclonic storms, bark beetle outbreaks, fires and anthropogenic disturbances deposit
CWD on forest floors, which significantly alters the soil C and N dynamics, and could potentially
alter soil fertility and forest productivity. Decomposing logs from two hurricanes spaced 9 years
apart left a significant signature on the underlying soil, even as early as 0.6 years after the trees fell.
Percent soil C and N were significantly higher under than near logs at both 0–10 and 10–20 cm depths
at all sample times. Legacies of previously decomposed logs in the soil C and N were also detected.
These signatures of decomposing logs on soil C and nutrients contribute to high spatial heterogeneity
in soil characteristics, and lead to nutrient hotspots as well as sinks. The close spatial pairing (<50 cm
apart) of soil samples taken under and away from decomposing logs in this study was effective in
reducing background variation sufficiently to detect the effects of the logs on soil C, N, microbial
biomass C and roots, and was also comparable to root ‘choice experiments’. Early increases in soil
microbial C under logs felled by Hurricane Georges were detected 0.6 years after the hurricane, and
may have been stimulated by inputs of insect frass with high C:N ratios from Scoletid bark beetles in
addition to leachates from bark and sapwood. The soils beneath the logs in these early, dry season
samples may have been a nutrient sink caused by microbial nutrient immobilization. Correspondingly,
roots were less abundant under the logs than away from the logs at that time. Soils on the upslope
side of the logs differed only from the downslope side for soil % N and total root length in the upper
0–10 cm, likely because of N fluxes from leaf litter accumulations on the upslope sides of logs on steep
slopes and corresponding proliferation of fine roots where N was more available. This also indicates
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that root proliferation was tracking nutrient availability in transient hotspots. The longevity of the C in
soils originating from the decomposing logs was not determined, but spatial anomalies (hotspots) in
some our samples suggest that higher soil C may persist after any remains of a decomposed log have
disappeared. Evidence from other studies in the same area also suggest, however, that part of the soil
C originating from coarse woody debris is labile and is respired quickly by soil microbial biomass as
CO2. The proliferation of roots under decaying logs in the wet season but not the dry season highlights
the importance of maintaining spatial heterogeneity in management of coarse woody debris following
natural disturbances and logging plus salvage operations in order to allow tree roots to track and
exploit nutrient and resource hotspots as they change through time.
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Abstract: To verify the acclimation capacity of evergreen Fagaceae species on calcareous soil, we
compared ecophysiological traits between Quercus glauca Thunb., Q. salicina Blume, Q. myrsinaefolia
Blume, and Castanopsis cuspidata (Thunb.) Schottky as typical woody species from southwestern Japan.
We also examined the inoculation effects of the ectomycorrhizal (ECM) fungi Astraeus hygrometricus
and Scleroderma citrinum, and planted seedlings in calcareous soil collected from a limestone quarry.
We measured growth, ectomycorrhizal colonization, photosynthetic rate, and concentrations of
nutrients in plant organs for A. hygrometricus-inoculated, S. citrinum-inoculated, and non-ECM
seedlings. Six months after planting on calcareous soil, seedlings of the three Quercus species
inoculated with A. hygrometricus were larger than non-ECM seedlings, especially Q. salicina, which
showed the greatest increase in dry mass. The dry mass of C. cuspidata seedlings was inferior to that of
the three Quercus species. In the nutrient-uptake analysis, phosphorus, manganese, and iron uptakes
were suppressed in calcareous soil for each Fagaceae species. However, seedlings of Fagaceae species
that showed better growth had increased concentrations of phosphorus in roots. We concluded that
seedlings of Q. salicina and Q. glauca inoculated with A. hygrometricus were best suited to calcareous
soil and were considered as useful species for the reforestation in limestone quarries.

Keywords: oak; ectomycorrhizal fungi; limestone; photosynthetic capacity; nutrient physiology

1. Introduction

Limestone occurs throughout East Asia [1]. Calcareous soil, which is formed by weathering of
limestone, shows the pH range 7.5–8.5 owing to the buffering effects of the large amounts of calcium
carbonate [2,3]. Under such conditions, the uptake of micronutrients (e.g., iron (Fe), manganese (Mn),
copper (Cu) and zinc (Zn)), which exhibit low availability at high pH, is suppressed [3,4]. Additionally,
carbonate in calcareous soil causes lime-induced chlorosis as a consequence of Fe deficiency [2,3].
Moreover, phosphorus (P) is bound by calcium (Ca), and the uptake of P is also suppressed [3,5].
Accordingly, some plant species exhibit poor growth on calcareous soils [5–8]. Limestone has been
quarried at many sites worldwide [9], but once quarrying has finished, natural revegetation of such
sites is slow [10,11]. A limestone quarry site in Japan is currently being rehabilitated to a forest
stand [12]. The calcareous soil at the quarry has a high pH and large amounts of Ca [12]. Seed from a
range of plant species from an adjacent natural vegetation site was dispersed across the quarry site;
however, growth of germinated plants was slow [13]. Thus, limestone quarry sites require artificial
reforestation for environmental conservation of such sites.

Forests 2016, 7, 266 49 www.mdpi.com/journal/forests



Forests 2016, 7, 266

Some plant species have high adaptability to calcareous soil because these species can obtain
micronutrients and P from such soil [7]. Evergreen broad-leaved forests are distributed across
warm-temperature zones in southern parts of China and southwestern Japan [14–16], and several
Quercus species are distributed widely across limestone regions [17–19]. In particular, Q. glauca Thunb.
is abundant on calcareous soils in Japan and China [17–23], but, in contrast, the genus Castanopsis is not
distributed generally on such soils [18,20,24]. However, the distributions of Quercus and Castanopsis in
East Asia have not been widely examined for their ability to grow on calcareous soil.

Fagaceae species can form a symbiotic interaction with ectomycorrhizal (ECM) fungi [25,26].
On calcareous soil, exudation of organic acids from ECM fungi and the dissolution of insoluble P is
important for the uptake of P [27,28]. In the case of Fe, exudation of organic acids, such as citric acid,
results in the chelation of Fe, leading to more available for plant uptake [29]. The communities of ECM
fungi in calcareous soil can differ from those in non-calcareous soil [30,31], although cosmopolitan
ECM fungi, such as genera Astraeus and Scleroderma, are distributed on calcareous soil [32,33].

The removal of limestone at a quarry site disturbs the topsoil. The abundance of the species
of ECM fungi was poor at a disturbed site compared with an undisturbed site [34]. It is predicted
that when non-ECM seedlings of Fagaceae species are planted into limestone, colonization of ECM
fungi may be poor. When woody species inoculated with ECM fungi are planted on calcareous
soil, several species exhibit tolerance to these nutrient-limiting soil conditions [33]. The beneficial
effects of inoculation of ECM fungi for plant growth on sites with a poor diversity of ECM fungi
have been shown previously [35]. However, few studies have examined the inoculation of seedlings
with ECM fungi prior to growing in calcareous soil. We expected that evergreen Fagaceae species
inoculated with ECM fungi may be effective for growth on limestone quarry sites. The aim of
our research was to verify the acclimation capacity of Quercus and Castanopsis on calcareous soil.
Moreover, we examined the inoculation effects of ECM fungi and compared these between Quercus
and Castanopsis species. We examined the ecophysiological traits of seedlings of Quercus and
Castanopsis, specifically (1) the growth characteristics of the seedlings; (2) symbiosis of ECM fungi
on short roots; and (3) concentrations of elements in plant organs. These parameters were compared
between ECM-inoculated and non-inoculated seedlings. Our findings may be applied in the artificial
reforestation of limestone quarries using Fagaceae seedlings inoculated with ECM fungi.

2. Materials and Methods

2.1. Plants and ECM Fungi

We used Quercus glauca Thunb., Quercus salicina Blume, Quercus myrsinaefolia Blume, and
Castanopsis cuspidata (Thunb.) Schottky. The three Quercus species are distributed across limestone
regions in southwestern Japan, whereas C. cuspidata is not present in these regions [17–19,21]. Acorns
of the four Fagaceae species were collected from an evergreen broad-leaved forest located in the central
part of Kyushu, Southwestern Japan in December 2007 for Q. glauca and Q. salicina, and in December
2008 for Q. myrsinaefolia and C. cuspidata. To eliminate differences in genetic characteristics caused
by edaphic factors, the forest-collected acorns of the four Fagaceae species were from an area with
non-calcareous soil. The acorns were stored in a refrigerator at 4 ◦C prior to sowing.

Information about species of ECM fungi distributed in calcareous soil in Japan has rarely been
reported [36]. However, reports from other countries indicate that Astraeus hygrometricus (Pers.)
Morgan and Scleroderma citrinum Pers. can form symbiotic interactions in calcareous soil [31,32].
In addition, A. hygrometricus and S. citrinum are typical ECM fungi from Fagaceae forests in
Japan [37,38], and we found previously that these species could form symbiotic relationships with
Fagaceae species [39,40]. Thus, we chose A. hygrometricus and S. citrinum for the inoculation of
Fagaceae seedlings.

In July 2008, fruiting bodies of A. hygrometricus and S. citrinum were collected from a slope with
exposed mineral soil on the edge of a secondary evergreen, broad-leaved forest. This site was the same
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as that for the collection of acorns. Several fragments (3–7 mm) were cut off from the fruiting bodies
and placed on agar medium. The medium consisted of 10 g·L−1 glucose, 10 g·L−1 malt extract, and
1 g·L−1 bactopeptone [41]. Fragments of A. hygrometricus and S. citrinum were incubated at 25 ◦C for
2 weeks in darkness. We confirmed the developed mycelial colony of A. hygrometricus and S. citrinum
based on descriptions from previous literatures [38,41]. We used isolated mycelia for inoculation.

2.2. Preparation of Pot Experiments

Acorns of Fagaceae species were germinated in June 2008 for Q. glauca and Q. salicina, and in
June 2009 for Q. myrsinaefolia and C. cuspidata. The acorns were surface sterilized with 30% H2O2 for
20 min, and rinsed 4 times with sterilized distilled water. Acorns were placed on a sterilized perlite and
akadama (red ball earth, originated from subsoil in Kanto region, Japan) soil (1:1) in a free-draining
container (width × length × depth = 31 cm × 21 cm × 8 cm). After germination, inoculation of ECM
was performed in August of the same year.

Isolated mycelia of A. hygrometricus and S. citrinum were cultured in 40 mL of Ohta liquid
medium [42] in 100 mL flasks at 24 ◦C for 2 weeks in darkness. The incubated mycelia of
A. hygrometricus and S. citrinum were aseptically fragmented using a stirrer (DX, As One Co., Osaka,
Japan) at 7000 rpm for 20 s. The suspension of hyphal fragments was poured into a 50 mL plastic tube
and centrifuged at 2320 g for 10 min to collect the hyphal fragments, which were then mixed with
sterilized distilled water and centrifuged at 2320 g for 10 min. After the supernatant was removed,
the procedure was repeated. The hyphal fragments were resuspended in sterilized distilled water,
and 48 seedlings each of Q. glauca, Q. salicina, Q. myrsinaefolia, and C. cuspidata were inoculated
with A. hygrometricus or S. citrinum. Prior to the inoculation, seedlings were removed from their
containers, and the soil was washed from their roots with sterilized distilled water. On the exposed
roots of seedlings, 1 mL of hyphal suspension, which contained 1 mg of hyphal fragments, was added.
In addition, 24 seedlings each of Q. glauca, Q. salicina, Q. myrsinaefolia, and C. cuspidata were prepared
similarly but without inoculation of ECM fungi (non-ECM controls).

All seedlings were planted into Ray Leach Containers (164 mL, SC10, Stuewe and Sons, Tangent,
OR, USA) filled with stabilized perlite: akadama soil (1:1). The pH of the perlite: akadama soil was 6.1.
The seedlings were grown in an enclosed, air-conditioned (25.0–35.0 ◦C) greenhouse at the Forestry
and Forest Products Research Institute (FFPRI), Tsukuba until April 2009 for Q. glauca and Q. salicina.,
and until April 2010 for Q. myrsinaefolia and C. cuspidata. The greenhouse was sealed to prevent
the seedlings from becoming contaminated by airborne spores or hyphal fragments of mycorrhizal
fungi. No fertilizers were applied to the seedlings, and each pot was irrigated with 20 mL of distilled
water per day. We also confirmed the contamination of ECM root visually, and the control seedlings
contaminated with ECM on their roots were eliminated from the trial.

2.3. Soil Collection and Analysis

In January 2009, we collected calcareous soil from the B horizon of a limestone quarry (Todaka
Mining Co., Tsukumi, Oita Pref., Japan, 33◦03′ N, 131◦48′ E, 580 m a.s.l.). The color of the soil was dark
red (5YR 3/6), and it showed high viscosity owing to a high content of clay [43]. Collected soil was
sieved (2 mm) at the same site and collected in 32 sandbags. After transportation, soil was kept in a
storehouse in Kyushu Research Center, FFPRI.

The pot experiments were carried out by dividing them into two groups, in May 2009 for Q. glauca
and Q. salicina and in May 2010 for Q. myrsinaefolia and C. cuspidata. Before planting for each year, the
collected soil was placed in autoclave bags and sterilized using a wet cycle of an autoclave at 120 ◦C for
20 min. (KTS-2346B, Alp Co., Tokyo, Japan) to remove all other mycorrhizal species. After sterilization,
five soil samples were collected from five bags for each year.

We measured the soil properties including pH and the concentration of carbon (C), nitrogen (N),
exchanged P, base cations (Ca, magnesium (Mg), potassium (K) and sodium (Na)), Fe, and Mn. Soil
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pH was measured using a pH meter (SG2, Mettler Toledo, Zürich, Switzerland); 10 g of soil was mixed
with 25 mL of distilled water and shaken for 1 h before the reading was taken [44].

After measuring the soil pH, samples were dried at 105 ◦C for 24 h for further analysis. Dried
soil samples were used to determine the concentration of C and N using a NC analyzer (Sumigraph
NC-220F, Sumika Chemical Analysis Service, Tokyo, Japan). Exchanged P was extracted by the
Olsen method [45] by shaking for 1 h. P concentration in the soil solution was determined by the
molybdenum blue method [46] using a spectrophotometer (UV-2500PC, Shimadzu, Kyoto, Japan).

The concentrations of exchanged base cations and Mn were determined; 2.5 g of dry soil was
mixed with 50 mL of 1 M ammonium acetate solution and shaken for 1 h prior to analysis [45].
Solutions for analysis of exchanged Fe were obtained by adding 50 mL of 1 M KCl to 2.5 g of dry
soil and shaking for 1 h [45]. The base cations, Fe, and Mn concentrations in the soil solution were
analyzed using an inductivity coupled plasma analyser (ICPE-9000, Shimadzu, Kyoto, Japan).

2.4. Establishment of the Pot Experiment

A total of 48 mycorrhizal seedlings and 24 non-mycorrhizal seedlings of the four Fagaceae species
were transported to Kyushu Research Center, FFPRI in May. A total of 24 mycorrhizal seedlings
and 12 non-mycorrhizal seedlings each of Q. glauca, Q. salicina, Q. myrsinaefolia, and C. cuspidata
were transplanted into free-draining pots (depth: 30 cm, diameter: 15 cm, volume: 3.7 L) filled
with calcareous soil. The remaining seedlings, i.e., 24 mycorrhizal seedlings and 12 non-mycorrhizal
seedlings of the four Fafaceae species, were sampled at this time. Fagaceae seedlings were raised
for 6 months in a naturally illuminated phytotron (Koito Co., Tokyo, Japan) at Kyushu Research Center,
FFPRI. The phytotron had three rooms, and seedlings of Q. glauca, Q. salicina, Q. myrsinaefolia, and
C. cuspidata were inoculated with A. hygrometricus (abbreviated to AH), S. citrinum (SC), and non-ECM
(NE), the seedlings were then put into the three rooms. Four seedlings of each species inoculated with
AH, SC and NE were placed in each room.

After establishment, each pot was irrigated with 60 mL of distilled water per day. The average daily
photosynthetically active radiation (PAR) during the experimental period was 39.6 mol·m−2·day−1

in 2009, and 37.5 mol·m−2·day−1 in 2010, calculated using data on solar radiation from the Japan
Meteorological Agency [47] and the ratio of solar radiation to PAR [48]. Air temperature in the
phytotron rooms was controlled at 30 ◦C (day) and 25 ◦C (night) from July to September, and 25 ◦C
(day) and 20 ◦C (night) from May to June and in October. These temperatures were based on air
temperature in Kumamoto city, Japan [47]. Relative humidity was controlled at 75%. During the
experiment, some contamination by airborne spores was noted. The position of seedlings was changed
at regular intervals (every month), and the phytotron rooms were disinfected using ethanol at this time.

2.5. Measurement of Seedling Growth

To determine the growth characteristics of seedlings of Q. glauca, Q. salicina, Q. myrsinaefolia, and
C. cuspidata, we measured the dry mass of leaves, stems and branches, and roots. Twelve AH, SC, and
NE seedlings each for the four tree species were harvested in May (first sampling) and November
(second sampling). The roots of harvested seedlings were washed twice with tap water to remove
soil, and then washed with distilled water. The washed seedlings were divided into leaves, stems
and branches, and root components. Each component was put into its own envelope and oven-dried
at 60 ◦C for 4 days. The dry mass of each component was determined. From the values of dry mass of
each component at the first and second samplings, we calculated relative dry mass as follows:

Dry mass at second sampling/Dry mass at first sampling × 100 (1)

For the relative dry mass, 100 was set as the value at the first sampling. We also measured specific
leaf area (SLA [7]) for each species. We used the SLA value to convert the concentration of nutrients
into area based values.
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2.6. Measurement of the Rate of Colonization of ECM Fungi

To measure the proportion of roots with ECM fungal colonization, we selected five large clusters
of roots from each of seedling, and over 500 short roots (<5 mm in length) that diverged from them.
This proportion was determined before drying. For assessment of ECM fungi, roots of seedlings were
harvested at the first and second samplings and carefully washed free of soil under gently flowing
water. Cluster roots were soaked in distilled water and observed at 10–40× magnification using a
stereomicroscope (STZ-40TBIT, Shimadzu, Kyoto, Japan). ECM short roots of A. hygrometricus and
S. citrinum were confirmed by the color, form, and size of the ECM fungi, the presence of rhizomorphs
and the absence of root hairs [38,40,49]. The numbers of colonized and uncolonized short roots
were counted, and we calculated the percentage of ECM fungal colonization from the proportion
of colonized short roots to the total number of short roots [50]. We also examined the relationship
between growth (total dry mass) and ECM fungal colonization.

2.7. Photosynthetic Capacity

The photosynthetic rate at light saturation (Psat) was measured in all seedlings in October.
Third leaves counted from the top of the seedling were used for the measurement of Psat and
stomatal conductance (gs). Measurements were made using a portable gas analyzer (LI-6400, LI-COR
Biosciences, Lincoln, NE, USA) under steady-state conditions at an ambient CO2 concentration of
37.0 Pa. The LED light source was adjusted to a saturation light level of 1700 μmol·m−2·s−1·PPF.

2.8. Analysis of Element Concentrations in Plants

We measured the concentrations of N, P, K, Ca, Mg, Fe, and Mn in leaves and roots at the first
and second samplings. Dried samples were ground to a fine powder using a sample mill (WB-1;
Osaka Chemical Co., Osaka, Japan). The concentration of N was determined using a CN CORDER
analyzer (MT-600, Yanako New Science Inc., Kyoto, Japan). The remaining samples were digested by
the HNO3-HCl-H2O2 method [51]. The concentration of P was determined by the molybdenum blue
method using a spectrophotometer. Concentrations of K, Ca, Mg, Fe, and Mn were analyzed using an
atomic absorption spectrophotometer (Z-2310, Hitachi High-Technologies Co., Tokyo, Japan).

The concentrations of each nutrient at the first and second samplings were calculated as relative
nutrient concentration, as follows:

Concentration at second sampling/Concentration at first sampling × 100 (2)

For the relative concentrations, 100 was set as the value from the first sampling. Based on
relative nutrient concentration and relative dry mass, we examined vector analysis in accordance with
Valentine and Allen [52] and Scagel [53]. Changes in dry mass and the concentration of nutrients were
plotted for AH, SC, and NE seedlings of the four Fagaceae species. The interpretation of vector shifts,
as described in Valentine and Allen [52], are shown in Figure 1 as a reference.

We also examined the effects of nutrients on photosynthetic rate. In general, photosynthetic rate
is closely related to N [7,54] and P [55,56]. Correlation analysis was performed between Psat and the
concentrations of N and P in leaves at the second sampling. For the concentrations of N and P, we used
the SLA area-based values.
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Figure 1. Graphical representation of interpretation comparing changes in dry mass and concentrations
of nutrients grown in different media types. The content isograms represent combinations of dry mass
and concentration required for constant content per unit dry mass. The arrows indicate the direction in
which each interpretation holds (adapted from Valentine and Allen [48] and Scagel [49]). The curve
indicated by the broken line shows the border to estimate increase or decrease of content. A plot located
above the curve shows increase of content.

2.9. Statistical Analysis

All parameters were analysed for normality and homoscedasticity using the Shapiro–Wilk test
with Sigma Plot 12.3 (Systat Software Inc., San Jose, CA, USA,). Some parameters did not show
normality and homoscedasticity; therefore, we used nonparametric tests by Kyplot 3.0 (Kyens Lab.
Inc., Tokyo, Japan). The data of soil chemical properties were compared between 2009 and 2010
using Mann-Whitney U test. Dry mass of the whole plant and each organ, ECM fungal colonization,
Psat and gs, and concentrations of elements in leaves and roots were examined using a Steel–Dwass
test. The mean values of total dry mass and ECM fungal colonization for Q. glauca, Q. salicina,
Q. myrsinaefolia, and C. cuspidata were compared among the first and second samplings of AH, SC, and
NE seedlings. The values of dry mass of each organ, Psat, gs and concentrations of elements in leaves
and roots of the four Fagaceae species were compared among AH, SC and NE seedlings. Different
letters are used to indicate statistically significant differences at p < 0.05. The mean values followed by
the same letter showed no significant differences.
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To examine the relationship between total dry mass and ECM fungal colonization, we conducted a
Spearman’s rank correlation. Additionally, we examined the relationship between Psat and nutrients in
leaves by the same method. For the data from the second sampling, we also compared each parameter
of the seedlings from each of the three phytotron rooms by a Kruskal-Wallis test. There were no
significant differences among the three rooms.

3. Results

3.1. Soil Chemical Properties

Table 1 lists the chemical properties of the calcareous soil. The pH of the calcareous soil was
almost neutral (7.01). The Ca concentration was high. Comparing the two experimental years for
calcareous soil, there was no significant difference.

Table 1. Chemical properties of calcareous soil used in this experiment (mean ± SD, n = 5).

Year pH C (g·kg−1) N (g·kg−1) P 1 (mg·kg−1)

2009 7.00 ± 0.03 26.5 ± 2.6 0.962 ± 0.082 59.2 ± 11.3
2010 7.02 ± 0.02 28.6 ± 1.1 0.935 ± 0.089 52.1 ± 10.6

Ca2 (g·kg−1) Mg2 (mg·kg−1) K2 (mg·kg−1) Na2 (mg·kg−1)

2009 2.64 ± 0.05 62.9 ± 1.3 26.0 ± 1.8 117 ± 6
2010 2.56 ± 0.05 62.1 ± 1.6 25.8 ± 0.8 115 ± 1

Fe3 (mg·kg−1) Mn2 (mg·kg−1)

2009 8.34 ± 0.58 4.93 ± 0.59
2010 9.52 ± 5.14 4.81 ± 0.68

Mean values of each parameter were analyzed by Mann-Whitney U test (no significance; p > 0.05). 1 Extracted
by the Olsen method; 2 Extracted in 1 M ammonium acetate; 3 Extracted in 1 M potassium chloride.

3.2. Growth Characteristics

At the first sampling stage before the experiment, the total dry mass of three Quercus species
showed little difference among AH, SC, and NE seedlings (Figure 2). For C. cuspidata; the total dry
mass of AH and SC seedlings showed significant increases compared with NE seedlings.

Figure 2. Total dry mass for seedlings of four Fagaceae species grown in a calcareous soil (g·plant−1,
mean ± SD, n = 12). Different letters indicate significant effects according to a Steel-Dwass test
(p < 0.05). Mean values followed by the same letter showed no significant difference (p > 0.05).
AH, seedlings inoculated with Astraeus hygrometricus; SC, seedlings inoculated with Scleroderma citrinum;
NE, non-ectomycorrhizal seedlings.
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At the second sampling, the total dry mass was significantly increased in AH and SC seedlings
of Q. glauca, Q. salicina, and Q. myrsinaefolia. For NE seedlings of Q. myrsinaefolia, the total dry mass
increased significantly. In contrast, other NE seedlings did not show a significant increase in the total
dry mass in Q. glauca, Q. salicina, and C. cuspidata. AH seedlings of C. cuspidata did not show significant
increases in the total dry mass.

Comparing AH, SC, and NE seedlings at the second sampling, the total dry mass and dry mass
of each organ were significantly higher in AH seedlings of Q. glauca, Q. salicina, and Q. myrsinaefolia
than those in NE seedlings (Figures 2 and 3). Additionally, SC seedlings had significantly higher dry
mass for each organ compared with NE seedlings of Q. glauca, Q. salicina, and C. cuspidata. For the
SC seedlings of Q. myrsinaefolia and AH seedlings of C. cuspidata, the dry mass of each organ was not
higher than that of NE seedlings. Comparing the AH seedlings of the four Fagaceae species, dry mass
was highest for Q. salicina and lowest for C. cuspidata.

Figure 3. Dry mass of each organ (leaf, stem and branch, and root) for seedlings of four Fagaceae
species grown in a calcareous soil at the second sampling (g·plant−1, mean ± SD, n = 12). Different
letters indicate significant effects according to a Steel–Dwass test (p < 0.05). Mean values followed by
the same letter showed no significant difference (p > 0.05).

SLA of the four Fagaceae species was 85.2 cm2·g−1 for Q. glauca, 95.6 cm2·g−1 for Q. salicina,
87.7 cm2· g−1 for Q. myrsinaefolia, and 162.2 cm2·g−1 for C. cuspidata. There were no significant
difference among AH, SC, and NE seedlings for each species.

3.3. The Percentage of ECM Colonization

At the first sampling, the percentages of ECM colonization in roots of AH seedlings were 69%
for Q. glauca and C. cuspidata, 83% for Q. salicina, and 55% for Q. myrsinaefolia (Figure 4). In SC
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seedlings, these values were significantly lower than those of AH seedlings except for Q. myrsinaefolia.
The percentage of ECM colonization of SC seedlings was around 40% for Q. glauca, Q. myrsinaefolia,
and C. cuspidate, whereas this value was 54% for Q. salicina.

Figure 4. Percentage of ectomycorrhizal fungal colonization for seedlings of four Fagaceae species
grown in a calcareous soil (%, mean ± SD, n = 12). Different letters indicate significant effects according
to a Steel–Dwass test (p < 0.05). Mean values followed by the same letter showed no significant
difference (p > 0.05).

After the second sampling, the percentages of ECM colonization of AH seedlings decreased
significantly for Q. glauca, Q. salicina, and C. cuspidata. In addition, the percentages of ECM colonization
decreased significantly for SC seedlings of Q. glauca and Q. salicina. The percentages of ECM
colonization of the three Quercus species were significantly higher for AH seedlings than those of SC
seedlings. In contrast, the percentage of ECM colonization of SC seedlings increased significantly to
55% for C. cuspidata. In half of the AH seedlings of C. cuspidata, the percentage of ECM colonization
decreased to <1%. For Q. myrsinaefolia, the percentage of ECM colonization of AH and SC seedlings
did not change after the experiment.

In NE seedlings of the four Fagaceae species, the percentage of ECM colonization was <1% at the
two sampling points. In addition, these values of NE seedlings were significantly lower than those of
AH and SC seedlings.

In terms of the relationship between total dry mass and the percentage of ECM colonization,
we found a significant positive correlation for each Fagaceae species at the second sampling (Table 2,
p < 0.001). Moreover, Q. glauca and C. cuspidata showed a significant positive difference at the first
sampling (p < 0.05).

Table 2. Spearman’s correlation coefficients (R) for seedlings of four Fagaceae species grown in a
calcareous soil (n = 12).

Q. glauca Q. salicina Q. myrsinaefolia C. cuspidata

R p R p R p R p

0.826 <0.001 * 0.876 <0.001 * 0.638 <0.001 * 0.776 <0.001 *

Elements
Q. glauca Q. salicina Q. myrsinaefolia C. cuspidata

R p R p R p R p

N 0.217 0.199 –0.350 0.038 * –0.394 0.020 * 0.138 0.415
P 0.030 0.859 0.435 0.010 * 0.605 <0.001 * 0.777 <0.001 *

The upper row shows the relationships between total dry mass and ectomycorrhizal (ECM) fungal colonization.
The lower row shows the relationship between photosynthetic rate at light saturation (Psat) and area-based
concentrations of N and P in leaves at the second sampling. * shows a significant correlation at p < 0.05.
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3.4. Photosynthetic Capacity

The Psat of Q. glauca and Q. salicina was significantly higher in AH seedlings than in SC and NE
seedlings (Figure 5). In Q. myrsinaefolia, the Psat in AH and SC seedlings was significantly higher
than that in NE seedlings. The Psat of C. cuspidata was significantly higher in SC seedlings than in NE
seedlings. Comparing the four Fagaceae species, Psat was highest in AH seedlings of Q. glauca and
lowest in NE seedlings of C. cuspidata.

Figure 5. Photosynthetic rate at light saturation (Psat, μmol·m−2·s−1) and stomatal conductance
(gs, mol·m−2·s−1) for seedlings of four Fagaceae species grown in a calcareous soil (mean ± SD, n = 12).
Different letters indicate significant effects according to a Steel–Dwass test (p < 0.05). Mean values
followed by the same letter showed no significant difference (p > 0.05). Psat and gs for Q. glauca and
Q. salicina were measured in October 2009, and for Q. myrsinaefolia and C. cuspidata in October 2010.

A similar trend was observed for gs as for Psat, and gs of Q. glauca and Q. salicina was significantly
higher in AH seedlings than in SC and NE seedlings. gs in AH and SC seedlings of Q. myrsinaefolia was
significantly higher than that in NE seedlings. In C. cuspidata, the gs in SC seedlings was higher than
that in AH and NE seedlings. In particular, the gs in AH seedlings of Q. glauca was higher compared
with other seedlings.

3.5. Element Concentrations in Leaves

The concentrations of elements in leaves at the second sampling are shown in Table 3.
The concentration of P was significantly higher in AH seedlings of Q. salicina and Q. myrsinaefolia
than in SC seedlings. In particular, AH seedlings of Q. salicina showed the highest P concentration
between the four Fagaceae species. In C. cuspidata, the concentration of P was highest for SC seedlings.
In contrast, other elements did not show high concentrations in AH seedlings despite their greater
growth. The concentration of N in AH seedlings was significantly lower for Q. salicina and C. cuspidata
than in SC and NE seedlings. Similarly, the concentration of K was significantly lower in AH seedlings
of Q. glauca and Q. myrsinaefolia compared with in SC and NE seedlings. Moreover, NE seedlings had
the highest Mg concentration in Q. salicina and C. cuspidata.
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For the relationship between the concentrations of N or P and Psat, we found a significant positive
correlation between the concentrations of P and Psat of Q. salicina, Q. myrsinaefolia, and C. cuspidata
(Table 2, p < 0.05). In contrast, there were significant negative correlations between concentration of N
and Psat of Q. salicina and Q. myrsinaefolia (p < 0.05).

Table 3. Concentrations of elements (N, P, K, Ca, Mg, Fe, and Mn) in leaves of seedlings of four Fagaceae
species grown in a calcareous soil sampled at the second sampling (mean ± SD, n = 12).

Element, Inoculation Q. glauca Q. salicina Q. myrsinaefolia C. cuspidata

N (mg·g−1)
AH 10.7 ± 3.4 a 9.4 ± 2.2 b 9.2 ± 2.8 a 9.7 ± 1.8 b
SC 11.1 ± 1.5 a 13.2 ± 2.3 a 11.2 ± 3.8 a 15.4 ± 3.4 a
NE 10.5 ± 2.8 a 15.3 ± 2.0 a 11.0 ± 2.41 a 12.2 ± 1.10 a

P (mg·g−1)
AH 1.43 ± 0.33 a 1.98 ± 0.30 a 1.81 ± 0.27 a 0.84 ± 0.33 a
SC 1.40 ± 0.28 a 1.34 ± 0.35 b 1.41 ± 0.12 b 1.11 ± 0.19 a
NE 1.35 ± 0.52 a 1.41 ± 0.62 ab 0.69 ± 0.29 c 0.30 ± 0.12 b

K (mg·g−1)
AH 5.54 ± 0.80 b 4.52 ± 1.12 a 3.91 ± 0.50 b 5.20 ± 2.12 ab
SC 8.58 ± 1.37 a 5.39 ± 0.83 a 4.78 ± 1.48 b 3.96 ± 0.65 b
NE 8.65 ± 1.15 a 6.17 ± 2.22 a 7.15 ± 1.18 a 5.81 ± 1.18 a

Ca (mg·g−1)
AH 25.3 ± 7.1 a 19.6 ± 6.5 a 26.6 ± 3.3 a 15.9 ± 2.8 a
SC 19.2 ± 5.8 a 14.9 ± 3.2 a 26.8 ± 5.1 a 16.2 ± 2.7 a
NE 20.6 ± 4.8 a 14.6 ± 4.2 a 23.8 ± 3.30 a 17.3 ± 5.11 a

Mg (mg·g−1)
AH 1.40 ± 0.43 a 1.12 ± 0.35 b 2.30 ± 0.31 a 1.86 ± 0.65 ab
SC 1.43 ± 0.40 a 1.23 ± 0.20 b 2.47 ± 0.40 a 1.36 ± 0.25 b
NE 1.88 ± 0.60 a 3.50 ± 2.66 a 2.68 ± 0.41 a 2.18 ± 0.52 a

Fe (μg·g−1)
AH 102 ± 20 a 77 ± 12 b 85 ± 19 a 155 ± 139 a
SC 110 ± 44 a 159 ± 51 a 79 ± 17 a 105 ± 26 a
NE 182 ± 137 a 215 ± 139 a 94 ± 21 a 180 ± 115 a

Mn (μg·g−1)
AH 204 ± 31 b 202 ± 76 ab 273 ± 65 a 454 ± 239 a
SC 140 ± 67 b 163 ± 73 b 200 ± 115 a 167 ± 58 b
NE 434 ± 189 a 363 ± 151 a 206 ± 67 a 507 ± 222 a

Different letters indicate significant effects according to a Steel-Dwass test (p < 0.05). Mean values followed by
the same letter showed no significant difference (p > 0.05). AH, seedlings inoculated with Astraeus hygrometricus;
SC, seedlings inoculated with Scleroderma citrinum; NE, non-ectomycorrhizal seedlings.

3.6. Element Concentrations and Contents in Roots

The concentrations of elements in roots at the second sampling are shown in Table 4. The
concentrations of P in Q. glauca, Q. salicina, and Q. myrsinaefolia were significantly higher in AH
seedlings than in NE seedlings. AH seedlings also exhibited high concentrations of Fe and Mn in
Q. myrsinaefolia than in SC seedlings. In C. cuspidata, the concentrations of N and P were highest in
SC seedlings. The concentration of Ca was significantly lower in SC seedlings of Q. myrsinaefolia and
C. cuspidata. In addition, the concentration of Fe in SC seedlings of Q. salicina and Q. myrsinaefolia
was significantly lower. In NE seedlings of Q. myrsinaefolia, the concentration of Mg was significantly
higher than in AH and SC seedlings. Across the four Fagaceae species, the concentration of P was the
highest for AH seedlings of Q. salicina.
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Table 4. Concentrations of elements (N, P, K, Ca, Mg, Fe, and Mn) in roots of seedlings of four Fagaceae
species grown in a calcareous soil sampled at the second sampling (mean ± SD, n = 12).

Element,
Inoculation

Q. glauca Q. salicina Q. myrsinaefolia C. cuspidata

N
(mg·g−1)

AH 8.3 ± 1.8 a 9.8 ± 1.7 a 7.5 ± 1.9 a 7.5 ± 1.9 b
SC 7.3 ± 1.3 a 7.6 ± 0.8 b 6.3 ± 1.9 a 12.2 ± 1.4 a
NE 6.8 ± 1.6 a 7.7 ± 1.6 ab 5.5 ± 1.8 a 5.8 ± 1.1 b

P
(mg·g−1)

AH 2.34 ± 0.49 a 3.76 ± 0.70 a 2.63 ± 0.74 a 1.20 ± 0.92 ab
SC 1.84 ± 0.76 ab 1.21 ± 0.30 b 1.95 ± 1.02 ab 2.45 ± 0.75 a
NE 1.13 ± 0.29 b 1.17 ± 0.29 b 0.97 ± 0.17 b 0.39 ± 0.17 b

K
(mg·g−1)

AH 2.74 ± 0.42 a 2.65 ± 0.42 a 2.75 ± 0.36 a 2.17 ± 0.50 a
SC 2.70 ± 1.40 a 2.28 ± 0.45 a 2.21 ± 0.42 a 2.44 ± 0.34 a
NE 2.07 ± 0.54 a 2.49 ± 0.60 a 2.52 ± 0.42 a 1.96 ± 0.37 a

Ca
(mg·g−1)

AH 14.8 ± 2.3 a 15.0 ± 2.2 a 13.4 ± 1.0 a 15.3 ± 2.3 a
SC 13.8 ± 2.2 a 13.8 ± 1.1 a 11.7 ± 1.0 b 12.5 ± 1.2 b
NE 17.0 ± 2.2 a 15.7 ± 1.6 a 13.5 ± 1.7 ab 15.1 ± 1.81 a

Mg
(mg·g−1)

AH 1.85 ± 0.21 ab 1.64 ± 0.23 a 1.54 ± 0.18 b 1.46 ± 0.18 a
SC 1.70 ± 0.59 b 1.62 ± 0.27 a 1.51 ± 0.28 b 1.25 ± 0.12 bc
NE 2.10 ± 0.32 a 1.71 ± 0.26 a 1.94 ± 0.19 a 1.36 ± 0.16 ab

Fe
(μg·g−1)

AH 0.99 ± 0.49 a 1.45 ± 0.53 a 1.38 ± 0.42 a 0.76 ± 0.87 ab
SC 0.82 ± 0.33 a 0.76 ± 0.19 b 0.64 ± 0.20 b 0.69 ± 0.26 a
NE 1.49 ± 0.77 a 1.32 ± 0.33 a 0.98 ± 0.42 ab 0.38 ± 0.18 b

Mn
(μg·g−1)

AH 63 ± 17 b 70 ± 20 a 39 ± 9 a 31 ± 13 a
SC 73 ± 11 b 67 ± 18 a 28 ± 6 b 33 ± 8 a
NE 138 ± 78 a 80 ± 20 a 34 ± 10 ab 24 ± 5 a

Different letters indicate significant effects according to a Steel-Dwass test (p < 0.05). Mean values followed by
the same letter showed no significant difference (p > 0.05).

3.7. Vector Analysis between Relative Dry Mass and Nutrient Concentration

The relationships between relative leaf dry mass and relative concentrations in leaves are shown
in Figure 6. For the relationship of Ca, uptake of each Fagaceae species showed enhanced or luxury
consumption. In contrast, Mn showed dilution or efficient use by each Fagaceae species. For N, most
plots showed dilution or sufficiency, whereas those for SC seedlings of Q. salicina and SC and NE
seedlings of C. cuspidate showed enhanced uptake. In the case of NE seedlings of Q. salicina, the plot
showed toxicity.

For P and Fe in the leaves, most plots of each Fagaceae species showed dilution or efficient use
for leaves and roots. For P in leaves of NE seedlings of Q. glauca and Q. salicina, and Fe in leaves of
NE seedlings of Q. salicina, the plots showed nutrient deficiency. The trend of K in leaves showed
various patterns. Plots of AH seedling of Q. glauca and Q. salicina showed sufficiency, but the plots
of C. cuspidata and AH and SC seedlings of Q. myrsinaefolia showed dilution. Other plots showed
enhanced or luxury consumption. For the relationship of Mg, the plots showed sufficiency or dilution
for each Fagaceae species. In the case of NE seedlings of Q. salicina, the plot showed toxicity.
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Figure 6. Comparison of relative nutrient concentration in leaves and leaf dry masses for seedlings
of four Fagaceae species grown in a calcareous soil. The content isograms represent the combination
of dry mass and concentration required for these values at the second sampling relative to the first
sampling. A value of 100 represents the dry mass and concentration at the first sampling.

4. Discussion

4.1. Growth and Photosynthesis

After 6 months of cultivation in calcareous soil, we confirmed that symbiosis with ECM fungi
was essential for growth acceleration in calcareous soil (Figure 2). Symbiosis with A. hygrometricus
contributed to growth acceleration in the three Quercus species compared with that of S. citrinum.
In C. cuspidata, only S. citrinum inoculation showed high values of dry mass of each organ (Figure 3).
In general, compatibility with ECM fungi and effects on growth acceleration are different among woody
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species [57,58]. Unlike Quercus species, C. cuspidata may have better compatibility with S. citrinum.
We have already confirmed that C. cuspidata inoculated with S. citrinum showed accelerated growth [40].

Moreover, AH seedlings of Q. glauca and Q. salicina showed the highest values of Psat and gs

(Figure 5). Woody species inoculated with ECM fungi exhibit accelerated water uptake from external
hyphae [59]. AH seedlings probably had accelerated water uptake, and stomatal closure did not
occur. Accordingly, the Psat and gs were high in AH seedlings. Similar trends were shown for AH
and SC seedlings of Q. myrsinaefolia, which had high values for the percentage of ECM colonization
(Figures 4 and 5).

Comparing AH seedlings, Q. salicina showed remarkable growth acceleration (Figure 2). Q. salicina
have high acclimation capacity in calcareous soil, and symbiosis with A. hygrometricus can take place in
calcareous soil. Q. salicina grows at high altitudes in the karst region in southwestern Japan [17,18,21].
Our results reflected the distribution of Q. salicina.

Compared with Q. salicina and Q. glauca, growth acceleration by inoculation with ECM fungi
was not obvious for Q. myrsinaefolia (Figure 2). Acclimation capacity in calcareous soil was lower
for Q. myrsinaefolia than for Q. salicina and Q. glauca. In contrast, the total dry mass for C. cuspidata
was lowest even in SC seedlings (Figure 2). The leaves of C. cuspidata yellowed after transplantation,
indicating the occurrence of lime-induced chlorosis [3]. In addition, lime-induced chlorosis can readily
appear in calcifuge plants [7]. Based on growth and lime-induced chlorosis, C. cuspidata was considered
as a calcifuge plant. Conversely, C. cuspidata inoculated with ECM fungi accelerated its growth in
acidic soil [40], indicating that this species has a preference for an acidic environment.

4.2. Nutrient Relationships

For the nutrients in calcareous soil, the concentration of exchangeable Ca was 2.6 g·kg−1 (Table 1).
The values of soil pH and Ca concentration differ among calcareous soils in Japan [12,13,60–63], with
ranges of 5.8 to 8.3 for pH and 0.8 to 12.1 g·kg−1 for Ca. Compared with other regions, the soil
used for our experiment did not have high soil pH, and did not exhibit an extreme excess of Ca.
In contrast, the concentration of N in calcareous soil used in our experiment was lower than those in
other regions [60–63]. However, the concentration of N in leaves of the four Fagaceae species was not
in the deficient range compared with other woody species grown in calcareous soil [13,63]. For other
nutrients, the concentrations of K and Mg were higher than typical forest soil in this region [64]. There
was no previous information available on P in calcareous soil in Japan from analyses by the Olsen
method. Compared with the data from other countries, the concentration of P was higher in calcareous
soil used in our experiment [65,66]. Thus, the concentrations of N, P, K, and Mg in calcareous soil in
our experiment were not insufficient.

AH and SC seedlings of the four Fagaceae species did not show high N concentrations in
leaves (Table 3). Thus, uptake of N in leaves is not related to ECM colonization. Comparing traits
among Quercus species, the concentration of N in roots was higher for Q. salicina and Q. glauca
than that for Q. myrsinaefolia (Table 4). Q. salicina and Q. glauca had higher adaptability to various poor
habitats [19,67]. Q. glauca and Q. salicina have high capacity to acquire N from calcareous soil. In contrast,
the habitats of natural forests of Q. myrsinaefolia include deep, well-drained soil [68]. In the karst region,
Q. myrsinaefolia has been found on a site with deep calcareous soil [19]. Differences in acclimation
capacity for Q. myrsinaefolia may originate from the inherent nutrient requirements. There was a similar
case for Picea abies, which has low adaptability to calcareous soil [69], and suppressed uptake of N in
roots increased in calcareous soil [70].

On the uptake of P in roots, NE seedlings showed low P concentrations compared with AH
seedlings of Q. glauca, Q. salicina and Q. myrsinaefolia (Table 4). Thus, uptake of P is linked with
symbiosis with ECM fungi. On calcareous soil, symbiosis with ECM fungi is important for the uptake
of P [27,28]. Symbiosis between Quercus species and A. hygrometricus produced a high capacity for the
acquisition of P.
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Meanwhile, we confirmed that the uptake of P, Fe and Mn in leaves was suppressed in each
Fagaceae species (Table 3, Figure 6). Uptake of micronutrients (e.g., Fe, Mn, Cu, and Zn) and P is
suppressed by low availability at high pH in calcareous soil [3–5,70]. Our results suggested that uptake
of Mn is suppressed for the Fagaceae species in calcareous soil. For P and Fe in leaves, AH seedlings
of three Quercus species exhibited increased contents; however, concentration was decreased and
showed evidence of dilution (Figure 6). This trend suggests that the uptake of P and Fe in leaves is
suppressed even after inoculation with A. hygrometricus. In particular, NE seedlings of Q. glauca and
Q. salicina showed a P deficiency in leaves (Figure 6). We considered that NE seedlings of Q. glauca and
Q. salicina suffered from serious nutrient suppression due to lower availability. C. cuspidata showed an
obvious decrease of the concentration of Fe in leaves, and showed efficient use of little Fe (Figure 6).
When calcifuge woody plants are inoculated with ECM fungi, the effects of the fungi are probably
quite limited in calcareous soil.

In contrast, Ca in leaves and roots showed a high value (Tables 3 and 4) compared with seedlings
of Fagaceae species grown on acidic colluvial soil [40]. Moreover, many plots showed enhancement of
uptake or luxury consumption (Figure 6). However, the actual concentration of Ca in plant organs was
almost the same among AH, SC, and NE seedlings for each Fagaceae species (Tables 3 and 4). Thus,
we considered that the differences in Ca were not the main factor for growth differences among AH,
SC, and NE seedlings.

4.3. Relationships among Variables

In examining the factors affecting differences in growth between AH, SC and NE seedlings, ECM
colonization was considered one of the important factors. The percentages of ECM colonization were
higher in AH seedlings of the three Quercus species and in SC seedlings of C. cuspidata (Figure 4).
Additionally, there were positive relationships between total dry mass and ECM colonization (Table 2).
Thus, different percentages of ECM colonization were probably related to differences in growth.

With respect to the relationships between growth and nutrient uptake, N and P in roots showed
enhancement of uptake in AH seedlings of Q. salicina (Table 4). The storage of N and P in belowground
organs has a significant role in plant growth, and plants with high N and P in roots show high growth
rates [71–73]. Based on these results, it appeared that the amount of stored N and P resulted in the
high growth of AH seedlings of Q. salicina.

The photosynthetic rate showed positive correlations between Psat and the concentrations of P in
leaves of Q. salicina, Q. myrsinaefolia, and C. cuspidata (Table 2). In general, the photosynthetic rate is
closely related to P concentration [55,56]. Thus, the concentration of P in leaves is considered as an
important factor that affects the photosynthetic rate. In contrast, Q. glauca did not show a positive
correlation between Psat and the concentration of P (Table 2). Other factors that affect differences in Psat

include high value of gs (Figure 5). AH seedlings of Q. glauca could absorb water through developed
hyphae (Figure 4); as a result, the stomata stay open and absorption of CO2 through the stomata is
also increased.

The concentration of N in leaves showed a negative correlation with Psat for Q. salicina and
Q. myrsinaefolia (Table 2), and our results contradicted the general trend [7,54]. The cause of this
negative trend was probably related to the high concentration of N in leaves and the low values of Psat

in NE seedlings. In the case of NE seedlings, they had no hyphae of ECM fungi and a lower capacity
for water uptake. The stomata of NE seedlings may have closed in order to avoid water stress; as
a result, NE seedlings showed lower Psat and gs and decreased absorption of CO2 through stomata.
Similar trends were shown for NE seedlings of Fagaceae species planted on acidic soil [40].

With respect to the relationship among nutrients for C. cuspidata and AH seedlings of
Q. myrsinaefolia, the concentrations of K were decreased in leaves (Table 3) and were diluted (Figure 6).
High Ca content in soil causes ion-antagonism with K [70]. As a result, the suppression of was
confirmed for several woody species (Picea abies and several Lauraceae species), in which growth
was suppressed on calcareous soil [13,70]. Compared with AH seedlings of Q. glauca and Q. salicina,
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growth levels of C. cuspidata and AH seedlings of Q. myrsinaefolia were inferior. Woody species that
show less adaptability to calcareous soil can probably suppress uptake of K.

5. Conclusions

When seedlings of the four Fagaceae species were planted on calcareous soil, the uptake of various
nutrients, such as P, Fe, and Mn in leaves was suppressed. However, Fagaceae seedlings inoculated
with ECM fungi showed accelerated growth. In particular, Fagaceae seedlings inoculated with ECM
fungi had increased concentration of P in roots, and this trait was important for growth acceleration.
Additionally, the concentration of P in leaves was an important factor and affected the differences
in photosynthetic rate. The most suitable ECM fungi differed among the four Fagaceae species, and
higher growth levels were shown from inoculation with A. hygrometricus for the three Quercus species,
and with S. citrinum for C. cuspidata. Growth levels of the seedlings inoculated with ECM fungi were
different among the four Fagaceae species, and C. cuspidata, which showed the lowest growth, was
considered as a calcifuge plant. From their growth characteristics, we concluded that Q. salicina and
Q. glauca inoculated with A. hygrometricus showed the highest growth levels, and these species are
most suitable for growth on calcareous soil.

These findings are expected to contribute to new methods for reforestation of limestone quarries
in warm-temperature zones in East Asia. In particular, Q. salicina and Q. glauca inoculated with
A. hygrometricus may be useful species for reforestation. The effects on growth acceleration without
fertilization are advantageous for reforestation in limestone environments. It should be noted that
our experiment used sterilized calcareous soil; therefore, further field cultivation experiments with
ECM-fungi inoculated plants will be needed.
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Abstract: Moso bamboo is famous for fast growth and biomass accumulation, as well as high annual
output for timber and bamboo shoots. These high outputs require high nutrient inputs to maintain
and improve stand productivity. Soil nitrogen (N), phosphorus (P), and potassium (K) are important
macronutrients for plant growth and productivity. Due to high variability of soils, analysing spatial
patterns of soil N, P, and K stocks is necessary for scientific nutrient management of Moso bamboo
forests. In this study, soils were sampled from 138 locations across Yong’an City and ordinary kriging
was applied for spatial interpolation of soil N, P, and K stocks within 0–60 cm. The nugget-to-sill ratio
suggested a strong spatial dependence for soil N stock and a moderate spatial dependence for soil P
and K stocks, indicating that soil N stock was mainly controlled by intrinsic factors while soil P and K
stocks were controlled by both intrinsic and extrinsic factors. Different spatial patterns were observed
for soil N, P, and K stocks across the study area, indicating that fertilizations with different ratios of
N:P:K should be applied for different sites to maintain and improve stand productivity. The total soil
N, P, and K stocks within 0–60 cm were 0.624, 0.020, and 0.583 Tg, respectively, indicating soils were
important pools for N, P, and K.

Keywords: ordinary kriging; geostatistical analysis; spatial variability; Moso bamboo

1. Introduction

Soil nitrogen (N), phosphorus (P), and potassium (K) are important macronutrients which can
limit or co-limit plant growth [1,2]. Human activities, such as fertilization, reclamation, and weeding,
have greatly affected the biogeochemical cycling of N, P, and K, thereby altering the pattern, magnitude,
and extent of nutrient limitation on land [3]. Effective, efficient, and site-specific management and
estimation of soil N, P, and K have attracted great interests for scientists looking to improve nutrient
input efficiency, thus increasing stand productivity and reducing environmental risks [4]. Due to
various climatic conditions [5], parent materials [6], topography [7], vegetation types [8], soil texture [9],
and land use [10], soils are characterized by a highly spatial and temporal variability. This has made the
accurate estimation of spatial nutrient content difficult. However, rational soil management requires
a deep understanding of the spatiotemporal variability of soil N, P, K, and their maps. For example,
areas of particular concern, such as nutrient deficiency, can be identified. Additionally, soil N and P
levels are closely related to soil organic carbon cycling [11], which may lead to dynamic effects on
greenhouse gas emissions that potentially result in feedback to global climate change. Therefore, it is
necessary to improve our understanding of the spatial distribution of soil N, P, and K stocks when
evaluating current and potential soil productivity, identifying potential environmental protections,
and assessing climate change [12].
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Fast developments of geostatistical techniques, such as kriging [11], have significantly advanced
the estimation of spatial variability of soil N, P, and K stocks. The most common interpolation
techniques calculate the unmeasured property at a given place using measured neighbours data with
a weighted mean [13]. The core of geostatistics is that experimental semivariograms are calculated
to analyse the spatial autocorrelation of the edaphic variables and determine the range of spatial
dependence [13]. The spatial data structure, choice of variogram models, search radius, and number of
closest neighbouring points can determine the performance of Kriging approaches. Compared to other
interpolation approaches (e.g., Inverse Distance Weighting and splines methods [14,15]), ordinary
kriging (OK) can provide more accurate estimates of the spatial distribution of soil nutrients because:
(1) OK can provide the best linear unbiased estimates and information on the distribution of the
estimation error [15]; (2) OK has relatively strong statistical advantages [16]. Additionally, OK is easy
to conduct with high accuracy compared to other kriging approaches, such as cokriging, universal
kriging, and factorial kriging. For example, cokriging requires an additional correlated covariant,
which leads to the substantial increase of field and lab work and does not increase the statistical
power [15]. Thus, OK has been widely used in spatial interpolation for different soil properties.
For example, Liu et al. [11] predicted the spatial patterns of soil N and P stocks for the whole Loess
Plateau using OK, and total N and P stocks amounted to 0.217 and 0.205 Pg (1 Pg = 1015 g), respectively.
Martín et al. [17] predicted the spatial distribution of soil carbon stocks within 0–30 cm with OK
across Spain.

Bamboo is an important forest type in Southern China, representing an area of 6.16 million ha,
more than 70% of which are Moso bamboo (Phyllostachys heterocycla (Carr.) Mitford cv. Pubescens)
forests. Moso bamboo forests are famous for their rapid growth and fast biomass accumulation.
However, annual timber harvest and bamboo shoots remove a large amount of nutrients, which
means that Moso bamboo forests require more nutrient input compared to other forest types in
order to maintain high stand productivity. Consequently, intensive management with fertilization,
reclamation, and regular understory removal is becoming increasingly popular in Southern China,
especially in the main bamboo producing provinces, such as Zhejiang and Fujian Provinces [18–20].
These activities have significantly changed the nutrient levels by affecting the microbial processes, soil
structures, and chemical compositions [21,22]. Although many studies focus on the spatial patterns
of soil N, P, and K stocks in different ecosystems [23,24], site specific maps of soil N, P, and K stocks
for scientific management of Moso bamboo forests are still lacking in our study area. In contrast,
a better understanding of the spatial distribution of soil N, P, and K stocks is strongly required for
land management and for maintaining and improving stand productivity of Moso bamboo forests.
Therefore, the objectives of this study were to: (1) predict the spatial variability of soil N, P, and K
stocks of Moso bamboo forests in Yong’an City, China and (2) estimate total soil N, P, and K stocks
within 0–60 cm.

2. Materials and Methods

2.1. Study Area

The study was conducted in the Moso bamboo forests (Figure 1, polygons) across Yong’an City,
Fujian Province, Southern China (117◦56′–117◦47′ E, 25◦33′–26◦12′ N). It has a subtropical southeast
monsoon climate with a mean annual temperature of 19.3 ◦C, while the lowest temperature is −11◦C
and the highest temperature is 40 ◦C. The average annual precipitation is about 1600 mm [25,26].
The elevation of the study area ranged from 580 m to 1605 m above sea level [25]. The accumulated
temperature of ≥10 ◦C is 4520–5800 ◦C, lasting for 225–250 days, and the relative humidity is about
80% [25]. The main soil type is Oxisol. Yong’an City has a forest cover of 82%, including an
area of 5.85 × 104 ha of Moso bamboo forests [26]. Moso bamboo forests are mainly distributed
below 800 m, most of which are pure stands and sometimes mixed with Keteleeria cyclolepis Flous.,
Cunninghamia lanceolata (Lamb.) Hook., Myrica rubra (Lour.) S. et Zucc., Choerospondias axillaris (Roxb.)
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Burtt et Hill., Liriodendron chinense (Roxb.) Burtt et Hill., and Schima Superba Gardn. et Champ.,
etc. To improve the stand productivity and increase the income, fertilization treatment has been
widely applied in most of the Moso bamboo forests. The fertilization treatment was conducted
across the whole study area using the same protocol established by the local Forest Bureau. Similar
fertilization types—organic fertilizers with N, P, and K addition, were offered every year by the Forest
Bureau because the residents can get an economic subsidy if they follow the protocol and use the
recommended fertilizers.
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Figure 1. A map of the study area showing the distribution of bamboo forests (polygons) and sampling
locations (solid circle).

2.2. Soil Sampling

The representative soils were sampled in the sub-compartments of forest resource management
sites in Fujian province, China. These sample sites are established by the local Forest Bureau for soil
mapping according to the protocol of forest management inventory [27] (Figure 1). In the targeted
sub-compartments, a total of 138 sites were selected and a cluster of three circular plots with a size of
33.3 m2 were established for each site. Due to the unfavourable access of sampling plots, most of the
samples were collected in the East and Southern portions of the study area, which covered 78% of the
total Moso bamboo forests. Thus, it is acceptable with these plots to study the spatial distribution of
soil N, P, and K stock across the whole study area using the unbiased interpolation approach of OK
(see below).

In each plot centre, soils were sampled down to 60 cm by the consideration of three layers: 0–20 cm,
20–40 cm, and 40–60 cm. In the field, soil samples in the sample layer were mixed for one cluster of the
three circular plots. In the laboratory, soil samples were air-dried at room temperature and prepared

70



Forests 2016, 7, 267

for sieving through 2-mm and 0.15-mm for N, P, and K content analysis. Identifiable plant residues and
root materials were removed during sieving. Because the majority of bamboo roots were distributed
within 0–40 cm [28], soil samples down to 60 cm were able to meet the research purpose to study
spatial patterns of soil N, P, and K stocks. Soil bulk density was determined by a cutting ring approach
for each soil layer [29]. During the implementation of fertilization, stones and rocks were removed in
Moso bamboo forests. As a result, few stones and rocks were observed in core samples, thus, we did
not correct for gravel content. Additionally, site information about elevation, coordinate, soil depth,
soil type, soil organic matter content, and bamboo diameters were recorded and determined.

Soil N content (g kg−1) was analysed using the Kjeldahl digestion procedure (5 mL concentrated
H2SO4, 1 g of soil passed through a 0.15-mm sieve, heated for 90 min, titrated with 0.2 mol L−1

standardized Na2B4O7). Soil total phosphorus concentration (g kg−1) was determined by alkaline
digestion (NaOH 0.2 g, <0.25 mm soil 0.25 g, 300 ◦C for 15 min and then 750 ◦C for 15 min) followed by
molybdate colorimetric measurement. Soil K content (g kg−1) was determined by sodium hydroxide
flame photometer (NaOH 0.2 g, <0.25 mm soil 0.25 g, 300 ◦C for 15 min and then 750 ◦C for 15 min,
80 ◦C water 10 mL). All the analyses followed the national standard protocol of China [29].

Thus, soil N, P, and K stocks were calculated as [30–32]:

SON (or P or K) stock = SON (P, K) × BD × D/10 (1)

where SON (or P or K) are the soil N, P, and K contents (g kg−1); BD is bulk density (g cm−3); D is the
depth of soil layer (cm). Total soil N, P, and K stocks within 0–60 cm were summed for all soil layers.

2.3. Statistical and Geostatistical Analyses

A standard statistical analysis (mean, standard deviation, first quartile, third quartile, etc.) was
conducted in R to illustrate trends of the soil N, P, and K stocks [33]. The coefficient of variation
(CV) was used to describe the degree of general variation. To meet the assumption of normality for
geostatistical analysis, the raw data was log-transformed and transformed back by weighted mean in
GS + 10.0 [34]. OK was performed in GS + 10.0 and the distribution maps of soil N, P, and K stocks
were produced in ArcGIS 10.2 [35].

2.4. OK

In the last several decades, many spatial interpolation approaches have been developed, such as
kriging; OK normally performed better and is easier to apply compared to other approaches, thereby
it has been widely used in the spatial interpolation of soil properties [11,17,23]. In the OK process,
semivariograms are used to describe the spatial autocorrelation and provide parameters for optimal
spatial interpolation based on the theory of regionalized variables [36]. Well-known theoretical
models (e.g., exponential, Gaussian, and spherical models) are commonly used to fit the experimental
semivariograms [37]. The experimental semivariograms are expressed as a function of the distance
between the sampled points and calculate the integrity of spatial continuity in one or multiple directions
using the following expression [38]:

γ (h) =
1

2N (h)

N(h)

∑
i=1

[z (xi)− z (xi+h)]
2 (2)

where z (xi), and z (xi + h) are values of z at locations xi and xi +h, respectively; h is the lag, and N(h) is
the number of pairs of sample points separated by h. In this study, spherical, exponential, linear and
Gaussian models were used to attempt to describe the semivariograms of soil N, P, and K stocks within
0–60 cm, then the best models determined by the smallest residuals and the largest determination
coefficients were selected for spatial interpolation.
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In the semevariograms, three major parameters were derived—the nugget (C0), the sill (C + C0),
and the range (A0)—in order to identify the spatial structure of soil N, P, and K stocks at a given
scale. The sill (C + C0) represents the total variation and the ratio of nugget and sill is considered as
a criterion to classify the spatial dependence [17]. The range (A0) represents the separation distance
when semivariogram is stabilized, beyond which the measured data are spatially independent [39].
More details about semivariograms and the kriging approach can be found in Goovaerts [37]. In our
study, OK was applied for the spatial patterns of soil N, P, and K stocks. The most likely value which
could be expected in a particular grid cell when using m neighbouring observations was defined
as [17]:

R (x) =
m

∑
j=1

δjz (xi) (3)

where δj means the optimal weight under the condition of ∑ δj = 1, m = 16 in this study.

2.5. Model Validation

To evaluate the prediction accuracy of soil N, P, and K stocks, leave-one-out cross-validation was
used [11,17,40]. In the validation process, one datum was omitted and this value was estimated by
the remaining data. Thereafter, the estimated value was compared with the real value of the omitted
point [17]. This process was repeated for all the observations. Four commonly used indices (i.e.,
absolute mean error (AME), mean error (ME), root mean square error (RMSE), and determination
coefficient (R2)) were used to compare the interpolation accuracy. These indices were calculated as
follows [11,15]:

AME =
1
n

n

∑
i=1

|(Pi − Mi)| (4)

ME =
1
n

n

∑
i=1

(Pi − Mi) (5)

RMSE =

√
1
n

n

∑
i=1

(Pi − Mi)
2 (6)

R2 = 1 − ∑n
i=1 (Pi − Mi)

2

∑n
i=1

(
Mi − M

)2 (7)

where Pi, Mi, and M are predicted values, measured values, and the mean values of the measured
data, respectively.

3. Results and Discussion

3.1. Descriptive Statistics

The summary of statistics of soil N, P, and K stocks within 0–60 cm is shown in Table 1. N stock
in Moso bamboo forest increased from a minimum of 5.30 Mg ha−1 to a maximum of 20.20 Mg ha−1

with an average of 11.57 Mg ha−1. These values fell within the range of N stocks in different forest
types across China (1.0–49.9 Mg ha−1) [41]. However, the mean N stock was even higher than the
average N stock of China’s forests within one meter (8.4 Mg ha−1) [41] and the Moso bamboo in Jiangxi
Province (2.82 Mg ha−1 within 60 cm) [42]. These differences were mainly attributed to the fertilization
application in Moso bamboo forests in the study area, whereas no stand management occurs in most
of China’s forests.

Soil P stock ranged from 0.18 to 0.68 Mg ha−1 and the mean value was 0.38 Mg ha−1. Although
this range lied within the reported values of main Chinese soil types, the mean value was much
lower than the average across China (6 Mg ha−1 within 60 cm) [43]. Similarly, average soil K was
10.80 Mg ha−1 and the lowest soil K stock was 5.73 Mg ha−1 and highest soil K stock was 18.72 Mg ha−1,
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which were lower than soil K stocks in subtropical forests in China [44]. These low values of soil P and
K stocks may be related to the high output of P and K due to the high output of timber and bamboo
shoots every year. In Moso bamboo forests, P is the most limited nutrient for stand productivity [4].
Although fertilization was applied in Moso bamboo forests, P and K input could not compensate for
the P and K output from the stand. This result further indicated that more P and K fertilization should
be applied in Moso bamboo forest in order to maintain and improve stand productivity.

Table 1. Summary of statistics of soil N, P, and K stocks within 0–60 cm (Mg ha−1).

Nutrient Mean Minimum Maximum Median SD
CV
(%)

1st
Qu

3rd
Qu Skewness Kurtosis

p of
S-W

N Stock 11.57 5.30 20.20 10.98 3.23 27.92 8.81 13.66 0.42 −0.33 0.053
P Stock 0.38 0.18 0.68 0.36 0.11 29.10 0.30 0.45 0.60 −0.14 0.010
K Stock 10.80 5.73 18.72 10.81 3.15 29.17 8.11 13.03 0.32 −0.72 0.014

SD = standard deviation; CV = coefficient of variance; 1st Qu = 25% quartile; 3rd = 75% quartile; S-W test =
Shapiro-Wilk test.

A CV of 10% indicates a low variability and 10%–90% indicates a moderate variability, and
CV >90% indicates higher variability [45]. In this study, the CVs of soil N, P, and K stocks were
28%–29%, indicating a moderate variability of soil N, P, and K stocks within 0–60 cm. p values of
Shapiro-Wilk test were 0.053 for N stock, 0.010 for P stock, and 0.014 for K stock, indicating a normal
distribution of N stock and a non-normal distribution of P and K stocks at a significance level of 0.05.
However, in order to make the comparison of spatial interpolation of soil N, P, and K stocks consistent,
a natural log-transformation was conducted for the three stocks in order to meet the assumption of
normal distribution.

3.2. Geostatistical Analysis of Soil N, P, and K Stocks

The semevariograms are presented in Figure 2 and their parameters are shown in Table 2.
The exponential model performed best for soil N and P stocks while the spherical model was best for
soil K stock based on the smallest residuals and the highest determination coefficient. These models
produced high determination coefficients, ranging from 0.64 to 0.74.
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Figure 2. Experimental semivariograms of soil N (a), P (b), and K (c) stocks.

Table 2. Models and their parameters fitted for the semivariograms of soil N, P, and K stocks within
0–60 cm.

Nutrient Models
Nugget

(C0)
Sill

(C0 + C)
Nugget/Sill

Range
(A0, m)

Determination
Coefficient

Residuals

N stock Exponential 0.0111 0.0912 12.17 6100 0.642 0.00458
P stock Exponential 0.0570 0.1340 42.54 30,570 0.741 0.00110
K stock Spherical 0.0343 0.0986 34.79 25,700 0.643 0.00469
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Nugget values present undetectable experimental errors, field variation within the minimum
sampling space, and inherent variability [23]. In this study, nugget values were lowest for soil N stock
(0.0111), and highest for soil P stock (0.0570). These positive values suggested a positive nugget effect,
a sampling error, or random and inherent variability of soil N, P, and K stocks [23]. Sill values represent
total spatial variation [11]. The sill values ranged from 0.0912 for N stock to 0.1340 for P stock.

The ratio of nugget-to-sill represents a spatial dependence. If the ratio is lower than 25%,
it indicates a strong spatial dependence. If the ratio is higher than 75%, it indicates a weak spatial
dependence, while a ratio between 25% and 75% indicates a moderate spatial dependence [46]. A strong
spatial dependence is attributed to soil intrinsic properties, such as soil parent material, soil texture,
topography, and vegetation [23,47]. A weak spatial dependence indicates that the spatial variability
is mainly regulated by extrinsic variations, such as soil fertilization and cultivation practices [23,46].
Therefore, a moderate spatial dependence is controlled by both intrinsic and extrinsic factors. In this
study, the nugget-to-sill ratio was 12% for soil N stock, indicating that soil N stock in the study area
was mainly controlled by intrinsic factors and that external factors exerted little effects on soil N
stock. This may be related to N fertilization application in Moso bamboo forests in that the N input
from fertilization can meet the requirement of N output from timber and bamboo shoot harvest.
This conclusion was also consistent with the above result (Table 1) that N stock in this study area
was higher than other forest types. The nugget-to-sill ratios were 43% for soil P stock and 35% for
soil K stock, indicating a moderate spatial dependence that was controlled by both intrinsic and
extrinsic factors. This was evidenced by local stand management and complex topography. Intensive
managements, such as fertilization and weeding, were widely conducted in Moso bamboo forests in
order to improve timber and bamboo shoot output in the study area [19,25]. Meanwhile, the study area
was characterized by a high variability of elevations varying from 580 to 1605 m above sea level [25],
which could directly affect the soil processes and nutrient contents [11]. In the study area, intensive
fertilization treatment was conducted every year, which was expected to be the dominant factor that
led to the change of the spatial variability of soil N, P, and K stocks. However, our results (nugget-to-sill
ratio) indicated that intrinsic factors played a more important role in controlling spatial patterns of soil
N, P, and K stocks.

The ranges (A0) indicate different influence zones of environmental factors at different scales [23].
Within the range, soil properties are not spatially independent, while beyond the range, soil properties
were spatially independent [39]. In this study, the smallest range was found for soil N stock (6100 m),
and increased to 25,700 m for soil K stock and 30,570 m for soil P stock. The results indicated that
soil N stock was more heterogeneous compared to soil P and K stocks, which was associated with
soil processes because soil N stock was mainly controlled by intrinsic factors (see above). Generally,
the spatial range was larger than the sampling intervals (Figure 1), which suggested that the sampling
strategy in this study was appropriate for studying spatial patterns of soil N, P, and K stocks. However,
only a small number of sampling plots were located in the northwest of the study area due to a low
cover of bamboo forests. In contrast, the majority of the sampling sites were located in the southern and
eastern part of the study area, where most of the bamboo forests were distributed, thus the sampling
strategy could meet our research purpose and could predict the spatial distributions of soil N, P, and K
stocks accurately.

3.3. Cross-Validation of OK

The predicted values of OK were plotted against the measured values to evaluate the interpolation
performance (Figure 3). The linear model and 1:1 dashed line intersected for soil N, P, and K
stocks. Before the intersection, the linear model overestimated soil N, P, and K stocks, and vice
versa. This conclusion supported the findings of many previous studies because of the nature of the
algorithms of OK, which aimed to achieve unbiased predictions of mean values [11,15]. AME, ME,
and RMSE were calculated and presented in Table 3. The closer that the AME, ME, and RMSE values
are to zero, the better the model performed. ME of soil N, P, and K stocks ranged from −0.0022 to
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−0.2115, which were close to zero, indicating that OK produced relatively unbiased values for spatial
interpolation. The ME values were negative, illustrating that OK generally underestimated soil N, P,
and K stocks.

Table 3. Cross-validation indices for ordinary kriging (OK).

Nutrient AME ME RMSE

N stock 2.1506 −0.2115 2.5557
P stock 0.0626 −0.0022 0.0797
K stock 2.0250 −0.1634 2.3942

AME = absolute mean error; ME = mean error; RMSE = root mean square error.
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Figure 3. Cross-validation of OK interpolation for soil N, P, and K stocks.

Determination coefficients ranged from 0.37 to 0.47 (Figure 3), which may appear relatively low,
but they were similar to many previous studies regarding the spatial interpolation of soil properties [47,48].
This problem is associated with the dataset, which was not sampled with a probabilistic design [48].
For example, the majority of sampling plots were allocated in the southern and eastern parts of
Yong’an City in the current study (Figure 1). Therefore, a dataset with a probabilistic design is
recommended for spatial interpolation of soil properties. Another possible explanation might be the
strong local variation of soil N, P, and K stocks caused by the variability in environmental conditions
and fertilization practices. On the other hand, the low correlation between the predicted and measured
data indicates that a better methodology, such as one using Artificial Neural Network and Random
Forest, should be developed to improve the accuracy of spatial interpolation of soil N, P, and K stocks,
including consideration of both intrinsic and extrinsic factors.

3.4. Spatial Prediction of Soil N, ,P and K Stocks

The spatial patterns of soil N, P, and K stocks predicted by OK are shown in Figure 4. Predicted
soil N, P, and K stocks ranged from 7.64 Mg ha−1 to 16.02 Mg ha−1, from 0.19 Mg ha−1 to 0.63 Mg ha−1,
and from 6.85 Mg ha−1 to 17.13 Mg ha−1, respectively. The lowest soil N, P, and K stocks were found
in the middle or southern part of study area, where the city centre was located with a high population,
indicating that human activities led to a significant decrease of soil N, P, and K stocks. The highest soil
N stock was observed in the east of the study area, the highest soil P stock was found in the southwest
and north, and the highest soil K stock was in the north. However, plant growth was constrained by
the most limited nutrient. These different spatial distribution patterns suggested that fertilizers with
different N:P:K ratios should be applied to maintain and improve the stand productivity. For instance,
a relatively lower ratio of P but higher K ratio fertilizer should be applied in the south of the study
area (Figure 4b,c), while a relatively lower ratio of N fertilization should be implemented in the east
(Figure 4a). Further studies are strongly encouraged to study the N:P:K ratio for the whole study
area in order to manage Moso bamboo forests scientifically. The total soil N, P, and K stocks of the

75



Forests 2016, 7, 267

whole study area were 0.624, 0.020, and 0.583 Tg (1 Tg = 1 × 1012 g), respectively, indicating soils were
important pools of soil N, P, and K.
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Figure 4. Spatial distribution of soil N (a), P (b), and K (c) stocks.

4. Conclusions

In this study, the current status and spatial interpolation of soil N, P, and K stocks within 0–60 cm
were analysed using the measured data from 138 locations in Moso bamboo forests in Yong’an City,
China. OK was applied for spatial interpolation of soil N, P, and K stocks across the whole study area.
Exponential and spherical models performed well in describing the spatial distribution of soil N, P,
and K stocks with determination coefficient from 0.64 to 0.74, and cross-validation demonstrated that
OK performed well for the spatial interpolation of soil N, P, and K stocks. Soil N stocks showed a
strong spatial dependence, indicating soil N stocks were mainly controlled by intrinsic factors. Soil
P and K stocks showed a moderate spatial dependence, suggesting that soil P and K stocks were
controlled by both intrinsic (e.g., soil parent material, soil texture, topography) and extrinsic (e.g., soil
fertilization and cultivation practices) factors. Soil N, P, and K stocks showed different spatial patterns
across the whole study area, indicating that fertilizers with different ratios of N:P:K should be applied
for different sites.

Acknowledgments: This study was supported by special research fund of International Centre for Bamboo and
Rattan (1632013010) and “Twelfth Five-year” National Technology Support Program (2012BAD23B04). We thank
Yanfang Gao for support with fieldwork and Ping He for the technical support.

76



Forests 2016, 7, 267

Author Contributions: Xiaolu Tang, Fengying Guan, and Shaohui Fan conceived and designed the experiments;
Xiaolu Tang, Mingpeng Xia, and Shaohui Fan analysed the data; Xiaolu Tang, Mingpeng Xia, Fengying Guan, and
Shaohui Fan wrote the paper. All authors contributed to the review of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

The following abbreviations are used in this manuscript:

AME Absolute Mean Error
BD Bulk Density
D Depth
K Potassium
ME Mean Error
N Nitrogen
OK Ordinary Kriging
P Phosphorus
RMSE Root Mean Square Error

References

1. Li, Y.; Niu, S.L.; Yu, G.R. Aggravated phosphorus limitation on biomass production under increasing nitrogen
loading: A meta-analysis. Glob. Chang. Biol. 2016, 22, 934–943. [CrossRef]

2. Tripler, C.E.; Kaushal, S.S.; Likens, G.E.; Walter, M.T. Patterns in potassium dynamics in forest ecosystems.
Ecol. Lett. 2006, 9, 451–466. [CrossRef]

3. Marklein, A.R.; Houlton, B.Z. Nitrogen inputs accelerate phosphorus cycling rates across a wide variety of
terrestrial ecosystems. New Phytol. 2012, 193, 696–704. [CrossRef]

4. Du, M.Y.; Fan, S.H.; Liu, G.L.; Feng, H.Y.; Guo, B.H.; Tang, X.L. Stoichiometric characteristics of carbon,
nitrogen and phosphorus in Phyllostachys pubescens forests of China. Chin. J. Plant Ecol. 2016, 40, 760–774.
(In Chinese with English Abstract)

5. Patil, R.H.; Laegdsmand, M.; Olesen, J.E.; Porter, J.R. Effect of soil warming and rainfall patterns on soil N
cycling in Northern Europe. Agric. Ecosyst. Environ. 2010, 139, 195–205. [CrossRef]

6. Lin, J.S.; Shi, X.Z.; Lu, X.X.; Yu, D.S.; Wang, H.J.; Zhao, Y.C.; Sun, W.X. Storage and spatial variation of
phosphorus in paddy soils of China. Pedosphere 2009, 19, 790–798. [CrossRef]

7. Rezaei, S.A.; Gilkes, R.J. The effects of landscape attributes and plant community on soil chemical properties
in rangelands. Geoderma 2005, 125, 167–176. [CrossRef]

8. Rodríguez, A.; Durán, J.; Fernández-Palacios, J.M.; Gallardo, A. Spatial pattern and scale of soil N and P
fractions under the influence of a leguminous shrub in a Pinus canariensis forest. Geoderma 2009, 151, 303–310.
[CrossRef]

9. Gami, S.K.; Lauren, J.G.; Duxbury, J.M. Influence of soil texture and cultivation on carbon and nitrogen levels
in soils of the eastern Indo-Gangetic Plains. Geoderma 2009, 153, 304–311. [CrossRef]

10. Ross, D.J.; Tate, K.R.; Scott, N.A.; Feltham, C.W. Land-use change: Effects on soil carbon, nitrogen and
phosphorus pools and fluxes in three adjacent ecosystems. Soil Biol. Biochem. 1999, 31, 803–813. [CrossRef]

11. Liu, Z.P.; Shao, M.A.; Wang, Y.Q. Spatial patterns of soil total nitrogen and soil total phosphorus across the
entire Loess Plateau region of China. Geoderma 2013, 197–198, 67–78. [CrossRef]

12. Jennings, E.; Allott, N.; Pierson, D.C.; Schneiderman, E.M.; Lenihan, D.; Samuelsson, P.; Taylor, D. Impact of
climate change on phosphorus loading from a grassland catchment: Implication for future management.
Water Res. 2009, 43, 4316–4326. [CrossRef]

13. Yasrebi, J.; Saffari, M.; Fathi, H.; Karimian, N.; Moazallahi, M.; Gazni, R. Evaluation and comparison of
ordinary kriging and inverse distance weighting methods for prediction of spatial variability of some soil
chemical parameters. Res. J. Biol. Sci. 2009, 4, 93–102.

14. Wang, Z.; Liu, G.B.; Xu, M.X.; Zhang, J.; Wang, Y.; Tang, L. Temporal and spatial variations in soil organic
carbon sequestration following revegetation in the hilly Loess Plateau, China. Catena 2012, 99, 26–33.
[CrossRef]

15. Liu, Z.P.; Shao, M.A.; Wang, Y.Q. Large-scale spatial interpolation of soil pH across the Loess Plateau, China.
Environ. Earth Sci. 2012, 69, 2731–2741. [CrossRef]

77



Forests 2016, 7, 267

16. Kravchenko, A.N. Influence of spatial structure on accuracy of interpolation methods. Soil Sci. Soc. Am. J.
2003, 67, 1564–1571. [CrossRef]

17. Martín, J.A.R.; Álvaro-Fuentes, J.; Gonzalo, J.; Gil, C.; Ramos-Miras, J.J.; Corbí, J.M.G.; Boluda, R. Assessment
of the soil organic carbon stock in Spain. Geoderma 2016, 264, 117–125. [CrossRef]

18. Zhou, G.M.; Xu, J.M.; Jiang, P.K. Effect of management practices on seasonal dynamics of organic carbon in
soils under bamboo plantations. Pedosphere 2006, 16, 525–531. [CrossRef]

19. Du, M.; Liu, G.; Fan, S.; Feng, H.; Tang, X.; Mao, C. Effects of fertilization on the distribution patterns of
biomass and carbon storage in Moso bamboo forest, western Fujian province, China. Chin. J. Trop. Crops
2015, 36, 1–7. (In Chinese with English Abstract)

20. Liu, J.; Jiang, P.K.; Wang, H.L.; Zhou, G.M.; Wu, J.S.; Yang, F.; Qian, X.B. Seasonal soil CO2 efflux dynamics
after land use change from a natural forest to Moso bamboo plantations in subtropical China. For. Ecol. Manag.
2011, 262, 1131–1137. [CrossRef]

21. Xu, Q.F.; Jiang, P.K.; Xu, Z.H. Soil microbial functional diversity under intensively managed bamboo
plantations in southern China. J. Soils Sed. 2008, 8, 177–183. [CrossRef]

22. Li, Y.F.; Zhang, J.J.; Chang, S.X.; Jiang, P.K.; Zhou, G.M.; Fu, S.L.; Yan, E.R.; Wu, J.S.; Lin, L. Long-term
intensive management effects on soil organic carbon pools and chemical composition in Moso bamboo
(Phyllostachys pubescens) forests in subtropical China. For. Ecol. Manag. 2013, 303, 121–130. [CrossRef]

23. Wang, Y.Q.; Zhang, X.C.; Huang, C.Q. Spatial variability of soil total nitrogen and soil total phosphorus
under different land uses in a small watershed on the Loess Plateau, China. Geoderma 2009, 150, 141–149.
[CrossRef]

24. Morales, L.A.; Vázquez, E.V.; Paz-Ferreiro, J. Spatial distribution and temporal variability of ammonium-nitrogen,
phosphorus, and potassium in a rice field in Corrientes, Argentina. Sci. World J. 2014, 2014. [CrossRef]

25. Liu, G.L.; Fan, S.H.; Qi, L.H.; Xiao, F.M.; Huang, Y.N. Nutrient distribution and biological cycle characteristics
in different types of Phyllostachys pubescens forest in Northwest Fujian. Chin. J. Eco. 2010, 29, 2155–2161.
(In Chinese with English Abstract)

26. He, P.; Liu, J.; Yu, K.Y.; Yang, S.P.; Yao, X.; Yu, X.Y.; Deng, Y.B.; Chen, Z.H. Research on spatial heterogeneity
of soil organic carbon in the southern bamboo forest. Chin. J. Soil Sci. 2016, 47, 36–44. (In Chinese with
English Abstract)

27. Yong’an Forest Bureau, Forest Management Inventory; Yong’an, Sanming, Fujian, China. Unpublished
work, 2014.

28. Tang, X.L.; Fan, S.H.; Qi, L.H.; Liu, G.L.; Guan, F.Y.; Du, M.Y.; Shen, C.X. Effect of different managements on
carbon storage and carbon allocation in Moso bamboo forest (Phyllostachys pubescen). Acta Agric. Univ. Jiangxi
2012, 34, 736–742, (In Chinese with English abstract).

29. State Forestry Adiministration. Forestry Standard of People’s Republic of China—Methods of Forest Soil Analysis;
Chinese Standard Press: Beijing, China, 1999.

30. Zhang, L.H.; Xie, Z.K.; Zhao, R.F.; Wang, Y.J. The impact of land use change on soil organic carbon and labile
organic carbon stocks in the Longzhong region of Loess Plateau. J. Arid Land 2012, 4, 241–250. [CrossRef]

31. Xie, Z.B.; Zhu, J.G.; Liu, G.; Cadisch, G.; Hasegawa, T.; Chen, C.M.; Sun, H.F.; Tang, H.Y.; Zeng, Q. Soil
organic carbon stocks in China and changes from 1980s to 2000s. Glob. Chang. Biol. 2007, 13, 1989–2007.
[CrossRef]

32. Guan, F.Y.; Tang, X.L.; Fan, S.H.; Zhao, J.C.; Peng, C. Changes in soil carbon and nitrogen stocks followed the
conversion from secondary forest to Chinese fir and Moso bamboo plantations. Catena 2015, 133, 455–460.
[CrossRef]

33. R Development Core Team. R: A Language and Environment for Statistical Computing; R Foundation for
Statistical Computing: Vienna, Austria, 2011. Available online: http://www.R-project.Org/ (accessed on
6 March 2015).

34. Gammadesign. Available online: www.gammadesign.com (accessed on 10 January 2015).
35. Esri. Available online: www.esri.com (accessed on 14 June 2013).
36. Krige, D.G. A statistical approach to some basic mine valuation problems on the witwatersrand. J. Chem.

Metall. Min. Soc. S. Afr. 1951, 52, 119–139.
37. Goovaerts, P. Geostatistics in soil science: State-of-the-art and perspectives. Geoderma 1999, 89, 1–45.

[CrossRef]

78



Forests 2016, 7, 267

38. Schöning, I.; Totsche, K.U.; Kögel-Knabner, I. Small scale spatial variability of organic carbon stocks in litter
and solum of a forested Luvisol. Geoderma 2006, 136, 631–642. [CrossRef]

39. Lv, J.S.; Liu, Y.; Zhang, Z.L.; Dai, J.R.; Dai, B.; Zhu, Y.C. Identifying the origins and spatial distributions of
heavy metals in soils of Ju country (Eastern China) using multivariate and geostatistical approach. J. Soil Sed.
2015, 15, 163–178. [CrossRef]

40. Reza, S.K.; Sarkar, D.; Baruah, U.; Das, T.H. Evaluation and comparison of ordinary kriging and inverse
distance weighting methods for prediction of spatial variability of some chemical parameters of Dhalai
district, Tripura. Agropedology 2010, 20, 38–48.

41. Yang, Y.H.; Ma, W.H.; Mohammat, A.; Fang, J.Y. Storage, patterns and controls of soil nitrogen in China.
Pedosphere 2007, 17, 776–785. [CrossRef]

42. Liu, J.; Yang, Q.P.; Yu, D.K.; Song, Q.N.; Zhao, G.D.; Wang, B. Contribution of fine root to soil nutrient
heterogeneity at two sides of the bamboo and broadleaved forest interface. Chin. J. Plant Ecol. 2013, 37,
739–749. (In Chinese with English Abstract) [CrossRef]

43. Wang, T.; Yang, Y.H.; Ma, W.H. Storage, patterns and environmental controls of soil phosphorus in China.
Acta Sci. Nat. Univ. Pekin. 2008, 44, 945–951.

44. Chen, J.; Yang, N. Effects of five plantations on soil properties in subtropical red soil hilly region. J. Northwest
A & F Univ. (Nat. Sci. Ed.) 2013, 41, 167–173,178. (In Chinese with English Abstract)

45. Fang, X.; Xue, Z.J.; Li, B.C.; An, S.S. Soil organic carbon distribution in relation to land use and its storage in
a small watershed of the Loess Plateau, China. Catena 2012, 88, 6–13. [CrossRef]

46. Cambardella, C.A.; Moorman, T.B.; Novak, J.M.; Parkin, T.B.; Karlen, D.L.; Turco, R.F.; Konopka, A.E.
Field-scale variability of soil properties in central Iowa soils. Soil Sci. Soc. Am. J. 1994, 58, 1501–1511.
[CrossRef]

47. Fu, W.J.; Jiang, P.K.; Zhao, K.L.; Zhou, G.M.; Li, Y.F.; Wu, J.S.; Du, H.Q. The carbon storage in Moso bamboo
plantation and its spatial variation in Anji County of southeastern China. J. Soils Sed. 2014, 14, 320–329.
[CrossRef]

48. Veronesi, F.; Corstanje, R.; Mayr, T. Landscape scale estimation of soil carbon stock using 3D modelling.
Sci. Total Environ. 2014, 487, 578–586. [CrossRef]

© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

79



Article

Understanding the Fate of Applied Nitrogen in Pine
Plantations of the Southeastern United States Using
15N Enriched Fertilizers

Jay E. Raymond *, Thomas R. Fox and Brian D. Strahm

Department of Forest Resources and Environmental Conservation, Virginia Polytechnic Institution and
State University, Blacksburg, VA 24061, USA; trfox@vt.edu (T.R.F.); brian.strahm@vt.edu (B.D.S.)
* Correspondence: jayer11@vt.edu; Tel.: +1-540-267-4991

Academic Editors: Scott X. Chang and Xiangyang Sun
Received: 29 August 2016; Accepted: 5 November 2016; Published: 11 November 2016

Abstract: This study was conducted to determine the efficacy of using enhanced efficiency fertilizer
(EEFs) products compared to urea to improve fertilizer nitrogen use efficiency (FNUE) in forest
plantations. All fertilizer treatments were labeled with 15N (0.5 atom percent) and applied to 100 m2

circular plots at 12 loblolly pine stands (Pinus taeda L.) across the southeastern United States. Total
fertilizer N recovery for fertilizer treatments was determined by sampling all primary ecosystem
components and using a mass balance calculation. Significantly more fertilizer N was recovered for
all EEFs compared to urea, but there were generally no differences among EEFs. The total fertilizer N
ecosystem recovery ranged from 81.9% to 84.2% for EEFs compared to 65.2% for urea. The largest
amount of fertilizer N recovered for all treatments was in the loblolly pine trees (EEFs: 38.5%–49.9%,
urea: 34.8%) and soil (EEFs: 30.6%–38.8%, urea: 28.4%). This research indicates that a greater
ecosystem fertilizer N recovery for EEFs compared to urea in southeastern pine plantations can
potentially lead to increased FNUE in these systems.

Keywords: 15N; forest fertilization; nitrogen cycle; plantation forestry; enhanced efficiency fertilizers

1. Introduction

Loblolly pine (Pinus taeda L.) is the most widely planted and commercially valuable tree species
in the United States [1,2], with large areas in the southeastern United States managed intensively in
plantations. Although loblolly pine stemwood can exceed 10 m3·ha−1·year−1 in intensively managed
plantations [3], growth of many stands is less due to low levels of plant available nitrogen (N) and
phosphorous (P) in the soil [4,5]. Nitrogen deficiencies that occur when plant available N in the
soil is inadequate to meet tree N demand [6–8] translate to low leaf areas, decreased photosynthetic
capacity, and hence reduced growth [9,10]. Temporal patterns in N availability often lead to N
deficiencies developing during later parts of the rotation [3,11,12]. Following disturbance, such as
harvesting, plant N availability in the soil is high due to N mineralization of organic matter [13,14].
Yet, as the stand develops, plant N availability decreases because of increasing N immobilization in
the ecosystem [15], and N fertilization is often required to maintain forest productivity in mid-rotation
stands [6]. The average growth response in mid-rotation southeastern pine plantations averages
3 m3·ha−1·year−1 over the 8 years following fertilization [3].

However, less than 30% of N applied in fertilizer is taken up by trees [16–20]. The low fertilizer
N uptake by trees is likely due to several factors including: (1) N loss from the system; (2) N
immobilization; and (3) N application that is asynchronous to seasonal plant N demand [21–26]. Forest
soils supporting pine plantations in the southeastern United States contain large natural quantities of
N, typically ranging from 2 to 7 Mg·ha−1 [27–29]. Because of the large amount of N in forest soils, it is
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difficult to follow the fate, cycling and uptake of fertilizer N which typically adds only 150–250 kg·ha−1

of N to the system [28–30].
Fertilizers labeled with 15N can be used to trace the fate of fertilizer N through the ecosystem over

time [31–34]. Studies using 15N have improved the understanding of applied N cycling in ecosystems
since the 1950s in both agriculture [35] and forested [36] systems. Recent research in forested ecosystems
using 15N tracer techniques have focused on understanding N cycling in natural systems [37–39] or
the effects of chronic N deposition from industrialization [40,41]. Fertilizers labeled with 15N have also
been used to determine fertilizer N uptake and nitrogen use efficiency (FNUE) [21,22,36,42–44].

Urea (46-0-0) is the most commonly used N fertilizer in southern forestry due to its high N content
and low cost per unit of applied N [4,5]. However, large N losses following urea fertilization can
occur due to ammonia (NH3) volatilization depending on the interactions of weather and edaphic
factors [45–50]. Volatilization, combined with leaching and denitrification, reduce the amount of
fertilizer N remaining in the system, and may decrease fertilizer N availability for plant uptake and
hence FNUE [51–54].

Enhanced efficiency N fertilizers (EEFs) were developed to reduce N loss and increase N
availability [55–65]. The EEFs can be divided into slow release (SRN), controlled release (CRN) and
stabilized (SNF) N fertilizers [55–63]. The SRN products slowly release fertilizer N due to microbial
decomposition [56]. The CRN products have coatings around the fertilizer N to alter rate, pattern and
duration of fertilizer N release [56,57]. The SNF products have compounds to inhibit rapid fertilizer
N transformations to less stable forms [61]. The different attributes of the various N containing EEF
products increases the flexibility of N fertilization under diverse conditions to optimize plant N uptake
and increase FNUE when compared to urea.

Our overall objective was to determine ecosystem uptake of fertilizer N and determine if N uptake
was greater for EEFs compared to urea. In this study, we compared fertilizer N uptake in southeastern
pine ecosystems following fertilization with urea and three enhanced efficiency fertilizers after a spring
application to determine if there were differences among treatments for: (1) total ecosystem fertilizer
N recovery; and (2) ecosystem partitioning of fertilizer N.

2. Materials and Methods

2.1. Experimental Design

This study was established as a complete-block design with five fertilizer treatments. Twelve sites
were chosen from a network of existing fertilizer and thinning trials, and each site served as a block.
At each site, five 100 m2 circular plots were installed prior to fertilization, and each site was fertilized
with a single fertilizer treatment on the same day between 26 March and 8 April 2012.

2.2. Site Description

All sites were considered mid-rotation, with stand ages ranging from 8 to 15 years (Figure 1).
The understory of the sites ranged from no understory to encompassing 25% of the plot. Selected
climate, physical and stand characteristics are detailed in Table 1.
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Figure 1. Location map of 12 mid-rotation pine stands across the southeastern United States selected to
evaluate ecosystem partitioning of fertilizer N following the application of urea or enhanced efficiency
N fertilizers enriched with 15N.

2.3. Fertilizer Treatments

The five fertilizer treatments used in this study were: (1) urea; (2) urea impregnated with
N-(n-Butyl) thiophosphoric triamide (NBPT); (3) urea impregnated with NBPT and coated with
monoammonium phosphate (CUF); (4) polymer coated urea (PCU); and (5) a control treatment with
no fertilizer added. Urea (46-0-0) was used because it is the most common N fertilizer applied in
the southeastern United States. The enhanced efficiency fertilizers (EEFs) tested in this study were
developed to reduce NH3 volatilization and release fertilizer N slowly to the environment. The NBPT
treatment (46-0-0) added N-(n-butyl) thiophosphoric triamide at a rate of 26.7% by weight to urea
granules to inhibit urease activity. The CUF treatment (39-9-0) also added NBPT to urea granules,
which was then coated with an aqueous binder solution of boron and copper sulfate to slow N release.
A final coating of monoammonium phosphate was added to provide P. The PCU (44-0-0) treatment
encapsulated urea granules with a polymer coating containing pores designed to slowly release N
(~80%) over 120 days. All N treatments were applied at an equivalent rate of 224 kg·N·ha−1. Because
the CUF treatment had P in a coating, P was applied in the other fertilizer treatments at the equivalent
rate of 28 kg·P·ha−1 as triple superphosphate (TSP). The urea in all treatments was enriched with
the stable isotope 15N (0.5 atom percent). Each fertilizer treatment was broadcast applied by hand
in individual 100 m2 circular plots at each site. Due to high rates of volatilization and the impact
this process has on isotopic fractionation, a fractionation factor of 1.029 was used for each fertilizer
treatment as detailed in Högberg [66].

2.4. Field Sampling

The center of each of the 100 m2 circular plots was located between two co-dominant loblolly
pine trees in areas with similar stand, soil and landscape characteristics. Immediately prior to each
treatment application, the height and diameter breast height (DBH) of all trees greater than 2.54 cm
DBH were measured. The sapling, shrub, vine and herbaceous strata were estimated and individual
species in each respective strata was composite sampled. The forest floor (O horizon = Oi + Oe + Oa)
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was collected with a circular sampler from 4 random locations in the plot and composited. Two mineral
soil depth increments (0–15 cm, 15–30 cm) were randomly sampled from 8 locations in the plot with a
push tube sampler and composited. Roots were sampled to a depth of 20 cm at 4 random locations in
the plot with a bulk density corer and composited. Soil bulk density cores were taken from the 0–15 cm
and 15–30 cm depth increments from the center of each plot. After this sampling was completed, two
1 m2 circular mesh litterfall traps were placed randomly in the plot to sample litterfall from the year
after N fertilization.

Fertilizer treatments were randomly applied to the 100 m2 circular plots (March 26 to April 8).
All primary ecosystem components in each plot were resampled at the end of the growing season
following fertilization between November 1st and March 31st using similar sampling procedures
previously detailed. Litterfall was collected once from the two litterfall traps at the end of the growing
season and composited for each individual plot. One of the two central crop trees was selected and
felled for sampling. All components of the crop tree sampled were weighed in the field on the same
day the tree was felled to obtain field green weights, and subsamples were brought to the laboratory
to obtain dry weights. In the field, a 2.54 cm cookie was taken from the tree stem at DBH, height to live
crown (HLC), and height to mid crown (HMC). The tree stem was cut into 1.2 m lengths for weighing.
The canopy (foliage, fine branches, coarse branches) was randomly placed in 3 piles in the field and
each pile was weighed. The foliage, fine branches (branches with foliage attached) and coarse branches
(branches with no foliage attached) were separated and also weighed in the field. One of the three
canopy piles was randomly selected and returned to the laboratory for analysis. The sapling stratum,
if present, was sampled by 2.54 cm diameter classes for individual species categories. Shrubs, vines
and herbaceous species were sampled from a randomly selected 3.13 m2 area of the plot. Individual
shrub species were sampled in their entirety, with vines and herbaceous species composite sampled in
their respective strata.

2.5. Laboratory Procedures

All samples were dried in a forced air oven at 60 ◦C. In the laboratory, subsamples of bark, wood
from the current year of growth (CGR), and the wood of growth rings prior to fertilizer treatment
(PGR) were taken from the stem cookies collected at DBH. Litterfall was separated into pine needles,
deciduous leaves, fine branches, coarse branches, bark and unidentifiable litterfall. The forest floor
was sieved through a 6 mm sieve and the mineral soil was sieved through a 2 mm sieve. Root samples
were elutriated and divided into fine (<2 mm) and coarse (>2 mm) size fractions, dried and weighed.

After drying, all organic material samples were coarse ground in a Wiley Mill to pass a 2 mm
sieve. The organic samples were then homogenized to a fine powder with a ball mill (Retsch® Mixer
Mill MM 200, Haan, Germany) for 1 min at 25 revolutions per second (rps), whereas all mineral soil
samples were ball milled for 2 min at 25 rps. After ball milling, individual homogenized samples were
put in separate tin capsules and weighed on a Mettler-Toledo© MX5 microbalance (Mettler-Toledo, Inc.,
Columbus, OH, USA). These individually weighed samples were analyzed to determine the 15N/14N
isotope ratio and total N on a coupled elemental analysis-isotope ratio mass spectrometer (IsoPrime
100 EA-IRMS, Isoprime© Ltd., Manchester, UK) at the Forest Soils and Plant Nutrition Laboratory
at Virginia Polytechnic Institute and State University (Virginia Tech). All grinding, ball milling and
weighing equipment were cleaned after each sample with ethanol to reduce contamination.

2.6. Calculation of Fertilizer N Recovery

The amount of total fertilizer N recovered in each ecosystem component from the labeled
15N fertilizer was calculated using a mass balance tracer technique that compared individual ecosystem
component 15N prior to and 1 year after N fertilization [32,67,68]. Once the fertilizer N recovery for
each individual ecosystem component was determined, the fertilizer N recovery for each individual
component was summed on a per plot basis to calculate total fertilizer N recovery for the entire plot.
The fertilizer N recovery value for the individual loblolly pine sampled in each plot was multiplied
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by the number of loblolly pine trees in each individual plot to obtain the total fertilizer N recovery
for loblolly pine trees on an individual plot basis. The difference between the amount of fertilizer
N applied to the plot and the amount of fertilizer N recovered after a single growing season was
considered lost from the system.

2.7. Statistical Analysis

Total fertilizer N recovery, expressed as a percentage of fertilizer N applied, was analyzed using a
general linear model (GLM) analysis of variance with SAS® 9.4 (SAS Institute Inc., Cary, NC, USA).
Percent data was arcsin transformed prior to analysis. Percent fertilizer N recovery (%) was the
response variable for the model, fertilizer treatment (CUF, NBPT, PCU, urea, control) was the fixed
effects, and site was a random effect. Total fertilizer N recovery, expressed as a percentage of fertilizer
N applied, for individual ecosystem components were also analyzed using a GLM analysis of variance,
except for analysis of individual mineral soil depth increments (0–15 cm, 15–30 cm) which were
analyzed as a repeated measures analysis of variance. Significance levels were set at α = 0.05 and
the p > |t| values for the treatment means were tested. All post-hoc analysis was conducted with
Tukey’s HSD.

3. Results

Fertilization increased nitrogen concentrations (g·kg−1) in several of the ecosystem components.
Foliar N mean (± SEM) concentrations increased from 12.5 ± 0.4 g·kg−1 in the control to between
13.2 ± 0.5 g·kg−1 and 14.2 ± 0.5 g·kg−1 for fertilizer treatments, with a significant difference between
the control and urea (14.2 ± 0.5 g·kg−1) (Table 2). The fine branch N concentrations increased from
the control (5.1 ± 0.3 g·kg−1) to CUF (7.3 ± 0.6 g·kg−1) and NBPT (6.7 ± 0.3 g·kg−1), while the coarse
branch N concentration increased between the control (2.8 ± 0.2 g·kg−1) to urea (3.9 ± 0.4 g·kg−1).
For the stem, the N concentration of the bark increased between the control (2.1 ± 0.2 g·kg−1) and
NBPT (2.9 ± 0.1 g·kg−1), while the N concentration for the growth ring for the year after fertilization
(CGR) increased from 1.8 ± 0.1 g·kg−1 for the control to between 2.3 ± 0.1 g·kg−1 and 2.7 ± 0.1 g·kg−1

for all fertilizer treatments. There were also minor effects of N fertilization on N concentration for fine
or coarse roots, litterfall and the mineral soil. The forest floor N concentration was greater for both
CUF (8.1 ± 0.6 g·kg−1) and PCU (8.7 ± 0.6 g·kg−1) compared to the control (6.6 ± 0.6 g·kg−1).

Table 2. The mean fertilizer N recovery (% of applied fertilizer N), δ15N (‰), and N concentration
(g·kg−1) for individual ecosystem components of pine stands in the southeastern United States selected
to evaluate ecosystem partitioning of fertilizer N for urea or enhanced efficiency N containing fertilizers
enriched with 15N.

Ecosystem
Component

Treatment
Fertilizer N Recovery

(% of Applied N)
δ15N values (‰)

N Concentration
(g·kg−1)

Foliage

Control 0.0 a −2.4 (0.5) a 12.5 (0.4) a
CUF 10.7 (1.1) bc 118.3 (11.2) b 14.1 (0.8) ab

NBPT 14.8 (1.8) c 126.1 (8.5) b 13.9 (0.6) ab
PCU 8.1 (1.1) b 101.6 (9.8) b 13.2 (0.5) ab
Urea 11.0 (1.7) bc 124.5 (11.2) b 14.2 (0.5) b

Fine Branches

Control 0.0 a −2.0 (0.6) a 5.1 (0.3) a
CUF 3.2 (0.4) b 110.2 (10.2) b 7.3 (0.6) b

NBPT 4.1 (0.5) c 111.8 (7.4) b 6.7 (0.3) b
PCU 2.6 (0.5) b 98.7 (10.5) b 6.1 (0.5) ab
Urea 2.9 (0.5) b 108.4 (9.67) b 6.2 (0.4) ab

85



Forests 2016, 7, 270

Table 2. Cont.

Ecosystem
Component

Treatment
Fertilizer N Recovery

(% of Applied N)
δ15N values (‰)

N Concentration
(g·kg−1)

Coarse Branches

Control 0.0 a −1.8 (0.4) a 2.8 (0.2) a
CUF 2.9 (0.4) bc 72.6 (9.3) b 3.7 (0.3) ab

NBPT 3.0 (0.6) c 78.9 (8.2) b 3.6 (0.4) ab
PCU 2.6 (0.4) b 73.7 (8.6) b 3.3 (0.3) ab
Urea 3.2 (1.0) bc 69.3 (6.1) b 3.9 (0.4) b

Bark

Control 0.0 a −2.1 (0.4) a 2.1 (0.2) a
CUF 0.6 (0.2) b 22.1 (2.1) b 2.5 (0.2) ab

NBPT 0.8 (0.2) b 22.5 (2.1) b 2.9 (0.1) b
PCU 0.5 (0.1) b 20.5 (2.4) b 2.4 (0.1) a
Urea 0.4 (0.1) ab 20.8 (2.1) b 2.5 (0.2) ab

Current year
Growth Ring

(CGR)- year of
fertilization

Control 0.0 a −1.9 (0.4) a 1.8 (0.1) a
CUF 2.2 (0.4) bc 80.0 (8.0) b 2.4 (0.5) bc

NBPT 3.1 (0.6) c 88.1 (5.8) b 2.7 (0.1) c
PCU 1.7 (0.3) b 71.9 (7.6) b 2.3 (0.1) b
Urea 1.9 (0.3) b 78.9 (7.5) b 2.3 (0.1) b

Previous year
growth rings

(PGR)—growth
prior to fertilization

Control 0.0 a −1.9 (0.4) a 1.4 (0.1) a
CUF 4.4 (0.8) bc 40.2 (3.9) b 1.6 (0.1) a

NBPT 5.1 (0.7) c 40.3 (1.3) b 1.6 (0.1) a
PCU 3.7 (0.4) bc 37.1 (3.9) b 1.6 (0.1) a
Urea 2.9 (0.5) b 34.8 (5.0) b 1.4 (0.1) a

Fine roots (<2 mm)

Control 0.0 a −0.3 (0.9) a 9.4 (0.9) a
CUF 19.2 (1.8) c 36.1 (3.1) b 10.5 (0.6) a

NBPT 16.2 (1.5) c 33.2 (3.8) b 10.4 (0.4) a
PCU 16.4 (1.8) c 36.0 (3.5) b 10.3 (0.5) a
Urea 10.8 (1.4) b 31.2 (5.1) b 9.7 (0.5) a

Coarse roots
(>2 mm)

Control 0.0 a −0.1 (0.37) a 6.0 (0.6) a
CUF 3.8 (1.4) b 18.3 (1.6) b 6.2 (0.5) a

NBPT 2.7 (0.6) ab 19.0 (3.2) b 6.3 (0.5) a
PCU 2.9 (0.9) b 15.4 (2.2) b 6.0 (0.5) a
Urea 1.7 (0.5) ab 13.9 (3.1) b 6.0 (0.5) a

Litterfall

Control 0.0 a −3.0 (1.2) a 7.4 (0.3) a
CUF 1.6 (0.3) b 48.5 (1.4) b 8.0 (0.3) a

NBPT 1.4 (0.2) b 55.8 (2.1) b 8.3 (0.4) a
PCU 1.8 (0.3) b 55.6 (1.6) b 8.1 (0.3) a
Urea 1.7 (0.2) b 55.1 (1.4) b 8.2 (0.2) a

Forest Floor
(Organic horizon:

Oi + Oe + Oa)

Control 0.0 a −1.9 (0.4) a 6.6 (0.6) a
CUF 3.0 (1.4) a 62.9 (6.8) b 8.1 (0.6) b

NBPT 2.8 (1.3) a 59.3 (5.8) b 8.0 (0.6) ab
PCU 3.8 (0.9) b 91.1 (9.9) c 8.7 (0.6) b
Urea 1.2 (0.4) a 55.2 (6.3) b 8.0 (0.7) ab

0–15 cm
Mineral Soil

Control 0.0 a 3.3 (0.7) a 0.8 (0.1) a
CUF 23.1 (3.6) b 21.8 (3.6) b 0.6 (0.1) b

NBPT 22.4 (2.7) b 22.3 (3.5) b 0.6 (0.1) ab
PCU 24.2 (5.1) b 21.0 (4.1) b 0.7 (0.1) ab
Urea 15.9 (2.6) b 15.9 (2.1) b 0.6 (0.1) ab

15–30 cm
Mineral Soil

Control 0.0 a 5.4 (0.4) a 0.4 (0.1) a
CUF 6.7 (1.1) a 13.2 (1.5) b 0.4 (0.0) a

NBPT 5.4 (0.9) a 11.7 (1.0) b 0.4 (0.1) a
PCU 10.7 (3.4) b 16.3 (3.0) b 0.4 (0.0) a
Urea 11.3 (3.1) b 15.2 (2.4) b 0.4 (0.1) a

Different letters represent significant differences at α = 0.05. Numbers in parentheses represent the standard
error of the mean (n = 12).
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The mean (±SEM) δ15N (‰) values at the end of the first growing season after treatment
application for all tree and soil ecosystem components were greater for fertilizer treatments compared
to the control (Table 2). The mean δ15N values of loblolly pine trees for fertilizer treatments was greatest
in the foliage (101.6‰ ± 9.8‰ to 126.1‰ ± 8.5‰), fine branches (98.7‰ ± 10.5‰ to 111.8‰ ± 7.4‰),
and CGR (71.9 ± 7.6‰ to 88.1 ± 5.8‰). The δ15N values in litterfall (48.5‰ ± 1.4‰ to 55.8‰ ± 2.1‰)
for the year immediately following fertilization of all fertilized treatments was lower than the foliage
mean δ15N values. The lowest δ15N values for the loblolly pine components for fertilized treatments
were in the coarse roots (13.9‰ ± 3.1‰ to 19.0‰ ± 3.2‰), bark (20.5‰ ± 2.4‰ to 22.5‰ ± 2.1‰),
fine roots (31.2‰ ± 5.1‰ to 36.1‰ ± 3.1‰) and stemwood produced in the years prior to fertilization
(PGR) (34.8‰ ± 5.0‰ to 40.3 ± 1.3‰). The δ15N value of the soil for the fertilized treatments was
greatest in the forest floor (55.2‰ ± 6.3‰ to 91.1‰ ± 9.9‰), with PCU significantly greater than other
fertilizer treatments. The surface 0–15 cm mineral soil ranged from 15.9‰ ± 2.1‰ to 22.3‰ ± 3.5‰
for fertilizer treatments, while the 15–30 cm mineral soil depth increment ranged from 11.7‰ ± 1.0‰
to 16.3‰ ± 3.0‰.

There were several significant differences in the mean (±SEM) fertilizer N recovery for individual
ecosystem components (Figure 2, Table 2). The fertilizer N recovered in the loblolly pine trees
was greatest in the foliage ranging from 8.1% ± 1.1% to 14.8% ± 1.8% of the N applied. More
fertilizer N was recovered in the foliage for NBPT (14.8% ± 1.8%) compared to PCU (8.1% ± 1.1%).
More fertilizer N was also recovered for NBPT (4.1% ± 0.5%) than the other fertilizer treatments
(2.6% ± 0.5% to 3.2% ± 0.4%) for fine branches, and coarse branches for NBPT (3.0% ± 0.6%)
compared to PCU (2.6% ± 0.5%). Fertilizer N recovery was greater for NBPT (3.1% ± 0.6%) for
CGR than PCU (1.7% ± 0.3%) and urea (1.9 ± 0.3%), and the PGR for NBPT (5.1% ± 0.7%) compared
to urea (2.9% ± 0.5%). For belowground loblolly pine biomass, more fertilizer N was recovered
for EEFs (16.2% ± 1.5% to 19.2% ± 1.8%) compared to urea (10.8% ± 1.4%) in fine roots. In the
soil, there was greater fertilizer N recovery for PCU (3.8% ± 0.9%) compared to the other fertilizer
treatments (1.2% ± 0.4% to 3.0% ± 1.4%) in the forest floor, and for both PCU (10.7% ± 3.4%) and urea
(11.3% ± 3.1%) compared to CUF (6.7% ± 1.1%) and NBPT (5.4% ± 0.9%) in the 15–30 cm mineral soil.

Figure 2. The total fertilizer N recovery (% of fertilizer N applied) of the major ecosystem
components (Tree—loblolly pine aboveground + belowground biomass, understory, litterfall, and
soil (O horizon + mineral soil- 0 to 30 cm) for pine stands in the southeastern United States selected to
evaluate ecosystem partitioning of fertilizer N of urea or enhanced efficiency N fertilizers enriched
with 15N. Data represents fertilizer application dates for spring (March–April 2012). Different letters
represent significant differences at α = 0.05. Different letter fonts represent comparisons among
treatments between same ecosystem components (soil, litterfall, understory, tree). n = 12.
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Differences between fertilizer treatments also occurred when individual ecosystem components
were combined into primary components (tree, soil) (Figure 2). For the loblolly pine canopy (foliage,
fine branches, coarse branches), fertilizer N recovery for NBPT (22.0%) was greater than PCU
(13.3%). For the stem (bark, CGR, PGR), NBPT (9.1%) was greater than both PCU (5.9%) and urea
(5.2%). When all aboveground biomass components are combined (canopy, stem), NBPT (31.0%)
was greater than both PCU (19.2%) and urea (22.3%). For belowground biomass (total roots), all
EEFs (CUF = 23.0%, NBPT = 18.9%, PCU = 19.3%) were greater than urea (12.5%). When all pine
components were combined (canopy, stem, roots), both CUF (46.9%) and NBPT (49.9%) had a greater
fertilizer N recovery compared to PCU (38.5%) and urea (34.8%). For the entire soil (forest floor,
0–30 cm mineral soil), the percentage of recovery was similar for EEFs (30.6% to 38.8%) and urea
(28.4%). When all ecosystem components were combined to determine the total ecosystem recovery
of fertilizer N, all the EEFs (CUF = 81.9%, NBPT = 84.2%, PCU = 79.8%) had a greater recovery total
fertilizer N recovery compared to urea (65.2%).

4. Discussion

This study evaluated differences in the ecosystem retention and crop tree uptake of applied
fertilizer N between urea and three enhanced efficiency fertilizers in mid-rotation pine plantations of
the southeastern United States. The sites in this study covered the entire southeastern United States
region where loblolly pine is planted to improve the understanding of the ultimate fate of fertilizer N
in these systems to augment the results of numerous site specific studies. The primary hypotheses
tested in this study were: (1) whether there were differences in the total fertilizer N recovery among
conventional and enhanced efficiency fertilizers; and (2) if there were differences in the ecosystem
partitioning of fertilizer N among conventional and enhanced efficiency N fertilizers. The overall
primary objective was to improve fertilizer N use efficiency in southeastern pine plantations to increase
the productivity and efficiency of these systems in a sustainable, environmentally responsible approach.

There were significant differences in the total ecosystem fertilizer N recovery among individual
fertilizer treatments (CUF, NBPT, PCU, urea). The total ecosystem fertilizer N recovery was greater for
all enhanced efficiency fertilizers (CUF, NBPT, PCU) compared to urea, with no differences between
individual EEFs. The primary reason for lower fertilizer N recovery for urea compared to EEFs was
likely due to initially large ammonia (NH3) volatilization losses from the urea treatment compared
to the EEFs immediately following fertilization. Raymond et al. [49] compared NH3 volatilization
losses of the same fertilizer treatments used in this study and found higher losses with urea (26%–49%)
compared to all EEFs (4%–26%). Other studies in pine plantations in the southeastern United States
have also shown fertilizer N losses through the NH3 volatilization pathway after urea fertilization
exceeding 25%, with lower losses using various EEF products [47,48,64–66,69,70]. Interestingly, when
the results for NH3 volatilization reported by Raymond et al. [49] 15 days following fertilization for
the same fertilizer treatments used in this study are included in the treatments in respect to mass
balance accounting of ecosystem fertilizer N recovery on a per plot basis, total ecosystem recovery of
fertilizer N for each treatment exceeds 90%. This evidence indicates that greater fertilizer N loss via
NH3 volatilization immediately following fertilization, combined with other minor initial fertilizer
N loss pathways (denitrification, leaching) for urea compared to EEFs, translates to less fertilizer N
remaining in the ecosystem for urea. Although the results from this study are similar to those of other
tracer studies in a variety of ecosystems [39,40,71,72], results from this study indicated a generally
higher fertilizer N uptake by trees for the EEFs.

Results from numerous studies specific to loblolly pine plantations and fertilizer N show generally
lower fertilizer N uptake (<30%) by loblolly pine trees [21–25]. Several potential explanations for this
low fertilizer N uptake by loblolly pine plantations exist. First, many studies in loblolly plantations
have used urea as the fertilizer N source. Because high fertilizer N losses can occur immediately
following fertilization with urea [46–49], less fertilizer N remains in the ecosystem and hence less
fertilizer N is available for plant uptake. As previously stated, this explanation partially explains the
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results for the fertilizer N recovery in the loblolly pine trees in this study (35%) which is near the
upper end reported in the literature. The fertilizer N recovery for the EEF treatments used in this
study had higher fertilizer N recovery for the entire tree compared to urea, ranging from 39% to 50%.
Clearly, the lower amount of fertilizer N remaining in the system when urea is used as a fertilizer
source affects the quantity, and hence intensity, of fertilizer N in the soil over the growing season that
becomes available for uptake by the desired crop trees. Second, the application of fertilizer N for this
study in the spring (March-April) may have been more synchronous to the seasonal growth patterns of
desired crop trees and could explain higher recovery rates of fertilizer N for all treatments found in this
study. For example, results from Blazier et al. [25] had higher fertilizer N recovery after a spring and
summer fertilization compared to a winter application, when operational N fertilization is traditionally
conducted in southeastern pine plantations in an effort to minimize high NH3 volatilization losses.
Although losses were high for urea compared to the EEFs, recovery for the entire tree for fertilizer
N was greater compared to most fertilizer studies. This result may indicate that although losses can
be high in the spring, conditions for N demand and uptake by the crop tree for a readily available N
source may still be high. Low fertilizer N uptake by trees after fertilization during the dormant season
(winter) in the south may cause other loss pathways, such as denitrification [51] and leaching [53] to
become more important than NH3 volatilization and also contribute to lower fertilizer N recovery in
studies. Third, many studies only account for N uptake in the foliage. Although foliage in loblolly
pine trees has a high amount of N in the tree, other portions of the tree also contain N. If only N in the
foliage is measured, N uptake may be underestimated.

There were also significant differences in ecosystem partitioning of fertilizer N among treatments.
Analysis of the percent of fertilizer N recovered in individual ecosystem components (foliage, fine
branches, soil, etc.) showed numerous differences among fertilizer treatments. Despite differences
among fertilizer treatments in the percentage of fertilizer N recovered in different ecosystem
components, most fertilizer N for all treatments was recovered in either the loblolly pine trees or soil.
There was a difference for the fertilizer N recovered in the entire tree between NBPT and CUF and
urea and PCU, yet no significant differences occurred in the soil. Although there were no significant
differences in the percentage of fertilizer N in the soil, there was 10% more fertilizer N recovered (NS)
for PCU compared to urea. This difference may have important implications for the long term fate and
cycling of fertilizer N for PCU, which provides a more gradual constant release compared to the other
fertilizers. Additionally, significantly higher amounts of fertilizer N were found in the fine roots of all
EEFs compared to urea. This additional amount of fertilizer N was likely the result of a higher amount
of fertilizer N in the soil and potentially greater root uptake for EEFs compared to urea.

Although results from this research showed a greater ecosystem recovery for each EEF compared
to urea, several primary questions remain concerning the long-term fate of each of these fertilizer
treatments. For example, significantly more fertilizer N was recovered in the forest floor for PCU than
other treatments. Additionally, although not significant, there was a high proportion of fertilizer N
recovered for all EEFs in the 0–15 cm mineral soil compared to urea. A shift in the ecosystem recovery
of fertilizer N compared to urea in the ecosystem raises the question of whether additional gains in
fertilizer nitrogen use efficiency for the system for EEFs will increase if it becomes bioavailable in the
future of the stand or becomes immobilized in the system for the stand rotation.

Results from agroecosystems have shown that the majority of fertilizer N that is not incorporated
into plant biomass during the initial growing season after fertilization becomes immobilized in the
soil [73]. Similar results specific to fertilizer N immobilization in the soil have also been shown in
forested systems [74–78]. Despite these results, laboratory experiments using a bioassay approach
with soil collected from long term 15N tracer experiments show a measureable uptake of 15N labeled
fertilizers by seedlings from both forest floor and mineral soil sources a decade after fertilization [79].
The mechanisms governing this disconnect between field and laboratory studies will require additional
examination. Yet, if it is found that the additional fertilizer N becomes bioavailable to seedlings after
the harvesting of the remaining stand, this finding could translate to additional gains in fertilizer
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nitrogen use efficiency in these managed pine ecosystems. At certain managed pine ecosystem sites,
especially those which have been thinned, fertilizer management may include an initial fertilizer N
application at stand establishment or shortly after. Yet, if the increase in existing fertilizer N remaining
in the soil is found to be bioavailable, a management system may be altered to forgo the initial N
fertilization while still maintaining high levels of productivity.

Extending research for this study to monitor the long term fate of the 15N enriched fertilizer
treatments will be needed to answer the questions specific to the bioavailability of the fertilizer N
remaining in the soil. Answering whether the increase in fertilizer N in the soil with EEFs will translate
to a higher N availability for trees in these intensively managed pine ecosystems in the future or
become immobilized and/or leached from the system is an important question to continue improving
the economic viability and environmental stewardship of fertilization in these systems. If future
research for the 15N plots used in this study find a majority of the fertilizer N immobilized in the soil
for EEFs, as has been found with other studies using traditional N fertilizers in forest ecosystems,
the primary question becomes whether fertilizer N application rates can be reduced by a percentage
when compared to the traditional rates used in forestry while maintaining productivity. Results
indicating either a higher fertilizer N availability for extended periods from the soil using EEFs and/or
a reduction in fertilizer N application rates while maintaining productivity would assist in improving
the FNUE efficiency of these pine plantation systems.

This research has continued to refine our understanding of the differences in the ecosystem
fate and cycling of fertilizer N between enhanced efficiency and urea fertilizers through the use of
stable isotopes in southeastern pine plantations. Results from this study are from a broad geographic
region, and indicate similar cycling patterns and differences between enhanced efficiency N containing
fertilizers compared to urea after a spring application. The results from this study provide forest
managers a level of confidence that the enhanced efficiency products used in this research after a
spring fertilization will have a generally higher fertilizer N ecosystem retention when compared with
urea across the southeastern United States where pine plantations are intensively managed. The results
from this study will continue to assist forest managers in improving fertilizer nitrogen use efficiency in
pine plantations across the southeastern United States.

5. Conclusions

The principal results of this study were: (1) there was a greater amount of fertilizer N recovered
from the ecosystem for all EEFs compared to urea; and (2) there were differences in the ecosystem
partitioning of fertilizer N among treatments. The reduced ecosystem loss of fertilizer N for all EEFs
compared to urea may translate to an increased quantity of fertilizer N remaining in the system that
could be available for crop tree N uptake and increase the FNUE for the EEFs used in this study
compared to urea. The increased fertilizer N retention in the soil for all EEFs, although not significant,
may also contribute to increasing FNUE over the course of the stand rotation if the increased quantity
of soil N translates to an increase in intensity of N supply. Additional research will be required
to determine the long term fate of EEFs in forest plantations, and whether this added quantity of
soil N from fertilization using EEFs translates to increased productivity. The results from this study
will continue to improve site specific management and increase the efficiency of southeastern pine
plantations. The use of enhanced efficiency fertilizers, if found to be economically viable, could provide
managers the flexibility to apply fertilizer N under a variety of conditions to improve the synchronicity
of fertilizer application and plant N demand.
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Abstract: Resource utilization by earthworms affects soil C and N dynamics and further colonization
of invasive earthworms. By applying 13C-labeled Tabebuia heterophylla leaves and 15N-labeled
Andropogon glomeratus grass, we investigated resource utilization by three earthworm species
(invasive endogeic Pontoscolex corethrurus, native anecic Estherella sp., and native endogeic
Onychochaeta borincana) and their effects on soil C and N dynamics in Puerto Rican soils in a 22-day
laboratory experiment. Changes of 13C/C and 15N/N in soils, earthworms, and microbial populations
were analyzed to evaluate resource utilization by earthworms and their influences on C and N
dynamics. Estherella spp. utilized the 13C-labeled litter; however, its utilization on the 13C-labeled
litter reduced when cultivated with P. corethrurus and O. borincana. Both P. corethrurus and O. borincana
utilized the 13C-labeled litter and 15C-labeled grass roots and root exudates. Pontoscolex corethrurus
facilitated soil respiration by stimulating 13C-labeled microbial activity; however, this effect was
suppressed possibly due to the changes in the microbial activities or community when coexisting
with O. borincana. Increased soil N mineralization by individual Estherella spp. and O. borincana was
reduced in the mixed-species treatments. The rapid population growth of P. corethrurus may increase
competition pressure on food resources on the local earthworm community. The relevance of resource
availability to the population growth of P. corethrurus and its significance as an invasive species is a
topic in need of future research.

Keywords: carbon and nitrogen mineralization; invasive earthworms; Luquillo mountains; microbial
respiration; Puerto Rico; stable isotope; tropics

1. Introduction

Invasive earthworms have caused significant effects on local biota and ecosystem processes
(such as nutrient dynamics) in the invaded areas, e.g., European Lumbricids in North America [1–3].
Population declines of native earthworms, particularly in remote and non-fragmented forests, have
contributed to a result of competitive exclusion by expanding invasive earthworm populations [2,4,5].
Lachnicht et al. [6] observed that invasive Pontoscolex corethrurus (Müller, 1856) earthworms, when
incubated with native Estherella sp., utilized different N resources, possibly avoiding direct competition
on food resource. Winsome et al. [7] found that invasive Aporrectodea trapezoides (Dugès, 1828) lost
its competition advantage when co-existing with native Argilophilus marmoratus (Eisen, 1893) in the
resource-poor habitat of a Californian grassland. Interactions between native and invasive earthworms
varied with resource utilization of earthworm species and resource availability [6,7]. Earthworms are
categorized into three ecological groups, epigeic, endogeic, and anecic, based on their preferences
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on space and food resources [8]. Epigeic earthworms mainly consume leaf litter (and microbial
populations colonizing on it) and inhabit the litter layer, while endogeic earthworms occupy mineral
soils and use soil organic matter as their main food resources. Anecic earthworms utilize mainly
leaf litter but with the ability to build burrows deep in the soil [8]. Earthworms with same feeding
strategies are expected to evolve stronger competitive interactions because they share the same food
resources [2,9,10]. Hence, resource utilization of earthworms could serve as a determinant for the
success of earthworm invasions and its effects on the native earthworm community [7].

Earthworm invasions have significantly altered nutrient dynamics (e.g., carbon (C) and nitrogen
(N)) in invaded soils [1,11,12]. A mixed-species of European Lumbricid earthworm assemblage has
been documented to lessen organic layers and relocate leaf litter and humus fragments (C) into the
deeper mineral soils, as well as to cause an increase of N loss in the soil adjacent to plant roots in
the temperate forests of North America [1]. The effects of earthworms on soil C and N dynamics
may vary with the feeding strategies of earthworms and composition of earthworm assemblages [13].
For example, epigeic earthworms may have stronger effects on nutrient fluxes between leaf litter layers
and microbial populations that colonized on it (detritusphere) from their comminution and digestion
of the leaf litter substrate [1,11,12]. Endogeic/anecic earthworms, on the other hand, may play a
significant role in regulating nutrient dynamics in mineral soil and plant root zones (rhizosphere)
by their consumption of soil organic matter and root exudates (and depositions) and their active
burrowing activity [14–16]. In an area inhabited by a mixture of earthworms (either different feeding
strategies or native co-existing with invasive worms), whether earthworm effects on soil nutrient
dynamics can be explained by a summation of individual earthworm effects or disproportionally
dominated by one aggressive earthworm species is a topic of interest, yet still in need of more research.

Stable isotope 13C and 15N techniques, including 13C- and 15N-labeled plant materials and
a natural abundance of 13C and 15N isotopes, have recently provided invaluable information
for studying earthworm feeding strategies and their effects on soil C and N dynamics [6,17–20].
For example, Hendrix et al. [17] suggested an inter-specific competition for N resources based on their
observation of overlapped natural abundance 15N in both Estherella sp. and P. corethrurus in a lower
altitude tabonuco forest, Puerto Rico. Neilson et al. [18] found that a natural abundance of 13C and 15N
in earthworms can be used to assess the availability and diversity of food resources in the environment.
With the application of 13C- and 15N-enriched plant materials, how earthworms utilize different type
of food resources and the corresponding effects on soil C and N dynamics can be evaluated by tracking
changes of δ13C and δ15N associated with 13C and 15N-labeled plant materials in soils, earthworms,
and the microbial populations. In this study, we applied 13C-labeled Tabebuia heterophylla (DC.) Britton
leaves and 15N-labeled Andropogon glomeratus (Walter) Britton, Sterns, & Poggenb. grass to investigate
resource utilization of three earthworm species from Puerto Rico (invasive Pontoscolex corethrurus,
native Estherella spp., and native Onychochaeta borincana (Borges, 1994) and their effects on soil C and N
dynamics in Puerto Rican soils.

Pontoscolex corethrurus has invaded multiple habitats in Puerto Rico, in contrast to the restricted
distribution of the native earthworms in mature forests [21,22]. Competition pressure from invasive
P. corethrurus to native earthworms has been suggested to be responsible for the absence of native
earthworms in most disturbed areas, i.e., pasture and young forests [22–24]. Lachnicht et al. [6]
observed that endogeic P. corethrurus and anecic Estherella sp. showed resource partitioning (in terms
of space and food) to avoiding direct competition in a 19-day laboratory experiment. The interactions
observed between P. corethrurus and Estherella sp. have also caused differential influences on soil C
and N mineralization [6]. In this study, we investigated feeding strategies of endogeic P. corethrurus,
anecic Estherella sp., and endogeic Onychochaeta borincana (single-species earthworm treatments) on
13C-labeled Tabebuia leaves and 15N-labeled Andropogon grass. Changes in resource utilization of
individual earthworm species would be evaluated by comparing earthworm tissue 13C and 15N of
single-species earthworm treatments to those of mixed-species earthworm treatments (co-existed with
other anecic/endogeic earthworms). Influences of individual earthworm species and inter-specific
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earthworm interactions on soil C and N dynamics would be assessed by tracking the changes of 13C
and 15N in soils, earthworms, and microbial populations in single- and mixed-species earthworm
treatments. Anecic Estherella spp. was expected to utilize more 13C-labeled Tabebuia leaves, as compared
with endogeic O. borincana and endogeic P. corethrurus. Given that P. corethrurus is believed to exhibit
flexible feeding behaviors and enhance soil mineralization [6,17], we expected that P. corethrurus
would utilize more leaf litter (detritusphere) than plant roots (rhizosphere) resources, when incubated
with endogeic O. borincana, to avoid competition with O. borincana. Higher population growth
would be observed in a P. corethrurus population, which would enhance soil C and N mineralization.
However, the presence of anecic Estherella sp. and endogeic O. borincana would weaken enhanced soil
mineralization caused by P. corethrurus.

2. Materials and Methods

2.1. Experiment Design and Setup

The experiment was conducted at Sabana Field Research Station in Luquillo, Puerto Rico, from
November to December 2006. A total of 60 soil mesocosms (Polyvinyl Chloride (PVC) material,
11 cm in diameter and 20 cm in depth) were set up with 15-cm-deep field soils with the bottoms
sealed with a 1 mm mesh fiberglass window screen. Experimental treatments included (1) control
mesocosms (n = 4, no earthworms; Control) with isotope-labeled Tabebuia litter and Andropogon
glomeratus grass; and (2) seven earthworm treatments (each treatment: n = 4) with isotope-labeled
Tabebuia litter and A. glomeratus grass: single and mixed earthworm treatments (two- and three-species
earthworm combination; see below). Four soil mesocosms with no isotope-labeled plant materials
and no earthworms (Soil; n = 4), four soil mesocosms with 15N-labeled grass plants (Grass; n = 4),
and four soil mesocosms with 13C-labeled leaf litter (Litter; n = 4) were also analyzed as reference data
to evaluate the efficiency of 13C- and 15N-labeled methods.

Experimental soil was collected from the forest at the Bisley Experimental Watersheds (BEW) in
the Luquillo Mountains (18◦18′ N; 65◦50′ W). The forest at BEW is mostly dominated by a secondary
growth of tabonuco trees, and its soils are clayey and well weathered Ultisols. Detailed description
of BEW can be found in Scatena [25]. The collected soils were separated by three depths of 0–5, 5–10,
and 10–15 cm to air-dry for 48 h and sieved through a 5 mm mesh size sieve to exclude plant roots,
rocks, cocoons, and earthworms. Three depths of air-dry soils were used to set up the 0–5, 5–10,
and 10–15 cm depth in the mesocosms. Total soil C and N in 0–5 cm were 3.96 ± 0.05% and 0.37%,
respectively. Three Andropogon glomeratus seedlings (ca. 8 cm tall), the common grass species in Puerto
Rico, were transplanted into each control and earthworm mesocosm a week before the beginning of
the experiment. The Andropogon grass leaves were brushed with 2 atom % 15N-urea solution every
day to establish 15N-labeled plant roots and root-derived substrates (the rhizosphere) during the
experiment [26]. Seedlings of Tabebuia heterophylla, one of the common, native woody species (Family:
Bignoniaceae) in Puerto Rico, were incubated in a growth chamber with pulse injection of 99 atom
% 13CO2 to acquire 13C-labeled Tabebuia leaves through photosynthesis cycles during June–July 2006.
After labeling procedures, Tabebuia senescent leaves were collected, air-dried for 48 hours, and then
shredded into 1 cm2 pieces (δ13C varied from 385‰ to 804‰). A total of 3.7 g of dry 13C-labeled
Tabebuia litter (calculated based on field litterfall data) was applied to the soil surface of each control and
earthworm mesocosm to establish 13C-labeled litter and related microbial populations (detritusphere).

2.2. Earthworm Species and Collection

Three earthworm species from Puerto Rico were chosen for this experiment. Two native species,
Estherella spp. and Onychochaeta borincana, were collected from the BEW forests (18.5◦18′51.893” N,
65.5◦44′41.694” W) and a riparian forest in Almirante Norte (18◦41′ N, 65◦38′ W; alluvial soil) in Puerto
Rico [27], respectively; while Pontoscolex corethrurus was collected from the pasture at the Sabana
Field Research Station (18◦18′ N, 65◦50′ W) in the town of Luquillo, Puerto Rico. Anecic Estherella
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spp. has dark pigmentation on the dorsal side and stays in leaf litter and upper soil layers. Endogeic
O. borincana has pale coloration and stays in the subsoil layer. The invasive earthworm species,
P. corethrurus, as an endogeic species, is the dominant peregrine earthworm that has colonized most
habitats of Puerto Rico [6,17]. Before introducing into the earthworm mesocosms, gut contents of all
earthworms were voided for 24 h, and their fresh biomass was recorded as the initial biomass data at
the beginning of the experiment. Earthworms were introduced to assigned single or mixed earthworm
treatments as followed: single species treatments—O. borincana only (O; 4 worms), Estherella spp.
only (E; 4 worms), and P. corethrurus only (P; 4–5 worms); two-species mixed treatments—Estherella
and P. corethrurus (E + P; 3 worms from each species), Estherella and O. borincana (E + O; 4 Estherella
worms and 3 O. borincana worms), and O. borincana and P. corethrurus (O + P; 3 worms from each
species); and three-species mixed treatments—Estherella, P. corethrurus, and O. borincana (E + P + O;
2 Estherella, 2 O. borincana, and 3 P. corethrurus). Four soil mesocosms were assigned to the control and
each earthworm treatment as experimental replicates. The earthworm species were introduced into the
experimental mesocosms following the order of O. borincana, Estherella spp., and P. corethrurus. Average
fresh biomass of earthworms for each earthworm treatment is listed in Table 1. Each mesocosm was
watered with 35 mL of water every day to maintain soil moisture during the 22-day experiment.
The mesocosms were rotated randomly every week during the experiment.

Table 1. Average fresh biomass of Estherella spp. (E), Onychochaeta borincana (O), and Pontoscolex
corethrurus (P) earthworms introduced into different earthworm mesocosm (g per mesocosm).

Earthworm Treatments

Variables Single species (E, O, P) E + O E + P O + P E + O + P

Estherella spp.
Fresh weight (before) 5.3 (0.5) 4.2 (0.6) 3.2 (0.4) n/a 2.2 (0.2)
Fresh weight (after) 4.6 (1.2) 3.9 (1.1) 2.7 (0.6) n/a 2.3 (0.4)

Onychochaeta borincana
Fresh weight (before) 4.9 (0.6) 3.6 (0.5) n/a 2.7 (0.6) 2.2 (0.4)
Fresh weight (after) 2.9 (1.8) 2.4 (0.6) n/a 2.3 (0.7) 1.6 (0.3)

Pontoscolex corethrurus
Fresh weight (before) 2.0 (0.3) n/a 1.5 (0.3) 1.4 (0.1) 1.2 (0.1)
Fresh weight (after) 1.8 (0.4) n/a 1.5 (0.1) 1.7 (0.2) 1.4 (0.2)

Capital letters (E, O, and P) represent treatments with different earthworm assemblages. Single-species:
E = Estherella spp.; O = Onychochaeta borincana; P = Pontoscolex corethrurus. Two-species: E + O = Estherella
spp. and O. borincana assemblage; E + P = Estherella spp. and P. corethrurus assemblage; O + P = O. borincana
and P. corethrurus assemblage. Three-species: E + O + P = Estherella spp., O. borincana, and P. corethrurus
assemblage. Value is shown as mean (S.D.) (n = 4) at the beginning of the experiment (before) and after the
22-day experiment (after). “n/a” indicates the particular earthworm species was not introduced into the
corresponding experimental mesocosm.

2.3. Experiment Responding Variables

2.3.1. Soil CO2 and 13C-CO2

At Day 21 of the experiment, soil carbon dioxide (CO2) evolution was collected using the alkali
absorption technique [28]. At each sampling, a circular area (5 cm in diameter) in between the center
and the edge of the mesocosm was randomly chosen for each mesocosm, and the Tabebuia litter within
was gently removed to the side. A PVC chamber (10 cm tall and 5 cm in diameter) was inserted
1 cm into the soil surface of each mesocosm with a scintillation vial containing 10 mL of a 1 mol/L
NaOH solution placed inside each PVC chamber. The chamber was sealed with plastic wrap and
aluminum foil on the top for soil CO2 absorption. Five NaOH solution vials (control) were kept closed
during the 24 h absorption, except to open only at the beginning and the end of absorption to assess
sampling contamination. Twenty-four hours later, each alkali solution was removed from the chamber,
and 2 mL of 1 mol/L BaCl2 was added to form BaCO3 precipitate. Total CO2 trapped by alkali
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solution was determined by titration with 1 mol/L HCl to reach a pH neutral point (phenolphthalein
endpoint) [28]. BaCO3 precipitate from each sample was air dried and packed in tin capsules for
13C-CO2 analysis.

2.3.2. The Remaining Mass of the Tabebuia Litter

Soil mesocosms were deconstructed at Day 22 to collect final data of the experiment. Tabebuia
litter was carefully picked up and oven-dried at 60 ◦C for 48 h. The litter samples were ground, and
a subsample of 0.5 g litter was burned at 550 ◦C for 4 h to obtain ash-free dry matter (AFDM) data.
The data were used to calculate the remaining litter mass at the end of the experiment.

2.3.3. Survivorship, Growth, and the 13C and 15N Composition of Earthworms

The number of earthworms that survived at the end of the experiment was used to determine
earthworm survivorship. All earthworms were put into separate containers to void their gut contents
for 24 h. Final fresh biomass was recorded after gut-voiding. Earthworms were killed by dipping
in boiling water for 3 seconds. One-third of the earthworm body (tail part) was cut and rinsed with
deionized water with the gut content removed. Earthworm tissue was then freeze-dried and ground.
Two milligrams of earthworm tissue was packed into a tin capsule and analyzed by dry combustion
on a Carlo Erba NA1500 CN analyzer (Thermo Scientific, Waltham, MA, USA) for earthworm total C,
N, and 13C and 15N.

2.3.4. Soil and Soil Microbes

Soil was separated into three soil depths, 0–5, 5–10, and 10–15 cm. Ten grams of soil from each
depth was oven-dried at 105 ◦C for 48 h to calculate soil moisture. Subsamples of soils were ground
and packed into tin capsules (ca. 20 mg) for total soil carbon (C) and nitrogen (N) and isotopic analysis
(13C and 15N) by dry combustion on a Carlo Erba NA1500 CN analyzer. Two sets of 20 g 0–5 cm
soils were extracted with 60 mL of a 0.5 mol/L potassium sulfate (K2SO4) solution (3:1 solution to
soil mass ratio) for soil microbial biomass analysis by using the fumigation–extraction method [29,30].
Total microbial biomass C and 13C was analyzed from K2SO4-extracted samples using an OI analytical
TIC/TOC analyzer (Shimaduz, Kyoto, Japan) coupled with a Thermo-Finnigan Delta Plus Isotope
Ratio Mass Spectrometer (IRMS) (Thermo Scientific, Waltham, MA, USA). The persulfate digestion
method was adapted to obtain microbial N data [31]. The K2SO4-extracted samples and persulfate
digestion samples were analyzed with an Alpkem nitrogen autoanalyzer (OI analytical, College Station,
TX, USA). Dissolved inorganic N (DIN; NH4

+-N and NO3
−-N) was calculated from a non-fumigated

K2SO4 extract. Microbial biomass N (MBN) was calculated from the difference between total persulfate
nitrogen from fumigated and non-fumigated samples. Total persulfate nitrogen from fumigated
samples was used to determine total dissolved nitrogen (TDN).

Delta 15N data for each portion (DIN, MBN, and TDN) were obtained by running the samples
through the isotope diffusion method [32]. The δ13C/ δ15N value is calculated based on the measure
isotope ratios between the samples and the standard:

δ 13C (‰) =
(

(Rsample − Rstandard) / Rstandard

)
× 103 (1)

δ 15N (‰) =
(

(Rsample − Rstandard) / Rstandard

)
× 103 (2)

where δ13C (δ15N) unit is the parts per thousand and R is the mass ratio of 13C/12C (15N/14N) in the
sample and standard [33].

For DIN (K2SO4) extracts, KCl was added along with MgO and Devarda’s alloy to increase the
ionic strength of the solution. For microbial N and TDN (persulfate digests) samples, 10 M NaOH
was added to raise pH (>13) of the solution instead. Pairs of glass filter disks (Whatman GF/D) were
prepared by baking in a muffle furnace at 500 ◦C for 4 h. They were acidified with 35 μL of 2M H2SO4
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and then wrapped with Teflon tape. The Teflon-filter packages were incubated in the solutions for
6 days. After the incubation, the packages were dried over concentrated H2SO4 for at least 48 h,
then packed in silver capsules for dry combustion on a Carlo Erba NA1500 CN analyzer and IRMS for
total N and 15N data.

2.4. Statistic Analysis

The differences of litter remaining mass (data transformed), soil respiration (C-CO2, 13C-CO2,
and δ13C), total C/N concentration, atom percentage of 13C/15N, and δ13C/ δ15N in soil, microbial
biomass, and earthworm tissue, dissolved inorganic nitrogen (DIN), DIN-15N, and total dissolved
nitrogen (TDN) between control and earthworm treatments were analyzed by a one-way ANOVA
procedure (a generalized linear model (GLM) was used if data were not balanced) in SAS statistical
software [34]. A GLM was also used to compare the differences of earthworm biomass and survivorship
(data transformed) between earthworm treatments. If significantly different, Tukey’s HSD method was
applied for the comparisons between treatments. Student’s t-test and GLM were applied to compare
worm 13C and 15N differences between earthworm species in two-species and three-species mixed
earthworm treatments, respectively. The significance level was set as α = 0.05.

3. Results

3.1. Litter Mass Loss and Soil C and N

The remaining mass of the Tabebuia litter (ash-free dry weight), ranging from 21.6% in the control
treatment to 45.3% in the E + O earthworm mesocosms, was not significantly different between control
and earthworm treatments (data transformed; GLM, F7, 31 = 2.1, p = 0.08). At the end of the experiment,
soil total C and total N concentrations were not significantly different between the initial soil, the soil
samples (with no worms), and earthworm treatments (soil C: F8, 27 = 1.0, p = 0.43; soil N: F8, 27 = 0.2,
p = 0.9; Table 2). Soil carbon in the O + P earthworm mesocosms showed a significantly higher soil 13C
percentage (1.0786 ± 0.002%) and soil 15N percentage (0.36915 ± 0.00072%), as compared with those
in the initial soil (soil 13C = 1.0753 ± 0.0001% and soil 15N = 0.36815 ± 0.00005%) and the control soil
(soil 13C = 1.0752 ± 0.0002% and soil 15N = 0.36810 ± 0.00005%) (both p < 0.01; Table 2). Soil C
and N from the earthworm treatments showed stronger δ13C (average = −25.9 ± 0.9‰) and δ15N
(average = 6.5 ± 1.0‰) signatures as compared with the control soil (δ13C= −27.9 ± 0.2‰ and
δ15N = 4.5 ± 0.1‰).
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3.2. Earthworm Populations

3.2.1. Earthworm Biomass and Survivorship

Average fresh biomass of the surviving earthworms for each earthworm treatment at the end
of the 22-day mesocosm experiment is listed in Table 1. The endogeic earthworm, Onychochaeta
borincana, showed significantly lower survivorship (71.8 ± 25.0%) than the other two earthworm
species (epi-endogeic Pontoscolex corethrurus: 96.9 ± 8.3%; anecic Estherella spp.: 93.8 ± 13.0%)
(data-transformed, GLM, F2, 47 = 9.56, p = 0.0003). However, the survivorship of individual earthworm
species did not significantly differ between the single or the mixed-earthworm treatments (GLM,
Estherella: F3, 15 = 1.6, p = 0.2; O. borincana: F3, 15 = 0.4, p = 0.8; P. corethrurus: F3, 15 = 0.7, p = 0.6), nor did
the biomass changes (%) of individual earthworm species (Estherella: F3, 15 = 0.6, p = 0.7; O. borincana:
F3, 15 = 1.1, p = 0.4; P. corethrurus: F3, 15 = 2.1, p = 0.2). A total of eight P. corethrurus were reproduced
during the 22-day mesocosm experiment.

3.2.2. Tissue C/13C and N/15N in Native Estherella spp.

Percentage of tissue biomass C of anecic Estherella spp. showed no significant difference between
its single species treatment (cultivated alone; tissue C = 46.3 ± 0.3%) and the mixed-species treatments
(cultivated with O. borincana and/or P. corethrurus; tissue C (%) = 45.7%–47.2%) (F3, 39 = 2.2, p = 0.1;
Table 3). However, Estherella spp. when cultivated alone was found to have significantly higher 13C
enrichment (as in δ13C and atom percentage of 13C) as compared with the mixed-species treatments
(for δ13C: E + P and E + O + P mesocosms; F3, 39 = 2.0, p = 0.04) (for tissue 13C (%): E + P mesocosms;
F3, 39 = 2.9, p = 0.047) (Table 3). Estherella spp. did not show a significant difference in worm tissue
N (%), δ15N, and 15N (%) between its single species and the mixed-species mesocosms (all p > 0.4;
Table 3).

Table 3. Earthworm tissue total carbon (C) and nitrogen (N) percentages (%), atom percentages of 13C
and 15N (%), and delta 13C (δ13C; ‰) and delta 15N (δ15N; ‰) in native earthworms Estherella spp. (E)
and Onychochaeta borincana (O) at each earthworm mesocosm from different earthworm treatments at
the end of the 22-day experiment with Puerto Rican soils.

Earthworm Treatments

Variables
Single species

(E or O)
E + O E + P O + P E + O + P Statistics

Estherella spp.
Total C (%) 46.3 (0.8) 45.7 (1.3) 46.2 (1.1) n/a 47.2 (1.8) F3, 39 = 2.2; p = 0.10

Atom13C (%)
1.0805 a
(0.0039)

1.0785 ab
(0.0004)

1.0781 b
(0.0006) n/a 1.0788 ab

(0.0007) F3, 39 = 2.9; p = 0.047

δ13C −23.0 a (3.5) −24.8 ab
(0.4) −25.2 b (0.5) n/a −24.6 b (0.7) F3, 39 = 2.9; p = 0.040

Total N (%) 12.4 (0.5) 12.3 (0.8) 12.2 (1.0) n/a 12.7 (0.4) F3, 39 = 0.8; p = 0.5

Atom15N (%) 0.3690 (0.0002) 0.3688
(0.0003)

0.3689
(0.0004) n/a 0.3688

(0.0002) F3, 39 = 1.0; p = 0.4

δ15N 6.8 (0.6) 6.2 (0.9) 6.6 (1.0) n/a 6.5 (0.6) F3, 39 = 1.0; p = 0.4
Onychochaeta borincana

Total C (%) 46.0 (1.2) 46.6 (1.5) n/a 46.6 (1.3) 46.5 (1.2) F3, 25 = 0.4; p = 0.8

Atom13C (%) 1.0823 (0.0046) 1.0812
(0.0016) n/a 1.0845

(0.0102)
1.0812

(0.0006) F3, 25 = 0.5; p = 0.7

δ13C −21.4 (4.2) −22.4 (1.5) n/a −19.3 (9.4) −22.3 (0.5) F3, 25 = 0.5; p = 0.7
Total N (%) 11.8 (0.8) 12.5 (0.7) n/a 12.3 (0.7) 12.4 (0.5) F3, 25 = 1.8; p = 0.2
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Table 3. Cont.

Earthworm Treatments

Variables
Single species

(E or O)
E + O E + P O + P E + O + P Statistics

Atom15N (%) 0.3693 (0.0013) 0.3694
(0.0006) n/a 0.3705

(0.0035)
0.3697

(0.0004) F3, 25 = 0.4; p = 0.7

δ15N 8.69 (3.6) 8.2 (1.6) n/a 11.0 (9.5) 8.9 (1.0) F3, 25 = 0.4; p = 0.7

Capital letters (E, O, and P) represent treatments with different earthworm assemblages. Single-species:
E = Estherella spp.; O = Onychochaeta borincana; P = Pontoscolex corethrurus. Two-species: E + O = Estherella
spp. and O. borincana assemblage; E + P = Estherella spp. and P. corethrurus assemblage; O + P = O. borincana
and P. corethrurus assemblage. Three-species: E + O + P = Estherella spp., O. borincana and P. corethrurus
assemblage. Value is shown as mean (S.D.). Statistics shows the statistical results (F ratios and p values) from
one-way ANOVA (GLM for unbalanced data). Different letters indicate significant difference among earthworm
treatments (Tukey’s HSD, p < 0.05).

3.2.3. Tissue C/13C and N/15N in Native O. Borincana.

For endogeic O. borincana, there was no significant difference in worm tissue C and N (%), δ13C
and δ15N signatures, and tissue 13C and 15N (%) between its own single species and the mixed-species
mesocosms (all p > 0.2; see Table 3).

3.2.4. Tissue C/13C and N/15N in Invasive P. corethrurus

Invasive P. corethrurus earthworms did not show significant differences in worm tissue C and
N (%), δ13C and δ15N enrichments, and tissue 13C and 15N (%) between its single species and the
mixed-species mesocosms (all p > 0.2; Table 4). However, the juvenile P. corethrurus reproduced
during this 22-day mesocosm experiment did show significant lower tissue C (41.0 ± 4.7%) and N
percentages (9.2 ± 2.0%), as compared with the adult P. corethrurus worms (tissue C (%): F4, 52 = 3.9,
p = 0.007; tissue N (%): F4, 52 = 6.0, p < 0.001) (Table 4). Juvenile P. corethrurus worms also showed lower
enrichment of δ13C (−24.3 ± 1.4‰) and tissue 13C (1.0791 ± 0.0011%), as compared with the adult
P. corethrurus worms (δ13C: F4, 52 = 4.7, p =0.002; tissue 13C (%): F4, 52 = 4.8, p =0.002) (Table 4). There
was a significantly higher enrichment of 15N (as in δ15N = 7.6 ± 0.9‰ and an atom percentage of
15N = 0.3692 ± 0.0003%), as compared with the adult P. corethrurus worms (δ15N: F4, 52 = 7.2, p < 0.001;
atom percentage 15N: F4, 52 = 7.2, p < 0.001) (Table 4).

Table 4. Earthworm tissue total carbon (C) and nitrogen (N) percentages (%), atom percentages of 13C
and 15N (%) and delta 13C (δ13C; ‰) and delta 15N (δ15N; ‰) in native earthworms Estherella spp. (E)
and Onychochaeta borincana (O) at each earthworm mesocosm from different earthworm treatments at
the end of the 22-day experiment with Puerto Rican soils.

Earthworm Treatments

Variables Single Species (P) PJ E + P O + P E + O + P Statistics

Pontoscolex corethrurus
Total C (%) 47.0 (1.0) a 41.0 (4.7) b 44.7 (6.1) ab 46.3 (1.6) a 46.9 (0.3) a F4, 52 = 3.9; p = 0.007

Atom13C (%)
1.0809 a
(0.0008) 1.0791 b (0.0011) 1.0812 a

(0.0009)
1.0813 a
(0.0012)

1.0812 a
(0.0005) F 4, 52 = 4.8; p = 0.002

δ13C −22.6 a (0.8) −24.3 b (1.4) −22.4 a (0.8) −22.2 a (1.1) −22.3 a
(0.5) F 4, 52 = 4.7; p = 0.002

Total N (%) 11.9 (0.5) a 9.2 (2.0) b 11.3 (1.5) a 11.4 (1.1) a 11.9 (0.4) a F 4, 52 = 6.0; p < 0.001

Atom15N (%)
0.3686 a
(0.0001) 0.3692 b (0.0003) 0.3686 a

(0.0002)
0.3687 a
(0.0003)

0.3686 a
(0.0001) F 4, 52 = 7.2; p < 0.001

δ15N 5.9 (0.4) a 7.6 (0.9) b 5.9 (0.5) a 6.1 (0.9) a 5.9 (0.3) a F 4, 52 = 7.2; p < 0.001

Capital letters (E, O, and P) represent treatments with different earthworm assemblages. Single-species:
E = Estherella spp.; O = Onychochaeta borincana; P = Pontoscolex corethrurus. Two-species: E + O = Estherella
spp. and O. borincana assemblage; E + P = Estherella spp. and P. corethrurus assemblage; O + P = O. borincana
and P. corethrurus assemblage. Three-species: E + O + P = Estherella spp., O. borincana and P. corethrurus
assemblage. Value is shown as mean (S.D.). Statistics shows the statistical results (F ratios and p values) from
one-way ANOVA (GLM for unbalanced data). Different letters indicate significant difference among earthworm
treatments (Tukey’s HSD, p < 0.05).
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3.3. Microbial Biomass Carbon and Soil Respiration

There was no significant difference in microbial biomass carbon (MBC) and MBC-13C between
the soil (MBC = 741.3 ± 103.0 ug C g−1 soil; MBC-13C = 8.0 ± 1.1 ug C g−1 soil), control
(MBC = 332.1 ± 183.2 ug C g−1 soil; MBC-13C = 3.6 ± 1.3 ug C g−1 soil), and earthworm treatments
(MBC ranged from 340.1 to 532.1 ug C g−1 soil; MBC-13C from 3.7 to 7.2 ug C g−1 soil) (MBC:
F10, 29 = 1.3, p = 0.26; MBC-13C: F10, 29 = 1.3, p = 0.27; Table 5). Microbial biomass 13C (%) was
significantly higher in the control treatments, as compared with those in the Soil Only or Grass
mesocosms (F10, 29 = 2.8, p = 0.015; Table 5), which suggested the microbes utilized and incorporated the
13C-labeled litter into their biomass. The microbial biomass δ13C enrichment from P (−28.8 ± 3.4‰),
O + P (−28.8 ± 3.4‰), and E + O + P (−29.1 ± 2.5‰) treatments were significantly higher than the
Soil Only treatment (−36.1 ± 1.4‰) (F10, 29 = 3.3, p = 0.006; Table 5).

At the end of the experiment (Day 21), soil respiration C-CO2 and 13C-CO2 (%) from the control
(soil with both 13C- and 15N-labeled materials but no worms) and the earthworm treatments were
significantly higher than the Soil Only and Grass treatments (both p < 0.0001; Table 5). This suggested
that the input of 13C-labeled leaf-litter and earthworms facilitated microbial respiration. However,
different earthworm treatments showed differential effects on 13C-CO2 (%) evolved in the microbial
respiration. The P. corethrurus earthworm treatment showed higher 13C evolved from the microbial
respiration (as in 13C-CO2 and δ13C; Table 5) as compared with that from the O + P earthworm
treatment at the end of the experiment (both p < 0.0001; Table 5).
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3.4. Soil and Microbial Nitrogen Dynamics

There was no significant difference in microbial biomass nitrogen (MBN) between the control and
earthworm treatments. However, the higher MBN-15N and microbial δ15N signature from the Grass
treatment, compared with those in the control and earthworm treatments (except E + O treatment),
indicated that the microbes did utilize and incorporate the 15N-labeled grass resources (plant roots or
root exudates) into the microbial biomass (both p < 0.0001; Table 6).

At the end of experiment (Day 21), lower soil dissolved inorganic nitrogen (DIN) was found
in the control and the earthworm treatments, except native Estherella spp. (E) and O. borincana (O)
treatments, as compared with the Soil Only mesocosms (F10, 31 = 5.7, p < 0.0001; Table 6). Earthworms
not only reduced the DIN in the experimental soil but also reduced the 15N percentage in DIN (except
O + P treatment) (F10, 31 = 6.4, p < 0.0001; Table 6). There was no significant difference total dissolved
nitrogen (TDN) between the control (10.8 ± 1.5 μg N/g soil) and the earthworm treatments (ranged
from 12.0–17.1 μg N/g soil) (F10, 31 = 1.3, p = 0.3).

4. Discussion

In this study, newly added 13C-labeled leaf litter and 15N-labeled grass were sufficiently
incorporated into 10 cm of top soil, soil microbial biomass, and earthworm tissue. Natural abundance
of δ13C in earthworms was suggested to be 1−3‰ heavier than its dietary sources (such as leaf litter,
root exudates, and microbial populations in the soil) [18,35]. In this study, earthworm δ13C showed on
average 1.4‰ heavier in Estherella spp., 3.5‰ heavier in P. corethrurus, and 5‰ heavier in O. borincana,
with respect to the soil δ13C, while earthworm tissue showed on average 5.9‰ heavier δ13C in Estherella
spp., 7.2‰ heavier in P. corethrurus, and 8.5‰ heavier in O. borincana than the microbial biomass δ13C
in which they inhabited (Tables 2–5).

We did not observe any competition exclusion among three earthworm species based on the
survivorship and biomass gain among the single-species and the mixed-species treatments for each
individual species. However, anecic Estherella spp., when cultivated alone, did show higher tissue—13C
(%) and δ13C—compared with when it was cultivated with other earthworm species. This suggested
that Estherella spp. might change its feeding strategy by reducing its utilization of 13C-labeled litter
materials and/or the microbial community that was related to the 13C-labeled litter when cultivated
with P. corethrurus or both P. corethrurus and O. borincana. Lachnicht et al. [6] observed that P. corethrurus
and Estherella spp., while cultivated together, excluded each other in the bottom and upper layers of
soil, respectively, in a 19-day laboratory experiment in Puerto Rican soils. The authors also found that
P. corethrurus acquired more 15N-labeled leaf litter when co-occurring with Estherella spp. [6]. We did not
find that P. corethrurus changed its feeding preference in this 22-day experiment based on worm tissue
13C and δ13C as well as tissue 15N and δ15N between the single-species and mixed-species earthworm
treatments, nor did O. borincana. In this study, cultivating live A. glomeratus grass plants could provide
a steady, continuous supply of root exudates and rhizodeposits for soil microbes and earthworms,
as compared to the one-time application of 13C-labeled glucose and 15N-labeled leaf litter adopted by
Lachnicht et al. [6]. Such a continuous supply of food resources might relieve potential inter-specific
competitive pressure derived from limited food resources in short-term experiments, especially for
endogeic earthworms like O. borincana and P. corethrurus that strongly rely on rhizosphere resources.

Both endogeic O. borincana and P. corethrurus showed 5‰ or higher δ13C signature than their food
resources (soil organic matter and soil microbial biomass). Higher δ13C signature in both endogeic
earthworms could be explained by their utilization on soil microbial populations (i.e., bacteria and
fungi) as food resources. Fungal species (such as mycorrhizal and saprotrophic fungi) have been
reported to have a higher 13C enrichment than plant foliage, fine roots, and soils because of fungal
biochemical synthesis and transport between plant parts [36]. Microbial activity releases the lighter
12C in respiration and gradually results in an increase of 13C concentration in humified residues and
its own population [37,38]. As a result, endogeic earthworms (active in rhizosphere and the mineral
soils), P. corethrurus and O. borincana in this study, showed higher δ13C signature and tissue 13C (%)
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than anecic Estherella spp. due to their preferential consumption of 13C-enriched decayed/humified
debris in the mineral soil layer, to a significant portion of 13C-enriched microbial (higher microbial
δ13C observed in P, O + P and E + O + P earthworm treatments; Table 5) and fungal populations,
or to both [6,36,37]. The possibility that both endogeic O. borincana and P. corethrurus consumed the
microbial populations in the mineral soil, the rhizosphere, or both is also confirmed by their heavier
δ15N signatures (0.6‰ and 2.7‰ δ15N heavier, respectively) compared with the soil δ15N (Tables 2–4).

We found that soil microbial-δ15N was on average 6.1‰ heavier than Estherella spp., 5.8‰ heavier
than P. corethrurus, and 2.6‰ heavier than O. borincana (Tables 3, 4 and 6). The stronger 15N enrichment
in endogeic O. borincana could be derived from its utilization of 15N-labeled rhizosphere (plant roots,
root exudates, and rhizosphere-related microbes). Even though no study has yet investigated the
feeding behavior of O. borincana, some endogeic earthworms (e.g., P. corethrurus) are often found
aggregated in the root zones utilizing living root fragments and dead root cells, or as response to
enhanced microbial activities in the rhizosphere [35,39]. In this study, the presence of O. borincana
seemed to relate to higher microbial biomass 15N and δ15N (in the E + O earthworm mesocosms) and
higher DIN and higher 15N-DIN (%) in the O + P treatment (although not statistically significant), as
compared with other earthworm treatments (Table 6). The potential effect of endogeic O. borincana on
rhizospheric microbial populations and activities is a topic of interest, yet in need for further research.

Pontoscolex corethrurus showed a prolific reproduction (a total of eight juvenile P. corethrurus) within
the 22-day soil mesocosm experiment. The stronger δ15N signal observed in juvenile P. corethrurus,
as compared with the adults, might be explained by (1) the possibility that adult P. corethrurus
allocated its assimilated 15N into cocoon reproduction, which later integrated into the tissue of juvenile
P. corethrurus, and (2) a higher soil consumption and biomass increase in relation to overall biomass
by juvenile worms than the adult worms [6]. Pontoscolex corethrurus has been described as one of the
cosmopolitan earthworm species that has aggressively invaded many regions in the tropics, including
Puerto Rico, Central Amazonian, and Peruvian soils [40–43]. Exceptional reproductive strategies of
P. corethrurus, such as a high rate of cocoon production and hatching success, a short development
time, and the ability of parthenogenesis, critically influence the local native earthworm community in
the invaded soils [2]. The rapid population growth of P. corethrurus may increase competition pressure
on food resources to the local native earthworm community [22]. The relevance of resource availability
to the population growth of P. corethrurus and its significance in a P. corethrurus invasion is certainly a
topic in need of future research.

Earthworms showed differential effects on soil mineralization processes in this study. All
earthworm treatments along with the control (no worms) had higher soil respiration C-CO2 at Day
21, especially in the P, E + O, and O + P treatments, as compared with other control treatments (Soil
Only, Grass, and Litter mesocosms). There were higher 13C-CO2 (%) and δ13C from the P mesocosms
(Tukey’s HSD, p < 0.001) and the mixed E + O mesocosms (marginally significant; p = 0.06) compared
with those from the O + P treatments. The effects on soil microbial activities by earthworms could be
explained by earthworms’ direct grazing behavior on soil microbial community or indirect burrowing
and casting activities [11,14]. Whether the higher soil respiration C-CO2 from the control (no worms)
mesocosms was due to the release from earthworms’ grazing activity is uncertain. However, the
significantly higher soil respiration 13C-CO2 (%) and δ13C from P. corethrurus (includes P and E + P)
were an indicator of facilitating effects of earthworms on the enriched soil microbial biomass δ13C
from the same mesocosms. Pontoscolex corethrurus might cause an increase in soil respiration via its
simulation on the activity of the 13C-labeled microbial population. However, the lower soil respiration
13C-CO2 (%) and δ13C in the mixed P. corethrurus and O. borincana treatments (i.e., O + P) suggested
that the presence of O. borincana and its interaction with P. corethrurus might have a negative effect
on the 13C-labeled microbial community and facilitate the 15N-labeled microbial communities in the
rhizosphere. Such a possibility is supported by the observation of the slightly increased 15N (%) in
the soil DIN from the increased microbial activity related to the 15N-labeled rhizosphere in the O + P
treatment (Table 6).
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The individual stimulation on soil N mineralization by Estherella spp. and O. borincana was
slightly reduced when they were incubated with other earthworm species (mixed-species earthworm
treatments; Table 6). No significant change was observed in microbial biomass (C and N) between
treatments, thus the changes shown in soil respiration δ13C and DIN could be explained by the
changed activities from the microbial population or possibly alternation of microbial community
induced by the inter-specific earthworm interactions from the mixed earthworm treatments. Studies
have suggested that the preference of earthworms on utilizing different food resources can reshape
microbial communities in the detritusphere and the rhizosphere [44,45]. Native Estherella spp. and
O. borincana may individually sustain a microbial community that specialized on N mineralization in
the rhizopshere, yet the microbes switched to those which utilized a labile, newly added 13C-labeled
resource when sharing resources with the other species. Earthworm effect on either microbial activities
or microbial community by individual species is confounded when inter-specific interactions are
considered, and the individual effect on microbial activities and communities was not additive.
Furthermore, changes in microbial activities and alterations to the microbial community by earthworms
could gradually alter soil nutrient dynamics and availability of labile C and N over time [46],
which later has an effect on habitat suitability for other species. For example, invasive Amynthas
agrestis (Goto and Hatai, 1899) was documented to change soil microbial communities, which
positively affected the habitat invasibility for another invasive species, Lumbricus rubellus (Hoffmeister,
1843) [47]. Many studies have focused on the earthworm effects on soil microbial biomass and soil
mineralization [11,47–53]; however, research investigating the effects of earthworms with different
feeding strategies (i.e., epigeic, anecic, and endogeic) on soil microbial activities and communities in
terms of functional groups is still limited.

5. Conclusions

In this study, anecic Estherella spp. was observed to reduce its utilization on 13C-labeled litter
or 13C-related microbial community when cultivated with P. corethrurus or both P. corethrurus and
O. borincana. Resource utilization by different earthworms changed the activities and composition of
soil microbial community and further affected soil respiration and nitrogen mineralization processes.
However, the individual species effect on soil C and N dynamics was altered with mixed earthworm
assemblages. Pontoscolex corethrurus was found to stimulate soil respiration by facilitating the activity
of the 13C-labeled microbial activity; however, the positive effect was suppressed when it coexisted
with O. borincana. The stimulated N mineralization process by native Estherella spp. and O. borincana
individually were reduced when each of them cultivated with other earthworm species. We concluded
that the earthworm effect on soil microbial community and activity varies by species, and the individual
species effect is not additive when considering multiple earthworm species assemblages. Regulation
on soil nutrient dynamics by native Estherella sp. and O. borincana may potentially affect habitat
suitability (e.g., resource availability) to invasive P. corethrurus during colonization. However, the
rapid population growth of P. corethrurus may increase competition pressure on food resources to
the local earthworm community. The relevance of resource availability to the population growth of
P. corethrurus and its significance as an invasive species is a topic in need of future research.
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Abstract: Northern regions are experiencing considerable climate change affecting the state of
permafrost, peat accumulation rates, and the large pool of carbon (C) stored in soil, thereby
emphasizing the importance of monitoring surface C fluxes in different landform sites along a
climate gradient. We studied surface net C exchange (NCE) and ecosystem respiration (ER) across
different landforms (upland, peat plateau, collapse scar) in mid-boreal to high subarctic ecoregions in
the Mackenzie Valley of northwestern Canada for three years. NCE and ER were measured using
automatic CO2 chambers (ADC, Bioscientific LTD., Herts, England), and soil respiration (SR) was
measured with solid state infrared CO2 sensors (Carbocaps, Vaisala, Vantaa, Finland) using the
concentration gradient technique. Both NCE and ER were primarily controlled by soil temperature
in the upper horizons. In upland forest locations, ER varied from 583 to 214 g C·m−2·year−1 from
mid-boreal to high subarctic zones, respectively. For the bog and peat plateau areas, ER was less than
half that at the upland locations. Of SR, nearly 75% was generated in the upper 5 cm layer composed
of live bryophytes and actively decomposing fibric material. Our results suggest that for the upland
and bog locations, ER significantly exceeded NCE. Bryophyte NCE was greatest in continuously
waterlogged collapsed areas and was negligible in other locations. Overall, upland forest sites were
sources of CO2 (from 64 g·C·m−2·year−1 in the high subarctic to 588 g C·m−2·year−1 in mid-boreal
zone); collapsed areas were sinks of C, especially in high subarctic (from 27 g· C· m−2 year−1 in
mid-boreal to 86 g·C·m−2·year−1 in high subarctic) and peat plateaus were minor sources (from
153 g· C· m−2· year−1 in mid-boreal to 6 g·C·m−2·year−1 in high subarctic). The results are important
in understanding how different landforms are responding to climate change and would be useful in
modeling the effect of future climate change on the soil C balance in the northern regions.

Keywords: net carbon exchange; ecosystem respiration; upland forest; bogs; collapse scar; permafrost

1. Introduction

Northern regions have experienced considerable climate change during the last few decades,
affecting the substantial pool of soil carbon stored in the permafrost [1–3]. Regions exposed to these
changes are in many respects fragile and may undergo significant ecological alterations including
permafrost thawing, potential release of fossil methane, and decomposition of previously frozen peat.
More than one third of the planetary soil organic C is stored in the permafrost area [4,5], therefore
assessing and forecasting of the carbon (C) storage dynamics in this pool has a major impact on the
understanding of global C balance. Particular interest in this case lies in the monitoring of the changes
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in the surface CO2 flux, and climate-driven changes in the permafrost status and peat accumulation
rates. These changes are sensitive to local landforms and soil microclimate variations.

Effects that warming, and lengthening of the growing season, have on the C pool in the northern
areas are multifaceted. On one hand, increases in temperature, depth of active soil layer, and length of
growing season increase the rate of C loss from the soil; on the other hand, the same factors, aided by
potential CO2 fertilization effects, can increase the assimilation rate of the plants and hence biomass
production [6]. A large amount of C stored in the soil in northern regions is evidence that assimilation
rates continuously exceed of ecosystem respiration. The primary reason for this positive net C exchange
(NCE) is lower decomposition rates of soil organic C due to low soil temperatures, soil waterlogging,
and permafrost. The increase in mean annual air temperature affected soil temperatures, increasing the
depth of the active layer, and escalating organic matter decomposition and thus ecosystem respiration,
thereby shifting the NCE balance from carbon accumulation to degradation of stored carbon [7].
The implications of this shift include a release of vast amounts of carbon to the atmosphere in response
to a comparatively minor increase in mean annual soil temperature [1,8].

Soil microbial activity response to changes in soil temperature varies depending on the
temperature range. In the frozen soil layers at the temperature well below zero and with biological
activity nearly non-existent [5,9], an increase of a few degrees Celsius would not change the carbon
balance significantly as long as the soil stays frozen. However, in soil layers above freezing point,
similar increase in soil temperature would cause an exponential increase in decomposition and
ecosystem respiration [7,10]. The most appreciable effect of the climate change on the carbon balance
can be expected in the areas of the zonal boundaries where relatively small changes in the soil
temperature signify the difference between the frozen and thawed state influencing soil water regime,
permafrost degradation, and ground subsidence, thereby resulting in a nearly instantaneous rise in
CO2 production.

Thawing of the permafrost follows a complex pattern of more intricate localized conditions than
ecoclimatic gradient [11]. Areas affected by the permafrost frequently have a mosaic of landforms with
locations of distinctly different soil moisture and temperature regimes in close proximity. Some of the
most common landforms in the permafrost-affected areas include forested uplands, lichen-dominated
peat plateaus, and collapse features of different origins. They differ in vegetation, allocation of C
storage, soil types, hydrological regime, and consequently in the C balance. The effect of the landform
and depth of the saturated soil layer on CO2 fluxes is not fully understood and existing studies offer
conflicting information. For example, Waddington and Roulet [12] suggested that CO2 fluxes from
the collapsed areas exceeded those from peat plateaus, while Mitsch and Gosselink [13] showed an
opposite relationship.

Uplands generally have better drainage, mineral horizons are present within the active layer,
and most of the CO2 assimilation is performed by the tree crowns, while shaded ground covering
the bryophyte layer plays only a minor role in total ecosystem assimilation [14]. Organic layers are
frequently coarse mor to moder, and although comparatively thick, contain a limited and relatively
constant amount of C [15]. This suggests that these areas are historically C neutral, neither sinks
nor sources of CO2, but that the assimilation and respiration functions of the ecosystem are largely
stratified: tree crowns responsible for the bulk of total assimilation, and decomposition taking place at
the ground surface, making the soil surface a strong source of CO2 while the ecosystem as a whole
remains carbon neutral [1]. Climate warming might increase or decrease total pools of stored carbon
as higher temperatures would promote faster decomposition of soil C, greater tree growth rate would
provide more litter fall and more carbon stored in standing biomass [3]. It is reasonable to expect that
in either case, these ecosystems would reach another state of equilibrium with new, somewhat higher,
decomposition rates of organic matter on the ground compensating for the greater assimilation rate of
the crowns and undergrowth.

Peat plateaus landforms are composed of perennially frozen peat and appear to have developed
under non-permafrost conditions which subsequently became elevated and permanently frozen [16].
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These areas contain a large amount of carbon stored in the peat, indicating that historically they
underwent a period of C accumulation [10]. However, measurements indicate that peat plateaus at
present are either minor C sources or C neutral, or alternate between minor C sources and minor C
sinks from year to year [17]. Most studies suggest that C balance of peat plateaus can be positive or
negative varying from year to year [12,18]. This indicates that either warming has already shifted the
NCE or that present peat plateaus have reached a stable stage of ecosystem development. Further
warming is expected to increase respiration [5], and the depth of active layer thereby exposing stored
C to degradation, or destabilization and collapse of the permafrost to create collapsed areas in place of
peat plateaus [10,19].

Collapsed areas are also known as thermokarst form where permafrost thawed and ground
surface subsided. These are soils composed of water-saturated peat with the water table close to the
surface or above it, initially forming fast growing sphagnum communities [16]. Thermokarst features
of the landform are predominantly sources of carbon emissions in the form of methane [12]. There are
indications that high assimilation rates and low soil respiration due to waterlogging create conditions
for net C sequestration [13]. Several studies suggested that collapsed areas are the greatest sinks
of CO2 in northern regions due to active sphagnum growth under conditions of constant supply of
water, sunlight, and warmer conditions, while at the same time producing the greatest amounts of
methane [20–23]. Carbon accumulation in these areas is conditioned by the presence of the high water
table, which depends on the presence of permafrost in the surrounding areas that prevents water
from draining away from the collapsed areas [24]. Further permafrost thaw would cause drainage
of collapsed areas thereby affecting conservation of soil organic matter and supporting sphagnum
growth, thus converting them from sinks to major sources of CO2.

In Canada, the Mackenzie valley region in the northwest has undergone the most warming (1.7 ◦C)
over the last century [25]. As a result, changes in the permafrost distribution have affected forest
and peatland ecosystems in the Mackenzie valley region. It is uncertain how the above mentioned
changes will affect the distribution, composition and C source/sink capacity of forests and peatlands,
i.e., balance between organic matter production, heterotrophic mineralization, and greenhouse gases
(GHG) emissions [2]. Limited data and understanding of how changing environmental conditions
and permafrost thawing influences the C cycle of forests and peatlands over short timescales poses an
even greater challenge to predict the changes in the C sink/source relationships and GHG dynamics
under a changing climate. The goal is to advance and further develop C monitoring and assessment
along diverse landscape (forest–peatland) and ecoregion (boreal–subarctic–arctic) gradients across the
Mackenzie valley. This study was conducted with the following objectives: (1) To measure soil CO2

fluxes, including NCE, along a climatic gradient and across different landforms; (2) To assess effects of
permafrost, temperature and solar radiation on NCE and soil CO2 production; and (3) To develop a
statistical relationship to estimate ecosystem respiration (ER) along latitudinal gradient. Considering
the difference in the soil surface carbon balance along the climatic gradient and between most common
landforms, spanning from strong C sources to sinks, the task of evaluating and modeling of CO2

emissions and assimilation in changing climate requires an approach that would take all of these
variables into account.

2. Methods

2.1. Site Description

The study was conducted at four locations along a north-south climatic gradient in the Mackenzie
Valley, Western Canada (Figure 1), from mid boreal with isolated patches of permafrost near Anzac,
northern Alberta (AZ), to boreal forest with sporadic discontinuous permafrost zone in the area
near Fort Simpson (FS), low subarctic with extensive discontinuous permafrost in the proximity of
Norman Wells (NW), and high subarctic with extensive continuous permafrost in the Inuvik (IN)
area. The mean values of the main climatic parameters for the sites (Table 1) indicate mean annual

115



Forests 2016, 7, 279

temperature and growing degree days decreasing but mean annual snow pack and precipitation
increasing with latitude. Each study site was chosen to include a gradient from upland to peatland
conditions and to a collapsed scar (Figure 2). Individual study plots were located within the upland
forest (UL), peat plateau (PP; in Anzac site, a lichen-populated peat bog was used as ecologically
comparable substitute), and a collapse feature (CS; in Anzac site, collapse feature was represented by
an internal lawn; in Fort Simpson and Norman Wells, collapse scars; and in Inuvik a polygonal trench).
Internal lawns are characteristically less than 50 cm lower than the surrounding bog and contain dead
stands of Picea mariana and a Sphagnum ground cover [16].

Figure 1. Map of the site locations.

Figure 2. Schematic of the site landform features and key fluxes of CO2. The arrows only represent the
major fluxes not their magnitude at any point in time.
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Study Plots Establishment

At each site and each landform location, a study plot was established to facilitate measurements
and minimize site disturbance. Board walks were laid in a cross pattern for easy reach to permanent
sampling points; 10 cm in diameter plastic tubes (10 cm in length) were driven into the soil to serve as
permanent collars for CO2 measurements. In addition, 10 cm in diameter and 40 cm long plastic tubes
were installed for the measurements of the water table.

2.2. Vegetation Description

In Anzac and Fort Simpson, uplands were characterized by a dense Picea mariana stand with
a feathermoss understorey consisting primarily of Hylocomium splendens and Pleurozium schreberi.
Peat plateaus had a sparse Picea mariana canopy with Ledum groenlandicum and Vaccinium vitis-idaea
dominating the shrub layer, and a ground layer of lichen species, including Cladina mitis, C. rangiferina,
and C. stellaris. The Norman Wells upland had a sparse Picea mariana canopy with Ledum groenlandicum,
Arctostaphylos rubra, and Vaccinium uliginosum dominating the shrub layer, and a ground layer of
primarily moss species, including Tomenthypnum nitens, Hylocomium splendens, and Aulacomnium
palustre. The Inuvik upland plot was dominated by an open canopy of Picea mariana with a shrub layer
of Vaccinium vitis-idaea and Ledum decumbens. Petasites sp. and Rubus chamaemorus were predominant
in the herbaceous layer, while Cladina mitis, Sphagnum angustifolium, Peltigera spp. and Cladonia spp.
comprised the ground layer.

Both Norman wells and Inuvik peat plateaus were treeless, with vegetation in Norman Wells
dominated by a ground layer of Cladina mitis with patches of Sphagnum fuscum. The vascular vegetation
consisted of a mix of Ledum decumbens with Vaccinium vitis-idaea, Andromeda polifolia, Myrica gale,
and Vaccinium uliginosum in the shrub layer, and an herbaceous layer of scattered Carex sp. and
Rubus chamaemorus. The Inuvik peat plateau was vegetated by Ledum decumbens, Andromeda polifolia,
Betula glandulosa, and Vaccinium vitis-idaea dominating the shrub layer, a herbaceous layer of Rubus
chamaemorus and Carex spp., and a ground layer comprised primarily of the lichen species Flavocetraria
nivalis and Cladina mitis. Collapse scars were treeless at all sites, with vegetation dominated by a
moss layer of Sphagnum sp. and S. fuscum with shrub cover including Chamaedaphne calyculata and
Andromeda polifolia, and a herbaceous layer of Smilacina trifolia, Eriophorum sp. and Carex sp.

2.3. Soil Description

Soils at the study sites differed most notably with landforms and the presence of permafrost in the
soil profile. Upland soils had comparatively better drainage and varied from moderately to imperfectly
drained. The water table was within the upper 40 cm of the soil profile at the peat plateaus. Collapse
features of the landforms did not have permafrost with the exception of the Inuvik site where the
collapsed area was represented by a polygonal trough with ice-wedge at the depth of 50 cm. Upland
soils were represented by Gleyed Dystric Brunisol in Anzac, Orthic Dystric Brunisol in Fort Simpson,
Orthic Static Cryosol in Norman Wells, and Gleysolic Turbic Cryosol in Inuvik. Peat plateaus at all sites
had a cover of Fibric organic cryosol except for Anzac where it was Typic Mesic Fibrosol developed in
the absence of permafrost. The soil in collapse scars was classified as Hydric Fibrisol at all sites except
Inuvik, where Mesic Organic Cryosol was found in the polygonal trench.

2.4. CO2 Flux Measurements

2.4.1. Intra-Site Spatial Variability of CO2 Fluxes

To determine spatial variability within a site, we measured NCE and ER using the PP system
(EGM-4 portable CO2 Gas Analyzer, PP System Inc., Amesbury, MA, USA) at three different locations,
namely upland, peat plateau, and collapse scars. At each study location, six permanent gas flux
sampling collars were installed within easy reach of the boardwalk in such a way that they were not
shaded by the boardwalk. In order to improve the representation of spatial variability in hummocky
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areas, both hummocks and hollows were included as sample points. The measurements began in the
fall of 2007 and continued throughout the growing seasons of 2008 and 2009. Surface CO2 fluxes were
measured using the PP system. Surface NCE and ER were measured using a clear and an opaque cover,
respectively. The rate of assimilation of the soil cover vegetation was obtained from the difference
between NCE and ER.

Spatially explicit measurements were taken during daytime, usually in the early afternoon, during
the warmest part of the day when temperature-driven microbiological activity would have reached
its maximum. In order to calculate daily flux values, a relationship was established between hourly
fluxes and soil temperature (Table 2) and used to extrapolate flux values for all twenty-four hours of
the day. To estimate net carbon exchange (NCE) at the soil surface, exponential regression (1):

NCE = ae(bT) (1)

was used where NCE is the net carbon exchange (g·CO2·m−2·h−1) and T is the soil temperature at
the 5-cm depth (◦C), a is the reference NCE at zero ◦C, and coefficient b represents the temperature
sensitivity. For the purpose of modeling the temperature effect on ER, an exponential regression (2):

ER = ae(bT) (2)

was used where ER is the ecosystem respiration (g·CO2·m−2·h−1) and T is soil temperature at the
5-cm depth (◦C), a is reference respiration at zero ◦C, and coefficient b represents the temperature
sensitivity. Soil moisture has insignificant effect on the soil CO2 fluxes. Values of Q10, which is the
relative increase in respiration for a 10 ◦C increase in temperature, were obtained as Equation (3):

Q10 = b(1 + 10 T−1) (3)

Similarly, the effect of solar irradiation on the net assimilation rate (NAR) was evaluated using a log
function (Equation (4)):

NAR = a′ln(Q) − b′ (4)

where NAR is surface CO2 net assimilation rate (g·CO2·m−2·h−1) and Q is PAR in
μmol·photons·m−2·s−1, and a′ and b′ are the coefficients.

Table 2. Parameter values to estimate the effect of soil temperature T (◦C) at the 5-cm depth on net
carbon exchange (NCE) (g·CO2·m−2·h−1) using equation NCE = ae(bT) and coefficient of determination
for landforms across different ecoregions (sites).

Site Location a (g·CO2·m−2·h−1) b (◦C−1) R2

Mid-boreal
Upland 0.128 0.17 0.91

Peat Plateau 0.018 0.28 0.75
Collapse scar 0.072 0.08 0.79

High-boreal
Upland 0.151 0.09 0.84

Peat Plateau 0.048 0.11 0.91
Collapse scar 0.012 0.15 0.82

Low Subarctic
Upland 0.035 0.15 0.82

Peat Plateau 0.034 0.11 0.76
Collapse scar 0.047 0.11 0.68

High Subarctic
Upland 0.023 0.16 0.97

Peat Plateau 0.010 0.27 0.87
Collapse scar 0.011 0.356 0.82
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2.4.2. Temporal Variation in CO2 Fluxes

Surface NCE was also measured for extended periods of time (up to 45 days) with clear chambers
using ACE automatic CO2 exchange systems (ADC BioScientific Ltd., Hertfordshire, UK). ACE units
were equipped with a built-in photosynthetically active radiation (PAR) silicone photocell sensor
and a soil temperature probe, and were powered by gel-cell batteries and solar panels. The ACE
units were deployed simultaneously in upland, and peat plateau locations with one unit in each
plot for comparison of local CO2 fluxes, surface temperatures, and illumination intensities between
landform positions.

We also measured soil CO2 concentrations using Vaisala solid-state infrared CO2 sensors
(Vaisala Oyj, Helsinki, Finland) at three depths (5, 20, and 40 cm) with Vaisala model GMP222
(measurement range 0–10,000 μmol·CO2·mol−1) at the 5 cm depth, and model GMP221 (measurement
range 0–20,000 μmol·CO2·mol−1) at the 20 and 40 cm depths. The sensors were protected with Teflon
socks and installed at different depths as explained in Jassal et al. [26], and connected to a data logger
(Campbell Scientific CR1000) recording soil CO2 concentrations every two hours. Soil respiration was
obtained with the gradient technique using Equation (5) (see below). To obtain diffusivity values, soil
physical properties, such as bulk density and porosity, and variations in soil temperature and moisture
content were also measured. The gradient approach allowed for the calculation of the contribution of
different soil layers to the total surface flux.

Soil temperature and volumetric water content (θv) were measured continuously starting spring
2008 to fall 2010 using HOBO U12 units equipped with temperature sensors (Model TMC6-HD, Onset
Computer Corp., Bourne, MA, USA) and soil moisture sensors (Watermark Sensor type WMSM,
Delta-T Device Ltd., Cambridge, UK), respectively. The temperature sensors were installed at the 5, 25,
and 50 cm depths while the moisture sensors were installed at the 5 cm depth. Soil temperature and
moisture readings were also taken every two hours.

2.4.3. Calculating Soil CO2 Fluxes

CO2 flux was calculated from the Fick’s first law of diffusion (Equation (5)):

F = −Ds
dC
dz

(5)

where F is CO2 flux in μmol·m−1·s−1, Ds is diffusion coefficient in the soil (m2·s−1), C is soil CO2

concentration at the given depth and dC/dz is vertical gradient of CO2 concentrations in the soil
between two measurement depths. The value of Ds was calculated as Ds = ζDa where ζ is soil
gas tortuosity factor and Da is CO2 diffusivity in the air. The latter is calculated from the standard
diffusivity value (Da0) at 20 ◦C (293.15 K) and 101.3 kPa using the following equation (Equation (6)):

Da = Da0(
T

293.15
)

1.75
(

P
101.3

) (6)

where T is temperature (K) and P is pressure (kPa). The value of Da0 is empirically given as 14.7 m2·s−1.
We used the Millington-Quirk model [27] for calculation of tortuosity (ζ) as it was proven to provide
the best correlation to the measured tortuosity [28] (see Equation (7)).

ζ =
α

10
3

φ2 (7)

where α is air-filled porosity and φ is total porosity. The calculated soil CO2 fluxes, using the gradient
technique, for the uppermost soil layer (0–5 cm) were validated by plotting them against soil respiration
values measured using the PP system on bare soil.
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2.5. Statistical Analysis

Annual NCE and ER values were calculated for each site and landform position for the growing
season (1 June to 30 September) of 2008, 2009, and 2010 by summing all daily values. As outlined in
Section 2.4.1, collars were installed along three arms of the boardwalk, with two pseudo-replications
on each arm. Arms were treated as replications. Re-measurements of the collars each month were
initially treated as repeated measures. However, that did not permit for the account of variations in the
temperature and light. The latest calculation treats re-measurements as replicated measurements using
ANCOVA testing for month × temperature covariance. Barlett’s test was used to test homoscedasticity
and Pearson’s chi-square test for normality for comparison of the groups by site and by plot. In case,
the assimilation in the two plots variability ratio did not meet the criteria for homoscedasticity,
the weighed variables method in analysis was employed. Comparison of temporal variations
of NCE and ER between different sites and landform positions was conducted using analysis of
Variance (ANOVA) with repeated measures coupled with Tukey’s Studentized Range Test in SAS (SAS
Institute Inc., Cary, NC, USA, 2004) [29]. Interaction effects were elucidated using the pdiff option
in SAS. To determine the significance of trends in NCE, ER, and assimilation rate and landforms
variables, Pearson product-moment correlations were carried out in SAS. Significance was tested using
p-value = 0.05.

3. Results

3.1. Weather Monitoring

During three years of the study, weather at all four sites was close to their climatic normals
(Table 1). The temperature and precipitation at different sites are presented in Figure 3. Year 2007 was
somewhat warmer at all sites except for Norman Wells where the annual temperature was the same
as the long-term average. The annual mean temperature in 2007 in Anzac and Inuvik was warmer
than their long-term means by 0.2 and 1.2 ◦C, respectively. 2008 was also somewhat warmer at all sites
except Norman Wells. Year 2009 was slightly cooler at all sites except Inuvik where the mean annual
temperature was about 1 ◦C higher than normal. Though the length of the warm (above freezing)
season was significantly longer in the southern sites with mild winters, there were no significant
differences in the mid-summer temperatures between the sites. Soil temperature generally followed air
temperature with a maximum in July, though it did not warm up to the same degree in the north as in
the south during shorter summers. Precipitation along the valley typically is between 300 to 400 mm,
tapering off along the Mackenzie Delta to 220 mm at Inuvik. Individual daily rainfalls are typically
light with few exceeding 5 mm; however, heavy rains can happen during summer months with rainfall
occasionally exceeding 30 mm for sites in Fort Simpson and Newman Wells. After October, most of the
precipitation falls as snow.
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Figure 3. Seasonal patterns of soil temperature (Ts) and precipitation (Ppt) during the three year period
at Anzac (AB), Fort Simpson (NWT), Norman Wells (NWT) and Inuvik (NWT).

3.2. Diurnal Variations in NCE

Diurnal measurements of surface NCE indicated the surface was a source of CO2 with respiration
dominating the gas exchange balance at most of the study sites. Hourly measurement of NCE
corresponded closely to diurnal temperature variations. Figure 4 shows the distinct diurnal pattern in
measured NCE in collapse scars, peat plateau, and upland areas at the Fort Simpson site with upland
showing maximum (9.0 μmole·m−2·s−1) NCE followed by peat plateau (3.9 μmole·m−2·s−1) and
collapse scars (0.3 μmole·m−2·s−1), also suggesting that photosynthetic activity of the ground cover
bryophytes played a notable role only in collapsed areas. Both upland and tree-covered peat plateau
areas had higher surface CO2 fluxes (emissions) during the daytime, but collapse scar exhibited a
double-peak pattern with higher respiration during nighttime, which began to decrease with sunrise
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and reached negative values (becoming carbon sink) during morning hours. During mid-day when
the temperature was at the peak, collapse scar NCE turned positive again followed by another period
of negative NCE showing the prevalence of assimilation during late afternoon until sunset.

Figure 4. Role of landform on diurnal variation in NCE in upland, peat plateau, and collapse scar on
25 June 2009, at Fort Simpson (NWT) Canada.

3.3. Statistical Model of Surface CO2 Fluxes against Temperature

Net carbon exchange (NCE) was primarily controlled by soil temperature at the 5 cm depth as the
exponential model (Equation (1), NCE = ae(bT)) explained between 68% to 97% variation in observed
fluxes for upland, peat plateau, and collapse scar sites along the latitudinal gradient (Table 2). Adding
soil moisture factor into the model did not improve it any further. The model showed variation in
coefficients a and b, and Q10 values, based on landform along the north-south gradient. At peat plateau
and collapsed areas, the effect of temperature was less obvious (Tables 3 and 4) where soil moisture
would have a dominant control. There was also a good agreement between ER measurements and
soil temperature at the 5 cm depth at different sites and landforms. The values of the parameters in
Equation (2) (ER = ae(bT)) are presented in Table 3. The value of the a coefficient was higher for all
the upland sites as compared to peat plateau. The ER-temperature and NCE temperature responses
did not differ dramatically among landform units suggesting that ER was a major component of the
NCE. The Q10 values estimated for different landform positions along the latitudinal gradient are also
shown in Table 4. The response of ER to the temperature varied between ecoregions and landform
positions with Q10 values being the greatest in the peat plateau of south most sites (5.6–11.5) followed
by uplands (2.9–5.4) and collapsing scar (1.2–4.0), and decreasing with increases in latitude (Table 4).
Furthermore, we also found that ER was negatively affected by water table and permafrost depths.

Table 3. Parameter values to estimate the effect of soil temperature T (◦C) at the 5-cm depth on surface
respiration (g·CO2·m−2·h−1) using equation ER = ae(bT) and coefficient of determination for landforms
across different ecoregions (sites).

Site Location a (g·CO2·m−2·h−1) b (◦C−1) R2

Mid-boreal
Upland 0.061 0.251 0.68

Peat Plateau 0.010 0.339 0.83

High-boreal Upland 0.146 0.080 0.63
Peat Plateau 0.001 0.216 0.91

Low Subarctic
Upland 0.008 0.208 0.65

Peat Plateau 0.001 0.519 0.58

High Subarctic Upland 0.010 0.183 0.56
Peat Plateau 0.002 0.299 0.46
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Table 4. Q10 values for surface respiration in upland (UL), peat plateau (PP) and collapse scars (CS)
across different ecoregions (sites).

Site Uplands Peat Plateau Collapse Scar

Mid-boreal 5.38 11.49 3.97
High-boreal 3.41 11.36 3.28

Low Subarctic 3.16 5.45 2.18
High Subarctic 2.86 5.53 1.22

3.4. Time Series of NCE and ER

The temporal variations in surface NCE and ER are shown in Figures 5 and 6, respectively,
depicting most pronounced differences among sites. Surface NCE and ER followed a bell-shaped curve
during the year closely corresponding to the seasonal variation in soil temperature. The peak NCE
and ER values were observed during the summer months of July and August (Figure 5). The greatest
amount of CO2 was released in the southernmost site; however, from mid-boreal to low-arctic, the
rate of CO2 release from uplands dropped sharply due to a lower seasonal temperature in the north.
A comparison of Figures 5 and 6 show that in upland locations, ER was the major component of NCE,
exceeding assimilation rate by ground cover vegetation three-fold. Therefore, the response of NCE
to ecoclimatic factors was, to a large extent, dictated by the response of ER. NCE did not vary much
between peat plateaus with extensive and continuous permafrost in low or high subarctic regions.
Results show that total CO2 emissions were greatest in the upland location, least in the collapse scar
with peat plateau occupying the intermediate position (Figure 5).

Figure 5. Temporal variation in net carbon exchange (NCE) for different landforms at sites within
different ecoregions.
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Figure 6. Temporal variation in ecosystem respiration (ER) at upland and peat plateau landforms at
sites within different ecoregions.

Calculated flux contributions from different soil layers using the CO2 gradient technique showed
that in both peat plateau (PP) and upland (UL) areas, the greatest contribution (about 75%) of soil
respiration (SR) originated in the upper 5 cm layer (Figure 7). Combined contribution of the lower
horizons did not exceed 25% of the total flux. Both in upland and peat plateau, soil temperature was a
strong driver of CO2 release in SR. In peat plateau, the lower layer (21 to 40 cm) contributed about only
5% of SR, which could be due to the presence of the water table. Peat plateau areas exhibited greater
variability in the flux with a pronounced increase in the CO2 emissions after rain events, which can be
attributed to increased decomposition [26] or displacement of soil-stored CO2 [30].
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Figure 7. Comparative contribution of different soil layers to soil CO2 efflux in uplands (top panel)
and peat plateau (bottom panel) during 2008 at Fort Simpson (NWT) Canada.

3.5. Effect of Light on Surface Assimilation Rate

The surface assimilation rate was calculated as the difference between measured hourly NCE
and ER, and was correlated to the simultaneously measured PAR values. Surface assimilation
was significantly correlated with PAR at different landforms along the climatic gradient (Table 5).
Correlation obeyed logarithmic relationship and was most significant in the areas of unimpeded
solar radiation. In collapsed scar areas, seasonal assimilation was consistently higher (Table 6) than
in either uplands or peat plateaus by as much as three times due to the abundance of sphagnum.
In peat plateaus, assimilation rate was highly variable due to the frequent drying out of the lichens,
which dominated the ground vegetation. With less shading in the peat plateau as compared to
uplands (forest areas), significantly higher assimilation was observed (Table 6). During dry days, the
surface assimilation was not measurable, and when surface was moist, assimilation by lichens was
comparatively low (less than 0.05 g·CO2·m−2·h−1) but increased logarithmically with illumination.

Table 5. Parameter values to estimate the effect of light on surface assimilation (g·CO2·m−2·h−1) using
Equation: F′(CO2) = a’ × ln(Q)−b′

and coefficient of determination for landforms across different
ecoregions (sites).

Site Location A′ b′ R2

Mid boreal
Upland 0.41 0.15 0.57

Peat Plateau 0.45 0.17 0.76
Collapse Scar 1.27 0.26 0.81

High boreal
Upland 0.21 0.07 0.71

Peat Plateau 0.20 1.14 0.55
Collapse Scar 0.17 0.53 0.67

Low Subarctic
Upland 0.18 0.93 0.69

Peat Plateau 0.11 0.61 0.93
Collapse Scar 0.15 0.75 0.74

High Subarctic
Upland 0.16 0.64 0.66

Peat Plateau 0.02 0.03 0.71
Collapse Scar 0.38 0.12 0.87
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Table 6. Cumulative seasonal (1 June to 30 September 2009) net assimilation rate at different landform
positions (in g·C·m−2·season−1).

Site Upland Peat Plateau Collapse Scar

Low boreal 82.6 ± 4.01 Aa 139.2 ± 12.4 Ba 211.3 ± 9.68 Ca
High boreal 62.0 ± 6.58 Ab 92.0 ± 8.92 Bb 198.0 ± 5.24 Ca

Low Subarctic 56.7 ± 3.74 Ac 63.3 ± 7.69 Ac 127.4 ± 3.92 Cb
High Subarctic 38.12 ± 4.62 Ad 54.6 ± 8.16 Bc 86.5 ± 6.15 Cc

Capital letter represent the p < 0.05 between land form and lower case letter shows the p < 0.05 between sites.

3.6. Annual ER and NCE

A comparison of seasonal NCE among different sites (Figure 8) showed that net carbon exchange
at the surface was a significantly larger source at the upland sites (38 to 576 g·C·m−2·year−1) as
compared to peat plateau (8 to 159 g·C·m−2·year−1) while collapse scars (−85 to −23 g·C·m−2·year−1)
were C sinks at all locations along the transect. In general, annual NCE decreased with mean annual
temperature, which decreased with increase in latitude, with high sub-arctic site showing a net
assimilation integrated over upland, peat plateau, and collapse scar areas. The upland and peat
plateau sites were, on average, net CO2 sources to the atmosphere, while the collapse scar sites were,
on average, net CO2 sinks. The NCE measurements pertain only to the ground surface and short
vegetation and do not include CO2 uptake by trees and large shrubs. ER varied along the latitudinal
gradient, for upland sites from 6.0 to 538 g·C·m−2·year−1, for peat plateau from 2.0 g·C·m−2·year−1

to 187g·C·m−2·year−1, followed by collapse scars with 60 to 214 g·C·m−2·year−1 (Figure 9). Low
soil temperature along with high water table at both upland and peat plateau sites in low and high
subarctic regions resulted in lower ER. Since the water table was at the surface at all the collapse scar
sites, ER was negligible. In mid and high-boreal zone, ER at the upland sites was two- to three-fold
higher as compared to peat plateau sites with and without collapse scar.

Figure 8. Seasonal net carbon exchange (NCE) for different sites and landform positions. MATT (◦C) is
mean annual air temperature.
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Figure 9. Cumulative seasonal surface fluxes for different landforms at sites along the
latitudinal gradient.

4. Discussion

CO2 exchange from the surface of permafrost-affected areas is determined by a combination of
several factors, including soil microclimate [31–34], landform features [2,35–37], water table depth [38],
extent of permafrost [2,39,40], and vegetation type [41,42]. There are two important contributors to
the CO2 flux: soil respiration and assimilation, and respiration of the ground cover vegetation. They
vary differently in response to physiology and ecoclimate. NCE, assimilation rate and ER by surface
vegetation were significantly affected by the local landform positions (i.e., uplands, peat plateau, and
collapse scars), and different sites along latitude north–south gradient.

4.1. Spatial Variation in Net Carbon Exchange (NCE)

Net ecosystem exchange in a subarctic forest was lower than that of boreal forest due to extremely
cold soils and high water table in the north. Bisbee [41] reported NCE to be 562 g·C·m−2·year−1

for southern sites while Wang et al. [43] reported it to be 226–413 g·C·m−2·year−1 for northern sites
in the BOREAS study, which are similar to the NCE observed in the present study for mid- and
high-boreal forest zones. In peat plateau, a presence of permafrost significantly decreased NCE from
160 g·C·m−2·year−1 to 20–50 g·C·m−2·year−1 among areas with sporadic and continuous permafrost.
Similar NCE values were observed for a nutrient rich fen and sub-arctic palsa in Scandinavian
peatlands [43,44]. However, it is not always possible to compare our seasonal NCE estimates with other
studies, because of differences in climate, duration of the study period and variations in snow-cover
period. Many studies have observed that spring conditions greatly influence seasonal and annual
CO2 exchange, where earlier snow melts and/or warmer spring temperatures almost universally
enhance accumulated CO2 uptake in high-boreal and subarctic regions [40,45,46]. Collapsed areas
usually behaved as CO2 sinks due to high productivity of bryophytes and restricted respiration in
flooded soils. The length of the thawed period was significantly shorter in the northern sites, limiting
both decomposition and growth periods, but this effect was apparently compensated by the increase
in bryophyte assimilation due to longer daylight conditions in subarctic regions. It is likely that the
combination of these two factors was responsible for similar values of NCE in collapsed areas at
different sites as total assimilation varying between 20 and 70 g·C·m−2·year−1. Our NCE estimates for
collapse scar sites were in the range of values reported for low Arctic tundra sites [47–49] and also
observed large inter-annual variability in NCE
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4.2. Assimilation Rates across Different Landforms

Another important factor that determines ecosystem carbon exchange is photosynthetic activity
(i.e., CO2 assimilation rate) of other ground cover vegetation [50]. Assimilation of CO2 by the
bryophytes is affected by light intensity, moisture, temperature, and species composition. All these
factors varied with ecozone and landform. Upland forests of the southern sites had greater shading
than northern uplands and therefore had a limited assimilation rate of bryophyte layer, though the
total length of the growing season was longer and the canopy provided some protection from drying.
While assimilation rate of the ground cover vegetation was inhibited by shading, relatively good
drainage of the upper soil layers, stable soil moisture levels, and abundant input of organic debris
from tree crowns provided favorable conditions for high microbial respiration. Bryophyte layer of peat
plateaus had a large proportion of lichens that are less effective in CO2 assimilation [51] but are prone
to drying, especially in non-treed northern sites. Sphagnum present at peat plateau sites may have
been moisture-limited because Sphagnum moss photosynthesis is highly sensitive to moisture [52,53].
Tuittila et al. [54] measured the optimum water table level for photosynthesis by S. angustifolium and
observed decreased photosynthesis rate at lower water table levels in bogs. Most effective bryophyte
assimilation took place in the collapsed areas due to unimpeded illumination, earliest warming in the
spring, unlimited supply of soil moisture, and relatively effective photosynthesis of mosses [55].

4.3. Spatial Variation in Ecosystem Respiration (ER)

Variation in soil temperature at the 5-cm depth explained most of the variability in ER. Q10 values
for ER observed in the study (Tables 3 and 4) were within the range of values reported for boreal forest
soils [56–58]. Many other studies on boreal forest stands [58,59] have shown that Ts (soil temperature)
exerts a major influence on ER. Although, ER in uplands was primarily driven by soil temperature,
high water table present in the collapse scar sites inhibited respiration [60]. Therefore the highest
ER was observed in the southern-most location in the relatively dry upland soils. In the northern
sites, it was limited by short frost-free periods, and frequently by water saturation in peat plateau
and collapse scar sites [61]. Spatial variability in ER showed a strong relationship with latitudinal
gradient which is a good proxy for the combined influence of radiation, length of growing season,
temperature, precipitation, and vegetation cover (Figure 8). The different relationships for upland and
peat plateau showed that the vegetation and climate were the most critical factors in regulating the
spatial variability in ER with latitude [62,63]. As temperature, length of growing season and vegetation
productivity decrease from south to north, ER decreases with latitude.

4.4. Quantitative Relationships between NCE and ER and Climate Variables

Soil temperature and moisture are important parameters in regulating surface CO2 fluxes in
boreal ecosystems [60,64–66]. Various empirical models have been used to quantify the relationship
between ER and temperature, e.g., simple linear by Bisbee, [41] and Wang et al. [43] exponential by
Lavigne et al., [64] and Rayment and Jarvis, [65]. We found that NCE and ER were highly correlated to
soil temperature with an exponential relationship for all the sites. Increasing temperature can increase
surface CO2 fluxes through (a) activating dormant microbes and increasing microbial species richness,
thus mineralization of C; (b) increasing root respiration by increasing photosynthates translocation
from the aboveground part of the plant to roots; (c) accelerating gas exchange between ecosystems and
the atmosphere [60]. However, the temperature sensitivity of NCE and ER is not constant, but tends to
be modified by seasonal changes in soil moisture, root biomass, litter inputs, microbial populations,
and other seasonally fluctuating conditions and processes [67]. Although temperature represented
a significant control on the variability of the surface CO2 fluxes in this study, other studies have
found that water table depth or timing of the snowmelt play a more important role in predicting
the CO2 uptake capacity in many peatlands. For example, in a minerogenic peatland in Sweden,
Peichl et al. [58] found that the growing season NCE was strongly correlated with pre-growing season
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Tair, (air temperature) and suggested that less root damage would occur during warmer winters and
access to water by the vegetation would be easier. Similarly, in a mild maritime climate ombrotrophic
bog, winter temperature would be a main control on the inter-annual variability in NEE [61].

Another important driver of ER is the nature and source of the decomposing material. Landform
is closely associated with vegetation type. While upland locations at all sites had black spruce stands,
collapsed areas had only ground cover vegetation, and peat plateaus had trees in boreal ecozones but
no trees in subarctic sites. Accordingly, these locations varied in the amount of plant debris input
and its quality. Startsev and Lieffers [68] showed that decomposing litter generally trapped in the
bryophyte layer contributed to the total CO2 production, and provided bryophytes with a source of
easily available nutrients and carbohydrates. In our study, the total amount of plant debris input was
greater in the southern treed areas where trees were bigger and more productive, which was also an
important factor in southern treed peat plateaus. In collapsed scar areas and northern subarctic treeless
peat plateaus, the only source of decomposing organic matter was the annual production of ground
vegetation and small shrubs, which provided considerably less decomposable material.

The type of ground vegetation could be another major variable to determine ER as upland sites
were dominated by feathermoss in mid and high-boreal ecozones while peatland was dominated by
the lichens. We found that Q10 values were highest at the peat plateau sites dominated by lichens.
Bergeron et al. [62] also observed that Q10 was highest under lichen followed by sphagnum and
lowest for feathermoss dominated understory vegetation. ER of bryophyte layer was also affected by
temperature. The observed decrease in Q10 values from 5.4 and 5.5 to 2.2 and 1.2, upon thawing of
peat plateau in low subarctic and high subarctic region respectively, were close to the range reported
by previous studies [69,70].

Permafrost is another factor inhibiting respiration rates. ER was most active in the upper soil
horizons (Figure 6). It appears that at upland and peat plateau sites, the depth of active layer was
sufficient to support microbiological activity throughout the growing season, and therefore presence
of permafrost had only a limited effect on ER. On the other hand, at collapse scar sites, accompanying
factors such as length of time over which soil was frozen, the mean soil temperature throughout
the year, and the presence of perched water table in the soil profile had a major impact on ER [38].
In collapse scar sites, lower ER could be attributed to slow decomposition rates of deep organic matter,
low O2 availability in saturated soils, low temperature, and substrate recalcitrance [36,37,71]. Although
winter surface CO2 fluxes were not measured in this study, Wang et al. [43] reported that in high-boreal
forest, winter SR accounted for 5%–19% of the annual ER, which agrees well with the value reported
in similar boreal forests [72] while Kim et al. [39] observed that wintertime soil CO2 efflux contributed
24% of the annual CO2 efflux in Alaska.

4.5. Implicatiuons of Changing Climate

Existing climatic records [73] indicate that climate change over the last five decades has increased
mean annual air temperature at the study sites by 0.5–2 ◦C. Climatic change in is likely to affect
NCE in several direct and indirect ways. Longer growing seasons, elevated CO2, and increased
nutrients released from decomposing organic carbon may all stimulate plant growth [74] to increase
C assimilation. Temperature-driven increases in soil respiration would likely be pronounced in the
drained mid-boreal uplands where Q10 values are the largest. Higher respiration rates of drained
upland soils combined with large input of organic debris from the tree crowns and limited assimilation
of shaded bryophytes determined that uplands were consistent sources of CO2, especially in the
southern sites [43]. Low productivity of bryophytes in peat plateaus, in association with limited
soil respiration due to greater water-saturated layer and permafrost, resulted in peat plateaus being
near-neutral or minor sources of CO2 with little difference across climatic gradient. Degradation of
peat plateau to collapse scars will result in a dramatic change in hydrology and surface vegetation at
the local level, and may result in a net increase in NCE, which would offset increase in ER depending
on the extent of permafrost thawing. Accelerated collapsing of the peat plateau would subject soil to
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waterlogging, thereby decreasing aerobic respiration. Furthermore, with receding of permafrost, the
connectivity of collapsing features would drain the landscape [75,76] resulting in increased active layer
depth, thereby making the previously frozen organic matter available for decomposition. However,
an increase in the rate of surface assimilation by bryophytes is to be expected in the expanding
collapsed areas. With rising water table, the Sphagnum spp. found on hummocks tends to increase
productivity [77]. However, lower water table and increase in mean annual air temperature would
result in significant increase in surface CO2 emissions, while only minor increase in surface assimilation
rates can be expected [61]. As to whether collapse scar sites in boreal and subarctic regions are an
annual source or sink for CO2, we cannot know without estimating wintertime fluxes. Even small
wintertime effluxes would offset growing season CO2 sinks. There is clearly a pressing need for future
research in this area.

5. Conclusions

This study elucidated the changes in the surface CO2 exchange along the longitudinal gradient
as influenced by the local landform and soil microclimate variations. Both ER and NCE decreased
with latitude with the highest values observed at the upland and the lowest at peat plateau locations
while collapse scar sites were C sinks. The strong relationship between ER and latitude can be used
to estimate regional ER and the relationship can be refined with more data, especially wintertime
measurements. Both NCE and ER were primarily controlled by soil temperature in the upper horizons
along the climatic gradient. Environmental conditions and vegetation type determine the C source-sink
relationship. With continuously waterlogged conditions at the collapsed scar sites, bryophyte NCE
was highest, and was negligible at upland and peat plateau locations. On an average, upland forest
sites and peat plateaus were respectively major and minor sources of CO2, collapsed scar sites were
sinks of CO2.
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Abstract: Aegiceras corniculatum (L.) Blanco, a mangrove shrub species in the Myrsine family,
often grows at the seaward edge of the mangrove zone in China. In the present study, seasonal
dynamics of nutrient resorption and phenolics concentration associated with leaf senescence of
A. corniculatum were investigated in order to evaluate its possible nutrient conservation strategies
in the subtropical Zhangjiang river estuary. It was found that the nitrogen (N) and phosphorus (P)
concentrations in mature leaves showed similar seasonal changes with the highest concentrations
in winter and the lowest in summer, and were significantly higher than those in senescent leaves.
The N:P ratios of mature leaves through the year were found to be less than 14, indicating that the
A. corniculatum forest was N-limited. The nitrogen resorption efficiency (NRE) was higher than
phosphorus resorption efficiency (PRE), and N resorption was complete. In addition, A. corniculatum
leaves contained high total phenolics (TPs) and total condensed tannin (TCT) levels (both above
20%). TPs concentrations in mature and senescent leaves were all inversely related to their N or P
concentrations. TPs:N and TCT:N ratios in senescent leaves were significantly higher than those in
mature leaves. The obtained results suggested that high NRE during leaf senescence and high TPs:N
and TCT:N ratios in senescent leaves might be important nutrient conservation strategies for the
mangrove shrub A. corniculatum forest growing in N-limited conditions.

Keywords: Aegiceras corniculatum; nutrient resorption; phenolics; leaf senescence

1. Introduction

Mangrove species that flourish in low-nutrient environments have very efficient mechanisms
for retaining and recycling nutrients [1]. Aegiceras corniculatum (L.) Blanco is a cryptoviviparous
mangrove species, often grows at the seaward edge of the mangrove zone in China. This species seems
most characteristic of the seaward mangal fringe and occurs typically as an isolated low shrub [2].
Compared with other mangrove species, A. corniculatum shrubs have high annual litter fall production
in subtropical China [3]. The resulting litter from the leaf fall must be decomposed and the nutrients
contained in that litter must be remineralized to become available again for plant uptake. However,
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most of this leaf fall is washed away by tides [4]. Such a high leaf fall rate will inevitably bring about
a great loss of nutrients. Therefore, mangrove soils are generally low in nutrient concentrations [5],
which can lead to the slow growth of mangrove species. However, mangroves are characterized by
their high primary productivity [6]. To sustain the high levels of productivity, a substantial amount of
nutrients is required. How mangrove plants, including A. corniculatum, cope with these conditions has
provoked little attention [7].

Many previous studies showed that the concentrations of nutrients in the mangrove leaves varied
with season and species [8,9]. In particular, seasonal changes in foliar nutrients occur in response
to resorption before senescence [6]. Nutrient transfer from senescing leaves is the ecophysiological
process by which plants withdraw nutrients from these leaves, making those nutrients available
for later investment in new structures [10]. According to the reports by Lin et al. [8], Wei et al. [9],
and Lin and Sternberg [11], the process of retranslocation is closely associated with leaf senescence
and conservation of nutrients, and thus it is considered to be an important mechanism enabling plants
to maintain growth in nutrient-poor sites. Nutrients may be used more efficiently at nutrient-poor
sites, and this efficient nutrient use could reduce plant dependence on soil nutrient supply [12].
Feller [13], Reef et al. [14], and McKee et al. [15] suggested that nitrogen (N) and phosphorus (P)
availability are important factors responsible for mangrove growth. Plant N:P ratio is a useful variable
for consideration in ecological research because it reflects the gradual and dynamic nature of nutrient
limitation rather than the fixed characteristics, such as N-limited versus P-limited [16].

Phenolic compounds, including tannins, are a significant component of plant secondary
metabolites. In mangrove species, tannins are an abundant component, constituting as high as
20% dry weight [17]. Due to tannins being complex and energetically costly molecules to synthesize,
their widespread occurrence and abundance indicate that tannins play an important role in plant
function and evolution [18]. High tannin concentrations in plants are often associated with infertile
site conditions. It has been suggested that there is an evolutionary advantage to higher tannin
production. By reducing decomposition rates and decreasing N leaching potential, tannins may
provide a nutrient conservation mechanism. In comparison to foliar nutrients, the detailed changes
of leaf tannins between seasons and during leaf senescence of the mangrove species has been less
intensively studied [8,9,19,20]. According to the reports by Serrano [21] and Northup et al. [22],
this variability may determine not only the susceptibility of plants to herbivore attack, but also
important aspects of nutrient cycling in terrestrial and aquatic ecosystems.

Therefore, nutrient resorption and high tannin production may be important for A. corniculatum
to conserve nutrients in coastal environments. The objective of the present study was to evaluate
possible nutrient conservation strategies of the mangrove shrub species A. corniculatum under low
nutrient conditions. The questions asked here were regarding whether (1) leaf N and P concentrations
follow a similar seasonal pattern, and decrease during leaf senescence; (2) a strong nutrient limitation
will show higher resorption of the limiting nutrients; and (3) the production of phenolics will increase
during leaf senescence under nutrient limited conditions.

2. Materials and Methods

2.1. Study Area

The experiments were carried out in Zhangjiangkou National Mangrove Nature Reserve (23◦55′ N,
117◦24′ E), which is located in the gulf of Gulei, Yunxiao, Fujian Province, in southern China.
This nature reserve occupies 2358 hectares, and consists mostly of mangroves and salt marshes
along the coastline of the Zhangjiang estuary. This nature reserve is the northernmost national nature
mangrove in China, and it was included into the Ramsar List in 2008. The climate of the region is
characteristic of a southern subtropical maritime monsoon climate. Based on Yunxiao Meteorological
Administration, during 2001–2008 the mean air temperature was 21.15 ± 0.68 ◦C, 28.13 ± 0.28 ◦C,
24.07 ± 0.54 ◦C, and 15.34 ± 0.60 ◦C for spring, summer, autumn, and winter, respectively. The mean
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annual precipitation and evaporation were 187.21 mm and 1718.4 mm, respectively. The soil is clay,
and the concentration of organic matter is 39.60 ± 1.90 mg/g. N and P concentrations in the soil are
2.20 ± 0.10 mg/g and 0.40 ± 0.00 mg/g, respectively [23]. The tide is irregular semidiurnal, the soil
can be flooded for 1–2 h per day during spring tides, but the soil can be exposed for 3–7 days during
the neap tide. The salinity of the soil is above 10‰, and the salinity of tidal water salinity ranges
between 1‰ and 22‰ [24]. In the study site, A. corniculatum was the dominant mangrove species with
a few Kandelia candel. The mean height of A. corniculatum plants was 2.8 m and the canopy density
was 0.90.

2.2. Sample Collection

Leaf samples of A. corniculatum were collected from Zhangjiangkou National Mangrove Nature
Reserve, Yunxiao, Fujian Province, China in 15 July 2009 (summer), 13 October 2009 (autumn),
15 December 2009 (winter), and 17 March 2010 (spring). Thirty trees with similar height and growth
conditions were selected and labeled. The thirty trees were divided into five groups (six trees in one
group) as five replications. The developmental stages of leaves were demarcated into two stages, green
mature leaf and yellow senescent leaf. The green mature leaf was the third pair of developmentally
matured leaves and did not show any sign of senescence. The yellow senescent leaf was collected by
gently tapping the petiole. Only those senescent leaves that could be detached by this method were
collected. Leaves damaged by insects and disease or mechanical factors were avoided. All samples
were taken to the laboratory immediately after sampling, cleaned with distilled water, and then freeze
dried using a desktop freeze-dryer at −56 ◦C for 72 h. The freeze-dried leaves were ground finely and
stored at −20 ◦C prior to analysis.

2.3. Measurement of N and P Concentrations

The freeze-dried leaf samples were digested with sulfuric acid and hydrogen peroxide. The N
concentration was determined based on the micro-Kjeldahl method described by Yoshida et al. [25],
and the P concentration was evaluated according to the ascorbic acid-antimony reducing phosphate
colorimetric method [26].

2.4. Determination of Total Phenolics (TPs), Extractable Condensed Tannins (ECT), Protein-Bound Condensed
Tannins (PBCT), and Fiber-Bound Condensed Tannins (FBCT)

Established procedures demonstrated by Lin et al. [20] were used. TPs were measured with
the Prussian blue method [27], and ECT, PBCT, and FBCT were determined by the butanol-HCl
method [28] using purified tannins from A. corniculatum leaves as the standard. The concentration
of total condensed tannins (TCT) was calculated by adding the respective quantities of ECT, PBCT,
and FBCT [28].

2.5. Calculations

Resorption efficiency (RE) is the percentage of N or P recovered from the senescing leaves [29,30].
RE was calculated using the following equation: RE (%) = (A1 − A2)/A1 × 100%. Where A1 is N or P
concentration in mature leaves, and A2 is N or P concentration in senescent leaves.

Nutrient resorption proficiency referred to the minimum level to which a plant can reduce
an element in senescing leaves. N and P resorption proficiency values were determined as absolute
nutrient concentrations in senescent leaves [30]. Lower final nutrient concentrations correspond to
higher proficiencies, which are usually expressed as percentages. This index’s proxy seems to be more
closely correlated than RE to the nutrient status of a population [31].

2.6. Statistical Analysis

All measurements were replicated five times. A one-way analysis of variance (ANOVA) was
performed with season as the treatment factor. The Student-Newman-Keuls multiple comparison
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method was used to test significant differences between any two seasons. All analyses were performed
by SPSS13.0 for Windows (SPSS Inc., Chicago, IL, USA).

3. Results

3.1. Seasonal Changes of N and P Concentrations, N:P Ratios, and Nutrient Resorption in Mature and
Senescent Leaves of A. corniculatum

The N and P concentrations in mature leaves showed similar changes, with the highest
concentrations in winter (17.94 ± 0.48 mg/g and 1.56 ± 0.05 mg/g) and the lowest in summer
(9.27 ± 0.54 mg/g and 0.85 ± 0.04 mg/g), respectively. The N concentrations in senescent leaves
ranged from 3.83 ± 0.15 mg/g to 4.77 ± 0.10 mg/g, with the lowest in spring and no significant
differences among other three seasons. The P concentrations in senescent leaves were higher in
summer (0.60 ± 0.04 mg/g) and autumn (0.59 ± 0.05 mg/g) than in winter (0.52 ± 0.03 mg/g) and
spring (0.49 ± 0.03 mg/g) (Figure 1). Statistical results showed that the concentrations of N and P in
mature leaves were significantly higher than those in senescent leaves in all seasons.

Figure 1. Seasonal changes in the (A) nitrogen (N) and (B) phosphorus (P) concentrations in leaves of
A. corniculatum. Symbols are black bars for mature leaves and white bars for senescent leaves. Different
capital letters indicate significant differences among seasons for N and P concentrations in mature
leaves at p < 0.05. Different lowercase letters indicate significant differences among seasons for N and
P concentrations in senescent leaves at p < 0.05.

The N:P ratios in mature leaves ranged from 9.23 ± 0.92 to 11.55 ± 0.55 with the lowest in
spring. The nitrogen resorption efficiency (NRE) was significantly higher than phosphorus resorption
efficiency (PRE) during leaf senescence in every season. The NRE and PRE followed the identical
pattern, reaching the highest in winter (73.39% ± 1.06% and 66.51% ± 2.37%) and the lowest in summer
(49.87% ± 4.39% and 30.01% ± 4.43%), respectively (Table 1).

The N concentrations in senescent leaves were all below 0.48%, and the P concentrations in
senescent leaves were all above 0.05%, respectively (Table 1).

Table 1. Seasonal changes in the nitrogen and phosphorus ratios (N:P), nitrogen resorption efficiency
(NRE), phosphorus resorption efficiency (PRE), nitrogen resorption proficiency (NRP), and phosphorus
resorption proficiency (PRP) of A. corniculatum leaves.

Season Nm:Pm NRE (%) PRE (%) NRP (%) PRP (%)

Summer 10.90 ± 1.13 a 49.87 ± 4.39 d 30.01 ± 4.43 d 0.46 ± 0.04 a 0.06 ± 0.00 a
Autumn 11.09 ± 0.41 a 58.18 ± 2.33 c 38.84 ± 5.94 c 0.45 ± 0.02 a 0.06 ± 0.00 a
Winter 11.55 ± 0.55 a 73.39 ± 1.06 a 66.51 ± 2.37 a 0.48 ± 0.01 a 0.05 ± 0.00 b
Spring 9.23 ± 0.92 b 63.36 ± 2.03 b 57.08 ± 3.48 b 0.38 ± 0.02 b 0.05 ± 0.00 b

Nm, Pm correspond to the N and P concentrations in mature leaves, respectively; Different letters in the same
column indicate significant differences among seasons at p < 0.05.
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There were significantly positive correlations between N and P concentrations in mature and
senescent leaves. N concentrations in mature leaves and P concentrations in mature and senescent
leaves were correlated with NRE and PRE, respectively. Meanwhile, the correlation between NRE and
PRE was also highly significant (Table 2).

Table 2. Correlations between nitrogen (N) and phosphorus (P) concentrations, N and nitrogen
resorption efficiency (NRE), P and phosphorus resorption efficiency (PRE), and NRE and PRE of
A. corniculatum leaves.

Correlation F R p

Nm-Pm 108.070 0.926 <0.001
Ns-Ps 5.765 0.493 0.027

Nm-NRE 55.731 0.869 <0.001
Ns-NRE 0.117 −0.080 0.737
Pm-PRE 91.214 0.914 <0.001
Ps-PRE 32.805 −0.804 <0.001

NRE-PRE 82.361 0.906 <0.001

Nm, Pm correspond to the N and P concentrations in mature leaves, respectively; Ns, Ps correspond to the N and
P concentrations in senescent leaves, respectively. p values less than 0.05 are marked as bold numbers.

3.2. Seasonal Changes of Tannins Concentrations in Mature and Senescent Leaves of A. corniculatum

TPs concentrations in senescent leaves were higher than those in mature leaves. TPs concentrations
reached the lowest in winter (210.19 ± 5.67 mg/g) for mature leaves. However, TPs concentrations
in senescent leaves were the highest in spring (318.72 ± 12.66 mg/g) (Figure 2). TPs concentrations
in mature and senescent leaves were all inversely correlated to N or P concentrations. A significant
negative correlation between TPs concentrations in senescent leaves and N:P ratios in mature leaves
was also observed (Table 3).

Figure 2. Seasonal changes in the total phenolics (TPs) concentrations in leaves of A. corniculatum.
Symbols are black bars for mature leaves and white bars for senescent leaves. Different capital letters
indicate significant differences among seasons for TPs concentrations in mature leaves at p < 0.05.
Different lowercase letters indicate significant differences among seasons for TPs concentrations in
senescent leaves at p < 0.05.
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Table 3. Correlations between total phenolics (TPs) and nutrient concentrations (N and P), and N:P
ratios of A. corniculatum leaves.

Correlation F R p

TPsm-Nm 122.338 −0.934 <0.001
TPss-Ns 34.399 −0.810 <0.001
TPsm-Pm 56.098 −0.870 <0.001
TPss-Ps 11.631 −0.627 0.003

TPsm-Nm:Pm 3.940 −0.424 0.063
TPss-Nm:Pm 12.143 −0.635 0.003

Nm, Pm correspond to the N and P concentrations in mature leaves, respectively; Ns, Ps correspond to the N and
P concentrations in senescent leaves, respectively; TPsm, TPss correspond to the TPs concentrations in mature
and senescent leaves, respectively. p values less than 0.05 are marked as bold numbers.

ECT concentrations in mature leaves ranged from 190.77 ± 17.21 mg/g to 230.18 ± 33.10 mg/g,
and remained relatively stable between the seasons. ECT concentrations in senescent leaves were
significantly higher than those in mature leaves in winter and spring (Figure 3A).

PBCT in mature and senescent leaves were both higher in summer and winter than those in
autumn and spring (Figure 3B). However, FBCT concentrations did not significantly change during
leaf senescence, except in spring, and FBCT in mature leaves was the highest (1.56 ± 0.17 mg/g) in
autumn (Figure 3C).

TCT concentrations had a similar changing trend to that of ECT concentrations during leaf
senescence through the seasons (Figure 3D).

Figure 3. Seasonal changes in the concentrations of (A) extractable condensed tannins (ECT);
(B) protein-bound condensed tannins (PBCT); (C) fiber-bound condensed tannins (FBCT); and (D) total
condensed tannins (TCT) in leaves of A. corniculatum. Symbols are black bars for mature leaves
and white bars for senescent leaves. Different capital letters indicate significant differences among
seasons for ECT, PBCT, FBCT, and TCT concentrations in mature leaves at p < 0.05. Different lowercase
letters indicate significant differences among seasons for ECT, PBCT, FBCT and TCT concentrations in
senescent leaves at p < 0.05.
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3.3. Seasonal Changes of TPs:N and TCT:N Ratios in Mature and Senescent Leaves of A. corniculatum

Seasonal changes of TPs:N and TCT:N ratios during leaf senescence are shown in Figure 4. TPs:N
and TCT:N ratios in senescent leaves were significantly higher than those in mature leaves for all
seasons. TPs:N and TCT:N ratios in mature leaves reached the highest in summer and the lowest in
winter, while in senescent leaves they were higher in spring than in the other three seasons.

Figure 4. Seasonal changes of (A) total phenolics and nitrogen ratios (TPs:N) and (B) total condensed
tannins and N ratios (TCT:N) in leaves of A. corniculatum. Symbols are black bars for mature leaves and
white bars for senescent leaves. Different capital letters indicate significant differences among seasons
for TPs:N and TCT:N ratios in mature leaves at p < 0.05. Different lowercase letters indicate significant
differences among seasons for TPs:N and TCT:N ratios in senescent leaves at p < 0.05.

4. Discussion

N and P are the most common nutrients limiting plant growth [32]. The N and P concentrations
in mature leaves of A. corniculatum followed a similar seasonal pattern, with the highest concentrations
in winter and the lowest in summer (Figure 1). This was in agreement with the observations made in
a study by Wang et al. [6], which showed higher N and P concentrations in cold seasons and lower
concentrations in warm seasons for mature leaves. Similarly, Aerts et al. [33] also suggested that
summer warming reduced N concentrations of mature and senescent leaves in Rubus. First, a portion
of N and P were allocated to other plant parts (e.g., roots and fruits). Second, N and P concentrations
were diluted by leaf mass accumulation during summer when A. corniculatum grew rapidly.

Nutrient resorption during leaf senescence serves to reduce the plant’s dependence on current
nutrient supply, and has been recognized as one of the most important strategies used by plants to
conserve nutrients [8,9,34,35]. It has been estimated that approximately 50% of the nutrients (N and P)
are resorbed during leaf senescence [29,36]. In the present study, the averaged NRE and PRE values
were 61.20% ± 9.10% and 48.11% ± 15.31%, respectively (Table 1). These high N and P resorption
values indicated that internal cycling of N and P can supply a significant fraction of the required
nutrients for A. corniculatum growth. In addition, both NRE and PRE values were the highest in
winter and the lowest in summer. This may indicate that A. corniculatum mainly resorbed N and
P from senescent leaves in winter, but absorbed N and P from the soil in summer to adapt to low
nutrient environments.

The N:P ratios of mature leaves are in response to natural variations in N and P supply, reflecting
variation in N and P concentrations or both together [16]. A review of 40 fertilization studies revealed
that an N:P ratio > 16 indicates P limitation on a community level, while an N:P ratio < 14 is indicative of
N limitation [37]. As critical N:P ratios are successfully used to establish the nature of nutrient limitation
in aquatic and agricultural ecosystems, the general concept may be applicable to a much wider range
of ecosystems. N:P ratios in mature leaves of A. corniculatum in the Zhangjiang river estuary ranged
from 9.23 to 11.55, and the lowest N:P ratio occurred in spring (Table 1). These results, both less than 14,
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suggested the presence of strong community level N limitation in this forest. Accordingly, N-limited
A. corniculatum forest had significantly higher NRE than PRE. This result supported the hypothesis
that a strong nutrient limitation will show higher resorption of the limiting nutrient.

Killingbeck [30] modified the concepts of nutrient resorption efficiency and proposed the use of
“resorption proficiency”, which is the level to which nutrient concentrations are reduced in senescent
leaves. One of the important features of knowing the levels to which N and P can be reduced in
senescent leaves is that these values offer an objective gauge by which resorption can be measured [30].
The potential or ultimate resorption proficiency, the lowest levels to which a nutrient is reduced
in senescent leaves, is a reflection of biochemical limits to resorption and, unlike efficiency, is not
subject to the temporal variations in nutrient concentrations present in green leaves and the timing of
sampling [30,38]. For these reasons, resorption proficiency has been argued to be the more definitive
measure of resorption success than efficiency [39]. By analyzing N and P levels in the senescent
leaves of 89 species of deciduous and evergreen woody perennials, Killingbeck [30] proposed that
in evergreen species, nutrient concentrations reduced below 0.7% N and 0.04% P or above 1.0% N
and 0.05% P in senescent leaves are believed to represent complete or incomplete N and P resorption,
respectively. In the present study, N concentrations in senescent leaves ranging from 0.38% to 0.48%
were indicative of complete resorption of N; P concentrations in senescent leaves were all above 0.05%,
reflecting that P resorption was incomplete (Table 1). Alongi et al. [5] argued that mangrove soils
are generally low in nutrient concentrations, especially N. Our results suggested that there is greater
need to resorb N from senescent leaves in N-limited mangrove forests. All the same, NRP and PRP
values were lowest in spring when A. corniculatum grew rapidly. This is in agreement with the findings
by Wei et al. [9], which suggested that lower N and P concentrations of senescent leaves in growing
seasons in comparison to other seasons make it difficult to resorb additional nutrients.

N and P concentrations correlated with each other in mature and senescent leaves (Table 2).
Chapin and Kedrowski [40] found a direct correlation between proportional nutrient retranslocation
from the leaves during senescence and nutrient concentration in tree leaves. The significant positive
correlation between N concentrations in mature leaves and NRE was consistent with the findings of
Chapin and Kedrowski [40]. The significant negative correlation between P concentrations in senescent
leaves and PRE was consistent with results reported in a previous study [8]. NRE had a significant
positive correlation with PRE. This correlation suggested that N resorption may be controlled by
biochemical processes similar to those that control P resorption, in accordance with the results of
studies of wood species in tropical forests [41,42] and wetland graminoids [43]. However, other studies
have found no significant correlations between the N and P resorption efficiencies of certain plants [40].

Traditionally, justification for the high metabolic cost associated with the production of tannins is
attributed to improved herbivore defense [44]. In mangrove species, tannin is an abundant component
as high as 20% dry weight which prevents damage from herbivory [17]. A. corniculatum leaves had
high total phenolics and total condensed tannin levels (both above 20%), which increased during leaf
senescence (Figures 2 and 3). The observed changes were in agreement with the findings reported for
another mangrove species, Rhizophora stylosa [8]. As polyphenols are water-soluble and susceptible
to leaching [45], leaching of polyphenols or tannins from green leaves by sporadic rain might be
a cause for the net enrichment in senescent leaves [46]. However, Mafongoya et al. [47] indicated that
much of the soluble carbon compounds, including polyphenols, are expected to be translocated from
leaves during senescence. Constantinides and Fownes [48] found both an increase and a decrease in
concentrations of polyphenols with the development and senescence of leaves, while Kuhajek et al. [49]
observed no significant effects of leaf age on both condensed tannins and total phenolics. As for bound
condensed tannins, only the FBCT concentrations in spring were significantly higher in senescent
leaves than in mature leaves. These results were not exactly the same as the findings reported by
Zhang et al. [34], which indicated that PBCT concentrations are significantly higher in senescent leaves
than in mature leaves in all seasons.
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The TPs concentrations in mature leaves were lowest in winter, and in senescent leaves
concentrations were highest in spring (Figure 2). The TPs concentrations in mature and senescent leaves
were all inversely related to N or P concentrations (Table 3). It is common to find a negative correlation
between N and secondary compound concentrations, such as phenolics and tannins [50]. This pattern
lends support to source-sink hypotheses, such as the carbon-nutrient balance (CNB) hypothesis
and the growth-differentiation (GDB) hypothesis that predict increased C allocation to secondary C
compounds under low nutrient conditions. Under nutrient limited circumstances, the diversion of
C to secondary compounds may be essentially cost-free with respect to growth or reproduction [51].
Kandil et al. [52] suggested that the production and accumulation of the polyphenolics is favored in the
high light, high temperature, high salinity, and low nutrient environment in which the mangroves occur,
particularly when carbon used for growth or reproduction is precluded by lack of nutrient resources.

TPs:N and TCT:N ratios in senescent leaves were significantly higher than those in mature leaves
(Figure 4). Condensed tannins are considered to have an important impact for N immobilization in soils,
in particular during fall when fresh litter materials are introduced into soils [53]. Through both litter
deposition and foliar leaching, soils in tannin rich plant communities receive appreciable tannin inputs.
Because high tannin concentrations in plants are often associated with infertile site conditions [22],
it has been suggested that there is an evolutionary advantage to higher tannin production. By reducing
decomposition rates and decreasing N leaching potential, tannins may provide a nutrient conservation
mechanism [8,54]. Therefore, parameters such as TPs:N and TCT:N ratios may be the best predictors
of litter quality [55]. In the present study, higher TPs:N and TCT:N ratios in senescent leaves may
slow down the rate of litter decomposition, thereby increasing the nutrient use efficiency and may be,
in part, an adaptation to nutrient limited conditions.

In conclusion, N:P ratios of mature leaves are a good indicator for nutrient limitation in mangrove
ecosystems. The results confirmed that resorption efficiency during leaf senescence depends on the
type of nutrient limitation, and NRE was much higher than PRE in N-limited habitat. The resorption
proficiency of N and P indicated that N resorption was complete and P resorption was incomplete.
A. corniculatum leaves contained high total phenolics, extractable condensed tannin, and total
condensed tannin levels. TPs:N and TCT:N ratios in senescent leaves were significantly higher
than those in mature leaves. Our results indicated that high NRE during leaf senescence and high
TPs:N and TCT:N ratios in senescent leaves might be important nutrient conservation strategies for the
mangrove shrub A. corniculatum forest growing under the N-limited conditions. Furthermore, it has
also been previously reported that mangroves are highly plastic in their responses to multiple abiotic
and biotic factors such as destructive weather, herbivory, etc. As such, further work is required for
understanding a more thorough temporal variation of nutrient resorption and phenolics concentration
for A. corniculatum in long-term observations.
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Abstract: Ginkgo biloba L. is one of the most extensively planted and productive commercial species
in temperate areas around the world, but slow-growth is the most limiting factor for its utilization.
Fertilization is one of the key technologies for high quality and high forest yield. To better understand
the impacts of fertilization on Ginkgo productivity, the effects of fertilization treatments (single
fertilizer and combined fertilizer) on growth, nutrient content in Ginkgo leaves, and photosynthesis
characteristics were studied in a 10-year-old Ginkgo plantation over two years. The single factor
experiments suggested that DBH (diameter at breast height), H (height), NSL (length of new shoots),
and V (trunk volume) showed significant differences between the different levels of single nitrogen
(N) or phosphate (P) fertilizer application. Orthogonal test results showed that the nine treatments
all promoted the growth of Ginkgo, and the formula (N: 400 g·tree−1, P: 200 g·tree−1, potassium
(K): 90 g·tree−1) was the most effective. Gs (stomatal conductance) and Pn (net photosynthesis rate)
showed significant differences between the different amounts of single N or P fertilizer application,
while single K fertilizer only affected Pn. Combined N, P, and K fertilizer had significant promoting
effects on Ci (intercellular CO2 concentration), Gs and Pn. N and P contents in Ginkgo leaves showed
significant differences between the different amounts of a single N fertilizer application. A single P
fertilizer only improved foliar P contents in Ginkgo leaves. A single K fertilizer application improved
N and K content in Ginkgo leaves. The effects of different N, P, and K fertilizer treatments on the
nutrient content of Ginkgo leaves were different.

Keywords: Ginkgo; fertilization; growth; photosynthesis; nutrient content

1. Introduction

Nutrient limitations develop when a stand’s potential nutrient use cannot be met by the soil
nutrient supply [1]. Improving stand nutrient supply through fertilization is a viable silvicultural
option [2]. As an intervention strategy, large-scale application of fertilizers to forests has been
implemented to accelerate growth of existing stands and shorten rotation times to overcome future
projected timber shortfalls [3]. It is well established that fertilization, in particular nitrogen (N)
and phosphate (P) applications, on nutrient limited sites increases tree productivity by increasing
photosynthesis in the short term [4,5] and leaf area over the long term [6]. N is a vital constituent in
proteins, nucleic acids, chlorophylls, and many secondary metabolites of plants [7]; therefore, it plays
an essential role in the enzymatic activities of photosynthetic processes [8]. P plays a central role in
almost all aspects of plant metabolism and is one of the nutrients that most commonly limits growth [9].
Potassium (K) is one of important nutrient elements and plays a major role in growth, modifying
abundant enzyme activations and controlling cell osmoregulation [10]. Gross primary production
(GPP) was also greatly increased by K fertilization as a result of lower stomatal and mesophyll
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resistance to CO2 diffusion and higher photosynthetic capacity in the leaves [11,12]. In addition,
potassium can also alleviate the harmful effects of abiotic stress [13–15].

The advantage of using chemical fertilizers is that nutrients are soluble and immediately available
to the plants; therefore, the effect is usually direct and fast. Several studies have reported an increase in
growing efficiency and higher enzymatic activities following fertilization [16,17]. Many studies have
found that growing efficiency is largely unaffected by nutrient additions [18,19]. Different plants do not
have the same nutrient demand and specific fertility targets [20]. The fast-growing broad-leaved tree
Populus alba × P. glandulosa is more sensitive to increasing N availability [21], while the slow-growing
P. popularis is more sensitive to decreasing N availability [22]. Among conifers, the fast-growing spruce
families show more plasticity in biomass allocation than do the slowly growing ones under different
nitrogen supplies [23], and the fast growing species Pinus radiata allocates more to the aboveground
biomass under N and P fertilization [24].

Ginkgo is commonly referred to as Gongsun Tree or Duck Foot Tree, is one of the most ancient
gymnosperms in the world, and is native to the temperate forests of China [25]. Ginkgo is an
eco-economic tree species which is valuable for food, health care, medicine, timber, landscape,
ecological protection, and scientific research. The great environmental adaptability and beauty of
Ginkgo have made the tree a favorite species for planting as an ornamental tree throughout the
world [26]. Its widespread use has been facilitated by its tolerance of air pollution and soil compaction.
Ginkgo has a long history in leaf and nut production. However, it is still in the initial stage for timber
cultivation in China. Ginkgo wood has also been highly valued for making furniture and handicraft
articles, and Ginkgo wood is also an ideal material for making musical instruments [27]. Nowadays,
Ginkgo wood is only used for carving and chopping blocks. The compression of Ginkgo wood was
found to be stiffer than that of the other species [28]. Burgert et al. (2004) consequently concluded that
there has been an evolutionary trend towards much more flexible compression wood [29]. Gong et al.
(2009) reported higher lignin content in Ginkgo than in conifers [30]. Ginkgo wood was once used for
pillars and rafters in the palaces and temples in ancient China. Ginkgo also has an anti-dust function,
purifying the environment. One important role of Ginkgo is planting in rows in corridors, squares,
or on both sides of a street as shade trees, as well as planting in gardens and vestibule entrances as
landscape trees. Ginkgo wood has value for many purposes from the help of science and technology.
In recent years, with the development of the Ginkgo industry, Ginkgo cultivation area continues to
expand; many researchers have developed a variety of optimum fertilization schemes for Ginkgo
plantations (especially leaf-producing plantations, nuts plantations, and seedlings) in China. However,
studies concentrated on timber plantations are comparatively insufficient.

This study was conducted to examine the relationship between fertilization and growth,
photosynthesis characteristics, and foliage nutrient content of pure Ginkgo timber plantations. The main
objectives were to assess the effect of fertilization on growth, nutrient content in Ginkgo foliage,
and photosynthesis characteristics of new Ginkgo shoots in a 10-year-old Ginkgo plantation over two
years. Information generated from this study is expected to be of great value for providing optimal
fertilization measures for improving the yield of Ginkgo timber forests and realizing balanced nutrient
management for its fast growth. In addition, the application of a suitable fertilizer ratio after foliage
nutrient content analysis, photosynthesis, and tree growth characteristics are some of the most effective
ways to reduce cost and fertilizer waste.

2. Materials and Methods

2.1. The Study Site

The experimental field was located in Yellow Sea Forest Park, the east-central region of the Jiangsu
Province, Eastern China (32◦51′ N, 120◦51′ E, 5 m above sea level). The study area belongs to a
transition zone between a subtropical zone and warm temperate zone, with seasonal pluvial heat and
significant monsoon activity. The study area is characterized by a mean annual temperature 15.0 ◦C,
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an annual rainfall of 1061.2 mm, an annual sunshine duration of 2209 h, and an annual frost-free period
of 220 days. For determining the site fertility, soil samples from the experimental field were collected
for physical and chemical characteristics before actual experiments. The soil was characterized as
coastal sandy saline-alkali soil with a pH of 8.42, a bulk density of 1.28 g·cm−3, a total nitrogen of
0.75 mg·g−1, a total phosphorus of 0.26 mg·g−1, and a total potassium of 5.25 mg·g−1.

2.2. Materials and Experimental Design

This study was carried out in 2014 and 2015. The test forest was pure Ginkgo forest planted
in 2005, with a vine space and row space of 2 m × 8 m. The trees came from the same variety.
The experiment with different fertilizer treatments was designed based on a single factor design
(EXP.1) and an orthogonal design (EXP.2). Fertilizer was applied to a depth of approximately 10–15 cm
(to prevent losses to rain or wind) in several spots in a 70 cm radius circle around each tree in early
April 2014 and early April 2015.

Single factor designs (unit: g·tree−1): EXP.1 was designed as single-factor experiment. The dosage
of four treatments of single N fertilizer was 600, 400, 200, and 100, respectively. The dosage of four
treatments of single P fertilizer was 800, 600, 400, and 200, respectively. The dosage of four treatments
of single K fertilizer was 200, 90, 40, and 15, respectively. The amounts of fertilizers were in descending
order. The fertilizers used in the experiments were urea (N), superphosphate (P), and potassium
sulfate (K). There were a total of 13 treatments, and one of them was CK1 (control, without fertilizer
application). Each treatment had 10 Ginkgo trees with three replications in the trial. There were a total
of 39 plots and 390 Ginkgo trees (average diameter at breast height was 13.37 cm, average height was
8.04 m, and their growth was uniform.) in the single factor tests. Additionally, there were two guard
rows around the test plots.

Orthogonal designs (unit: g·tree−1): Second, the experiment with different fertilizer treatments
(EXP.2) was designed based on orthogonal designs with three levels of urea, superphosphate,
or potassium sulfate, for a total of 10 treatments one of them was CK2 (control), without fertilizer
application, which differed from the CK1 above. Treatments were replicated three times (Table 1).
There were a total of 30 plots and 300 Ginkgo trees (average diameter at breast height was 11.62 cm,
average height was 5.78 m, and their growth was uniform) in the orthogonal tests. Orthogonal tests
plots were in close proximity to the single-factor test spots.

Table 1. Orthogonal trial fertilizer treatments.

Treatment No.
Fertilization Level (g·tree−1)

Urea Superphosphate Potassium Sulfate

1 100 200 15
2 100 400 40
3 100 600 90
4 200 200 40
5 200 400 90
6 200 600 15
7 400 200 90
8 400 400 15
9 400 600 40

CK2 0 0 0

CK2: control in EXP.2.

2.3. Tree Growth Indictors’ Measurement

Tree diameter at breast height (DBH), height (H), and length of new shoots (NSL) were measured
in November 2015. Tree height was measured using a hypsometer (SGQ-1, Harbin, China). DBH and
NSL were measured using diameter tape. We selected 21 Ginkgo trees of different diameter classes
(2, 4, 6, 8, 10, 14, and 20) around the experiment plots, cut them down, and measured their DBH and H.
Then, according to the standard volume equation and formula (Equation (1)):
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V = a0Da1Ha2 (1)

we used the R programming language (version 3.0, The University of Auckland, Auckland,
New Zealand) software to obtain the trunk volume determination formula (Equation (2)):

LnV = 2.0135 × lnD + 0.5685 × lnH − 9.2452 (R2 = 0.9819) (2)

V: trunk volume (m3), D: DBH (cm), H: height (m). We used this formula to calculate the Ginkgo trunk
volume (V) on the test plots.

2.4. Determination of Photosynthetic Indexes

The photosynthetic characteristics were measured with a CIRAS-2 photosynthetic instrument
(Hansatech, Norfolk, VA, USA). We selected sunny days in early August 2015 (08:30–11:30), and set
the parameters: leaf temperature was not controlled, relative humidity was 85%, cylinder supply
CO2 concentration was 380 μmol·mol−1, and the light intensity of an artificial light source was
1200 μmol·m−2·s−1 (exceeding the Ginkgo light saturation point). Five trees were randomly selected
from each replicate of each treatment on the test plots. Then, we selected mature healthy leaves
of the fully-extended branches in the high position of the canopy. The net photosynthetic rate
(Pn), transpiration rate (Tr), stomatal conductance (Gs), and intercellular CO2 concentration (Ci)
were measured.

2.5. Determination of Nutrient Concentration in Leaves

The sampling time was in August 2015. We selected five trees randomly from each replicate of
each treatment in the test plots. We mined the new shoots in the middle part of the canopy with pole
tree pruners. We collected the healthy 8–12 pieces of functional leaves without diseases and pest attack,
and immediately put the leaves into an ice box, respectively. After the leaves were brought to the
laboratory, the leaves were washed with deionized water, rapid fixed for 15 min at 105 ◦C, then dried
to counterweigh at 70 ◦C, and, finally, crushed and passed through a 100-mesh sieve, severally (a total
of 69 samples). Then, we weighed each sample to 0.1000 g and used concentrated H2SO4-HClO4 to
digest them. The nitrogen and phosphorus were analyzed with an AA3 continuous flow analytical
system (Bran + Luebbe, Hamburg, Germany); potassium was analyzed via flame atomic absorption
spectrometry (WFX-210, Beijing, China).

2.6. Statistical Analysis

Data are reported as the mean of three replicates ± standard deviation (SD), and all tests were
performed using the Statistical Product and Service Solution statistical software program (IBM Inc.,
Chicago, IL, USA). One-way analysis of variance (ANOVA) was conducted to compare the effect of
fertilization treatments on growth, photosynthetic indexes, and the element contents in leaves. ANOVA
was performed at the p < 0.05 level of significance. Duncan’s multiple-range test was performed for
each variable (note: different lowercases in the table showed significant differences at the 0.05 level.
Treatment means with different lowercases among treatments in the figure are significantly different at
the 0.05 level).

3. Results

3.1. Effects of Fertilizer on Growth Indicators

In Yellow Sea Forest Park, DBH, H, NSL, and V in EXP.1 showed significant differences between
levels of single N or P fertilizer applications, suggesting that N fertilizer application in excess of
100 g·tree−1 or P fertilizer application in excess of 400 g·tree−1 may be suitable for tree growth (Table 2;
p < 0.05). However, growth responses were small and none of the variables showed a significant
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growth response to K fertilizer (Table 2; p > 0.05). Maximum dosage tended to have the greatest
influences on the growth indicators for single N, P, and K fertilizers (N = 600 g·tree−1, P = 800 g·tree−1,
or K = 200 g·tree−1). After two years of continuous fertilization, a single N fertilizer application rate at
600 g·tree−1 resulted in an increase in V greater than 17.7% compared with unfertilized plots (CK1).
Meanwhile, a single P fertilizer application rate at 800 g·tree−1 resulted in an increase in V greater than
9.7% compared with unfertilized plots (CK1). Therefore, single N or P fertilizer treatments promoted
Ginkgo growth indicators significantly, while the promotion effect of single K fertilizer treatment was
not significant. Additionally, orthogonal tests in EXP.2 showed that combined N, P, and K fertilizer had
significant promoting effects on growth indictors (Table 3; p < 0.05); the maximum effect on the growth
of Ginkgo was achieved at a high dosage of N. After two years of continuous fertilization, Treatment 7
resulted in an increase in V greater than 27.7% compared with unfertilized plots (CK2).

Table 2. Effects of two years in EXP.1 of N, P, and K fertilizer (F) on the diameter at breast height
(DBH, cm), height (H, m), length of new shoots (NSL, cm), and trunk volume (V, m3) of G. biloba in
2014 and 2015 in Yellow Sea Forest Park in China.

F DBH H NSL V

N1 600 15.34 ± 0.396 a 9.85 ± 0.383 a 26.59 ± 1.204 a 0.0146 ± 0.000929 a
N2 400 15.11 ± 0.123 a 9.27 ± 0.492 b 25.56 ± 1.284 ab 0.0135 ± 0.000755 ab
N3 200 14.96 ± 0.301 a 9.17 ± 0.131 b 24.64 ± 2.840 ab 0.0133 ± 0.000448 b
N4 100 14.92 ± 0.407 a 9.14 ± 0.068 b 21.93 ± 2.635 bc 0.0132 ± 0.000369 b
CK1 0 14.35 ± 0.095 b 8.92 ± 0.158 b 20.23 ± 2.594 c 0.0124 ± 0.000256 b

P1 800 14.84 ± 0.063 a 9.45 ± 0.257 a 25.98 ± 1.33 a 0.0136 ± 0.000398 a
P2 600 14.42 ± 0.255 ab 9.13 ± 0.221 ab 24.02 ± 1.86 ab 0.0127 ± 0.000408 b
P3 400 14.23 ± 0.333 b 9.05 ± 0.182 ab 24.37 ± 0.688 ab 0.0124 ± 0.000514 b
P4 200 14.21 ± 0.292 b 8.83 ± 0.270 b 22.69 ± 0.419 bc 0.0121 ± 0.000464 b
CK1 0 14.35 ± 0.095 b 8.92 ± 0.158 b 20.23 ± 2.594 c 0.0124 ± 0.000256 b

K1 200 14.91 ± 0.499 a 9.01 ± 0.288 a 24.01 ± 0.844 a 0.0124 ± 0.000965 a
K2 90 14.65 ± 0.428 a 8.93 ± 0.195 a 23.71 ± 1.29 a 0.0117 ± 0.000445 a
K3 40 14.66 ± 0.553 a 8.88 ± 0.326 a 23.35 ± 2.14 a 0.0113 ± 0.000699 a
K4 15 14.38 ± 0.422 a 8.63 ± 0.459 a 24.49 ± 0.967 a 0.0114 ± 0.000993 a
CK1 0 14.35 ± 0.095 a 8.92 ± 0.158 a 20.23 ± 2.59 a 0.0124 ± 0.000256 a

Note: different lowercase letters in the table reflect significant differences between treatments. CK1: control
in EXP.1.

Table 3. Effects of two years in EXP.2 of combined N, P, and K fertilizer (F) on the diameter at breast
height (DBH, cm), height (H, m), length of new shoots (NSL, cm), and trunk volume (V, m3) of G. biloba
in 2014 and 2015 in Yellow Sea Forest Park in China.

F DBH H NSL V

1 13.66 ± 0.908 bcd 7.45 ± 0.022 bc 24.15 ± 0.832 bcd 0.00983 ± 0.000675 cd
2 13.78 ± 0.825 abcd 7.49 ± 0.065 bc 26.606 ± 3.250 abc 0.00997 ± 0.000679 cd
3 13.2 ± 0.172 cd 7.42 ± 0.168 bc 26.00 ± 2.32 abc 0.00947 ± 0.000327 de
4 13.71 ± 0.233 bcd 7.65 ± 0.123 ab 25.90 ± 1.921 abc 0.01013 ± 0.000207 cd
5 13.88 ± 0.173 abc 7.73 ± 0.293 ab 25.26 ± 1.705 abc 0.01036 ± 0.000261 bc
6 13.94 ± 0.370 abc 7.55 ± 0.046 b 22.83 ± 0.656 cd 0.01017 ± 0.000304 cd
7 14.61 ± 0.347 a 8.01 ± 0.239 a 26.77 ± 4.070 abc 0.01130 ± 0.000302 a
8 14.50 ± 0.423 ab 7.81 ± 0.173 ab 28.89 ± 2.014 a 0.01094 ± 0.000240 ab
9 14.47 ± 0.208 ab 7.81 ± 0.205 ab 27.49 ± 1.980 ab 0.01092 ± 0.000304 ab

CK2 12.92 ± 0.231 d 7.09 ± 0.0346 c 20.23 ± 2.594 d 0.00885 ± 0.000161 e

Note: different lowercase letters in the table reflect significant differences between treatments.

3.2. Effects of Fertilizer on Photosynthesis Indicators

In Yellow Sea Forest Park, Pn and Gs showed significant differences between levels of single
N or P fertilizer application (p < 0.05), while Tr and Ci were not affected by fertilizer application
(Table 4; p > 0.05). However, photosynthesis indicators showed no significant response to single K
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fertilizer treatment except Pn (Table 4; p > 0.05). After two years of continuous fertilization, a single N
fertilizer application rate at 600 g·tree−1 resulted in an increase in Pn greater than 49.5% compared
with unfertilized plots (CK1). Meanwhile, single P fertilizer application rate at 800 g·tree−1 resulted in
an increase in Pn greater than 27.6% compared with unfertilized plots (CK1). Therefore, single N or P
fertilizer treatments promoted Ginkgo Pn significantly, while the promotion effect of single K fertilizer
was also significant at 90 g·tree−1 (K2). Additionally, orthogonal tests showed that combined N, P,
and K fertilizer had a significant promoting effect on Pn and Gs (p < 0.05); while fertilization was
not so important on Tr and Ci (Table 5; p > 0.05) in EXP.2, after two years of continuous fertilization,
Treatment 9 resulted in an increase in Pn greater than 36.9% compared with unfertilized plots (CK2).

Table 4. Average effects of two years N, P, and K fertilizer (F) in EXP.1 on the photosynthesis
characteristics, net photosynthetic rate (Pn, μmol·m−2·s−1), transpiration rate (Tr, μmol·m−2·s−1),
stomatal conductance (Gs, mol·m−2·s−1), and intercellular CO2 concentration (Ci, μmol·mol−1) in 2014
and 2015 in Yellow Sea Forest Park in China.

F Ci Tr Gs Pn

N1 600 278.56 ± 8.57 a 2.71 ± 0.252 a 167.64 ± 3.32 a 12.30 ± 0.472 a
N2 400 277.33 ± 4.98 a 2.68 ± 0.150 a 165.78 ± 2.55 a 11.74 ± 0.597 ab
N3 200 269.78 ± 5.10 a 2.43 ± 0.173 a 157.78 ± 4.43 a 10.25 ± 1.42 b
N4 100 267.79 ± 16.65 a 2.51 ± 0.284 a 156.67 ± 7.86 a 10.57 ± 0.635 b
CK1 0 267.33 ± 21.73 a 2.53 ± 0.208 a 127.33 ± 15.5 b 8.23 ± 0.833 c

P1 800 289.89 ± 3.29 a 3.03 ± 0.153 a 156.56 ± 5.34 a 10.50 ± 1.19 a
P2 600 275.11 ± 8.26 a 2.80 ± 0.152 a 139.78 ± 4.17 b 10.22 ± 1.06 ab
P3 400 266.89 ± 5.23 a 2.62 ± 0. 135 a 129.89 ± 8.06 b 8.77 ± 1.72 abc
P4 200 275.33 ± 19.50 a 2.67 ± 0.333 a 133.88 ± 6.02 b 7.14 ± 0.635 c
CK1 0 267.33 ± 21.73 a 2.53 ± 0.208 a 127.33 ± 15.50 b 8.23 ± 0.833 bc

K1 200 256.89 ± 1.92 a 2.60 ± 0.101 a 148.22 ± 11.5 a 10.39 ± 0.27 a
K2 90 251.00 ± 4.58 a 2.54 ± 0.081 a 133.11 ± 10.98 a 10.44 ± 0.44 a
K3 40 265.78 ± 7.93 a 2.46 ± 0.102 a 123.67 ± 15.94 a 8.37 ± 0.62 b
K4 15 266.79 ± 9.25 a 2.27 ± 0.095 a 121.56 ± 16.60 a 7.61 ± 0.37 b
CK1 0 267.33 ± 21.73 a 2.53 ± 0.208 a 127.33 ± 15.50 a 8.23 ± 0.83 b

Note: different lowercase letters in the table reflect significant differences between treatments.

Table 5. Average effects of two years of N, P, and K fertilizer (F) in EXP.2 on the photosynthesis
characteristics, net photosynthetic rate (Pn, μmol·m−2·s−1), transpiration rate (Tr, μmol·m−2·s−1),
stomatal conductance (Gs, mol·m−2·s−1), and intercellular CO2 concentration (Ci, μmol·mol−1) in 2014
and 2015 in Yellow Sea Forest Park in China.

F Ci Tr Gs Pn

1 239.00 ± 10.40 b 2.56 ± 0.34 a 122.33 ± 13.39 c 9.00 ± 0.91 cd
2 246.78 ± 27.03 b 2.41 ± 0.20 a 127.33 ± 13.00 bc 9.22 ± 0.74 bcd
3 243.00 ± 25.32 b 2.41 ± 0.47 a 136.11 ± 7.31 abc 9.36 ± 1.02 bcd
4 254.00 ± 8.09 b 2.61 ± 0.24 a 133.56 ± 9.52 bc 9.48 ± 0.17 bcd
5 247.33 ± 5.20 b 2.59 ± 0.34 a 141.34 ± 3.51 abc 9.71 ± 1.51 abcd
6 272.11 ± 17.88 ab 2.74 ± 0.15 a 140.11 ± 4.40 abc 10.11 ± 0.23 abc
7 271.78 ± 16.68 ab 2.69 ± 0.25 a 142.67 ± 3.51 abc 10.68 ± 1.22 abc
8 272.55 ± 20.51 ab 2.69 ± 0.08 a 146.89 ± 12.98 ab 10.71 ± 0.71 ab
9 290.33 ± 16.18 a 2.79 ± 0.16 a 154.33 ± 12.20 a 11.27 ± 0.38 a

CK2 265.33 ± 18.73 ab 2.50 ± 0.11 a 129.13 ± 12.50 bc 8.53 ± 0.58 d

Note: different lowercase letters in the table reflect significant differences between treatments.
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3.3. Effects of Fertilizer on Leaf N, P, and K Contents

In Yellow Sea Forest Park, N and P contents in leaves showed significant differences between
levels of single N fertilizer application (p < 0.05), while K content was not affected by N fertilizer
application (Figure 1; p > 0.05). N and K contents showed no significant response to single P fertilizer
(p > 0.05), while P content showed a significant difference (Figure 2; p < 0.05). N and K contents showed
significant differences between the different amounts of single K fertilizer application (p < 0.05),
while P content was not affected by K fertilizer application (Figure 3; p > 0.05). After two years of
continuous fertilization, a single N fertilizer application of 600 g·tree−1 resulted in an increase in N
content greater than 16.4% and an increase in P content greater than 19.9% compared with unfertilized
plots (CK1). Meanwhile, a single P fertilizer application of 800 g·tree−1 resulted in an increase in P
content greater than 23.8% compared with unfertilized plots (CK1). A single K fertilizer application
of 200 g·tree−1 resulted in an increase in N content greater than 12.2% and an increase in K content
greater than 21.8% compared with unfertilized plots (CK1). Therefore, single N fertilizer treatment
promoted Ginkgo N and P content significantly, single P fertilizer treatment only promoted Ginkgo
P content significantly, and the promotion effect of single K fertilizer treatment on N and K content
were significant. Additionally, orthogonal tests in EXP.2 showed that combined N, P, and K fertilizer
treatment had a significant promoting effect on N, P, and K content (Figure 4; p < 0.05). After two
years of continuous fertilization, Treatment 9 resulted in an increase in N content greater than 13.4%
compared with unfertilized plots (CK2). Treatment 6 resulted in an increase in P content greater than
21.5% compared with unfertilized plots (CK2). Treatment 7 resulted in an increase in K content greater
than 16.7% compared with unfertilized plots (CK2).
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Figure 1. Effects of single N fertilizer application on G. biloba leaf N, P, and K contents in EXP.1.
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Figure 2. Effects of single P fertilizer application on G. biloba leaf N, P, and K contents in EXP.1.
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Figure 3. Effects of single K fertilizer application on G. biloba leaf N, P, and K contents in EXP.1.
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Figure 4. Effects of combined N, P, and K fertilizer application on G. biloba leaf N, P, and K contents
in EXP.2.

4. Discussion

Nutrient deficiency is generally considered the major factor limiting growth, and fertilization
is the main way to supplement the lack of nutrition. The fertilization effects have shown different
results under different quantities of fertilizer, the number of years since fertilization treatment, and the
nutrition status of the forest site [31]. Our study was carried out in 2014 and 2015. The single
factor experiments suggested that DBH, H, NSL, and V showed significant differences between the
different levels of single N or P fertilizer application. The orthogonal test results showed that the
nine treatments all promoted the growth of Ginkgo, and Treatment 7 (N: 400 g·tree−1, P: 200 g·tree−1,
K: 90 g·tree−1) was the most effective one. The response to fertilization in Ginkgo plantations depended
on the degree of mismatch between nutrient supply from the soil and the plant nutrient demand [32].
With an increment in the N fertilizer, there was also an increment in the growth, foliar nutrient status,
and photosynthesis rate of the Ginkgo plantation. Phosphorus supply affected photosynthesis, leaf
metabolites, and allocation to roots versus leaves and growth. In our study, the growth indicators
improved with the P fertilizer dosage. However, excess P supply in the soil is a major environmental
concern. The accumulation of P in the soil from applications of chemical fertilizer exceed the
requirement of plant and can increase the risk of P movement to surface and groundwater [33].
Thus, we should be very circumspect in the application of P fertilizer. Many investigations have
shown that improved N and P nutrition increased growth and yield in many tree species [34]. N and P
deficiency cause negative effects on plants [35,36]. However, Gotore et al. (2014) proposed that single
N application had negative effects on tree growth, while single P had positive effects on Pinus patula
growth at Charter Forests. This may be because N is not a limiting factor to tree growth in the first
few years after planting and may be readily available in the soil [19]. Additionally, Moilanen et al.

155



Forests 2016, 7, 293

(2004) reported clearly that N fertilization is unnecessary on the nitrogen-rich sites, and additional N
increased growth only at the most barren sites [37]. In our study, the promotion effect of a single K
fertilizer on Ginkgo growth indicators was not significant, though it was better than the unfertilized
plots. A previous study showed that fertilization with K was causing a decreased allocation to roots,
which enables increased growth in height and leaf number [38]. Moreover, the viewpoint that an
optimal potassium nutrition status can reduce the effects of abiotic stresses, such as drought, heat,
high light intensity, or salinity has been well established [14,39,40]. The characteristic of our study site
is coastal sandy saline–alkali soil; thus, K fertilizer is essential in Yellow Sea Forest Park. In general,
N played a key role in the growth of Ginkgo, and P and K were important nutrient elements playing a
major role in Ginkgo growth and development. According to the classification standard of soil nutrients
in China, the analysis of soil elements in our experimental plots reveals that contents of N, P, and K are
basically at low levels. Therefore, supplementary fertilization may be required on the experimental
plots, particularly as the soil nutrient availability cannot meet the demand of the trees.

Photosynthesis is the basis of growth and yield formation, and the effects of nutrition on growth
may be driven primarily by photosynthesis [41]. Fertilization can increase the photosynthetic efficiency,
prolong the duration of photosynthesis, and enlarge the leaf area index (LAI). In the present study,
Gs and Pn showed significant differences between the different levels of single N or P fertilizer
applications, while single K fertilizer only affected Pn. Combined N, P, and K fertilizers had significant
promoting effects on Ci, Gs, and Pn. N played a vital role in the enzymatic activities of photosynthetic
processes, and N addition improved the Ginkgo photosynthesis rate and growth response. Among
species there is often a strong positive correlation between maximum rates of photosynthesis and
N [42]. Greater application of N fertilizer and greater allocation of N to metabolically active tissues,
such as leaves and new stems, in the previous study promoted Pn by increasing LAI and chlorophyll
concentration of leaves, which, in turn, supported better plant growth [43]. There was also a strong
connection between P and the maximum rate of photosynthesis [44]; a partial explanation may lie in a
positive relationship between the concentration of P and the amount of Rubisco. Inorganic phosphate
(Pi) is a prerequisite for RuBP and also a competitive inhibitor of RUBP [45,46]. Additionally, there
was a strong correlation between K concentrations and Rubisco [21]. Zorb et al. (2014) also reported
that rates of photosynthesis were positively correlated with application rates of K [47]. K deficiency
reduces photosynthesis by decreasing stomatal conductance [48]. However, the differences of stomatal
conductance were not significant between different amounts of K fertilizer in our research. Possibly
owing to the high mobility of K in both soils and plants, growth is expected to improve in response
to added K, as shown in sandy soils [49]. Under this circumstance, deficiency of K may be so severe
that fertilization is necessary to sustain tree growth until the end of rotation [50,51]. Transpiration and
leaf water status are coordinated to minimize plant water loss and avoid hydraulic failure [52]. Tr of
different levels of fertilization had no significant difference in our study. Probably because the climate
characteristic of the site belongs to seasonal pluvial heat and significant monsoon, the rainfalls mainly
occur in summer. Many studies have shown that growth of Populus was related to increasing water
availability and fertilization on nutrient-limited soils [53,54]. Thus, sufficient rainfall and appropriate
fertilization contributed to better growth in Ginkgo plantations in Yellow Sea Forest Park.

Nutrient concentrations of foliage have been accepted as adequate indicators of growth and soil
fertility in forest stands [55,56]. Maintaining near-optimal foliar nutrient status of trees is especially
critical to the maintenance of growth, the establishment of cold tolerance, and the evaluation of soil
fertility at sites [56,57]. Our results suggested that N and P contents showed a significant influence of
single N fertilizer application. Single P fertilizer only improved foliar P content, and high P fertilizer
dosage had an inhibiting effect on K content. Single K fertilizer application improved N and K
content in Ginkgo leaves. Effects of different combined N, P, and K fertilizer treatments on the nutrient
content of Ginkgo leaves were different. In this study, we found that foliar N concentration was
significantly correlated with N fertilizer application, which might result primarily from the supply
status of soil nutrient elements. Moreover, foliar N concentration was significantly correlated with K
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fertilizer application, which might result from K-increased N use efficiency [58]. A previous study has
showed that the maximum photosynthetic carbon assimilation rate positively correlated with foliar N
concentrations [59]. A greater allocation of N to metabolically-active tissues, such as leaves and new
stems in the fertilization treatment, increases the LAI and chlorophyll concentration of leaves, further
supporting a better growth of Ginkgo plantations. In N-poor sites, particularly during cold growing
seasons, the availability of N for trees may also be low and N deficiencies may be quite common [60,61].
Thus, it is an adaptation to store N in excess of current requirements for photosynthesis that can later
be recycled and utilized during periods of lower N supply from the soil. P fertilization improved
foliar P contents, and a high P fertilizer dosage had an inhibiting effect on K content. Our findings
were consistent with the trend of a previous study of Phoebe bournei seedlings, where foliar N and P
concentrations increased, but K concentration decreased as the phosphorus addition increased [62].
The results from Crous et al. (2008) showed a trend of increasing foliar K with an increase in the
application of K when no phosphate fertilizer was applied. When P was applied with K on the
plots with residual fertilizer, no such trend was observed [63]. Nakashgir (1992) reported nitrogen
utilization of maize was accentuated when K application was supplemented [64]. We found that foliar
K concentration was significantly correlated with K fertilizer application, which might owe to the high
mobility of K in plants and soil. Additionally, light affects the internal redistribution of potassium,
leading to higher concentrations in sun-exposed branches than in shaded ones [65,66]. The previous
studies reported that potassium plays an important role in stomatal function by maintaining turgor
pressure [67]. Growth is expected to improve in response to added K as shown in sandy soils [49].
According to the nutrient content contained in the Ginkgo leaves, the largest demand is N, followed
by K, then P in this study. These results suggest that a new compound ratio of fertilizer is needed
to optimize the growth of Ginkgo timber forest planted in coastal sandy saline–alkali soil because of
different foliar N, P, and K concentrations under different fertilization treatments. According to the
actual situation, we can suggest an optimal fertilization formula for improving the yield and quality of
Ginkgo timber forests in Yellow Sea Forest Park.

5. Conclusions

The beneficial influences of single N, P, and K fertilization and combined N, P, and K fertilization
on Ginkgo nutrition, photosynthesis, and growth were very obvious. This study confirmed the
positive foliar nutrient content and the increased photosynthesis and growth responses with sufficient
data, which indicated significantly better growth in fertilized stands compared to unfertilized
stands. Single N, P, and K fertilizers and the combined N, P, and K fertilizer had positive effects
on the growth of Ginkgo. Combined N, P, and K fertilizer and optional formulation are the better
choices for achieving balanced nutrition of Ginkgo on our experimental plots. Sufficient nutrition
supplements in barren places are significant to guarantee the growth of the forests. Efficient fertilizer
regimes require an accurate knowledge of the nutrient status during the growth period to avoid any
unforeseen deficiencies.
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Abstract: A growing interest in using forest biomass for bioenergy generation may stimulate intensive
harvesting scenarios in Germany. We calculated and compared nutrient exports of conventional
stem only (SO), whole tree without needles (WT excl. needles), and whole tree (WT) harvesting
in two medium aged Norway spruce (Picea abies L. KARST.) and Scots pine (Pinus sylvestris L.)
stands differing in productivity, and related them to soil nutrient pools and fluxes at the study sites.
We established allometric biomass functions for each aboveground tree compartment and analyzed
their nutrient contents. We analyzed soil nutrient stocks, estimated weathering rates, and obtained
deposition and seepage data from nearby Level II stations. WT (excl. needles) and WT treatments
cause nutrient losses 1.5 to 3.6 times higher than SO, while the biomass gain is only 1.18 to 1.25 in
case of WT (excl. needles) and 1.28 to 1.30 in case of WT in the pine and spruce stand, respectively.
Within the investigated 25-year period, WT harvesting would cause exports of N, K+, Ca2+, and Mg2+

of 6.6, 8.8, 5.4, and 0.8 kg·ha−1 in the pine stand and 13.9, 7.0, 10.6, and 1.8 kg·ha−1 in the spruce
stand annually. The relative impact of WT and WT (excl. needles) on the nutrient balance is similar in
the pine and spruce stands, despite differences in stand productivities, and thus the absolute amount
of nutrients removed. In addition to the impact of intensive harvesting, both sites are characterized by
high seepage losses of base cations, further impairing the nutrient budget. While intensive biomass
extraction causes detrimental effects on many key soil ecological properties, our calculations may
serve to implement measures to improve the nutrient balance in forested ecosystems.

Keywords: spruce; pine; thinning; aboveground biomass; energetic use; stand growth; nutrient contents;
nutrient accumulation

1. Introduction

In order to mitigate fossil carbon dioxide emissions for energy generation, renewable energies such
as bioenergy are being promoted as an alternative to fossil fuels. In Germany in 2013, renewable sources
accounted for 12.3% of total energy consumption, of which biomass accounted for 7.6% [1]. Within the
biomass sector, forest residues have been identified as a large underused source for potentially
increasing the raw material supply. Already, about 11 million·m3 of wood has been used directly
for energy purposes, which accounts for about one fifth of the total annual harvest from forests.
The potential for increasing forest biomass for energy (at a sustainable rate) is estimated to be between
12 and 19 million·m3·year−1, which could be achieved by increasing the utilization of forest residues
and currently underused hardwood stands [2].

The process of extracting harvesting residues from forests, or whole tree harvesting, has a number
of technological and ecological constraints. On the technological side, there is a high expenditure for the
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logistics due to the scattered location of the biomass and its low density, and thus transportability [3,4].
Advanced technologies and management practices could help to improve both feedstock quality and
cost efficiency in the future [3,5]. The biomass market situation, and thus the actual price paid by
biomass combustion facilities per unit of feedstock, will eventually determine economic feasibility of
the utilization of forest residues for bioenergy.

On the ecological side, there is a threat of potentially high nutrient exports when extracting
the nutrient-rich crown material, and thus a loss of productivity [6–10]. Also, if large parts of the
harvesting residues are exported from the site, there will be fewer habitats for decomposer fauna and
flora and less input material to refill the site-specific humus stock [11,12]. The nutrient issue could
be attenuated by returning nutrients into the forests from sources such as wood ash from biomass
combustion facilities [13–16]. Implementing wood ash recycling systems into practice would require
thorough knowledge regarding the actual amounts of nutrients removed in management scenarios
of various intensity [14]. Additionally needed is an estimation of the available soil nutrient pool,
which plays a major role in assessing the impact of harvest-induced nutrient losses on site productivity,
and thus on management sustainability in terms of maintaining nutrient reserves. Finally, site specific
nutrient balances are needed to evaluate the impact of different harvesting intensities and to draw
conclusions for adapted forest management.

Estimating nutrient fluxes associated with the extraction of aboveground biomass compartments
under intensive management scenarios requires knowledge and estimation methods about the
distribution of biomass and nutrients of all tree compartments. Yet yield tables and forest growth
models typically used in forest management and planning in Germany concentrate on just the volume
of the marketable round wood, which is typically the tree trunk up to a certain diameter (e.g., 7 cm over
bark), depending on the current market situation. Information about the distribution of the biomass
to above-ground tree compartments, such as the stem with a diameter smaller than 7 cm, branches,
foliage, and dead branches is needed in order to estimate the profitability and the impact on the
nutrient budget of going from classic stem-only (SO) harvesting to more intensive scenarios, such as
whole tree without foliage (WT excl. needles) or whole tree (WT) harvesting [17,18]. Some studies
on the impact of nutrient removals in intensive scenarios focus on the final felling and harvesting at
the end of a stand’s rotation time and its impact on the growth of the next stand generation [7,10].
The rationale for this approach is that the biomass and nutrient fluxes in final fellings, such as clear
cuts or shelterwood cuttings, are especially large. Alternately, other studies have concentrated on
the impact of intensive biomass exports in thinning operations of medium aged stands [10,19–22],
which happen at a stage of stand development when the remaining trees exhibit high productivity,
and thus require large amounts of nutrients for the buildup of aboveground biomass.

In our study, we aimed at quantifying the nutrient exports of thinning operations with variable
intensities of biomass removal in two medium-aged coniferous stands representing typical site and
stand conditions in the region of Saxony in northeast (NE) Germany and evaluating the impact of such
treatments on the nutrient budget of the stands. We hypothesize that intensive harvesting scenarios
(1) impose a strong negative effect on the nutrient balance of forest stands, even in the thinning
stage; and (2) will lead to a more negative nutrient balance in the highly productive stands than
in less productive stands, due to larger absolute amounts of biomass and thus nutrients removed.
Therefore, we developed single-tree biomass equations to predict the dry mass of all aboveground tree
compartments based on the tree’s diameter at breast height (DBH) and analyzed nutrient contents of
these compartments. Based on this knowledge, we estimated the biomass and nutrient extraction by
thinning with three different management intensities: conventional SO, WT (excl. needles), and WT
harvesting, which refers to aboveground biomass only. In all scenarios, stumps and roots are left
in the stand. Also, we calculated the nutrients required to build up aboveground biomass within
the examined time span. Finally, we set the amount of extracted and stored nutrients in relation
to the site-specific nutrient stocks and fluxes in order to estimate the sustainability of intensive
management scenarios.
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2. Materials and Methods

2.1. Study Area and Sites

The study area was the Oberlausitz in Saxony, NE Germany. In the northern lowlands,
the typically nutrient poor pleistocene soils are often covered with Scots pine (Pinus sylvestris L.)
stands. Depending on the site potential which varies on a small scale, forests could be dominated by
Scots pine, sessile oak (Quercus petraea (Mattuschka) Liebl.), pedunculated oak (Q. robur L.), silver birch
(Betula pendula Roth), European beech (Fagus sylvatica L.), and various mixtures of these species.
Of these species, pines are the most dominant in the study region, covering 69% of the forested area.
In the hills in southern Oberlausitz, site conditions are generally more suitable for forestry, as soils
are derived from weathered granodiorite bedrock overlain with a loess layer of variable thickness
(often 10 to 40 cm). Many forest stands here are pure Norway spruce (Picea abies (L.) Karst.) plantations
or spruce dominated, and spruce accounts for 13% of the forest cover, while under natural conditions
most sites consist of beech dominated mixed forests. We selected two study stands to represent these
contrasting stand types: a pine stand on a nutrient-poor Podzol-type soil with a low water holding
capacity derived from pleistocene gravel and sand in the lowlands, and a spruce stand on a deep
Cambisol-type soil in the southern hills (Table 1). Although the soil conditions at the spruce site were
nominally more favorable than at the pine site, the base saturation of the mineral soil was substantially
lower (Table 1), which was caused by atmospheric acid inputs from recent decades (notably from
1970 to 1990). Both stands were 38 years-old in 2013. At this age, thinning operations are carried out
once or twice in ten years to increase stand stability and promote growth of the most favorable trees by
reducing stand density.

Table 1. Site and stand characteristics of the studied Scots pine and Norway spruce stand in Saxony.

Ecosystem
Component

Parameter Unit
Scots Pine
(Laußnitz)

Norway Spruce
(Neusalza-Spremberg)

Site characteristics
Mean annual temperature ◦C 9.4 8.1

mean annual rainfall mm 757 910
altitude m above sealevel 190 405

Soil characteristics

Soil type
Dystric Arenosol
on pleistocenic

sediment

Cambisol on weathered
granodiorite overlain

with loess
Profile depth (root zone) cm 35 60

field capacity mm·dm−1 *** 8.5 18.8
Base saturation in the organic

layer (mean ± SD) % 30.4 ± 14.9 68.4 ± 43.5

Base saturation in the mineral
soil % 8.2–3.4 4.5–1.7 ± 5.2–1.2

Stand
characteristics

in 2013

Age Year 38 38
Stand density N·ha−1 1850 725

Stock density ** 0.89 0.97
Growing stock m3·ha−1 199.0 400.5
Average DBH * cm 14.3 24.5
Average height m 13.9 23.8

Mean annual increment m3·ha−1·year−1 10.2 16.2
Basal area m·ha−1 29.9 34.1

Average slenderness coefficient 0.95 0.97

* DBH: diameter at breast height; ** ratio of actual growing stock to potential maximum growing stock
(according to yield table); *** mm or water per dm of soil depth.

2.2. Stand Biomass and Treatment

In 2013, inventories of the pine stand and the spruce stand were carried out on representative
0.2 ha subplots, determining the number of trees, the DBH, and the height of 10 trees representing the
largest 10% of each stand. This data was used to model current stand properties and stand development
for 25 years, using the individual tree based forest growth model BWinPro-S [23]. In this time span,
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forest management will focus on the process known as ‘stand qualification’, which is selective cutting
to promote the growth of the healthiest trees. According to current management practices, we assumed
moderate to heavy thinning from above in the spruce stand, and heavy thinning from below in the
pine stand. The thinning intensity in terms of removed volume per hectare was adjusted in such a way
to keep the degree of stocked area as well as the current increment constant, which resulted in the
removal of about 60 m3 every 5 years in the spruce stand and 45 m3 every 10 years in the pine stand.
This was done in order to maximize stand stability, and to achieve a high growth rate at the stand level
as well as a reasonable DBH increment of the single trees.

Based on the inventories, nine to ten trees were selected across the range of DBH values in order
to investigate the relative mass distribution as well as nutrient contents in the aboveground biomass
compartments. The selected trees were felled and separated into the following compartments in the
field: (1) stem wood (diameter > 7 cm) including bark; (2) tree top wood (diameter < 7 cm) including
bark; (3) branches including bark and needles; (4) dead branches (Table 2). The fresh mass of these
compartments was determined using a hanging scale mounted in the stand. Subsamples of each
compartment were taken to the lab and dried at 60 ◦C until weight was constant. For the stem wood
including bark compartment, we collected three 5 cm thick discs from the following tree heights:
1.3 m, 1/2 of the length of the stem wood, top of the stem wood. For the branches including needles,
we collected one entire branch from each third whorl, starting at the youngest whorl. For the tree top
wood we collected one 5 cm thick slice from the middle of the section, and for the dead branches we
randomly collected three to five dead branches per tree. This resulted in relatively large amounts of
sample material for the most important tree compartments in terms of mass and nutrient contents
(i.e. stem wood, bark of the stem wood, branches and needles). In the lab, the subsamples were
further divided into the following target compartments: stem wood, bark of the stem wood, tree top
wood including bark, branches including bark, needles and dead branches (Table 2). During the
drying and separating process, the water content of each compartment was determined as well as the
wood/bark ratio and the branches/needles ratio. Thus, we were able to determine the dry mass of each
compartment of each tree by simple ratio calculations. This data was used to fit allometric biomass
models of the dry mass of each biomass compartment (Mbc) of the type Mbc = a × DBH (cm)b,
where a and b are specific coefficients and the explaining variable is the DBH (cm), by using non-linear
regressions of the original data. As our emphasis was to estimate nutrient stocks in each biomass
component, we used the described independent biomass models for each component, instead of
an approach focusing more on the additivity of the biomass equation.

Table 2. Partitioning of the aboveground biomass into tree compartments in the field and in the lab,
number of samples taken per tree and compartment.

Compartment Number of Samples

Field Lab Samples/Tree

Stem wood incl. bark Stem wood > 7 cm 3
Bark of stem wood 3

Tree top wood incl. bark tree top wood incl. bark 1
Branches incl. bark and needles Branches incl. bark 4–7, depending on tree size

Needles 4–7, depending on tree size
Dead branches Dead branches 3–5, depending on tree size

2.3. Nutrient Contents

Prior to chemical analysis, one composite sample per tree and compartment was created
and ground to 0.25 mm (needles: 0.08 mm). For C and N analysis, aliquots of 10 mg of sample
material were analyzed using a Vario EL III (Elementar Analysensysteme GmbH, Hanau, Germany).
Nitrogen contents of low N biomass compartments (stem wood, bark, tree top wood, branches,
dead branches) were determined with a Vario Max cube (Elementar Analysensysteme GmbH, Hanau,
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Germany) using 300 mg aliquots of sample material. The contents of P, K, Ca, and Mg contents were
analyzed after HNO3 digestion using a CCD-ICP Spectrometer CIROS (Spectro Analytical Instruments,
Kleve, Germany).

2.4. Soil Nutrient Stocks and Nutrient Balance

Soil profiles were dug and characterized in both stands, and each mineral soil horizon was
sampled using metal rings, so that bulk density could be determined in addition to chemical analyses.
We calculated the stock of exchangeable Ca2+, K+, and Mg2+ based on the cation exchange capacity
(CECeff) after percolating 5 g subsamples with 1 M NH4Cl and subsequent analysis in the CCD-ICP
spectrometer CIROS (Spectro Analytical Instruments, Kleve, Germany). Total concentrations of N
and P were determined after digestion in HNO3, HF, and HClO4, using the CCD-ICP spectrometer
CIROS (Spectro Analytical Instruments, Kleve Germany). Based on horizon-wise nutrient contents
and bulk densities, the exchangeable and total nutrient stocks per hectare were calculated for the root
zone (35 cm at the pine site and 60 cm at the spruce site).

For the nutrient balance, data from the EU-monitoring Level II sites were used to estimate
atmospheric deposition inputs and seepage outputs. For the pine stand, the Level II station “Laußnitz”
was used, which is only 500 m away from the study site, while for the spruce stand data from the Level
II station “Bautzen/Neukirch” was used, which is 15 km away from the study site, but is comparable in
terms of site, soil, and stand conditions [24]. The weathering inputs were roughly estimated according
to a method by [25]. First, a total weathering rate of 0.4–1.0 kmol·ha−1·year−1 was estimated according
to literature values [26]. Then, the share of K+, Ca2+, and Mg2+ was determined in relation to their
share in base saturation. Due to data scarcity, we could not set up nutrient budgets for P.

3. Results

3.1. Forest Development

Both the pine and the spruce stand are very productive. Thus, they exhibited a relatively high
current increment which decreased slightly during the modeled period from 14.4 to 13.1 and 27.5 to
26.7 m3·ha·year−1 at the pine and spruce site, respectively. The high productivity can be attributed
both to proper forest treatments before the beginning of the study period, and to the favorable growing
conditions. Figure 1 shows the development of the total aboveground biomass and the impact of the
thinnings that were modeled to be carried out once in 10 years in the pine stand and once in 5 years in
the spruce stand.

In both stands, the volume increment over the study period was slightly lower than the volume
harvested in thinnings (132.5 vs. 141.1 m3·ha−1 in the pine stand and 277.1 vs. 318.9 m3·ha−1 in the
spruce stand, Table 3). With regard to the further stand development after the study period, we set
a slightly lower stocking density (Table 3). After the qualification phase focused in this paper, the pine
stand will reach the dimensioning phase, in which no more thinnings are carried out and the trees are
left to grow until they reach the target DBH (40 cm). Due to its high productivity, the spruce stand
will more or less skip the dimensioning phase, because the largest trees will have already reached the
target DBH (40 cm) after the qualification phase. Once they have reached it, forest management will
focus on harvesting the mature trees and at the same time initiating stand regeneration.
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Figure 1. Development of total aboveground biomass (t·ha−1) of the pine and spruce stand. tGS: total
growing stock, rGS: remaining growing stock after thinning. Thinning of the pine stand in 2018, 2028,
and 2038; thinning of the spruce stand is carried out in 2018, 2023, 2028, 2033, and 2038.

Table 3. Development of the remaining stand and sum of extracted volume in thinnings. Scots pine
stand: three thinnings, Norway spruce stand: five thinnings during a 25-year period.

Date / Period Current Increment Stocking Density Growing Stock Extracted Volume

Pine m3·ha−1·a−1 m3·ha−1 m3·ha−1

2013 14.4 0.89 200.2
2038 13.1 0.84 332.7

Σ thinnings 2018–2038 141.1

Spruce
2013 27.5 0.97 400
2038 26.7 0.93 677.1

Σ thinnings 2018–2038 318.9

3.2. Biomass and Nutrient Distribution in Tree Compartments

We achieved a satisfactory fit of the allometric biomass equations to our data for most of the
biomass compartments. As an example, Figure 2 shows the biomass equation of the total aboveground
biomass of the spruce stand. The equation parameters and the coefficients of determination are given
in Table 4.

The coefficients of determination of the biomass functions were generally high, indicating a strong
correlation of the DBH and the mass of the biomass compartments, especially in the case of stem wood,
bark, branches, and needles, which are the most important aboveground biomass compartments with
respect to their share of total aboveground biomass (Figure 3) and nutrient storage.

The development of the share of the biomass compartments in total aboveground biomass is
shown in Figure 3, based on the biomass equations in Table 4. Obviously, the tree top wood incl. bark
is relevant only for trees with a DBH < 20 cm, because a relatively large part of the stem is smaller
than the defined 7 cm diameter. In larger trees, the stem wood with a diameter > 7 cm including bark
accounts for 79% in both spruce and pine. The most important difference between the pine and spruce
is the share of branches and needles, with pine trees having a larger share of branches at 14% and
a smaller share of needles at only 4.4%, compared to 11.0% and 8.2% in spruce trees, respectively, due to
their species-specific crown architecture and physiology. Figure 3 clearly shows the larger relative
importance of low quality crown material in small trees, and thus in young stands. This probably
makes whole tree harvesting for bioenergy purposes especially attractive in younger stands in order to
increase the overall economic outcome of thinning operations.

167



Forests 2016, 7, 302

Figure 2. Relation of total aboveground biomass of the sampled spruce trees to DBH and biomass equation.

Table 4. Equation coefficients (a, b) and coefficients of determination (R2) of the biomass equations
Mbc = a × DBH (cm)b for the aboveground biomass compartments of the pine and spruce stand.

Compartment
Pine Stand Spruce Stand

a b R2 a b R2

total aboveground biomass 0.0786 2.539 0.98 0.11678 2.41301 0.98
stem wood 0.0075 3.2281 0.98 0.033 2.68382 0.98

bark of the stem wood 0.0052 2.5924 0.98 0.00926 2.3432 0.98
tree top wood incl. bark 174.34 −1.526 0.89 50.69505 −1.02053 0.78

branches 0.0008 3.3992 0.99 0.00542 2.66276 0.96
needles 0.0015 2.8154 0.94 0.01253 2.35013 0.94

dead branches 0.0002 3.3465 0.88 0.01722 1.91842 0.86

Figure 3. Share of aboveground biomass compartments of the examined Scots pine (left) and Norway
spruce (right) stand at a DBH-range of 7 to 42 cm.

3.3. Nutrient Contents in Aboveground Biomass Compartments

Although nutrient contents for aboveground tree compartments were measured in various
other studies, the results are often only partly comparable, because of differences in the defined
compartments, in stand age and soil conditions [27]. Thus, with respect to the purpose of this study,
we performed our own measurements of nutrient contents (Table 5).
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Table 5. Nutrient contents (g·kg−1) of aboveground biomass compartments of pine and spruce trees at
the trial sites in East Saxony. Means and standard deviation, n = 5.

Stem Wood Stem Bark Tree Top Wood Branches Needles Dead Branches

Scots Pine

N 0.72 (0.3) 2.76 (0.5) 1.98 (0.6) 4.24 (1.1) 16.4 (2.6) 2.24 (0.7)
P 0.04 (0.4) 0.26 (1.3) 0.17 (1) 0.40 (1.7) 1.41 (7.2) 0.09 (1.1)
K 0.36 (0.4) 1.25 (1.6) 0.91 (1.2) 1.78 (2.1) 6.06 (7.8) 0.26 (1.3)
Ca 0.72 (0.4) 6.86 (1.6) 1.34 (1) 3.11 (2.3) 4.03 (6.8) 2.06 (0)
Mg 0.17 (0.3) 0.46 (1.2) 0.35 (0.9) 0.50 (1.9) 0.74 (5.4) 0.21 (0)

Norway Spruce

N 0.80 (0.3) 3.78 (0.8) 2.07 (0.3) 4.49 (0.7) 13.2 (1.6) 1.86 (0.3)
P 0.06 (0) 0.54 (0.1) 0.31 (0.1) 0.60 (0.1) 1.36 (0.2) 0.10 (0)
K 0.46 (0.1) 2.70 (0.5) 1.23 (0.3) 2.73 (0.5) 5.10 (0.7) 0.28 (0.1)
Ca 0.90 (0.1) 7.55 (0.9) 1.27 (0.2) 3.16 (0.3) 4.16 (0.4) 2.98 (0.4)
Mg 0.14 (0) 0.98 (0.1) 0.34 (0.1) 0.63 (0.1) 0.90 (0.1) 0.29 (0.1)

The highest concentrations of all nutrients are generally found in the needles, with the exception
of Ca, which shows the highest concentration in the bark. Magnesium concentrations differ between
pine and spruce. In the pine trees, Mg concentrations are highest in the needles, followed by branches
and bark; while in spruce trees, Mg is distributed similar to Ca with the highest concentrations in the
bark, followed by needles and branches. The nutrient contents of the dead branches range somewhat
in between those of branches and stem wood.

3.4. Biomass, Nutrient Extraction, Uptake, and Storage

Relative to the increment of the remaining stand, the harvested biomass in the thinnings of
the 25-year study period are larger in the spruce stand compared to the pine stand (Table 6).
While the biomass extraction in the WT scenario in the pine stand is lower than the biomass
ingrowth (129 vs. 114 t·ha−1), it exceeds the ingrowth in the spruce stand (150 vs. 201 t·ha−1) due
to a higher overall productivity of the spruce stand, and thus heavier and more frequent thinnings.
When intensifying the biomass extraction from conventional stem only (SO) harvesting to whole tree
harvesting (WT), the factor of increase is slightly higher in the pine stand compared to the spruce
stand (factor of increase 1.30 in the pine stand compared to 1.28 in the spruce stand), due to the
smaller dimension of the harvested pine trees, and thus a relatively larger proportion of crown material
(see Figure 3). The difference in the factor of increase of WT (excl. needles), with a higher biomass
extraction in case of pine compared to spruce (factor of increase 1.25 vs. 1.18), results from the higher
share of branches in pine trees compared to spruce trees.

The relative loss of nutrients in intensive scenarios far exceeds the biomass gain, with factors of
increase in whole tree harvesting between 1.7 (Ca, pine and spruce) and 3.6 (P, pine) to 3.4 (P, spruce),
respectively. If needles are allowed to fall off before extracting crown material (WT excl. needles), the
increase in nutrient exports is generally higher in pine trees than in spruce, which goes along with the
relatively larger biomass extraction due to the higher share of branches in pine trees in the WT (excl.
needles) scenario.
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Table 6. Aboveground biomass increment and nutrient uptake/storage in the remaining stand.

Scots Pine Stand
Biomass N P K Ca Mg

t·ha−1 kg·ha−1

Remaining stand Δ 2013–2038 (WT) 129 237 18 99 189 32
Σ thinnings SO * 88 80 5 39 113 17

WT (excl. needles) * 110 156 12 69 169 26
WT * 114 230 18 96 187 30

Ratio Compared to SO

thinnings WT (excl. needles) * 1.25 2.0 2.4 1.8 1.5 1.5
WT * 1.30 2.9 3.6 2.5 1.7 1.8

Biomass N P K Ca Mg

Norway Spruce Stand t·ha−1 kg·ha−1

remaining stand Δ 2013–2038 (WT) * 150 335 35 172 261 44
Σ thinnings SO * 157 162 15 99 220 33

WT (excl. needles) * 185 271 29 161 304 48
WT * 201 486 51 245 372 63

Ratio Compared to SO

thinnings WT (excl. needles) * 1.18 1.7 1.9 1.6 1.4 1.5
WT * 1.28 3.0 3.4 2.5 1.7 1.9

* SO: stem only, WT (exl. needles): whole tree without needles, WT: whole tree.

3.5. Evaluation of the Nutrient Budget as Influenced by Intensive Harvesting

For evaluation of the impact of the thinning scenarios of varying intensity on the nutrient regime
of the study sites, annual rates of nutrient inputs and outputs were estimated and compared to the
nutrient pools in the organic layer and the mineral soil in the rooting zone (Table 7). Both sites are
characterized by relatively high atmospheric N inputs, which far exceed seepage loss and uptake
by the trees. The result is a positive N balance on both stands regardless of the biomass extraction
intensity, showing that the studied forest stands currently function as nitrogen sinks. The situation
is fundamentally different for the base cations. Moderate atmospheric and weathering inputs are
hardly sufficient to compensate for seepage loss and nutrient fixation in the biomass increment of
the remaining stand. Even conventional SO harvesting would lead to negative nutrient balances
and the more intensive biomass extraction scenarios would impair the nutrient balance even further.
The only exception is K in the spruce stand, which would have a negative balance only under the
WT scenario. Regardless of the intensity of biomass extraction, both sites are characterized by high
seepage losses of base cations, in relation to the atmospheric and weathering inputs. In the case of Ca,
soil available pools and seepage losses are both twice as high at the pine site compared to the spruce
site, indicating that seepage losses of Ca are coupled to availability. On the other hand, this relation is
much less pronounced in the case of Mg, and K does not show such a relation at all.

Table 7. Pools of total N and exchangeable K+, Ca2+, and Mg2+, annual rates of nutrient inputs and
outputs, as well as the nutrient balance under different biomass extraction scenarios (SO, WT excl.
needles, WT) of the Scots pine stand and the Norway spruce stand.

Scots Pine Stand Norway Spruce Stand

N K+ Ca2+ Mg2+ N K+ Ca2+ Mg2+

Soil pools kg·ha−1 kg·ha−1

2955 53 263 13 3599 172 127 34
N K Ca Mg N K Ca Mg
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Table 7. Cont.

Scots Pine Stand Norway Spruce Stand

Inputs kg·ha−1·year−1 kg·ha−1·year−1

Deposition 19.3 2.1 3.3 0.7 36 4.8 4.9 1.3
Weathering 4 9.8 0.5 7.6 7.5 1.2

Outputs kg·ha−1·year−1 kg·ha−1·year−1

Seepage 1.5 3.1 15.5 3.2 1.9 2.9 7 3.9
Uptake and storage in ingrowth 6.8 2.8 5.4 0.9 9.6 4.9 7.5 1.3

Thinning SO 2.3 1.1 3.2 0.5 4.6 2.8 6.3 0.9
WT excl. needles 4.5 2.0 4.8 0.8 7.7 4.6 8.7 1.4

WT 6.6 2.8 5.4 0.8 13.9 7.0 10.6 1.8

Balance kg·ha−1·year−1 kg·ha−1·year−1

SO 8.7 −0.9 −11.0 −3.4 19.9 1.8 −8.3 −3.6
WT excl. needles 6.6 −1.8 −12.6 −3.7 16.8 0.0 −10.8 −4.0

WT 4.4 −2.6 −13.2 −3.8 10.6 −2.4 −12.7 −4.5

4. Discussion

In this study we simulated relatively heavy thinnings in order to sustain stand stability to adapt
the stands to climate change in the long term, and make use of the high forest productivity [28,29],
which is accelerated by high atmospheric N inputs of about 19.3 and 36.0 kg·ha·year−1 at the pine and
spruce site, respectively. The large difference in productivity between pine and spruce is both a species
and a site effect, because the less demanding pine stands are usually grown on the least productive
forest sites [19].

The biomass functions we established in order to model the mass of each aboveground
compartment were easy to apply and fit our data very well. Only for the tree top wood of spruce and
the dead branches, the R2 was slightly lower than for the other compartments, probably because the tree
top wood is a somewhat artificially defined compartment and the retention of dead branches on a tree
depends on factors other than the tree’s DBH, such as the actual stand density in the area surrounding
the respective tree. Nevertheless, since these two compartments play a minor role for addressing
the questions raised in this paper, and the R2 was still sufficient, we retained the equations for use.
The drawback of the biomass functions we established is that they are stand specific, and can therefore
only be applied for the DBH range for which they were calibrated. As a result, we concentrated
our study on just the thinning phase. In order to create more widely applicable biomass functions,
more trees with a wider range of DBH, and from stands representing a wider range of productivity
and stand density, would need to be measured. The biomass equations would then need to account for
this greater variability by incorporating further explanatory variables such as height and stand density,
in addition to the DBH [30].

One option proposed to increase the harvested biomass, and keep nutrient exports relatively low
at the same time, is to leave tree tops in the forest for one year to allow the needles to fall off before
collecting the tree tops (WT excl. needles scenario) [7,20]. The different pattern of crown biomass
allocation between pine and spruce, with a greater share of branches in pine trees versus needles in
spruce trees, shows that this method would lead to a greater biomass loss in spruce than in pine trees,
when compared to the WT scenario. With respect to biomass feedstock quantities, this procedure
would be more viable in pine than in spruce stands. If biomass feedstock quality is also considered,
it would be preferable in any case to exclude the needles, as wood is a higher quality feedstock in
terms of particle size distribution when chipping at the forest industries [3], as well as the behavior in
the burning process.

The nutrient contents in the aboveground biomass compartments match with the findings of
previous studies, as far as the compartments are comparable. Jacobsen et al. [31] performed nutrient
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analyses that are partly comparable, and found similar nutrient contents in the stem wood, bark,
needles, and branches of pine and spruce trees. The nutrient contents reported by Weis and Göttlein [9]
in the needles, bark, and wood of spruce trees are also within the range of our findings.

Due to the rough estimation method of weathering and the utilization of deposition and seepage
values from similar and close-by sites (but not exactly the study sites), the nutrient balance should
be interpreted with some caution. Nevertheless, it is still useful for evaluating the impact of biomass,
and thus nutrient extraction, in the different thinning scenarios.

Our findings confirm our first hypothesis, that intensive harvesting scenarios impose a strong
negative effect on the nutrient balance of forest stands even in the thinning stage. We demonstrated
that intensive WT and WT (exc. needles) harvesting causes fairly high nutrient exports in the thinning
phase of the trial sites. The biomass gain is far lower than the nutrient expenses, as the biomass gain is
only 1.18 to 1.30 times compared to SO, but the ratio of nutrient losses is 1.4 to 3.6 compared to SO.
The increase of nutrient losses from SO to WT harvesting are greater for N and P compared to the
base cations, reflecting the over proportional abundance of N and P in the crown material, especially
in the physiologically active needles. Yet the impact on the site-specific nutrient sustainability is far
greater for the base cations than for N, because of excess atmospheric N inputs. We unfortunately
have no data for the nutrient balance of P, but as P inputs into the forest ecosystem by weathering
and deposition are usually low, a rather negative P balance similar to that of the base cations can be
assumed. High seepage losses contribute strongly to the negative nutrient balance of the base cations.
The seepage losses of base cations result from sulfur depositions during the 1970s to 1990s, which were
greatly reduced by the end of the last century [32]. However, SO4

2− from accumulated S pools still
gets washed out of the soil profile, coupled with base cations to neutralize the charge [33]. This leads
to negative nutrient balances for Ca2+ and Mg2+ already at the SO scenario, which decreases further in
the WT (excl. needles) and the WT scenario, when K+ also becomes negative.

According to our findings, we reject our second hypothesis, according to which the negative
impact of intensive harvesting is greater in highly productive stands than in less productive stands,
due to larger absolute amounts of removed biomass, and thus nutrients. In our study, the higher
stand productivity of the spruce stand corresponded with a higher nutrient demand for uptake and
storage, as well as higher nutrient losses due to biomass extraction, compared to the less productive
pine stand. At the same time, these differences in productivity, and thus biomass-related nutrient
fluxes, are balanced out by higher nutrient stocks and inputs through deposition (except for Ca),
while seepage losses are equal to or even lower than the pine site. Thus, the relative impact of nutrient
exports through intensive biomass extraction is almost equally severe in the spruce and pine stand,
despite different absolute levels of biomass extraction.

Our findings should, however, be interpreted with some caution, as they are based on static
assumptions regarding the development of forest growth, the nutrient concentrations in the biomass,
and the weathering rate. In reality, increased nutrient scarcity due to intensive biomass extraction
may cause reduced growth of the remaining stand, as has been shown in studies conducted in
North American and Scandinavian forests [7,8,10], while other studies found no clear effect on
tree growth [34,35]. A meta-analysis by Achat et al. [36] indicates an average growth reduction of
3%–7% after intensive biomass extraction. Declining pools of available nutrients may also cause
reduced nutrient concentrations in the foliage of the remaining trees, which would also alter the
nutrient balance. The nutrient balance is also known to be strongly influenced by the rate of mineral
weathering [37], which is in practice very difficult to determine and could only be roughly estimated
in our study. Furthermore, mineral weathering rates are not static, but mycorrhizal weathering may be
accelerated if there are nutrient deficiencies [38]. Despite these uncertainties, our findings underline
the possible nutrient balance risk of intensive biomass extraction from thinnings, which brings into
question the nutrient balance sustainability of these intensive management practices.

Our study highlights that intensive harvesting scenarios like WT (excl. needles) and WT
harvesting can have severe consequences for the nutrient balance of forest sites. Furthermore,
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intensive biomass removal is known to negatively affect the soil as the basis for biomass production.
Reduced residue inputs reduce the organic carbon content [39] and mineralization rates and cause soil
compaction and thus a reduced water holding capacity [36]. Based on the analysis of detrimental forest
management practices (i.e., litter raking, fuelwood collection), the influence of biomass extraction on
soil acidification was highlighted, because the uptake and storage of cations exceeds that of anions
during tree growth and biomass buildup [40,41]. In order to mitigate the negative effects of intensive
biomass extraction on the nutrient budget, the redistribution of wood ash is frequently discussed and
has proven to be suitable to compensate for nutrient losses in forests, with the exception of N [13,42–45],
and was previously found to be applicable in the form of bark-ash-pellets at the study sites [14].

5. Conclusions

Our study provides evidence that intensive biomass extraction may cause substantial losses of
nutrients in pine and spruce stands, even in the thinning stage of stand development. This is amplified
by the high productivity of both investigated stands, which is accelerated by high atmospheric N
inputs. Despite the fact that the nutrient balance established in this study contains only a rough
estimation of the weathering rate, it suggests that the budgets of base cations are already stressed
due to high seepage losses caused by the still ongoing effects of very high S-driven acid deposition
which occurred previously in the region. Therefore, the nutrient balance became negative even for SO
harvesting in the case of Ca2+ and Mg2+. Further intensification of biomass removal clearly impairs
the nutrient budget, also for K+, while the N balance remains positive even in the most intensive
biomass removal scenario (WT). Even if a further development of the wood energy sector will increase
the demand for forest biomass in the future, forest management should take the nutrient balance
into account. Intelligent concepts to limit forest biomass extraction to a sustainable level need to be
developed. At the same time, additional measures, such as wood ash recycling, may help to improve
the nutrient balance of the base cations and P, without burdening the ecosystems with ever more N.

Acknowledgments: We acknowledge support by the Federal Ministry of Education and Research and the Open
Access Publication Funds of the TU Dresden. The authors would like to thank Clemens Kurth for advice
concerning the forest treatment and Henning Andreae, Frank Jacob, and Hendrik Horn for help with the biomass
inventories and functions. We are very grateful for the valuable improvements of the manuscript provided by
two anonymous reviewers.

Author Contributions: Christine Knust and Karl-Heinz Feger conceived and designed the experiments;
Christine Knust and Karoline Schua performed the experiments; Christine Knust analyzed the data;
Christine Knust wrote the paper.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Fachagentur Nachwachsende Rohstoffe e.V. (FNR). Basisdaten Bioenergie Deutschland 2014: Festbrennstoffe,
Biokraftstoffe, Biogas; FNR: Gülzow, Germany, 2014.

2. BMU; BMELV. Nationaler Biomasseaktionsplan für Deutschland: Beitrag der Biomasse für Eine Nachhaltige
Energieversorgung; BMU, BMELV: Berlin, Germany, 2010.

3. Kizha, A.R.; Han, H.-S. Processing and sorting forest residues: Cost, productivity and managerial impacts.
Biomass Bioenergy 2016, 93, 97–106. [CrossRef]

4. Wolfsmayr, U.J.; Rauch, P. The primary forest fuel supply chain: A literature review. Biomass Bioenergy 2014,
60, 203–221. [CrossRef]

5. Cremer, T. Bereitstellung von Holzhackschnitzeln Durch Die Forstwirtschaft: Produktivitätsmodelle
als Entscheidungsgrundlage über Verfahren und Aushaltungsvarianten, Entwickelt auf der Basis Einer
Metaanalyse. Ph.D. Thesis, University of Freiburg i.Br., Freiburg, Germany, 2008.

6. Vangansbeke, P.; de Schrijver, A.; de Frenne, P.; Verstraeten, A.; Gorissen, L.; Verheyen, K. Strong negative
impacts of whole tree harvesting in pine stands on poor, sandy soils: A long-term nutrient budget modelling
approach. For. Ecol. Manag. 2015, 356, 101–111. [CrossRef]

173



Forests 2016, 7, 302

7. Egnell, G. Is the productivity decline in Norway spruce following whole-tree harvesting in the final felling
in boreal Sweden permanent or temporary? For. Ecol. Manag. 2011, 261, 148–153. [CrossRef]

8. Walmsley, J.; Jones, D.; Reynolds, B.; Price, M.; Healey, J. Whole tree harvesting can reduce second rotation
forest productivity. For. Ecol. Manag. 2009, 257, 1104–1111. [CrossRef]

9. Weis, W.; Göttlein, A. Nährstoffnachhaltige Biomassenutzung: Bei der Nutzung von Biomasse ist Vorsicht
geboten: Nicht jeder Waldstandort verträgt den erhöhten Nährstoffentzug. LWF Aktuell 2012, 90, 44–47.

10. Helmisaari, H.-S.; Hanssen, K.H.; Jacobson, S.; Kukkola, M.; Luiro, J.; Saarsalmi, A.; Tamminen, P.;
Tveite, B. Logging residue removal after thinning in Nordic boreal forests: Long-term impact on tree
growth. For. Ecol. Manag. 2011, 261, 1919–1927. [CrossRef]

11. Clarke, N.; Gundersen, P.; Jönsson-Belyazid, U.; Kjønaas, O.J.; Persson, T.; Sigurdsson, B.D.; STUPAK, I.;
Vesterdal, L. Influence of different tree-harvesting intensities on forest soil carbon stocks in boreal and
northern temperate forest ecosystems. For. Ecol. Manag. 2015, 351, 9–19. [CrossRef]

12. Lassauce, A.; Lieutier, F.; Bouget, C. Woodfuel harvesting and biodiversity conservation in temperate forests:
Effects of logging residue characteristics on saproxylic beetle assemblages. Biol. Conserv. 2012, 147, 204–212.
[CrossRef]

13. Pitman, R.M. Wood ash use in forestry—A review of the environmental impacts. Forestry 2006, 79, 563–588.
[CrossRef]

14. Knust, C.; Schua, K.; Göttlein, A.; Ettl, R.; Wolferstetter, T.; Feger, K.-H. Compensation of nutrient losses
resulting from the intensified use of woody biomass using bark-ash-pellets. In Bioenergy from Dendromass for
the Sustainable Development of Rural Areas; Butler Manning, D., Bemmann, A., Bredemeier, M., Lamersdorf, N.,
Ammer, C., Eds.; Wiley (Imprint), Inc.: Weinheim, Germany, 2015; pp. 269–286.

15. Demeyer, A.; Voundi Nkana, J.C.; Verloo, M. Characteristics of wood ash and influence on soil properties
and nutrient uptake: An overview. Bioresour. Technol. 2001, 77, 287–295. [CrossRef]

16. Ingerslev, M.; Hansen, M.; Pedersen, L.B.; Skov, S. Effects of wood chip ash fertilization on soil chemistry in
a Norway spruce plantation on a nutrient-poor soil. For. Ecol. Manag. 2014, 334, 10–17. [CrossRef]

17. Rademacher, P.; Schönfelde, E.; Meiwes, K.J. Elementgehalte in Baumkompartimenten von Fichte (Picea abies
[L.] Karst), Kiefer (Pinus sylvestris [L.] Karst), Buche (Fagus sylvatica [L.] Karst), Eiche (Quercus petraea und robur
[L.] Karst) und Douglasie (Pseudotsuga menziesii [L.] Karst). In Möglichkeiten und Grenzen der Vollbaumnutzung:
Ergebnisbericht (FKZ: 22015407); Nordwestdeutsche Forstliche Versuchsanstalt, Universität Göttingen:
Göttingen, Germany, 2011; pp. 125–154.

18. Merino, A.; Balboa, M.A.; Rodríguez Soalleiro, R.; González, J.Á. Nutrient exports under different harvesting
regimes in fast-growing forest plantations in southern Europe. For. Ecol. Manag. 2005, 207, 325–339. [CrossRef]

19. Tveite, B.; Hanssen, K.H. Whole-tree thinnings in stands of Scots pine (Pinus sylvestris) and Norway spruce
(Picea abies): Short- and long-term growth results. For. Ecol. Manag. 2013, 298, 52–61. [CrossRef]

20. Zetterberg, T.; Olsson, B.A.; Löfgren, S.; Hyvönen, R.; Brandtberg, P.-O. Long-term soil calcium depletion
after conventional and whole-tree harvest. For. Ecol. Manag. 2016, 369, 102–115. [CrossRef]

21. Jacobson, S.; Kukkola, M.; Mälkönen, E.; Tveite, B. Impact of whole-tree harvesting and compensatory
fertilization on growth of coniferous thinning stands. For. Ecol. Manag. 2000, 129, 41–51. [CrossRef]

22. Jacobson, S.; Kukkola, M.; Mälkönen, E.; Tveite, B.; Möller, G. Growth response of coniferous stands to
whole-tree harvesting in early thinnings. Scand. J. For. Res. 1996, 11, 50–59. [CrossRef]

23. Döbbeler, H.; Alber, M.; Schmidt, M.; Nagel, J.; Schröder, J. BWINPro—Programm zur Bestandesanalyse und
Prognose: Handbuch zur Gemeinsamen Version von BWINPro und BWINPro-S; Version 6.3; Nordwestetsche
Forstliche Versuchsanstalt, Göttingen, Germany and TU Dresden, Lehrstuhl für Holzmeßkunde und
Waldwachstum: Tharandt, Germany, 2011.

24. Andreae, H. (Staatsbetrieb Sachsenforst, Kompetenzzentrum Wald und Forstwirtschaft, Saxony, Germany).
Personal communication, 2014.

25. Von Wilpert, K.; Bösch, B.; Bastian, P.; Zirlewagen, D.; Hepperle, F.; Holzmann, S.; Puhlmann, H.; Schäffer, J.;
Kändler, G.; Sauter, U.H. Biomasse-Aufkommensprognose und Kreislaufkonzept für den Einsatz von
Holzaschen in der Bodenschutzkalkung in Oberschwaben. Ber. Freibg. Forstl. Forsch. 2011, 87, 155.

26. Hildebrand, E.E.; Wilpert, K. von; Kohler, M. Ionenspeicher- und Mobilisierungspotentiale im Skelett und Feinboden
des Standortes Conventwald bei Unterschiedlichen Depositionsszenarien: Abschlussbericht, FKZ PEF196009 und PEF
196010, BWC 99 009 und BWC 99010; Universität Freiburg und Forstliche Versuchs- und Forschungsanstalt:
Freiburg, Germany, 2000.

174



Forests 2016, 7, 302

27. Rademacher, P. Contents of nutrient elements in tree components of economical important species in relation
to their residual utilisation. Holz Werkst. 2005, 63, 285–296. [CrossRef]

28. Eisenhauer, D.-R.; Sonnemann, S. Waldbaustrategien unter sich ändernden Umweltbedingungen: Leitbilder,
Zielsysteme und Waldentwicklungstypen. Waldökol. Landsch. Nat. 2009, 8, 71–88.

29. Fischer, H.; Wagner, S. Silvicultural responses to predicted climate change scenarios. J. For. Ecol. For. Manag.
2009, 2, 12–23.

30. Rumpf, S.; Nagel, J.; Schmidt, M. Biomasseschätzfunktionen von Fichte (Picea abies [L.] Karst),
Kiefer (Pinus sylvestris [L.] Karst), Buche (Fagus sylvatica [L.] Karst), Eiche (Quercus robur und petraea [L.]
Karst) und Douglasie (Pseudotsuga menziesii [L.] Karst) für Nordwestdeutschland. In Möglichkeiten und
Grenzen der Vollbaumnutzung: Ergebnisbericht (FKZ: 22015407); Nordwestdeutsche Forstliche Versuchsanstalt,
Universität Göttingen: Göttingen, Germany, 2011; pp. 25–123.

31. Jacobsen, C.; Rademacher, P.; Meesenburg, H.; Meiwes, K.J. Gehalte chemischer Elemente in
Baumkompartimenten: Literaturstudie und Datensammlung. In Berichte des Forschungszentrums
Waldökosysteme, Reihe B; Universität Göttingen: Göttingen, Germay, 2003.

32. Oulehle, F.; Hofmeister, J.; Cudlín, P.; Hruška, J. The effect of reduced atmospheric deposition on soil and soil
solution chemistry at a site subjected to long-term acidification, Načetín, Czech Republik. Sci. Total Environ.
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Abstract: The inherent predictability of inter-annual variation in forest productivity remains
unknown. Available field-based data sources for understanding this variability differ in their
spatial resolution, temporal resolution, and typical units of measure. Nearly all other tree and
forest characteristics are in practice derived from measurements of diameter at breast height (DBH).
Therefore, diameter increment reconstructed annually from tree-ring data can be used to estimate
annual growth increments of wood volume, but the accuracy and precision of these estimates requires
assessment. Annual growth estimates for n = 170 trees sampled for whole stem analysis from
five tree species (jack pine, lodgepole pine, black spruce, white spruce, and trembling aspen) in
Western Canada were compared against increments derived from breast height measurements only.
Inter-annual variability of breast height and whole tree growth increments was highly correlated
for most trees. Relative errors varied by species, diameter class, and the equation used to estimate
volume (regional vs. national). A simple example of the possible effect of this error when propagated
to the stand level is provided.

Keywords: tree rings; volume increment; height increment; stem analysis

1. Introduction

Changes in climate and other environmental conditions can cause annual forest growth to deviate
from its long-term historic average, with significant impacts on large-scale estimates of carbon stock
changes and forest dynamics. Both spatial and inter-annual variability of tree growth and forest
productivity are fundamental for the assessment of future forest management options as well as
the annual reporting of forest carbon balances, but the inherent predictability of this inter-annual
variation remains unknown [1]. Available data for understanding inter-annual variation differ in their
temporal resolution, spatial coverage, and typical units of measure [2,3]. For example, eddy covariance
sites provide data on ecosystem carbon fluxes with high temporal resolution. These data can be
used to assess site-specific factors affecting inter-annual variation in fluxes, but the measurements
are limited to a few sites over a limited number of recent years. Larger amounts of data may be
obtained from forest inventory plots, where data such as the diameter, height, vital status, and species
of trees are periodically recorded. Allometric relationships can be used to convert measured tree
characteristics into stock and stock change estimates for various tree- and stand-level metrics such as
wood volume or biomass. This approach provides large-scale estimates on changes resulting from
both growth and mortality, allowing the assessment of long-term trends over landscapes [4]. However,
the temporal resolution of these data is limited, typically only 5 to 10 years, so they may not provide
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the annual scale data required for analyzing tree response to annual climate fluctuations. Recent
studies have noted the potential utility of tree ring data in terrestrial carbon cycle research [5], as it can
lengthen the available time series of annually resolved estimates of ecosystem production or growth
increment [3,6–8]. In these applications, ring width measurements are instead used to generate various
tree or forest level estimates of annual growth increment. This is possible because past diameter at
breast height (DBH), the most basic measurement of trees from which nearly all other tree and forest
characteristics are derived, can be reconstructed annually from ring-width measurements. Therefore,
tree-ring data could potentially form the basis for assessing stand-level changes in forest productivity,
as well as in the development and evaluation of data products and ecosystem models [3,9,10].

An issue remains in that relatively little effort has been put into evaluating the accuracy
of estimates derived from breast height, relative to actual whole tree growth increments [11–13].
For example, stem growth at breast height can over- or underestimate whole-tree annual increments
under warm and dry climate [13–15]. Presently, the best available method for obtaining annual
growth increment data is full stem analysis [16–18], which involves felling and sectioning the
main stem at regular intervals. Annual wood volume and height increments can be calculated
from ring-widths measured and cross-dated on these sections. Stem analysis is labour-intensive,
so large-scale application for obtaining annual growth increment data is likely cost-prohibitive.
However, it can provide a useful estimate of true annual growth increment, against which alternatives
derived from data at breast height only, which is more widely available, can be compared. In this paper,
we evaluate annual growth increment estimates of wood volume (m3) derived from past diameters
reconstructed from breast height ring widths compared to the same estimates obtained from full
stem analysis data, when both estimates are available for the same tree. We did this using data from
five species common in the Western Canadian boreal forest: lodgepole pine (Pinus contorta Dougl.
var. latifolia Engelm.) jack pine (Pinus banksiana Lamb.), black spruce (Picea mariana (Mill.) B.S.P.), white
spruce (Picea glauca (Moench) Voss.), and trembling aspen (Poplus tremuloides Michx.). The purpose
of this evaluation is to determine the potential error associated with measures of volume growth
increment, derived from tree ring measurements at breast height only, in terms of the actual value of
the growth increment, as well as its pattern of inter-annual variation. We also apply our estimates of
error to an example stand where tree-ring data have previously been used to estimate inter-annual
variation in growth [2,3], to estimate the potential stand level magnitude of this error.

2. Materials and Methods

2.1. Stem Analysis Data Collection and Measurement

Full stem analysis data were obtained from 173 trees sampled at various points in time from
1994 to 2010 in the Western Canadian boreal forest. Samples were collected in four jurisdictions:
Alberta, Saskatchewan, Manitoba, and the Northwest Territories, and for five species, lodgepole pine
(n = 30) jack pine (n = 15), black spruce (n = 68), white spruce (n = 28), and trembling aspen (n = 31).
The characteristics of the sample trees (at time of sampling) are further detailed in Table 1. These stem
analysis data were acquired from several projects. Some were collected during the 1994 field campaign
of the Boreal Ecosystem-Atmosphere Study (BOREAS) campaign from locations near Prince Albert,
Saskatchewan, and Thompson, Manitoba. Sites, stands, soils, and the detailed stem analysis data and
procedures are described elsewhere [19,20].

Briefly, tree height and DBH were measured on each sample tree prior to felling. Disks were cut at
heights of 0.3 m, 1.0 m, 1.3 m, 2.0 m, and at 1 m intervals to the top of the stem. Fresh diameters were
measured in the field for each disk. In the lab, each disk was dried in a 70 ◦C oven for three days, after
which diameters and bark thickness were re-measured. For each disk, two radii were selected, 180◦

apart and avoiding compression wood. These radii were then sampled, X-rayed, and analyzed for ring
width using DendroScan [21]. Additional samples were collected in 2005 and 2006 as a part of a study
validating tree biomass models in the Canadian province of Alberta. The field methods were similar to
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those for the BOREAS project, with the exception that disks were sampled at slightly different heights:
0.3 m, 1.3 m, 2.8 m, and then at intervals of 2.5 m to the top of the stem. Disks were dried as for the
BOREAS data. However, rather than processing for X-ray analysis with DendroScan, the samples were
sanded with progressively finer sandpaper, scanned at 1600 dpi, and ring widths were then measured
using CDendro (Cybis Elektronik & Data, Stockholm, Sweden). An additional 21 stem analyses were
conducted during the summer of 2010 as part of a study validating tree biomass models for the Liard
Valley, NWT, Canada. The disks on these trees were collected at heights of 0.3 m, 1.3 m, 5.0 m, and
every 4.0 m to the top of the stem, and processed in the lab in the same way as the 2005–2006 samples.
For all samples, ring widths were cross-dated between all the disks in each tree to ensure correct ring
dating, and corrected by proportion to the mean fresh outside bark diameter of each disk.

Table 1. Summary of characteristics of trees sampled for stem analysis in this study.

Species DBH (cm) Height (m) Age (Years) Year Sampled (Year (n))

White spruce (SW)
(Picea glauca) 23.0 (6.2, 51.4) 18.7 (6.7, 33.7) 86 (15, 226)

1994 (5)
2005 (4)

2006 (11)
2010 (8)

Black spruce (SB)
(Picea mariana)

11.8 (5.0, 24.6) 10.8 (6.4, 20.9) 89 (18, 222)

1994 (26)
2005 (19)
2006 (16)
2010 (7)

Trembling aspen (TA)
(Populus tremuloides) 21.4 (5.3, 54.8) 17.7 (6.5, 35.6) 69 (19, 176)

1994 (9)
2005 (15)
2010 (7)

Jack pine (PJ)
(Pinus banksiana) 13.1 (7.0, 18.6) 12.3 (8.5, 15.8) 64 (52, 76) 1994 (15)

Lodgepole pine (PL)
(Pinus contorta)

15.3 (4.2, 27.0) 14.7 (5.8, 28.1) 77 (14, 153)
2005 (24)
2006 (6)

For DBH, height, and age, the value in the table represents the mean of all sampled trees, and the values in
parentheses are the minimum and maximum values for that species. For year sampled, values in parentheses
are the number of trees of that species sampled in that year.

2.2. Stem Analysis Growth Estimates

The ring-width measurements for each disk section for each tree were input into a spreadsheet
program that calculated annual estimates of tree height (m) and stem volume (m3). Historical tree
height (m) was interpolated assuming equal annual height growth within a log section, and assuming
that each disk cuts through the middle of a growth cycle, and was referred to as stem analysis height
(HTs). Volume was calculated from ring width measurements on each of the disk sections and summed
for the entire tree for each year, and referred to as stem analysis volume (Vs). The volume for each
log section was calculated using Smalian’s formula, V = (L(Ab + At)/2), for the top section from the
volume of a paraboloid, V = (LAb)/2, and for the stump section from the volume of a cylinder V = LAb,
where V is the volume of the section (cm3), L is the length of the section (cm), Ab is the cross-sectional
area of the base of the section (cm2), and At is the cross-sectional area of the top of the section (cm2).
Note that, while the stem analysis-based measurements were taken as the true standard against which
alternatives derived from the breast height sample were compared, they are not themselves without
uncertainty. For example, estimates derived from stem analysis will differ depending on the method
used to interpolate height between cross sections [18], which standard model is used to determine
log volume [22,23], the number of cross-cuts sampled, and the number of radii measured along each
sample [12], and because trees are not perfectly round in cross section [24,25].
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2.3. Model-Based Growth Estimates

The breast height (1.3 m) sample taken from each tree was used as a reconstructed estimate of the
past breast height diameter (DBH) of each tree, from which we then calculated annual increments of
wood volume for comparison to the estimates derived from stem analysis. We describe the methods
used for each of these in the following sections, and an additional summary is provided in Table 2.

Table 2. Summary of the volume and height estimation methodologies used in the comparisons.

Metric Comparison Description
References for Equations
and Parameters

(A) Volume

(1) National DBH (1.1) Volume is estimated from DBH
only, using a national equation [26]

(2) National DBH
and HT

(2.1) Volume is estimated from DBH
and uncorrected height (HTr), using
a national equation.

[26]; heights as in B1.1 or B1.2(2.2) Volume is estimated from DBH
and corrected height (HTc) using a
national volume equation

(3) Regional DBH
and HT

(3.1) Volume is estimated from DBH
and uncorrected height (HTr), using
a regional equation.

[27] for the equation formulation,
Regional parameters from published
sources for Saskatchewan [28],
Manitoba [29], Alberta [30], and the
Northwest Territories [30]. Heights
estimated as in B1.1 or B1.2

(3.2) Volume is estimated from DBH
and corrected height (HTc) using a
regional equation

(B) Tree height (1) HT DBH model

(1.1) Heights estimated from
diameters reconstructed on the
breast height sample are compared
to heights interpolated between
stem analysis sections.

(1.1 and 1.2) Provincial parameter sets
for trees in Manitoba [29]. Alberta
parameter sets for other provinces
(NWT, SK, and AB) [31]

(1.2) Heights estimated as above,
but a correction factor is calculated
from the difference between
measured and predicted height at
time of sampling, and applied to the
rest of the height time series.

2.3.1. Height Estimation

Height was estimated from DBH using regional height–diameter equations, which use the
Chapman-Richards function:

H = 1.3 + a(1 − e−b·Dob)
c

(1)

where H is the tree height (m), Dob is the outside bark diameter (DBH, cm), and a, b, and c are the
parameters obtained from published sources for Alberta ([31], Table S1) and Manitoba ([29], Table S1).
Trees in Saskatchewan and the Northwest Territories also used the Alberta parameters, as regional
parameters were not available for these jurisdictions. We calculated two height increment series
from the annually reconstructed DBH, (1) a raw height series (HTr), which used the height estimate
directly from Equation (1), as well as (2) a corrected height series (HTc), where a ratio between the final
predicted height from the raw height series and the measured tree height was used as a correction
factor and applied to the raw height series to scale past predicted heights so that the final height in the
corrected series was equal to the measured height at the time the tree was sampled.

2.3.2. Volume Estimation

Estimates of volume increment were obtained from the reconstructed DBH, both alone and in
combination with height estimated using Equation (1), both in raw (HTr) and corrected form (HTc).
We first used a national scale taper equation that uses DBH only as a predictor (VNd) [26]:
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d2
ijkm = DBH2

ijk
β0DBHβ1+δi1+δij1 − hijkm

β0DBHβ1+δi1+δij1 − 1.3

( hijkm

1.3

)2−(β2+δi2+δij2+δijk)

+ εijkm (2)

where d is the diameter at different cross-section heights (h), indices i, j, k, and m respectively refer to
province, plot, tree, and cross section, β0, β1, and β2 are fixed-effect parameters, and δi, δij, and δijk
are random effects associated with the province, plot, and tree, respectively [26]. We also tested two
methods that use both DBH and H as predictors. The first was also a national level taper equation
(VNdh) [26]:

d2
ijkm = DBH2

ijk
Hijk − hijkm

Hijk − 1.3

( hijkm

1.3

)2−(β2+δi2+δij2+δijk)

+ εijkm (3)

where d is the diameter at different cross-section heights (h), indices i, j, k, and m respectively refer
to province, plot, tree, and cross section, β2 is a fixed-effect parameter, and δi, δij, and δijk, are
random effects associated with the province, plot, and tree, respectively [26] (Table S2). The second
was a different taper equation (VRdh) [27], for which regional parameter estimates were generally
available [28–30]:

di = a0DBHa1a2Dob Xi
b1zi

2+b2ln(zi+0.001)+b3
√

zi+b4ezi+b5(DBH/H) (4)

where d is the inside bark diameter at height i along the stem (cm), DBH is the diameter at breast height
(cm) of the tree outside bark, H is the total height (m), and Xi is (1 −√

hi/H)/
(
1 −√

p
)

, where hi is
the cross-section height i, p is the relative height of the inflection point, typically assumed to be 0.25,
and zi is the relative height (hi/H) [27]. Parameters a0, a1, a2, b1, b2, b3, b4, and b5 were obtained from
published sources Saskatchewan [28], Manitoba [29], and Alberta [30] (Table S3). Regional parameters
were not available for the Northwest Territories; therefore, for trees in that jurisdiction, the Alberta
parameters were used. Estimates of volume for each of the methods tested were obtained by numerical
integration, and the volume increment from the difference in volume between subsequent years.

2.4. Comparison of Estimates

For volume increment, we conducted five comparisons, representing combinations of different
volume equations (VNd, VNdh, and VRdh) and height estimation options (HTr (VNdhr or VRDhr) or
HTc (VNdhc or VRdhc)), which were in each case assessed against stem analysis volume (Vs), which
was considered true. Details on these comparisons are provided in Table 2. Differences were assessed
using relative error,

100(
∧
Yi − Yi)/Yi (5)

where
∧
Yi is the estimated growth metric (height or volume) determined from the reconstructed DBH

only, and Yi is the same metric determined from the stem analysis for the ith year. For analysis, we
grouped relative errors by species and 5 cm DBH class, and used the distribution of errors in each
class as an indicator of the magnitude and potential significance of differences relative to the estimates
derived from stem analysis. When the value zero (indicating no difference between the breast height
and whole tree-derived volume increment) was below the 2.5th percentile of all differences in a class,
we considered the estimates to be biased high. When zero was between the 2.5th and 25th percentiles,
we considered them borderline high, between the 25th and 75th percentiles unbiased, between the
75th and 97.5th percentiles borderline low, and greater than the 97.5th percentile, low.

2.5. Inter-Annual Variation

An additional aim was to determine if annual increment values derived from stem analysis and
their alternative were statistically in phase. To do this, we compared a first-differenced time series
of each comparison variable and assessed the value of the cross correlation at lag zero, as well as
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determined the fraction of cases in which the cross correlation peaked at lag zero, relative to shifting
the comparison time series forwards or backwards by up to five years.

2.6. Stand-Level Example Application

Errors at the tree-level were also propagated to the stand level for an example fixed area plot
in Saskatchewan, Canada, for which samples for dendrochronological analysis were collected at
breast height from all live and dead (standing and fallen) trees present at the time of sampling, and
that has previously been used in assessments of mortality, competition dynamics, and ecosystem
production [2,3]. The observed distribution of error for the regional volume model for jack pine using
DBH and HTc as input was propagated using n = 1000 Monte Carlo simulations, under a simple
assumption of an independence of errors among trees and size classes.

3. Results

3.1. Comparison of Estimates

Relative errors varied by species, diameter class, the equation used to estimate volume (regional
vs. national), and whether or not the equation used only DBH or both DBH and HT as predictors
(Figure 1). Estimates derived from breast height only were only biased high or low in relatively few
species, diameter class, and volume equation categories (n = 13/175, 7%). Most (52%) showed no
bias, and the rest (41%) were borderline high or low (Figure 1). The average range of errors across
classes was ±50%, with some small differences among species. In general, the widest distribution of
errors for any species or diameter class was for small trees (<10 cm DBH), and in particular for the
national model that used only DBH as a predictor. For models that used both DBH and HT, the use
of HTc rather than HTr, or a regional rather than a national model had only a marginal influence on
the distribution of relative errors in any species or diameter class. The number of annual increment
observations available for comparison by species and diameter class is provided in Table S4.

Figure 1. Relative error in estimation of volume increment from DBH reconstructed from tree-ring
data, in comparison to volume increment derived from whole stem analysis for the same trees. Errors
are plotted by species (rows) and 5 cm DBH class. The bars represent the range of the 2.5th and
97.5th percentiles of the relative errors in each class. Bars are plotted in different shades as a function
of the percentile location of zero with the distribution of errors in a diameter class, and interpreted
as described in the text. The columns represent different potential methods for estimating volume
increment, national equations using DBH only (VNd), national equations using DBH and raw HT
(VNdh), national equations using DBH and corrected height (VNdhc), regional equations using DBH
and raw HT (VRdh), and regional equations using DBH and corrected height (VRdhc).
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3.2. Inter-Annual Variation

For the assessment of the cross-correlation of inter annual variability between breast height and
stem analysis-derived growth metrics, we show results for HTr only, as results for HTc are virtually
identical. For volume increment, the cross correlation was maximized at lag zero for 94% of cases
for estimates derived from DBH only using the national volume model (median 0.83 and 95% were
between 0.20 and 0.99), and for 99% of samples for estimates derived from both DBH and HT for the
national (median 0.92, 95% between 0.56 and 0.99), and regional models (median 0.93, 95% between
0.63 and 0.99).

3.3. Example Application

Results for the propagation of errors to a stand level example are provided in Figure 2.
This particular example used a regional volume for jack pine in Saskatchewan and corrected estimate
of height increment. Estimates of volume increment derived from breast height were within the
propagated error range for ages less than 30 years. For ages greater than 30 years, the ranges fell below
the point estimate derived from the breast height sample, indicating that it was biased to a high degree
relative to whole tree increments. It is likely that many trees passed from a size class where the error
distribution was unbiased (VRdhc for PJ, Figure 1), to one where the bias was borderline low. Relative
to the median of the error simulations, the range of values typically spanned ±5%.

Figure 2. Time series of above ground volume increment (m3·ha−1·year−1) with stand age for a 900 m2

fixed area jack pine plot in Saskatchewan, Canada, for which all live and dead trees present in the stand
at age 82 were sampled at breast height for ring width measurement. The line plot represents volume
increment derived from these measurements using a regional volume model using corrected height as
input. Error bars represent the 2.5th and 97.5th percentiles of stand level estimates of volume increment,
derived from diameter class-based relative errors (inset graph) derived from the observed difference in
breast height and whole tree-derived growth increment for this species and volume estimation method.

4. Discussion

In this paper, we evaluated annual growth increment estimates of wood volume (m3) derived
from past DBH reconstructed from ring widths and compared these to estimates obtained from full
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stem analysis data, when both estimates are available for the same tree. This was done using data from
n = 170 trees for five species common in the Western Canadian boreal forest: lodgepole pine, jack pine,
black spruce, white spruce, and trembling aspen. The main results were that relative errors varied by
species, diameter class, and the equation used to estimate volume and that the direction of inter-annual
variability for whole tree and breast height estimates of volume increment were highly correlated for
nearly all trees. In general, when estimates of volume increment are derived from models that use
both DBH and HT as predictors, the total range of values spanned by the relative errors is narrower,
relative to volume increment derived from a model using DBH only. The range of observed relative
errors for national models was similar to that of regional models, at least for the species tested here.
When tree-level errors were propagated to estimates of error for volume increment at the stand level,
the overall range of errors was narrower, typically ±5% for our example jack pine stand, at least for
our simple procedure that assumed the observed errors were independent. The overall range of errors
is less than what is currently assumed to be the uncertainty of growth increments applied by Canada’s
National Forest Carbon Monitoring, Accounting, and Reporting system to estimate the carbon balance
of Canada’s managed forest [32], but it should be kept in mind that additional error would arise from
model and measurement errors that were not accounted for, and at young ages from trees that have
died and subsequently decayed such that they could not be detected when the stand was sampled [33].
In this analysis, breast height estimates were consistently high relative to whole tree estimates after
age 30–40, but this is likely a result specific to this particular combination of tree species and volume
estimation method.

Few other studies have attempted to compare the relative accuracy of different methods of
measuring the annual incremental growth of trees. Similar to our analysis, standardized ring-width
growth series at breast height and standardized whole-tree growth series of volume increment
were highly correlated for high-elevation red spruce (Picea rubens) forests [11]. For European beech
(Fagus sylvatica), the breast-height growth series were also highly correlated to whole-tree volume
or biomass-increment series [13], but the breast-height series showed higher sensitivity to weather
variation. An analysis of the relative accuracy of various full stem analysis sampling protocols for
measuring volume increment found that it was possible to increase precision by increasing the density
of sections sampled along the stem, and by measuring more radii at each sample [12]. Our results
are essentially in line with these previous findings, in that we found that the direction of inter-annual
variation in volume increment derived from breast height only was highly correlated with whole
tree increment obtained by stem analysis. Our observation that using models with a height predictor
generally improved the estimation of volume increment is interesting because this occurs even though
total height estimates derived from stem analysis are calculated as the mean height increment between
cross-cut segments. Interpolation between cross-cut segments means that stem analysis samples do
not actually measure the inter-annual variability of height growth. There is no method presently
available for retrospectively obtaining this information, except for some species that consistently grow
a single annual whorl of branches. Ground-based measurements of height cannot resolve annual height
increments for tall, slow growing trees [2,34], though height growth can be prospectively monitored
with some accuracy by tree climbing [35].

Although it likely would have been of interest, we could not conduct a comparison for biomass
increment because stem analysis does not provide a direct estimate of biomass that could be considered
true. We could have compared estimates generated using reconstructed DBH only with estimates
generated using DBH and HT, as alternative models that could have been applied do exist [36,37].
However, this analysis would have been a model inter-comparison exercise that compares the relative
difference between estimates of biomass increment using DBH and HT relative to the use of DBH only,
not an accuracy assessment directly. The estimation of biomass from tree level allometric equations
remains challenging, and the current state of work in this area shows that changes in allometric
equations can result in large variations in estimated biomass [38].
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Some further challenges need to be considered when inferring above-ground forest increment
from radial tree growth. Stand structure and density along with necessary biometric and metadata
would be useful to upscale tree biomass estimates to the site level [39,40] and to efficiently select sample
trees for estimating climate relationships in an unbiased manner [41]. An alternative, such as was used
in our example application where tree level errors were propagated to the stand level, is to sample all
live and dead trees in fixed area plots to reconstruct the growth of the whole stand [2,3], a method that
has shown promise if the aim is to successfully detect climate and global change-related trends from
tree-ring data [42], but remains challenged by the inability to sample trees that have died in the past
and subsequently decayed [33]. In addition, replacing the relatively basic equations used in this study
with more sophisticated methods that are sensitive to the effect of stand conditions on height–diameter
relationships [43], tree volume [44,45], or biomass [46] should also improve the estimates of annual
growth increment that could be obtained at both the tree and forest levels, for species where such
models are available.

5. Conclusions

The ability to estimate annual growth increment over a long time period at a large spatial
scale from field-based data would be a tremendous asset. Such data can be obtained by tree-ring
analysis, which is increasingly being used in forestry applications to address questions around
the effect of forestry practices, climate, insect outbreaks, global change, and other disturbances
in commercially viable, closed-canopy forests as well as a wide range of unmanaged forest and
woodland types. Traditionally, tree-ring data have been collected from old trees at climate-sensitive
sites for reconstructing past climatic variation, and expressed in unitless ring-width indices. Therefore,
observed causes and trends may not be applicable to more productive and managed forests. We have
shown that translating these instead into tree- and forest-level estimates of annual growth increment
in units that are of greater interest in forestry applications can provide reasonable estimates relative to
alternative data on whole tree growth obtained by stem analysis.

Supplementary Materials: The following are available online at www.mdpi.com/1999-4907/7/12/303/s1,
Table S1: Height–diameter model parameters [1,2], Table S2: National taper model parameters [3], Table S3:
Regional taper model parameters [1,4–6], Table S4: Number of annual increment observations available for
comparison by species and diameter class. Values in the diameter class column represent the largest diameter of
tree in that class.
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Abstract: Forest soils represent a substantial portion of the terrestrial carbon (C) pool, and changes to
soil C cycling are globally significant not only for C sequestration but also for sustaining forest
productivity and ecosystem services. To quantify the effect of harvesting on soil C, we used
meta-analysis to examine a database of 945 responses to harvesting collected from 112 publications
from around the world. Harvesting reduced soil C, on average, by 11.2% with 95% CI [14.1%, 8.5%].
There was substantial variation between responses in different soil depths, with greatest losses
occurring in the O horizon (−30.2%). Much smaller but still significant losses (−3.3%) occurred in
top soil C pools (0–15 cm depth). In very deep soil (60–100+ cm), a significant loss of 17.7% of soil
C in was observed after harvest. However, only 21 of the 945 total responses examined this depth,
indicating a substantial need for more research in this area. The response of soil C to harvesting
varies substantially between soil orders, with greater losses in Spodosol and Ultisol orders and
less substantial losses in Alfisols and Andisols. Soil C takes several decades to recover following
harvest, with Spodosol and Ultisol C recovering only after at least 75 years. The publications in this
analysis were highly skewed toward surface sampling, with a maximum sampling depth of 36 cm,
on average. Sampling deep soil represents one of the best opportunities to reduce uncertainty in the
understanding of the response of soil C to forest harvest.

Keywords: forest management; harvest; soil carbon; soil order; deep soil; meta-analysis

1. Introduction

Forest ecosystems contain 1240 Pg C [1,2], which represents as much as 80% of aboveground
terrestrial C and 70% of all soil organic C [3–5]. The relative proportion of forest C found in soils
varies among biomes, ranging from roughly 85% of the terrestrial C pool in boreal forests, to 60% in
temperate forests, to 50% in tropical rainforests [1,6]. The net balance of soil C in forests relies upon
large rates of detrital inputs (61.4 Pg C year−1) and respiratory losses (60 Pg C year−1), which together
represent substantial yearly turnover in the soil C pool [7]. By altering the rates of detrital inputs and
respiratory outputs in soils, the extent and intensity of forest harvest can have substantial impacts not
only on ecosystem function but also on atmospheric chemistry and global climate [6,8,9].

C is one of the principal components of soil organic matter (SOM), a key component of soil that
plays an important role in many biological, chemical, and physical properties [10–12]. SOM provides
a crucial source of energy and nutrients for soil microbes, buffers soil pH, and helps to stabilize soil
structure [12,13]. Along with nitrogen and phosphorus, SOM is considered a critical indicator for soil
health and quality.

Thus, soil C is an essential component of forest C accounting, yet many models assume that only
surface soil responds to forest management and that soil C returns to equilibrium within 20 years
after harvest [14]. Recent national or global assessments of forest C lack any mention of mineral soil
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C [15–17], implicitly assuming that soil C remains constant after forest harvest. Furthermore, carbon
monitoring programs include soil C inconsistently. For example, the American Carbon Registry [18]
and the Verified Carbon Standard [19] do not require or specify protocols for soil C measurements.
The Intergovernmental Panel on Climate Change (IPCC) inventory standards [20] assume constant
mineral soil C in Tier 1, with an option for inclusion of national soil C inventories only if preferred
by a particular agency, and the U.S. Forest Service Inventory and Analysis Program [21] specifically
limits soil sampling to 20 cm depth. The inclusion of soil in models of ecosystem C following harvest
can have significant effects. For example, in a model of the forest C pool change following intensive
bioenergy harvest, Zanchi et al. [22] show that the inclusion of soil increases the C payback period by
approximately 25 years when substituting forest bioenergy for coal. Thus, the inclusion or exclusion of
soil in ecosystem C models and ecological monitoring programs can have a major impact on forest
policy when attempting to mitigate climate change through forest management [14].

Ambiguity about the effect of forest harvesting on soil C has persisted in the literature, likely
exacerbated by the inherent spatial and temporal variability in soil measurements that can obscure the
results of even the most well-designed studies [23]. By gathering the results from many studies that
apply similar treatments, meta-analysis can overcome the high levels of spatial and temporal variability
to provide cumulative answers that may not have been evident within individual sites [23,24]. Previous
meta-analyses on the effect of harvesting on soil C have found either minimal effects on soil C pools [25]
or substantial (30%) loss to O horizon pools with little change to mineral soil C [9]. Variation in soil C
response has been shown to significantly differ among soil types and different harvesting strategies [9].

Studies of soil C change due to harvest have historically been strongly biased toward surface
sampling [26]. Nave et al. [9] reported a mixed response to harvest in deeper soil (20–100 cm depth),
ranging from a slight average decrease (−5%) in studies that reported C pools to a large average
increase (+20%) in studies that reported only C concentration. Several recent reviews have highlighted
the need for greater sampling of deep soil [26–28], especially as the shifting paradigm of SOM research
has come to reject the assumption that deep soil C cannot not change on timescales relevant to
anthropogenic C emissions [29–31]. Resolving the response of deep soil horizons to harvesting is
important because these horizons occupy a much greater volume than surface O and A horizons.
Even small changes in subsurface C can exacerbate or compensate for changes in surface soil C, and
neither the magnitude nor direction of subsoil C change is clear from previous research.

The process of meta-analysis is necessarily cumulative, with each iteration updating previous
analyses to further constrain the error in effect size estimates and to extend the scope of analysis. Thus,
the objective of our meta-analysis is to update and extend the findings of Nave et al. [9] with respect to
five major research questions:

(1) What is the overall effect of forest harvesting on soil C pools?
(2) How does the effect of forest harvest on soil C change with soil depth?
(3) To what extent does the effect of harvesting differ among soil orders?
(4) Do site pretreatment strategies or increasing harvesting intensity (i.e., whole tree harvest)

moderate or accentuate harvesting impacts on soil C?
(5) How long does soil C take to recover from harvest across different soil types?

2. Materials and Methods

Meta-analysis is a cumulative activity which builds upon previous research and meta-analyses on
similar research questions. Our meta-analysis builds upon the work of Nave et al. [9] and Johnson
and Curtis [25] by updating their results with studies published between 2008 and 2016. The database
published by Nave et al. [9] was independently recreated from each of 75 references. Metadata for
each study was verified, and additional metadata such as the sampling depth of each response ratio
was gathered. A total of 8 effect sizes differed in our dataset from the Nave et al. [9] database, all of
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which were either additional data for mineral soils or a split of one effect size into two based upon
sampling depth.

To add to this database with studies published between 2008 and 2016, we searched the
peer-reviewed literature for relevant studies using the online database Web of Science with
combinations of the terms: forest, timber, harvest, logging, soil C, soil organic matter, and management.
No climate criteria was used to screen studies. To be included in the meta-analysis, publications had
to report both a control as well as harvested treatments. Both pretreatment soil C and unharvested
reference stands were considered acceptable controls, and measurements of reference stands were
considered the superior control. For forest chronosequence studies, soil C data from the oldest stand
was used as the control. A minimum stand age of 30 years was considered acceptable for control
stands, although most studies used controls of considerably greater age. Nave et al. [9] found that
studies reporting only soil C concentration data yielded different conclusions about the direction of
harvest effects than those studies reporting soil C pool data. Consequently, soil C pool data was used
in our meta-analysis when both concentration and pool data were available.

We collected potentially useful predictor variables of soil C response from each publication,
including soil order, geographic region, and time since harvest (Table 1). Binning of continuous
predictor variables (such as precipitation) was carried out in the same intervals as Nave et al. [9] for
ease of comparison. Each study was categorized by harvest, residue management, and site preparation
strategies. Harvesting technique was categorized as sawlog when only the merchantable bole (stem)
was removed from the site or whole tree harvest (WTH) when the tops, limbs, and foliage were
removed in addition to the bole. To test the response of soil C at different depths, data from each study
was separated into one of five groups: O horizon, top soil (0–15 cm), mid soil (15–30 cm), deep soil
(30–60 cm), and very deep soil (60–100+ cm). A sixth group called whole soil was assigned to studies
that aggregated mineral soil samples instead of reporting results at separate depths. Several studies
aggregated soil data from 0–100 cm, which reduced the number of unique deep and very deep soil
observations even though these depths were separately sampled.

Table 1. Factors gathered as potential predictor variables in this meta-analysis.

Factor Levels

Reporting units Pool (Mg·ha−1), concentration (% or mg·g−1)

Soil Depth

O horizon Forest Floor
Top Soil 0–15 cm
Mid Soil 15–30 cm
Deep Soil 30–60 cm
Very Deep 60–100+ cm

Overstory species Hardwood, conifer/mixed
Soil order Alfisol, Andisol, Entisol, Inceptisol, Mollisol, Spodosol, Oxisol, Ultisol
Geographic group NE North America, NW North America, SE North America,

SW North America, Europe, Asia, Pacific (Australia, New Zealand)
Harvest type Clearcut, thin
Harvest intensity Stem only, whole tree
Residue management Removed, spread
Site preparation Broadcast burn, tillage/scarification
Soil texture Fine (mostly silt or clay), coarse (mostly sand), organic
Time since harvest Continuous
Mean Annual Temperature 0–5, 5–7.5, 7.6–10, 10.1–15, 15.1–20, >20 (◦C)
Mean Annual Precipitation <500, 500−750, 751−1000, 1001−1400, 1401−1800, >1800 (mm)

Our meta-analysis estimates the magnitude of change in soil C using the ln-transformed response
ratio R, which is defined as

ln (R) = ln
(

XT

XC

)
(1)
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where XT is the mean soil C value of treatment (harvested) observations, and XC is the mean soil C
value of control observations for a given set of experimental conditions at a specific site and depth.
Multiple response ratios were recorded for each publication, with the number of response ratios (k)
depending upon the number of experimental conditions imposed and the number of samples taken
by depth. For example, a publication that reports the results of two thinning treatments and two
clear-cut treatments at three depth increments (forest floor, top soil, and mid soil) versus a control
would yield 12 response ratios. R is a unit-less measure of effect size, which allows comparison
among studies that report data in different units [24]. By back transforming ln(R), [(e(ln(R)) − 1)× 100],
mean response ratios can be interpreted as the percentage change in soil C relative to the control.
Estimates of the standard deviation and sample size for each XT and XC were not available in several
publications. Consequently, an accurate estimate of total heterogeneity (QT) for the dataset was
not possible. Subsequent partitioning of QT into within- and among-group heterogeneity (QW and
QA, respectively) for random and mixed effect models (as is customary for meta-analyses) was not
possible [24]. Instead, we used nonparametric resampling techniques (bootstrapping) to estimate
confidence intervals around mean effect sizes in an unweighted meta-analysis [9]. Adams et al. [32]
recommend bootstrapping confidence intervals for ecological meta-analyses, and show that confidence
bounds based on this method are more conservative than standard meta-analyses. Bootstrapping was
implemented using the bootES package [33] in R [34]. For all statistical tests in our analysis, α = 0.05.

Although not exhaustive, the database we compiled from the literature search contained 945 soil C
response ratios from 112 publications published between 1979 and 2016. Roughly half the dataset was
comprised of response ratios analyzed by Nave et al. [9]. The full dataset is available as Supplementary
Material, including maximum sampling depth and the number of response ratios from each paper
(Appendix A).

3. Results

3.1. Overall Effect and Change with Depth

Across all studies, harvesting led to a significant average decrease in soil C of 11.2% relative
to control (Figure 1). Whether the response to harvest was reported as pools or concentrations had
a large impact on the estimated effect of harvest on soil C, with mean response for studies reporting
C concentration units (%, mg·g−1, etc.) 16.2% higher (with a 95% CI [20.9%, 11.8%]) than studies
reporting C pool units (Mg·ha−1, tons·ha−1, etc.). Concentration responses are higher than pool
responses at all soil depths, except for very deep and whole mineral soil, which did not have enough
concentration response ratios to construct separate confidence intervals (Figure 1). Consequently, all
subsequent analyses focused on the subset of data reporting soil C pools.

Several different soil layers show significant losses of C due to harvesting. Overall, O horizons
lost 30.2% of their carbon as a result of harvesting. Losses from top soil were much smaller, although
the estimated loss when reported in pool units was significant (−3.3%). In mid (15–30 cm) and deep
soil (30–60 cm), the average loss of soil C was greater than topsoil, although the smaller number of
response ratios for these depths resulted in more poorly constrained estimates. Studies only reporting
C concentration observed a 14.5% increase in deep soil (30–60 cm), although the sample size was
relatively small. The overall effect in very deep soil (60–100+ cm) was significant, with an average loss
of 17.7%. Unfortunately, this region of the profile was not frequently sampled (21 response ratios out
of 945 total), and consequently the 95% confidence interval is quite wide.
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Figure 1. Response of soil C to forest harvesting, overall and faceted by soil depth. All points are
back-transformed mean effect sizes ± 95% confidence intervals calculated by nonparametric bootstrap.
The number of response ratios (k) that make up each mean effect is listed on the right. Mean effects
with confidence intervals overlapping the dashed line (0%) show no significant change in soil C due to
harvesting. Within each facet, mean effect sizes are shown for the overall effect as well as separately for
studies reporting C pool units or concentration units.

3.2. Effect of Harvesting across Soil Orders

The effect of harvesting on soil C differs between soil orders (Figure 2). For the Alfisols and
Inceptisols, there are significant losses in O horizon C pools (−12.0% and −45.4%, respectively), but
no significant loss in the mineral soil. Mollisols lost an average of 17.7%, although neither O horizon
nor mineral soil responses were significantly different from 0. In several cases, small samples sizes
made separate testing of organic and mineral soil impossible within a single order (Andisols, Entisols,
Oxisols). However, in each of these cases the overall effect was significant. Soil C increased by 24.5% on
average in Andisols, but decreased by 18.8% in Entisols and 30.9% in Oxisols. The number of response
ratios was more concentrated in the Alfisol, Inceptisol, Spodosol, and Ultisol orders, although a large
number of publications did not report information on soil classification. The response to harvesting
in Spodosols is substantial (−19.0% overall), with significant losses in both the O horizon (−36.4%)
and moderately less in the mineral soil (−9.1%). Likewise, Ultisols lost significant soil C in response
to harvesting (−24.7% overall), with the most substantial losses occurring in the O horizon (−66.0%)
rather than in the mineral soil (−11.9%).
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Figure 2. Response of soil C to harvesting in different soil orders. Mean effect sizes ± 95% confidence
intervals calculated by nonparametric bootstrap are shown for all response ratios in each soil order
(Overall) and broken out into mineral soil or O horizon. The number of response ratios (k) comprising
each mean effect are listed on the right. Effect sizes were calculated only on response ratios reported in
pool units (k = 746).

3.3. Differences in Response to Harvest between Forest Types

The response of soil C to harvest differs between hardwood and coniferous/mixed forest types
(Figure 3). The decline in O horizon C pools is significantly greater in conifer/mixed forests (−38.1%)
compared to hardwood forests (−25.4%). Differences between forest types were not significant for any
mineral soil layer. However, the decline in soil C after harvest was significant for hardwood forests
but not conifer/mixed forests in deep soil (30–60 cm) and in studies reporting whole mineral soil C
pools. Also in these studies, the difference between hardwood and conifer/mixed forest response to
harvest is marginally significant (p < 0.1). The number of observations are highly concentrated in O
horizon and top soil, consequently limiting the precision of mean effect size estimates in deeper layers.
No observations for hardwood forest were made in very deep soil (60–100+ cm).
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Figure 3. Response of soil C harvesting at different depths in soil, broken down by hardwood or
conifer/mixed forest types. Mean effect sizes ± 95% confidence intervals calculated by nonparametric
bootstrap are shown for hardwood and conifer/mixed forests. Blue circles show the mean difference
between these forest types (Hardwood–Conifer/Mix) ± 95% confidence interval for the difference.
Differences are calculated on the logarithmic effect size scale, and then back-transformed to % change,
and thus do not necessarily add up on the % change scale. The number of response ratios (k) in each
forest type at each depth is listed on the right. Data for very deep soil is not shown because there were
no observations for this soil layer in hardwood forests.

3.4. Harvest Intensity, Residue Management and Site Pretreatment

Differences in forest management strategies can significantly impact the response of soil C to
harvesting (Figure 4). While there was no significant overall difference observed between thinning
and clear-cut harvesting, less C was lost from mineral soils under clear-cut harvesting compared to
thinning (+9.3%). Likewise, harvest intensity significantly changed the response of mineral soil C,
with soils undergoing whole tree harvesting losing 13.3% less C than bole-only harvesting. Possible
mechanisms for these counter-intuitive results are considered in Discussion Section 4.5.

The practice of broadcast burning sites in preparation for planting after a harvest leads to
significant additional losses of soil C, with burned soils losing 15.2% more C than soils with no
pretreatment. This effect is especially severe in the O horizon (40.9% additional loss than if sites were
not burned), and somewhat curtailed in the mineral soil (8.3% additional loss). The wide 95% CI for
the estimate of differences in O horizon responses due to burning reflects disparities in burn severity
and treatment implementation among different studies.

Spreading of residual materials across harvested sites (by chipping tops and limbs or other
methods) resulted in significant additional loss of soil C (−10.9%), with these extra losses occurring
mostly in the mineral soil (−17.5%). On the other hand, residue removal resulted in no significant
additional losses to soil C.

Tillage is sometimes used to prepare soils for planting after harvest, either to create raised planting
beds or to prepare the soil seed bed. This intensive style of site preparation did not result in significant
losses in soil C, especially in the mineral soil. However, very large losses were reported in the O horizon
(mean effect = −37.1%) with a very wide confidence interval due to a small number of observations.
Additional study of the effect of tillage would help to reduce this error.
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Figure 4. Differences in response of soil C to harvesting between treatment strategies. Differences are
calculated by subtracting [more intensive treatment] − [less intensive treatment], such that positive
differences represent reduced loss of C due to more intensive treatment, and negative differences
represent increased losses of C due to more intensive treatment. Point estimates are back-transformed
differences between mean effect sizes ± 95% confidence intervals calculated by nonparametric
bootstrap. Mean effect differences with confidence intervals overlapping the dashed line (0%) show
no significant difference between the harvesting, residual management, or pretreatment strategies.
The number of response ratios (k) for the intensive treatment in each comparison appear on the left and
for the less intensive treatment on the right.

3.5. Recovery of Soil C after Harvest

The recovery time for soil C following harvest differs among soil orders (Figure 5). Only 4 soil
orders contained enough observations over time to model recovery times: Alfisols, Inceptisols,
Spodosols, and Ultisols. We modeled time as a second degree polynomial (Time + Time2) separately
for O horizons and mineral soils for each soil order (Table 2).

Table 2. Linear regression coefficients and significance for second degree polynomial model of response
of soil C to harvesting over time.

Coefficient Estimate SE t-Value p-Value

Intercept (Alfisol, mineral soil) 12.702 3.587 3.541 0.0004
O horizon −21.475 3.766 −5.703 <0.0001
Inceptisol −10.876 5.717 −1.902 0.0577
Spodosol −14.717 4.320 −3.407 0.0007

Ultisol −24.776 5.391 −4.596 <0.0001
Time −67.834 41.56 −1.632 0.10325
Time2 120.412 40.361 2.983 0.0030

Residual SE: 40.24 on 533 DF
F-Statistic: 10.74 on 6 and 533 df, p < 0.0001 R2 = 0.108 Adj. R2 = 0.098
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Figure 5. Temporal patterns in both O horizon (yellow triangle) and mineral soil (blue circle) C pools for
Alfisol, Inceptisol, Spodosol, and Ultisol orders. Other soil orders are not shown due to an inadequate
number of response ratios over time. Regression lines show trends with time using a second order
polynomial. For the overall model, F = 9.205 on 7 and 532 degrees of freedom, Adj. R2 = 0.096, and
p < 0.0001 (Table 2).

4. Discussion

4.1. Overall Effect of Harvesting on Soil C

Our results reveal that across many publications in the literature there is a significant loss of soil C
in response to harvest (−11.2% overall, −14.4% for studies reporting C pools). This estimate is slightly
greater than that found by Nave et al. [9], who reported −8% change relative to control. The difference
between these estimates derives from additional losses reported in mineral soil, since the effect of
harvesting on O horizon C is identical between this study and Nave et al. [9] (−30%). Indeed, while no
significant loss of soil C due to harvesting was reported in previous meta-analyses on the subject [9,25],
this analysis reveals significant if small losses in various mineral soil layers. Our meta-analysis has
roughly double the number of responses than previous meta-analyses on the subject, and consequently
has greater statistical power. In particular, this has allowed us to break down the response of mineral
soil C to harvest into more depth increments to better characterize how response is moderated or
accentuated by depth.

4.2. Depth Distribution of Soil C Response to Harvest

The response of soil C to harvest differs among depths in the soil. O horizons show the most
substantial declines (by percentage), although the O horizon is typically a smaller pool of C than
mineral soil horizons. Consequently, smaller absolute declines in O horizon C pools can lead to
larger response ratios. Forest type significantly alters the response of O horizons to harvesting, with
hardwood forests undergoing less drastic losses than conifer and mixed forests (Figure 3). This result
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is in contrast with Nave et al. [9], who found that conifer O horizon soil C declines significantly less
than hardwood forest floors. Coniferous forest litter is thought to be more chemically recalcitrant to
decomposition because of higher C/N and lignin/N, as well as slower N mineralization rates [35,36].
The trend for more soil C loss from coniferous forest floors could be due to differences in the harvesting
techniques utilized for each forest type. On the other hand, less change in soil C in coniferous forests
in deeper mineral soils could suggest that some of the additional loss in O horizon C pools is the
result of translocation of C into mineral soil rather than mineralization to CO2. Whatever the case, the
mechanism for this difference is not clear and warrants additional study.

In mineral soils, the relative response to harvest is typically less than the O horizon, but this
small relative loss might correspond to a larger absolute loss of C in the mineral soil in many forests.
The major exception to this pattern are Spodosols, which can contain larger proportions of total soil
C in deep, acidic O horizons. Declines in top soil C pools were modest (−3.3%) but still significant
(Figure 1). Mean effect size estimates become more negative with soil depth, although these estimates
are not significant. The overall estimate of change in very deep soil (60–100+ cm) shows substantial
and significant loss of C (−17.7%). This estimate, however, only covers a small number of observations
(21) from Spodosol, Ultisol, Alfisol, and Inceptisol soil orders and completely excludes hardwood
forests. The lack of observations in deeper soil horizons leads to very wide confidence intervals.

On average, the maximum depth of soil sampled by the publications in this meta-analysis was
35.9 cm (Figure 6). The average depth of sampling for each response ratio in the database is even more
surface-skewed at 21.3 cm. Many of the observations down to 100 cm in the literature only report
treatment differences for the whole mineral soil profile (0–100 cm), which eliminates any possibility
of understanding the relative response of different horizons or depths. The scarcity of observations
in deep soil is incongruous with the increasing loss of soil C with depth relative to control observed
in this analysis. More important than the magnitude or significance of the harvest response in very
deep soil is the conclusion that much greater attention should be paid to deep soil C pools in both
individual forest manipulation experiments and broad-scale C inventory.

Figure 6. Number of response ratios plotted by the maximum depth of sampling for each observation.
Response ratios calculated from concentration are in blue, and from pools in orange. The average
depth of all response ratios is denoted by the solid green line (21.3 cm, n = 945). The average maximum
sampling depth for all 112 publications in the meta-analysis is denoted by the dashed red line (35.9 cm).

While soil C in deep soil is much less concentrated than in O and A horizons, subsurface soil
represents a much greater volume of soil than surface soil, especially in older/more well developed soil
orders like Alfisols, Ultisols, and Oxisols. Some major regions for forestry contain substantial portions
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of total soil C in deep horizons. For example, 38% of total soil C was below 50 cm and 24.1% below
1 m in production forest soils in the Pacific Northwest [37]. The imprint of biological activity extends
many meters into soil, even into the C horizon [38]. Globally, the average maximum rooting depth for
trees is ~7 m [39], far outreaching even the deepest observations in this database. Harvesting disrupts
the continued growth and turnover of roots extended deep into soil by mature trees, which in turn
disturbs the steady state of C cycling in deep soil by changing environmental conditions (temperature,
moisture) as well as the type and rate of C inputs. Furthermore, the flush of nitrate and dissolved
organic matter that frequently follows harvest [40,41] could prime the breakdown of older, subsurface
C by providing a spike in nutrient availability and labile energy sources [31,42,43]. Alteration of
aboveground ecosystems can cause changes in subsurface soils. For example, Mobley et al. [44]
observed that, over a period of several decades following afforestation of agricultural land, modest C
gains in surface soil were more than offset by large losses in soil C below 30 cm. Neither the response
of deep soil C to harvest nor the mechanisms for that change have been sufficiently resolved in the
literature, and future work to address these questions are necessary.

4.3. Differences in Soil C Response to Harvest among Soil Orders

Substantial variation in response to harvest was observed among soil orders. Several soil orders
had very few response ratios (Andisols, Entisols, Mollisols, and Oxisols), which greatly widens
confidence intervals. Nonetheless, significant changes in soil C in response to harvest were observed
for all four of these orders. Andisols were the only order to show a significant average increase in
soil C in response to harvest. This likely stems from Andisols particular mineralogy, which is often
characterized by short-range-order minerals like allophane and imogolite [45–47]. The capacity for
these types of minerals to adsorb organic matter makes Andisol soil C especially resistant to loss after
harvesting. Alfisols also appear to be resistant to loss of soil C after harvesting, with relatively small
loss in O horizons (−12.0%) being the only significant effect. All other soil orders have significant
overall losses in soil C, roughly −20% for Entisols, Inceptisols, Mollisols, Spodosols, and Ultisols.
The uneven distribution of observations among soil orders (most response ratios in the database
are from Alfisols, Inceptisols, Spodosols, and Ultisols) results in substantial differences in the size of
confidence intervals among different orders. Unfortunately, many studies did not report soil taxonomic
information, and thus 115 response ratios could not be assigned to a soil order. The lack of studies
on Andisols is curious given the importance of these soils to forestry in several regions such as the
Pacific Northwest, USA and New Zealand. Several studies on Andisol and other under-represented
soil orders were excluded from this analysis because of a lack of appropriate controls.

4.4. Recovery of Soil C after Harvest

Recovery of soil C after harvesting can take several decades [9]. O horizon pools decline more
severely than mineral soil pools, especially in the first several decades (Figure 5). In Spodosols, O
horizons recovered from harvesting after 60–85 years, while mineral soil recovered over a longer period
of 75–100+ years. While the response to harvest was less severe in mineral soils, the longer recovery
period implies either lagged response time between forest floor and mineral soils or differences in
the decay rate constants leading to longer-term changes in mineral soil C compared to the forest floor.
In the case of Alfisols and Inceptisols, soil C in mineral pools increased or stayed the same after harvest,
while O horizons declined. However, the observations of harvest effects on Alfisols, Inceptisols, and
Ultisols were largely confined to within the first 50 years post-harvest. Consequently, an estimate
for the recovery period of soil C pools in these soil orders cannot be assessed with much confidence.
Continued observation of existing harvesting experiments in other soil orders must be made to better
characterize changes in soil C over time. For Andisols, Entisols, Mollisols, and Oxisols, only a few time
points have been documented, and much further study will be necessary to understand recovery of
soil C after harvest.
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The modeled recovery time has a fairly low adjusted R2 (0.1) and thus a low predictive capacity.
Substantial variation in the response to harvest exists within each soil order, reflecting differences in
tree species, harvest intensity, and pretreatment strategies, among other factors. Moreover, soil orders
are hardly homogeneous, and differences in the response of soil C among lower levels of classification
within each order could be as important as order-level differences. Nonetheless, the substantial and
significant differences between orders considered in the model suggest that both the resistance of
soil C to change and the recovery period of soil C following harvest (resilience) consistently varies
among soil types. Compared with 20-year recovery periods assumed by many models [14], our results
indicate that soil C recovery takes place over at least triple that time frame for both O horizons and
mineral soil in many cases.

While forests >30 years of age were considered acceptable controls for this analysis, the
preponderance of data in this meta-analysis show decreases in soil C relative to control at
time = 30 years. Consequently, studies that use mature second growth stands barely over this threshold
for experimental controls likely underestimate the response of soil C due to harvesting treatments.
Depending upon the site conditions and soil order, control stands of at least 50–75+ years since harvest
would be recommended, with older stands being more accurate controls.

4.5. The Effect of Harvest Strategies on Soil C

Differences in harvesting and soil pretreatment strategies significantly impact the loss of soil
C after harvest. Curiously, despite the greater relative losses of soil C in O horizons, significant
differences between harvest intensities and pretreatment strategies were only found in the mineral
soil with the exception of broadcast burning (Figure 4). The reduced loss of soil C from mineral soil
observed in treatments with greater harvest intensity (+9.3% for clearcut, +13.3% for whole tree harvest)
runs counter to the intended effect of these experimental treatments on soil C. One possibility is that
increased harvest intensity reduces the quantity of dissolved organic matter and inorganic nutrients
leached into the mineral soil, thus reducing the priming [42,48,49] of mineral soil C mineralization
through less addition of energy-rich substrates and nutrients. Another possibility is that response of
soil C to increased harvest intensity is soil-type specific, and thus an aggregate analysis such as this is
subject to bias by unequal sampling of different soil orders. Whatever the case, this dataset cannot
identify the specific mechanism(s) driving this difference, and further study is warranted.

Tilling of forest soils prior to planting should intuitively disrupt O horizons to a greater extent
than less intensive practices. However, due to the very small number of observations of this practice in
the dataset, the large mean treatment effect on soil C was could not be differentiated from 0. By mixing
organic material into the surface mineral soil, tilling could increase top soil C in the short term and
possibly prime additional breakdown of C over time. In regions where this practice is used, additional
research could help to reveal the mechanisms driving change in the soil C of O horizons and mineral
following tillage.

Broadcast burning led consistently to additional loss of soil C in both O horizons and mineral
soil. The large additional reduction in O horizon C (−40.9%) is expected given that such a treatment is
intended to reduce slash on site to facilitate planting. The loss of carbon after harvest extends into deep
soil, especially following slash burning (Figure 7). Although there are few observations in very deep
soil (60–100+ cm), burning appears to especially exacerbate C losses in this layer. This result is despite
the direct effects of fire (such as soil heating and nutrient volatilization) being highly attenuated with
depth [50,51]. Levels of mineralized nitrogen (NH4

+ and NO3
−) and soluble sugars spike within the

first year following fire, leading to increased microbial biomass N and N leaching loss [52]. Thus, the
flush of nutrients and organic matter into deeper mineral soil following post-harvest broadcast burning
has the potential to impact soil C dynamics throughout the soil profile. The number of observations
in deep and very deep layers is small, and consequently additional research is necessary to better
differentiate between harvesting and fire effects in deep soil horizons.
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Figure 7. Absolute change in soil C due to harvest for each soil depth in this analysis (O horizon, top,
mid, deep, very deep, and whole mineral soil). Different points show burned (yellow triangle) and
unburned (blue circle) pretreatment strategies. Dashed 1:1 lines in each facet represent no response
due to harvest. The total number of responses shown is k = 746.

5. Conclusions

We analyzed 945 studies from 112 publications to examine the effect of harvest on forest soil
C around the globe. There is a significant overall reduction in forest soil C following harvest that
occurs in both the O horizon and mineral soil. Significant variation in the response to harvesting was
observed among different soil depths, among soil orders, between overstory forest types, and between
different harvest intensities and pretreatment strategies. Broadcast burning, in particular, appears to
exacerbate loss of soil C in both organic and mineral horizons following harvest. The recovery period
of soil C following harvest depends upon soil type and takes at least 60 years in many production
forests. One of the most important findings of this analysis is a significant loss (−17.7%) of soil C
following harvest in very deep soil (60–100+ cm). Deep layers of the soil are greatly under-represented
in the literature, and consequently, there is great uncertainty around this estimate. Examination of
deep soil horizons in existing manipulative forest studies, in new studies, and in C inventory should
be a clear objective for future research.

Supplementary Materials: The following are available online at www.mdpi.com/1999-4907/7/12/308/S1,
Table S1: Harvest meta-analysis database (Excel file).
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Appendix A. Publications Providing Response Ratios for This Analysis

Reference Year k Max Depth
(cm)

Time Since
Harvest a

(years)
Location

Alban and Perala [53] 1992 7 50 35 MN, USA
Bauhus et al. [54] 2004 6 40 9 Germany
Bisbing et al. [55] 2010 6 100 40 MT, USA

Black and Harden [56] 1995 15 20 23 CA, USA
Boerner et al. [57] 2006 4 10 2 SC, USA

Borchers and Perry [58] 1992 4 15 14 OR, USA
Bravo-Oviedo et al. [59] 2015 8 30 15 Spain
Cade-Menun et al. [60] 2000 12 26 5 BC, Canada

Carter et al. [61] 2002 8 15 2 LA, TX, USA
Chatterjee et al. [62] 2009 19 54 21 WY, USA

Chen et al. [63] 2013 24 100 29 China
Chiti et al. [64] 2016 24 100 24 Ghana, Cameroon, Gabon

Christophel et al. [65] 2013 6 30 15 Germany
Christophel et al. [66] 2015 18 30 33 Germany

Cromack et al. [67] 1999 1 100 10 OR, USA
Dai et al. [68] 2001 3 70 14 NH, USA

DeByle et al. [69] 1980 10 5 3 WY, USA
Deluca and Zouhar [52] 2000 6 8 5 MT, USA

Diochon et al. [70] 2009 28 50 35 NS, Canada
Edmonds and McColl [71] 1989 4 20 3 Australia

Edwards and Ross-Todd [72] 1983 6 45 1 TN, USA
Elliott and Knoepp [73] 2005 3 15 3 NC, USA

Ellis et al. [73] 1982 4 10 2 Tasmania
Ellis and Graley [74] 1983 2 10 1 Tasmania

Esquilin et al. [75] 2008 1 10 14 CO, USA
Falsone et al. [76] 2012 3 130 5 Russia

Fraterrigo et al. [77] 2005 1 15 30 NC, USA
Frazer et al. [78] 1990 4 14 12 CA, USA

Gartzia-Bengoetxea et al. [79] 2009 2 5 10 Spain
Gillon et al. [80] 1999 2 0 1 France

Goh and Phillips [81] 1991 4 60 2 New Zealand
Goodale and Aber [82] 2001 2 10 85 NH, USA

Gough et al. [83] 2007 15 80 41 MI, USA
Grady and Hart [84] 2006 2 15 12 AZ, USA

Grand and Lavkulich [85] 2012 6 80 BC, Canada
Gresham [86] 2002 6 30 10 SC, USA

Griffiths and Swanson [87] 2001 3 10 20 OR, USA
Gundale et al. [88] 2005 4 10 3 MT, USA

Gupta and DeLuca [89] 2012 12 50 5 Wales
Hart et al. [90] 2006 2 15 1 AZ, USA

Hendrickson and Chattarpaul [91] 1989 6 20 3 ON, Canada
Herman et al. [92] 2003 2 9 8 CA, USA
Holscher et al. [93] 2001 2 20 22 Germany

Hwang and Son [94] 2006 2 30 2 Korea
Jang and Page-Dumroese [95] 2015 8 30 38 MT, USA

Johnson [96] 1991 3 20 3 NH, USA
Johnson and Todd [97] 1998 6 45 15 TN, USA

Johnson [98] 1995 12 7 NH, USA
Johnson et al. [99] 1997 14 53 6 NH, USA
Johnson et al. [100] 2014 4 60 1 CA, USA

Jones et al. [101] 2011 12 30 15 New Zealand
Kaye and Hart [102] 1998 2 15 1 AZ, USA
Keenan et al. [103] 1994 1 20 4 BC, Canada
Kelliher et al. [104] 2004 4 50 22 OR, USA

200



Forests 2016, 7, 308

Reference Year k Max Depth
(cm)

Time Since
Harvest a

(years)
Location

Kishchuk et al. [105] 2014 4 7 6 AB, Canada
Klockow et al. [106] 2013 9 20 1 MN, USA

Klopatek [107] 2002 6 20 30 WA, USA
Knoepp and Swank [108] 1997 4 30 33 NC, USA

Korb et al. [109] 2004 1 10 1 AZ, USA
Kraemer and Hermann [110] 1979 2 10 26 WA, USA

Kurth et al. [111] 2014 72 30 8 MI, MN, USA
Laiho et al. [112] 2003 5 22 5 NC, LA, USA
Latty et al. [113] 2004 2 15 90 NY, USA
Law et al. [114] 2001 3 100 21 OR, USA
Law et al. [115] 2003 9 100 62 OR, USA

Leduc and Rothstein [116] 2007 1 10 5 MI, USA
Maassen and Wirth [117] 2004 2 5 Germany
Mattson and Smith [118] 1993 30 10 11 WV, USA
Mattson and Swank [119] 1989 8 60 5 NC, USA

May and Attiwill [120] 2003 2 10 5 Australia
McLaughlin and Phillips [121] 2006 2 50 17 ME, USA

McKee et al. [122] 2013 8 60 24 AL, USA
McLaughlin [123] 1996 10 50 5 MI, USA

Merino and Edeso [124] 1999 6 15 1 Spain
Moreno-Fernandez et al. [125] 2015 54 50 60 Spain

Mu et al. [126] 2013 18 50 5 China
Murphy et al. [127] 2006 20 60 1 CA, USA
Neher et al. [128] 2003 3 20 2 NC, USA
Norris et al. [129] 2009 15 100 16 SK, Canada

O’Brien et al. [130] 2003 6 50 18 Australia
Powers et al. [131] 2011 20 30 13 MN, WI, USA

Prest et al. [132] 2014 5 50 35 NS, Canada
Prietzel et al. [133] 2004 4 0 1 WA, USA
Puhlick et al. [134] 2016 10 100 ME, USA

Rab [135] 1996 8 10 1 Australia
Riley and Jones [136] 2003 3 10 1 SC, USA
Roaldson et al. [137] 2014 16 20 5 CA, USA

Rothstein and Spaulding [138] 2010 6 30 MI, USA
Sanchez et al. [139] 2007 6 105 2 SC, USA

Sanscrainte et al. [140] 2003 4 70 WA, USA
Saynes et al. [141] 2012 8 5 11 Mexico
Selig et al. [142] 2008 3 30 14 VA, USA

Shelburne et al. [143] 2004 4 10 1 SC, USA
Sheng et al. [144] 2015 5 100 8 China

Skovsgaard et al. [145] 2006 12 30 0 Denmark
Slesak et al. [146] 2012 12 60 5 OR, WA, USA

Small and McCarthy [147] 2005 3 10 7 OH, USA
Stone et al. [148] 1999 1 15 1 AZ, USA

Stone and Elioff [149] 1998 4 30 5 MN, USA
Strong [150] 1997 8 40 18 MN, USA

Strukelj et al. [151] 2015 12 10 5 QC, Canada
Tang et al. [152] 2009 12 60 29 MI, WI, USA

Trettin et al. [153] 2011 6 150 11 MI, USA
Ussiri and Johnson [154] 2007 15 60 8 NH, USA

Vario et al. [155] 2014 6 60 49 NH, USA
Vesterdal et al. [156] 1995 9 0 Denmark
Waldrop et al. [157] 2003 3 0 1 CA, USA

Wu et al. [158] 2010 1 20 10 China
Xiang et al. [159] 2009 8 30 0 China
Yanai et al. [160] 2000 35 0 29 NH, USA

Zabowski et al. [161] 2008 2 20 25 OR, WA, USA
Zhong and Makeshin [162] 2003 2 10 16 Germany

Zummo and Friedland [163] 2011 15 60 3 NH, USA
a For chronosequence studies, time since harvest in this table is averaged across all response ratios for that study.
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Abstract: The purpose of this study was to determine the stocks of available P and S, total N, and
oxidizable C at depth in an Oxisol cultivated with Eucalyptus in Brazil following different timber
harvest intensities and fertilizer application over 12 years. The harvest regimes considered were
(i) conventional stem-only harvest (all forest residues were maintained on the soil); (ii) whole-tree
harvest (only litter was maintained on the soil—all slash, stemwood, and bark were removed); and
(iii) whole-tree harvest + litter layer removal. The site was planted in 2004 considering three timber
harvest intensities, some with and some without N and P fertilization. In 2012 the experiment was
reinstalled, and all the treatments were reapplied in the each plot. From 2004 to 2016, nutrient
accumulation and soil N, P, and S stocks were assessed in the 0–20 cm layer. Also in 2016, soil N, P, S,
and oxidizable C stocks were measured to 2 m depth. For each treatment, the net balance of N, P, and
S were calculated from soil stocks and harvest outputs during two forest rotations. A reduction in all
nutrient stocks was observed in the 0–20 cm layer for all treatments. For N, this reduction was 20%
smaller in the stem-only harvest treatment and 40% higher when no N fertilizer was applied, when
compared to other treatments. Stem-only harvest treatment was observed to reduce the loss of N,
P, and S due to harvest by 300, 30, and 25 kg·ha−1, respectively, when compared to the whole-tree
harvest + litter layer removal treatment.

Keywords: nutrient cycling; forest residue management; Eucalyptus; nitrogen; carbon; phosphorus;
sulfur; minimum tillage

1. Introduction

Forest soils form an important reservoir in ecosystem nutrient and carbon budgets, which are
crucial for the sustained productivity of forests [1]. Nutrient fluxes and transformations in forest soils
are a result of a complex interchange between the atmosphere, plants, and soil. Consequently, soils are
a critical source of plant nutrition [2], and integral to the recovery of ecosystems following natural or
human disturbances. As essential plant nutrients, the concentrations of plant available nitrogen (N),
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phosphorous (P), and sulfur (S) are crucial controls on the net primary productivity of a site. As the
plants uptake these nutrients, their concentrations within the soil are reduced until they are replaced
either by nutrient recycling or fresh inputs. In order to maintain the supply of these nutrients back into
the soil, sustainable silviculture practices focus on high timber productivity while efficiently balancing
the additional export of harvest residues with the cost of fertilizer to replace nutrients.

Highly weathered tropical soils are characteristically deficient in essential plant nutrients. This is
especially true of the macronutrients essential for plant growth and development [3]. Organic matter
(OM) plays a fundamental role in soil fertility, contributing to cation exchange capacity (CEC) and as a
source of nutrients [4], while also stabilizing soil aggregates and increasing water holding capacity.
Soil management practices can sustain adequate levels of OM while providing sufficient quantities
of plant available P. The need for balancing high timber productivity while maintaining soil nutrient
concentrations has led to the development of sustainable silvicultural practices [5,6].

Highly weathered soils may conserve more carbon (C) with increasing OM inputs because P
frequently limits decomposition [7]. Such P limitations will also effect microbially driven processes,
such as N mineralization. While most temperate ecosystems—which are usually N limited—may store
added mineral N for long periods, a P limited tropical forest can rapidly loose substantial amounts of
mineral N (NO3

− and NH4
+) following N fertilization [8]. The nutrient limitations of tropical soils not

only decrease plant productivity but also impact decomposition rates and immobilization processes
and therefore the soil’s capacity to store and cycle C and N [9–11].

Many consider the proper management of forest residues to be a practice which maintains the
harvest residues (i.e., slash, bark, and litter layer) on site as a source of nutrients. The practice of
leaving forest residues on site can sustain soil quality with respect to the productivity of medium
and long-term species such as Eucalyptus [12–16]. This practice helps to improve nutrient pools and
OM content in the soil [3]. Harvest residues, when retained on site, deposit nutrients back to the
soil following decomposition. Plants cultivated in the area will then readily absorb these nutrients.
This reduces the need for synthetic fertilizer and other methods for soil preparation that can disrupt
soil physicochemical properties such as aggregation [17,18]. In addition, the protective layer formed
due to the presence of harvest residues on the soil helps to reduce extreme surface heating and water
loss through evaporation, and decreases soil loss due to erosion.

Due to the coupling of soil nutrient status (i.e., C, N, P, and S) and forest productivity, elucidating
the impacts of forest residue additions will aid in the sustainable management of high quality, rapidly
growing timber crops. Under tropical conditions, it is still unclear how the presence of harvest residues
in the soil can help to create a more efficient silviculture system with regards to productivity, improved
preservation of soil characteristics, and reduced fertilizer applications. For this reason, the objective of
this study was to determine the stocks of available P and S, total N, and oxidizable C at depth in an
Oxisol which was cultivated with Eucalyptus in Brazil over 12 years, under different timber harvest
intensities and fertilizer applications. During each forest rotation the net balance between soil N, P,
and S stocks and harvest outputs was also calculated.

2. Materials and Methods

2.1. Study Site

The study was carried out at the Itatinga Forest Science Experimental Station of the University of
São Paulo in Brazil (23◦06′ S, 48◦36′ W, and 857 m above sea level). The Köppen climate classification
of the site is humid subtropical (Cfa) with an average annual temperature of 19.4 ◦C. In the coldest
month (July), the temperatures average 15.6 ◦C, and in the hottest month (January), the temperatures
average 22.3 ◦C. The mean annual rainfall is 1319 mm, with 75% of the rainfall concentrated between
October and March [19].

The topography of the region is flat to undulating, and the soil is a very deep (>10 m)
Ferralsol (International Union of Soil Sciences (IUSS) Working Group—World Reference Base for
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Soil Resources (WRB), 2015; red-yellow Latosol—Brazilian Classification System, and Oxisols—United
State Department of Agriculture (USDA) Soil Taxonomy) that developed on Cretaceous sandstone.
The clay content ranges from 17% in the A1 horizon to 25% in deeper Bo horizons. The mineralogy was
dominated by quartz, kaolinite, and oxyhydroxides of Al and Fe with a low pH and small amounts of
exchangeable cations (Table 1).

Table 1. Physical and chemical attributes of experimental site *.

Depth Sandy Silt Clay 1 pH 2 CEC7
3 C 4 N 5 P 6

Exchangeable
Cations 4

K Ca Mg Al

cm g·kg−1 mmolc

kg−1 g·kg−1 mg·kg−1 mmolc kg−1

0–10 802 22 175 3.8 63.98 9.61 1.44 4 0.25 4.28 2.81 7.50
10–20 811 12 176 3.9 51.42 10.05 1.67 3 0.27 2.80 2.17 8.43
20–30 790 34 176 3.9 39.98 6.77 1.53 1 0.20 1.32 1.00 6.09
30–40 777 23 200 3.9 40.18 5.33 1.29 1 0.15 0.88 0.81 7.03
40–60 747 14 239 3.9 38.46 5.42 1.14 1 0.15 0.99 0.72 7.50
60–100 712 12 276 3.9 32.72 5.04 0.99 1 0.15 0.66 0.54 6.56
100–150 712 11 277 4.0 30.09 3.44 1.04 1 0.08 0.71 0.54 2.34
150–200 704 20 276 4.2 22.05 0.87 1.04 1 0.05 0.55 0.54 2.81

* Samples were taken in 2014. The total area of the experiment was considered (average of all plots). 1 Pipette
method; 2 Determined in CaCl2 0.01 mol·L−1 in soil/solution reason of 1:5; 3 Cation exchange capacity with soil
at pH 7; 4 wet oxidation; 5 Determined using the micro Kjeldahl method after sulphuric digestion; 6 Extracted
with exchange ion resin [20].

The original vegetation of the site was Cerrado stricto sensu (Brazilian savannah) [21]. The site
has been planted with Eucalyptus species since 1940. From 1940 to 1992, it was cropped with
Eucalyptus saligna and managed by coppicing with clearcutting every seven or eight years. In 1992, the
plantation was harvested and replanted with Eucalyptus grandis, which was harvested (via clear-cutting)
in 2004 when the study site was installed.

2.2. Experimental Design and Treatments

The study site was installed in 2004 (R1) and reinstalled in 2012 (R2) with three replicates of
five treatments in a randomized block design. The plot sizes were 27 m × 18 m, with 81 trees
per plot. The assessments were carried out in an inner plot of 15 m × 10 m (25 trees per plot).
Five treatments were implemented with different management levels of forest residue removal and
fertilizer applications (Table 2). The forest residues manipulated in this experiment include all of
the organic residues remaining on the soil after wood harvesting of E. grandis plantations after
12 years of growth: the leaves and branches less than 3 cm in diameter (canopy), bark, and litter layer.
The treatments tested were:

1. ReM + F—Only stemwood was harvested; all of the forest residues (bark, canopy, and litter layer
from the previous rotation) were maintained on the soil after the clear-cutting, and all nutrients
were applied as fertilizer and the soil was dressed with limestone;

2. ReR + F—All of the forest residues (bark, canopy, and litter layer from the previous rotation) were
removed from the plot after the clear-cutting, and all nutrients were applied as fertilizer and the
soil was dressed with limestone;

3. ACR + F—The canopy (leaves and branches) and bark were removed after clear-cutting, but
the litter layer was maintained; all nutrients were applied as fertilizer and the soil was dressed
with limestone;
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4. ACR − N—The canopy (leaves and branches) and bark were removed after the clear-cutting, but
the litter layer was maintained; all nutrients except N fertilizer were applied and the soil dressed
with limestone. However, a small quantity of N was applied to ensure tree survival;

5. ACR − P—The canopy (leaves and branches) and bark were removed after the clear-cutting, but
the litter layer was maintained; all nutrients except P fertilizer were applied and the soil was
dressed with limestone;

Table 2. Forest residue management and nutrients applied in treatments.

Treatment
1

Forest Residue 2 Nutrients 3

Canopy Bark
Litter
Layer

N P K Ca Mg S

kg·ha −1

ReM + F M M M 130 44 125 480 120 140
ReR + F R R R 130 44 125 480 120 140
ACR + F R R M 130 44 125 480 120 140

ACR − N R R M 10 44 125 480 120 11
ACR − P R R M 130 - 125 480 120 140

1 Detailed description in Material and Methods; 2 M = maintained on the soil, R = removed from the area;
3 N, P, K, Ca and Mg sources were ammonium sulphate, triple superphosphate, potassium chloride, and
limestone, respectively.

The ReR + F treatment was included to simulate a severe harvest condition where all forest
residues were removed from the site, with fertilization being the only source of nutrients added to
the soil. Although unusual, this harvest management system has already been implemented in some
regions in Brazil, especially when biomass prices were high and all forest residues were removed
with the objective of maximizing biomass production. Furthermore, by examining such an extreme
treatment, this study brackets the range of harvest intensities actually utilized by different forest
managers. Thus, the effects of more moderate treatments can be estimated by interpolating between
two endmembers rather than extrapolating from a more limited range of harvest intensity.

2.3. Field Procedures

After clear-cutting the 12-year-old Eucalyptus grandis Hill Ex Maiden plantation, the treatments
(Table 2) were applied and the soil was prepared by subsoiling to 0.4 m deep with a ripper. The plots
were planted with a single progeny of E. grandis Hill ex Maiden seedlings in June 2004 (one month after
harvesting the previous plantation). The fertilizer that was applied is shown in Table 2. Additionally,
3.4 kg·ha−1 of boron (B) and 30 kg·ha−1 of Fritted Trace Elements (FTE) (9% Zn, 1.8% B, 0.8% Cu,
2% Mn, 3.5% Fe, and 0.1% Mo) were applied in every treatment. The fertilizer was applied as one base
fertilizer application and two topdressing applications. The base fertilizer application was made on the
same day as the planting, the triple superphosphate, the FTE, and 10 kg·ha−1 of N and K were added
in a small pit to the side of each seedling, whereas the lime (2 Mg·ha−1) was applied to the whole area.
The ACR − N treatment received a small amount of N with the base fertilizer to ensure the survival
and the initial development of plants. The topdressing application of N, K, S and B was applied around
the seedling within the ground area covered by the canopy at three and eight months after planting.
The plantation was harvested at eight years of age and replanted one month later (November 2012).
The treatments were repeated at each plot (Table 2).

During clear-cutting, the canopy and bark from the trees of each plot were retained on the same
plots. The clear-cut trees were felled with a chainsaw; the bark and branches were then removed
manually. The seedlings in R2 were planted between the stumps of R1 without ripping. R2 was
managed in the same way as R1 to evaluate the long-term effects of the residue removal and fertilizer
application practices. Each experimental unit was maintained weed free throughout the two rotations.
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2.4. Soil Sampling and Analysis

Soil samples were collected before the application of the treatments in the first (2004) and second
(2012) rotations at 0–10 and 10–20 cm. In 2016, samples were taken from the soil down to two meters
(0–10, 10–20, 20–40, 40–60, 60–80, 80–100, 100–150, and 150–200 cm) across three replications for each
treatment. Each sample was composed of six subsamples taken from six points in the inner plot
arranged in a diagonal design. For each plot, soil bulk density was calculated from soil samples taken
from the walls of trenches opened with known volume rings.

Samples were then air-dried at 45 ◦C for three days and passed through a 2 mm sieve for chemical
analysis. Soil analyses were carried out for all treatments. Total N was determined by dry combustion
using an Elemental Analyzer CHNS/2400 (Perkin Elmer, Waltham, MA USA) [22]. Available P
was determined by displacement using ion-exchange resins. Sulfur was displaced with Ca(H2PO4)2

0.01 mol·L−1 solution and determined by turbidimetry using BaSO4 [20]. Oxidizable C was determined
by wet oxidation [23].

2.5. Nutrient Accumulation in the Biomass

In order to assess the accumulation of nutrients in the biomass (canopy, bark, wood, and coarse
roots), 10 trees were felled in 2004, 10 trees per treatment were felled in 2012, and 3 trees per treatment
were felled in 2016, with all removed trees coming from the inner border of each plot. Felled trees
were separated into the following compartments: leaves, branches, stemwood (diameter > 3 cm at the
thinner end), and stem bark. Coarse root (diameter > 1 cm) was removed by excavation. Sub-samples
were collected from all of the compartments and dried (65 ◦C) until reaching a constant weight, and
then the dry biomass of the compartments in each tree was proportionally calculated. To estimate the
wood, bark biomass, and stem volume of the plantation from the sampled trees, diameter at breast
high (DBH) and total high (H) were used as independent variables to adjust a model following the
form of Schumacher and Hall [24].

Samples were analyzed for N, P, and S. Total N was determined using the micro Kjeldahl method
after sulphuric digestion. P was determined through colourimetry after nitric perchloric digestion, and
S was determined through turbidimetry [25]. Nutrient accumulation per hectare was determined by
the sum of the product of biomass accumulation of each compartment and the nutrient concentrations.

2.6. Statistical Analysis

Prior to statistical analysis, the data were tested for normality (Shapiro-Wilk) and homoscedasticity
(Box-Cox). A two-way Analysis of Variance (ANOVA) test was performed to identify the differences
between the factors considered in the experiment (soil depth and treatment). Equal sample sizes
were used in order to obtain maximum power and robustness of the test. In the case of overall
significant differences in the group means, Fisher’s Least Significant Difference (LSD) post hoc testing
was performed to determine the differences between groups [26]. Statistical tests were considered
significant at α = 0.05. Data was analyzed using SAS University Edition (University Edition, SAS
Institute Inc., Cary, NC, USA).

3. Results

3.1. Nutrient Balance After Two Crop Rotations

Before the installation of the experiment in 2004, the site contained 370, 11, and 9.2 kg·ha−1 of N,
P, and S, respectively, in the 0–20 cm layer (Figure 1). On that occasion, there was an accumulation
of approximately 660, 90, and 100 kg·ha−1 of N, P, and S, respectively, in the biomass and litter layer
(250 t·ha−1 in total). The nutrient losses following harvest within the ReR + F treatment were higher
than that of the ReM + F treatment by 120%, 50%, and 40% of N, P, and S respectively. For the
ACR treatments, the losses from harvest were 65%, 30%, and 20% higher, respectively, than the
ReM + F treatment (Table 3).
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In 2012 (the end of experiment’s first rotation), the ReM + F treatment contained the largest stocks
of N (206 kg·ha−1) and P (13.8 kg·ha−1) in the 0–20 cm layer, while the highest stocks of S (13.2 kg·ha−1)
for this layer were observed in the ACR − P treatment. The lowest stocks of N (151 kg·ha−1) and P
(9 kg·ha−1) were observed in the ACR − N and ACR − P treatments, respectively (Figure 1).

At the end of the first rotation of the experiment (eight years) there were no observed differences
in the volume of wood produced in the treatments ReM + F, ACR + F, ReR + F, and ACR − N, which
were about 420 m3·ha−1 on average. On the other hand, the absence of fertilization with P (ACR − P
treatment) resulted in approximately a 10% reduction in the final wood volume [27]. Even with small
differences in tree growth, the renewal of the experiment for the next crop rotation resulted in great
differences in the quantity of nutrient losses among the treatments, due to the different parts of the
plants removed at harvest (Table 3).

At 41 months into the second rotation, the ReM + F treatment contained 100 Mg·ha−1 of biomass
(wood, bark, canopy, and coarse roots). Compared to the ReM + F treatment, the biomass accumulated
in the ACR + F, ReR + F, ACR − N, and ACR − P treatments was lower by 14%, 15%, 16%, and 25%,
respectively. The accumulated N, P, and S in the biomass of the ACR − P treatment was 33%, 40%, and
20% lower, respectively, compared to the ReM + F treatment.

Between 2004 and 2012, N contents in the soil from 0–20 cm depth were reduced by around 50%
with larger losses in the ACR − N treatment and smaller losses in the ReM+F treatment. From 2012
to 2016, a smaller reduction in soil N was observed, with the exception of the ACR − P treatment.
Only small losses of available P were observed between 2004 and 2012, but greater losses occurred
after reinstallation of treatments, especially for repeated removal of harvest residues (ReR + F). In the
ACR + F treatment the concentration of available P in surface soil was constant through the years.
A larger reduction was observed for the ReR + F and ACR − P treatments with losses of approximately
30% from 2004 to 2016. In regards to available S, a reduction in the ReR + F treatment from 2004 to
2012 was observed, and an increase was observed in the ACR − P treatment. For the other treatments,
S stocks were constant. From 2012 to 2016, available S stocks improved for all treatments (Figure 1).

Figure 1. Available N, P, and S stocks in the 0–20 cm soil layer before the setup of treatments
(2004), before the harvest of the first rotation (2012), and at four years into the second rotation (2016)
in a Eucalyptus plantation under different harvest residue management and fertilizer application
strategies. P was determined by resin extraction, S was determined by extraction with Ca(H2PO4)2

0.001 mol·L−1, and available N was calculated assuming that 10% of total N is mineralizable [28].
Columns with the same letter are not significantly different from each other.
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Table 3. Nutrient stocked in the forest biomass, inputs, and outputs of nutrients in two crop rotations.

Component
Biomass
(t·ha−1)

N
(kg·ha−1)

P
(kg·ha−1)

S
(kg·ha−1)

Nutrients Stocks Before 2004 Harvest

Litter layer 24 (1) 1 141 (17) 12 (1) 12 (1)
Stem wood 167 (15) 250 (20) 52 (3) 67 (5)
Stem bark 18 (1) 62 (3) 8 (1) 7 (1)
Canopy 9 (1) 100 (9) 7 (1) 6 (1)
Root 33 (5) 109 (18) 11 (2) 14 (2)
Total 251 (12) 662 (48) 90 (10) 106 (15)

Harvest Outputs in 2004
Treatment ReM + F 167 (15) 250 (20) 52 (3) 67 (5)
Treatments ACR + F, ACR − N, and ACR − P 194 (18) 412 (46) 67 (4) 80 (7)
Treatment ReR + F 218 (18) 553 (49) 79 (15) 92 (8)

Inputs from 2004 to 2012

Atmospheric deposition 2 32 - -
Fertilizer application 3:

Treatments ReM + F, ACR +
F, and ReR + F 130 44 143

Treatment ACR − N 10 44 11
Treatment ACR − P 130 0 143

Harvest Outputs in 2012
Treatment ReM + F 191 (10) 313 (17) 60 (3) 71 (4)
Treatment ACR + F 196 (20) 412 (37) 67 (7) 71 (7)
Treatment ReR + F 220 (16) 542 (39) 79 (6) 80 (6)
Treatment ACR − N 200 (32) 426 (60) 69 (11) 70 (11)
Treatment ACR − P 180 (23) 386 (48) 61 (8) 65 (8)

Inputs from 2012 to 2016
Atmospheric deposition 16 - -
Fertilizer application:

Treatments ReM + F,
ACR+F, and ReR + F 130 44 143

Treatment ACR − N 10 44 11
Treatment ACR − P 130 0 143

Accumulated in the Biomass in 2016
Treatment ReM + F 100 (3) 255 (20) 25 (4) 40 (2)
Treatment ACR + F 86 (3) 207 (26) 21 (1) 37 (2)
Treatment ReR + F 85 (7) 202 (17) 18 (2) 37 (4)
Treatment ACR − N 84 (5) 195 (12) 18 (1) 36 (1)
Treatment ACR − P 75 (2) 172 (3) 15 (2) 32 (1)

1 Standard deviation; 2 By Laclau et al. [29]; 3 It is assumed that 100% of fertilizer application was available.

3.2. Soil Nutrient Stocks in 2016

At four years into the second study rotation (2016), large differences between treatments were
found in the stocks of Total N, Available P and S, and oxidizable C in the soil to 200 cm depth (Figure 2).
The largest stock of oxidizable C in the soil was observed in the ReM + F treatment (p > 0.001), and
this treatment contained the most oxidizable C at every individual sampling layer except between
60–100 cm. The ReR + F treatment contained the lowest stocks of oxidizable C (p > 0.002) up to 40 cm
depth, and did not differ from the ACR treatments in the deeper layers. The supply of oxidizable
carbon in the entire 0–200 cm profile of the ReM + F treatment was approximately 130 Mg·ha−1, which
is 10% greater than the ACR + F treatment and 20% higher than the ReR + F treatment.

The ACR-P treatment contained the highest stock of N (p > 0.001) in all the layers considered.
ReM + F, ACR + F, and ReR + F treatments presented the lowest stocks of N, not differing statistically
from each other. The ReR + F and ACR − N treatments presented the lowest stocks of P, and were not
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significantly different. The stocks of N in the 0–200 cm layer of the soil were approximately 10 Mg·ha−1

in the ReM + F, ACR + F, and ReR + F treatments. Stocks of available P in the soil were approximately
40 kg·ha−1 in the ReM + F and ACR + F treatments, which is 60% higher than the stock of P observed
in the ReR + F treatment.

The ACR + F and ReR + F treatments contained the largest stocks of S in the soil (p > 0.001).
The ACR − N and ACR − P treatments contained the lowest stocks of S (p > 0.001). The stock of S
available in the 0–200 cm layer was 280 kg·ha−1 in the ReM + F, ACR + F, and ReR + F treatments.
The ACR − N treatment had a stock 30% lower than the previous treatments.

Figure 2. Stocks of oxidizable C (a), total N (b), available P (c) and S (d) to 2 m depth in a Eucalyptus
plantation under different harvest residue management and fertilizer application strategies. The bars
indicate the least significant difference based on the Fisher’s Least Significant Difference (LSD) test at
5% probability, and the values next to the bars show the significance of the F test.
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4. Discussion

4.1. Effects of Harvest Residue Strategies on Soil C and Available Nutrient Stocks

The effect of forest residue removal on soil nutrients stocks is inconsistent between different
studies in the literature. In some cases, no losses in soil C or nutrient stocks have been reported,
even with increases in nutrients exported during harvest [4,14,29–33]. This observation has been
attributed to several mechanisms: high buffer capacity of the soil, slow decomposition of forest
residues, a long harvesting return interval (more than seven years), and fast growth and litter
deposition from new Eucalyptus plantations. However, reduction in soil C and nutrient stocks has
been observed in wet tropical sites with sandy soils, high productivity forests, and successive harvest
treatments [16,17,29,31,33]. Our study agrees with this latter set of studies and shows substantial
changes in soil C and nutrients following removal of harvest residues.

In this study, the highest stocks of oxidizable C in the soil were observed in the 0–20 cm soil layer
of the ReM + F treatment, followed by ACR + F and ReR + F treatments (p > 0.001). Similar results
were observed by Moreno-Fernandez et al. [34] in Mediterranean mountain Scots pine forests, where
the highest stocks of C were in the 0–20 cm layer of the soil under moderate intensity management.

Stocks of soil C decreased as soil depth increased, with the lowest stocks being observed in the
ACR − P treatment (p > 0.006) at 150–200 cm depth. In a previous study developed in the same
experimental site, Rocha [35] found that the removal of forest harvest residues from the soil reduces
the oxidizable organic C from the surface layer of the soil by 50%, and 75% of this reduction happens
in its labile fractions. Vanguelova et al. [36], on the other hand, concluded that there was no evidence
that whole-tree harvest decreased soil organic C in a 28-year old second rotation stand of Sitka spruce
in the UK. Slash removal has larger effects on soil C and nutrients when rotations are short, slash is
removed repeatedly, clay content is low, temperatures are high, the site is relatively wet, and forest
productivity is high [4,5]. It is well known that retaining harvest residues on the soil is extremely
important to maintain high productivity of tropical forests [14–16]. However, more research is needed
in order to reach a plausible conclusion about the subject due to the divergence in the data available,
as observed by Nambiar and Harwood [14].

The forest residue removal for two rotations resulted in the cumulative loss of 23.5 t·ha−1 of C from
0–200 cm soil depth (ReM + F and ReR + F treatments). This reduction was more concentrated in the
top 40 cm (Figure 2). This effect is a result of the additional removal of 80 t·ha−1 of biomass (slash and
litter; 51 and 29 t·ha−1 in R1 and R2, respectively) in the ReR + F treatment. Furthermore, the reduced
initial growth in the ReR + F treatment during both rotations resulted in less litter deposition [27].
In the second rotation, a 40% reduction in fine roots was observed in the 0–30 cm layer of the ReR + F
treatment [37], which also contributed to low soil C content.

Forest residue removal resulted in a small reduction in the N stocks in the 0–20 cm layer in 2012
(Figure 1). However, no differences were observed between ReR + F and ReM + F treatments in 2016
(Figure 2) despite the higher harvest output in the ReR + F treatment. This can be attributed to the
larger accumulation of N in the biomass in the ReM + F treatment, which was 33% higher when
compared to the ReR + F treatment. This aligns with other long-term productivity studies that find
that subsequent tree growth following stem only harvest tends generally to be higher than whole-tree
harvest due to the maintenance of harvest residues on the soil [38].

The available P stock was larger in the ReM + F treatment when compared with ReR + F treatment.
This result could be caused by two main factors: (i) less ReM + F nutrient outputs by harvest and
(ii) larger quantities of organic matter in ReM + F which reduces the fixation of P on the soil colloids,
thus improving its availability. No differences were observed between treatments after 100 cm in
depth. In a long-term productivity experiment conducted in North Wales, UK, by Walmsley et al. [9],
the alterations in soil characteristics and their effects were tested using different harvest treatments
(whole tree harvest and bole-only harvest) on 23-year-old second rotation stands of Sitka spruce (Picea
sitchensis). The authors found that the whole-tree harvest treatment is responsible for the depletion
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of three to four times greater quantities of N, P, and K than the conventional bole-only harvest in the
first rotation.

ACR + F and ReR + F treatments contained the largest stocks of S in the 40–100 cm layer in
the soil, being statistically different when compared to others. This can be attributed to the lower
concentration of soil organic C (SOC) of the previously mentioned treatments. Low organic matter
(OM) in highly weathered soils results in a higher quantity of positive charges, especially in the B
horizon [39], with consequent retention of SO4

2− in the soil.
Repeated removal of forest harvest residues is likely to reduce oxidizable C, available N, and

total P stocks in the soil under Eucalyptus plantations. The use of harvest residues as soil coverage
can protect the soil against erosion, improve or maintain the SOC, and improve both the quantity and
availability of nutrients stored in the soil [5,11,15].

4.2. Soil Contribution to Nutrients Absorbed by Trees

The N and P losses as a result of the two harvest rotations (2004 and 2012) exceeded the inputs
from fertilization and atmospheric deposition, resulting in a net loss of N and P from the site. In this
period, the net N balance for ReM + F, ACR + F, ReR + F, and ACR − N treatments was −255, −516,
−787, and −770 kg·ha−1, respectively. With regards to P, there was also a negative net balance of −24,
−48, −70, and −128 kg·ha−1 in the ReM + F, ACR + F, ReR + F, and ACR − P treatments, respectively.
The net balance was positive only for S, with approximately +120 kg·ha−1 for all treatments with
the exception of the ACR − N treatment, which contained a net balance of −128 kg·S·ha−1 (Table 4).
N inputs through biological fixation are unlikely due to the absence of N-fixing weeds. In addition,
one should not expect inputs of N from rock weathering as the soil was highly weathered (Ferralsol).
The difference between nutrient losses due to harvesting and nutrients supplied via fertilization and
atmospheric deposition must be made up for with nutrients absorbed from soil pools.

Table 4. Nutrient balance in two Eucalyptus grandis rotations under different timber harvest intensities
and fertilizer applications.

Treatment N (kg·ha−1) P (kg·ha−1) S (kg·ha−1)

Net Nutrient Balance 1

ReM + F −255 −24 148
ACR + F −516 −48 135
ReR + F −787 −70 111

ACR − N −770 −48 −128
ACR − P −490 −128 141

Difference in Soil Nutrients Stocks from 2004 to 2012 (0–20 cm)
ReM + F −164 0.8 −1.1
ACR + F −189 −0.4 −1.3
ReR + F −192 −0.5 −2.5

ACR − N −219 −0.9 −1.4
ACR − P −189 −2.0 4.0

1 Differences between the inputs by fertilizer application and atmospheric deposition with the harvest outputs
(Table 3 and Figure 1).

From 2004 to 2012, soil N stocks declined in the 0–20 cm layer for all treatments (Figure 1).
The ReR + F treatment was the most affected among the treatments due to the elevated nutrient
outputs by harvest. For the ACR − N treatment, this was due to the small quantity of N applied
via fertilization. In the ReM + F treatment, the 0–20 cm layer was responsible for providing 65% of
the difference in the balance of soil N. The 0–20 cm layer was responsible for providing 35% of the
difference in net soil N balance for the ACR treatments and 24% for the ReR + F treatment (Figure 1
and Table 4). The maintenance of harvest residues on the soil increases soil C and N pools—especially
in labile fractions—thereby increasing the capacity of upper layers to provide N to plants [14–16,30].
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The remaining difference possibly came from deeper layers of the soil profile and factors such as
biological fixation by symbiotic associations which were not examined in this study [40]. Despite
the large difference in the nutrient outputs between ReM + F and ReR + F treatments (more than
500 kg·ha-1 in the net balance), no differences in the N stocks between these treatments were found in
the deeper layers of the soil (20–200 cm). More research is necessary in order to fully understand the
additional sources of N in such highly weathered, tropical forests.

Little reduction was observed in the stocks of available P in the 0–20 layer (Figure 1). The ACR − P
treatment presented the highest reduction (2 kg·ha−1), while the ReM + F treatment presented a slight
increase. This happened even with the negative balance of the nutrient for all treatments evaluated.
No reduction in soil P below 40 cm depth was observed in 2016 (Figure 2). The small reduction in P
content contradicts the highly negative net balance of this nutrient across treatments. P balance for
all treatments was −60 kg·ha−1 on average. The ACR − P treatment had a deficit of −128 kg·ha−1

while the reduction was only 6 kg·ha−1 from 0–200 cm of soil depth. This discrepancy suggests that
the Eucalyptus trees take up soil P hidden in fractions not extracted by the traditional resin method
of analysis. Eucalyptus species can uptake organic and inorganic P fractions by phosphatase and
exudation of low molecular mass acids [41]. More studies are necessary to clarify the complete origin
of P absorbed by trees.

Even with a positive net balance of S stocks in the soil (Table 4), a small reduction was observed in
the stocks of the nutrient when comparing the evaluations in 2004 and 2012. This is due to the elevated
mobility of the element in the soil, especially in the upper layers [42], along with its consequent
migration to and accumulation in the 40–100 cm layer (Figure 2) where it will adsorb to positive
charges on soil surfaces exposed by losses of OM [39].

4.3. Management Considerations

Despite the small effect of whole-tree harvest on the soil nutrient stocks described by many
authors [4,14,29–33], this and other studies emphasize the importance of the maintenance of forest
residues on the soil, especially in tropical sites with low buffer capacity soils, high productivity, and
short cycle plantations [14,16,29–31,33]. In these sites, removal of forest residues can result in loss of
wood productivity of up to 40% due to the low nutrient pools remaining in the soil [16].

In the past several years, increasing demands for the use of forest residues for bioenergy purposes
has grown in Brazil. Models for the utilization of these residues are based on research in temperate
regions, where soils often have higher buffer capacities and higher organic C contents. This study
shows that in tropical conditions the use of forest residues for bioenergy purposes should be carefully
considered, taking into account the unique conditions of each site. On steep sites and/or those with
low buffer capacity, all forest residues should be retained on the soil in order to avoid soil erosion [43]
and depletion of soil nutrient pools [14,16,29,30,33,41]. In sites with favorable conditions for residue
removal, preference should be given to the coarse residues due to their high caloric power and
reduced nutrient concentration. With the removal of forest residues, the application of high rates
of fertilizer is necessary in order to avoid productivity losses and to ensure the sustainability of the
silviculture system.

The high negative net balance, especially for N and P, and the relative low reduction in the
availability of these nutrients in the soil draws attention to two main points. First, more attention
should be given to production sustainability, mainly in sites harvested in the whole-tree harvest
system. Second, more studies should be implemented to better understand the contributions of organic
and inorganic (mainly to P) fractions of low lability on the supply of nutrients to trees. Our results
and others [29,41] suggest that Eucalyptus trees can access P fractions not identified by traditional
soil analysis methods. Regarding N concentrations, even with high harvest outputs (more than
500 kg·ha−1 in each crop rotation) no response to N application by fertilization was found in terms
of wood productivity in Brazilian conditions [28]. More research is essential to better understand the
sources and the cycle of this nutrient within tropical soil-plant systems.
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5. Conclusions

It was observed a reduction in organic C, total N, available P and S stocks in the whole tree harvest
and the whole tree plus litter treatments, especially at 0–40cm. The balances of N and P in the two
rotations of the experiment were negative in all treatments, with even lower values when whole tree
and litter were removed or when no fertilizer was applied. The reduction in the total N and available P
stocks in the soil explain around 50% of the negative balance observed for these nutrients; the source of
the remaining 50% was not determined for this study. Our results indicate that N and P soil pools play
an important role in forest nutrition; the reduction in these pools can possibly affect the sustainability
of the production system in the long term. More research is necessary in order to better understand
the balance of nutrients within the soil-plant system.
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Abstract: The transport of nutrients in forest soils predominantly occurs along preferential flow
pathways (PFP). This study investigated the composition of phosphorus (P) forms in PFPs and soil
matrix in several temperate beech forests with contrasting soil P contents in Germany. The PFPs
were visualized using dye tracer experiments. Stained and unstained soil was sampled from three
profile cuts per plot and analyzed for P fractions. The results show that labile P concentrations were
highest in the O-layer and had the same range of values at all sites (240–320 mg·kg−1), although total
P (TP) differed considerably (530–2330 mg·kg−1). The ratio of labile P to TP was significantly lower
in the P-rich soil compared to the medium and P-poor soils. By contrast, the ratio of moderately
labile P to TP was highest at the P-rich site. The shifts in P fractions with soil depth were generally
gradual in the P-rich soil, but more abrupt at the others. The contents of labile and moderately labile
P clearly differed in PFPs compared to soil matrix, but not statistically significant. The studied soils
are characterized by high stone contents with low potential for P sorption. However, indications
were found that labile organically bound P accumulates in PFPs such as biopores.

Keywords: phosphorus fractions; forest soil; preferential flow; PFP

1. Introduction

Phosphorus (P) in forest soils is distributed highly variably, both between and within soil
types, with respect to contents, speciation, availability, and sources of P [1]. Soils contain
various P forms, generally differentiated in organically bound (Po) and inorganic (Pi) P. Organic
P occurs as orthophosphate monoesters (e.g., inositols, mononucleotides, sugar phosphates),
orthophosphate diesters (phospholipids, teichoic acids, nucleic acids, and their degradation products),
and phosphonates. Inorganic P is bound in minerals (e.g., apatite) and is present in dissolved form as
ortho-, pyro-, and/or polyphosphates [2,3]. The total content and stock of soil P varies from very low
(<100 mg·kg−1 and <10 g·m−2) to P-rich (>3000 mg·kg−1 and >1000 g·m−2), and the mineral P supply
and P speciation is strongly dependent on the parent material and pedogenesis [4,5]. Whereas P supply
from the mineral phase is the main source of available P in P-rich soils, P availability for plants in
P-poor soils is considerably influenced by P speciation [4]. These differences in P supply drive P fluxes
in the systems and determine the dominating strategy of ecosystem nutrition [6]. Besides those internal
factors, external environmental and anthropogenic impacts (as forest management, N deposition, etc.)
substantially influence the distribution of P and nutrient cycling in temperate forest soils [7–10].

The predominant transport pathway for nutrients in forest soils is along preferential flow
pathways (PFP), bypassing large parts of the soil matrix [11–13]. An established method to investigate
PFPs and their role in water and nutrient transport are tracer experiments [14–17]. Previous tracer
studies indicated that PFPs in forest soils can be stable for decades, resulting in differences in biological
and chemical parameters between PFPs and the soil matrix, particularly when preferential flow
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along root channels dominates the flow system [12,18]. Accumulation in stable flow paths has been
found in previous studies for radionuclides, SOC, N [15,18], and also for C, Ca, Mg, and Fe [12].
Backnäs et al. [19] investigated P fractions in PFPs as compared to the soil matrix in a Podzol under
forest in Southern Lapland, Finland. The results indicated that the leaching of P through PFPs occurred
primarily along stone surfaces, where PFPs are larger than PFPs related to coarse grains or roots. Thus,
P sorption may be limited due to potentially faster water flow, weaker lateral mass exchange and
less sorption interaction than in smaller PFPs [20]. By contrast, P accumulation might occur in small
preferential pores with decelerated water flow and longer contact time between the solution and inner
pore surfaces [19]. As a result, such PFPs with high potential to accumulate P increase the likelihood for
elevated P concentrations in export fluxes [21]. However, there are very few data available regarding
P accumulation and transport in forest soils. Therefore, this study investigated the composition of
P forms in PFPs and the soil matrix in four temperate forest ecosystems in Germany. Furthermore,
the influence of different initial conditions regarding the content of total and available P at the sites on
the distribution of P forms in the soil profiles and in PFPs was examined. The correlation between P
fractions and chemical parameters was tested to identify the most important factors influencing the
occurrence of P fractions in the investigated soils.

2. Materials and Methods

2.1. Site Description

Field experiments and sampling were conducted at four beech dominated forests (F. sylvatica L.)
across Germany with similar stand age (110–120 years). The four study sites Lüss (LUE), Vessertal
(VES), Mitterfels (MIT), and Bad Brückenau (BBR) are core sites of the German DFG Priority Program
SPP 1685 which aims at testing the overall hypothesis that the P-depletion of soils drives forest
ecosystems from P acquiring systems (efficient mobilization of P from the mineral phase) to P recycling
systems (highly efficient cycling of P) [6]. Further, all sites are long-term monitoring sites in Germany
and part of the EU-ICP Forests Level II Program (International Co-operative Programme on the
Assessment and Monitoring of Air Pollution Effects on Forests). The sites were selected with regard
to their considerable different availability of mineral P following the sequence BBR > MIT > VES
> LUE. The BBR site was defined as P-rich site, LUE as P-poor site, and MIT and VES as medium
P-supplied sites. Three sites (VES, MIT, and BBR) are located in the low mountain ranges, whereas LUE
is in the lowlands. The sites differ in parent material, soil type, and climate (Table 1). Soil properties
are summarized in Table 2. For better comparisons, the soil horizons were aggregated for each site
considering their physical and chemical properties to: O—organic layer, A—topsoil horizon, B—subsoil
horizon, C—lower subsoil horizon containing weathered parent material.

Table 1. Overview over the study sites.

LUE VES MIT BBR

Location 52◦50′32′ ′ N
10◦16′06′ ′ E

50◦36′26′ ′ N
10◦46′20′ ′ E

48◦58′35′ ′ N
12◦52′49′ ′ E

50◦21′38′ ′ N
9◦55′71′ ′ E

Elevation (m a.s.l.) 115 810 1023 809
MAT (◦C) 8.0 5.5 4.5 5.8

MAP (mm) 779 1200 1229 1031
Parent material Pleistocene sands Trachyandesite Gneiss Basalt

Soil type (WRB *) Dystric skeletic
Cambisol

Hyperdystric skeletic
folic Cambisol

Hyperdystric skeletic
chromic Cambisol

Hyperdystric folic
Cambisol

LUE: Lüss (Lower Saxony); VES, Vessertal (Thuringian Forest); MIT, Mitterfels (Bavarian Forest); BBR, Bad
Brückenau (Bavarian Rhön Mountains); MAT, Mean annual temperature; MAP, Mean annual precipitation;
* World Reference Base for Soil Resources 2014, World Soil Resources Reports 106, FAO, Rome, Italy.
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Table 2. Soil properties at four study sites in beech forests in Germany.

Study Site/ Depth Texture pH C N Alox Aldi Feox Fedi Pox TP
Horizon (cm) (CaCl2) (%) (%) (g·kg−1)

Lüss (LUE)
O 9 to 0 2.8 36.63 1.59 0.73 0.79 0.87 1.30 0.15 0.49
A 0 to −12 Loamy sand 3.0 1.69 0.07 0.18 0.37 0.29 2.17 <0.04 0.06
B −12 to −52 Loamy sand 3.7 0.90 0.04 1.04 1.00 1.40 3.21 <0.04 0.08
C −52 to −100 Sand 4.3 0.12 0.01 0.50 0.41 0.15 1.01 <0.04 0.04

Vessertal (VES)
O 4 to 0 3.4 32.17 1.72 4.11 1.20 1.28 1.75 0.30 0.86
A 0 to −3 Sandy loam 3.0 7.49 0.45 2.75 1.68 3.14 7.46 0.53 0.70
B −3 to −65 Sandy loam 4.1 3.03 0.20 9.44 7.40 5.13 9.23 0.83 0.98
C −65 to −100 Loamy sand 4.1 0.37 0.03 4.64 2.83 0.59 5.55 0.16 0.32

Mitterfels (MIT)
O 4 to 0 3.5 44.12 2.19 0.95 0.87 1.28 1.45 0.34 0.88
A 0 to −4 Silt loam 3.0 35.50 2.05 3.32 3.83 3.58 4.97 0.47 1.14
B −4 to −80 Silt loam 3.9 5.45 0.34 6.26 5.62 8.05 12.17 0.53 0.91
C −80 to −100 Loamy sand 4.3 1.09 0.09 5.73 4.63 3.61 10.89 0.35 0.66

Bad Brückenau (BBR)
O 3 to 0 4.6 27.33 1.68 5.53 5.51 15.27 21.85 1.29 2.24
A 0 to −7 Silty clay 4.2 17.57 1.28 7.77 8.30 21.15 31.52 1.51 2.45
B −7 to −30 Silt clay loam 4.3 7.45 0.54 10.58 10.83 24.46 35.41 1.84 2.62
C −30 to −65 Loam 4.5 4.60 0.34 10.70 9.57 18.87 25.92 1.63 2.39

Horizon: O—organic layer, A—topsoil horizon, B—subsoil horizon, C—lower subsoil horizon containing weathered
parent material. Values for C and N are total contents (for C this equals organic C); Alox, Feox, and Pox—ammonium
oxalate-extractable contents; Aldi and Fedi—dithionite-extractable contents; TP—total P contents.

2.2. Field Experiments

At each study site a test plot of 1 m2 was established at a minimum distance of 2 m from any trees.
On the first day, the plots were irrigated with 30 L of tracer-water solution containing 3 g·L−1 of Brilliant
Blue FCF (within 1 hour) to activate rapid flow paths (PFPs) in the soils. Brilliant Blue dye was used
due to its good visibility, retardation behavior in soil, and its non-toxicity to the environment [16,17].
After the dye tracer irrigation, the plots were sprinkled with 2 L of water to wash off the dye residues
from the organic layer [19], and then covered overnight with a tarpaulin to exclude disturbances
(e.g., rainfall). The irrigated plots were excavated on the following day by successively preparing five
horizontal profile cuts per plot (at 20, 35, 50, 65, and 80 cm from the plot border) down to 1 m depth
and 1 m width (see Figure 1). Stained (flow region) and unstained (non-flow region) soil was sampled
respectively from the three inner cuts at 35, 50, and 65 cm from all morphological horizons. The amounts
of soil material per sample varied because the thickness of soil horizons and stained/unstained parts
per horizon differed considerably. The samples were sieved (<2 mm), dried at 40 ◦C, and then stored in
plastic bottles until analysis. For the analysis of C, N, and total P the samples were finely grounded.

Figure 1. Scheme of tracer experiments (A): Dye application at the soil surface (1 m2), covering
overnight, and excavation of five vertical (1 m2) profile cuts (example on the right (B)). The black
framed enlargement shows staining of flow pathways along roots and stone surfaces.
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2.3. Chemical Analyses

The P fractions in stained and unstained soil samples were analyzed using the Hedley fractionation
method [22,23]. This method uses increasingly strong extractants to determine P forms with differing
availability for plants. All samples were extracted with a replicate. Additionally, certified reference
soil material from the Wageningen Evaluating Programs for Analytical Laboratories, International
Soil-analytical Exchange (WEPAL-ISE 865 and 884) and blanks were treated equally to the samples for
quality control of the extraction procedure.

In the fractionation procedure, a subsample of 0.5 g soil was first shaken in distilled water
containing an anion exchange resin (Dowex 22, 16–50 mesh, Sigma-Aldrich, Taufkirchen, Germany) in
netting bags (PP-405/230-41, Bückmann, Mönchengladbach, Germany) [24]. The following extractants
applied were: 0.5 M sodium bicarbonate (NaHCO3-P), 0.1 M sodium hydroxide (NaOH-i), 1 M
hydrochloric acid (HCldil-P), hot concentrated 3.5 M hydrochloric acid (HClconc-P), and finally nitric
acid digestion of the residual P fraction (residual P). After each extraction step, the amount of inorganic
P in the extract solution was measured using the method of Murphy and Riley [25] and O’Halloran
and Cade-Menun [26]. For the determination of total P (TP) in NaHCO3, NaOH, and HClconc, the
extracts were oxidized in an autoclave using ammonium persulfate. Organically bound P (Po) was
calculated as the difference between TP and Pi [23]. The P concentrations in all extracts were measured
colorimetrically with a spectrophotometer (UV-mini 1240, Shimadzu Deutschland GmbH, Duisburg,
Germany). For a detailed description of the procedure applied here see Tiessen and Moir [23].

According to the concept of Hedley fractionation, the different P fractions represent
(1) surface-adsorbed readily available P, (2) strongly-bonded or adsorbed moderate available P, and
(3) very strongly-bonded or inaccessible mineral P with very low availability [22,23,27]. Therefore,
the analyzed P fractions were classified for further data analyses as labile P (resin-Pi + NaHCO3-Pi,o),
moderately labile P (NaOH-Pi,o + HCldil-Pi), and stable P (HClconc-Pi,o + residual-P) (cf. [28]).
The initial TP content of all samples was determined using the same method as the residual P
fraction, by digestion with concentrated nitric acid and measurement with ICP-OES (CIROS, SPECTRO
Analytical Instruments GmbH, Kleve, Germany). Total C and N contents were measured after dry
combustion of grounded samples with a CN analyzer (Vario EL III Elementar GmbH, Hanau, Germany).
The soils contained no inorganic C, thus soil organic C (SOC) equals total C. The concentrations of C in
PFPs were not corrected for any C added as part of the Brilliant Blue dye. The C content of the dye is
56%, and the amount of total added C in the experiments was 50 g C m−2. Bundt et al. [15] conducted
comparable experiments with a dye-derived addition of 75 g C m−2 and found a resulting increase of
C with a maximum of 2.5 % SOC in in PFPs in 0–9 cm depth, and a maximum of 3.5 % SOC in PFPs
in 50–100 cm depth. In the current study, less dye was applied to the plots, and thus the change in
C content in PFPs is expected to be very low. Amorphous metal sesquioxides (Alox, Feox, Mnox) and
Pox were determined by extraction with acid 0.2 M ammonium oxalate (100 mL added to a subsample
of 2 g). Dithionite-extractable (Fedi, Aldi, Mndi) was analyzed with 50 mL Na-citrate-dithionite in a
subsample of 0.5 g (modified after Holmgren, 1967). The measurement of element contents in the
extracts was conducted with ICP-OES.

2.4. Statistical Analysis

The statistical significance of differences between P contents of different chemical fractions in flow
pathways and matrix were tested using the R software package (version R i386 3.1.0, R Foundation for
Statistical Computing 2014, Vienna, Austria). Given that most of the data sets exhibited non-normal
distributions (tested by Shapiro-Wilk test and q-q-plot), the non-parametric Wilcoxon rank-sum test
was used to statistically compare mean values. The statistical tests were conducted pair-wise including
all data of the four sites, and at horizon level due to the hierarchical structure of the data (profiles,
cuts, horizons). For correlations between chemical parameters and P fractions, the Spearman’s rho
correlation coefficients were calculated and tested for significance.
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3. Results and Discussion

The soil P fractions classified as labile, moderately labile, and stable P for PFP and soil matrix
samples are shown in Figure 2. The values represent mean values for the three vertical cuts per profile.
For the forest floor (O-layer), it was not possible to distinguish between stained and unstained material,
due to the homogeneous distribution of the dye tracer from the irrigation. At the sites VES and MIT,
the tracer did not reach the C horizon. Thus, the presented results contain no soil matrix data for the
O-layer and no PFP data for the lower subsoil.

The TP values differed at the four study sites in their contents (45–2700 mg·kg−1) and distribution
within the soil profiles (Figure 2, TP = total bar length). Whereas TP at the P-poor site (LUE) was
clearly highest in the O-layer and strongly reduced in the mineral soil, the P-rich soil (BBR) showed
the lowest values in the O-layer and had a slight increase in the subsoil. However, the amount of TP
in all horizons at the P-rich site was much higher compared to the other sites, and was more or less
equally distributed through the profile. The summarized P fractions were compared to the initial TP
contents in order to determine the recovery rate of the analytical method. Considering all samples,
the TP recovery was very high, with a correlation coefficient of 0.98.

Figure 2. Phosphorus fractions summarized as labile (resin-Pi + NaHCO3-Pi,o), moderately labile
(NaOH-Pi,o + HCldil-Pi), and stable P (HClconc-Pi,o + residual-P) for PFP (preferential flow pathways)
and MA (soil matrix) samples; n.d., no data available; study sites in the sequence P-poor to P-rich are:
LUE, Lüss, Lower Saxony; VES, Vessertal, Thuringian Forest; MIT, Mitterfels, Bavarian Forest; BBR,
Bad Brückenau, Bavarian Rhön Mountains.
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3.1. Labile P Fractions

Despite the large difference in TP between the sites, labile P (here defined as resin-Pi + NaHCO3-Pi,o)
was in the same range of values, at least for the medium P-supplied (VES, MIT), and the P-rich (BBR)
sites. In the O-layer, the P-poor site (LUE) also had comparable values for labile P as the other sites.
The share of labile P to TP in the O-layer was highest at the P-poor site (45 %), slightly lower at the
medium sites (36 % and 33 %), and lowest in the P-rich site (14 %) (Figure 3a.1). There was a steep
decrease in the ratio labile P to TP with soil depth at the P-poor to medium sites; and a more gradual
decrease with depth at the P-rich site.

Figure 3. Share of a.1) the labile (resin-Pi + NaHCO3-Pi,o), b.1) moderately labile (NaOH-Pi,o +
HCldil-Pi), and c.1) stable (HClconc-Pi,o + residual-P) fractions on total P (TP) in organic layer (O)
and soil (A, B, C horizons). Share of inorganic P (a.2: labile Pi, b.2: moderately labile Pi, c.2: stable
Pi) and organically bound P (a.3: labile Po, b.3: moderately labile Po, c.3: stable Po) on the particular
pools. Error bars: standard deviation of three samples (profile cuts). Study sites in the sequence P-poor
to P-rich are: LUE, Lüss, Lower Saxony; VES, Vessertal, Thuringian Forest; MIT, Mitterfels, Bavarian
Forest; and BBR, Bad Brückenau, Bavarian Rhön Mountains.

Organically bound P dominated the labile P pool in the A and B horizon for all sites, and also in
the O-layer for BBR. At VES, 27% of labile P in the O-layer consisted of Po, while MIT and LUE had
approximately equal amounts of Pi and Po (Figure 3a.2,a.3). Thus, most of the easily plant-available Pi
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was located in the O-layers at the medium and P-poor sites, whereas labile P was clearly dominated
by Po at the P-richest site. This finding was unexpected, as very low P supply from the mineral
phase is assumed to enhance tight P recycling in forest ecosystems [6] (and therefore the fast uptake
of Pi) which would result in a higher share of Po at the P-poor site. In a recent study conducted
at the same P-rich and P-poor study sites, Bünemann et al. [29] found that biological/biochemical
processes were the dominant control of Pi availability in the low-P-sorbing sandy soil of the P-poor
site. By contrast organic P mineralization was negligible when compared to the high Pi availability
at the P-rich study site, which has a high-P-sorbing soil and very high TP content. Further, the high
contents of amorphous and crystalline sesquioxides at the P-rich site (Table 2) may act as a sink for
labile Pi, when it is adsorbed onto those surfaces and precipitated (depending on pH) (cf. [30,31]).

The differences in labile P between PFP and soil matrix were marginal considering the sum of
Pi and Po of this pool (Figure 2), but the ratio of Pi to Po differed. Thus, the medium P-supplied
site showed clearly higher contents of labile Pi and less labile Po in PFPs compared to soil matrix.
By contrast, labile Po was significantly higher in PFPs of the P-rich site. However, the variation of
results for labile Pi and Po was quite high between the three profile cuts within the soil plot (see error
bars in Figure 3), which indicates that conclusions from the results have to be drawn carefully.

3.2. Moderately Labile P Fractions

The sum of moderately labile P forms (NaOH-Pi,o + HCldil-Pi) was the dominant fraction in
mineral soil at the P-rich sites (Figures 2 and 3). At the P-poor site, this pool was equal or slightly
lower than the stable P pool. At all sites, moderately labile P was predominantly organically bound
in the O-layer and topsoil. In the subsoil, the ratio of Pi to Po shifted towards Pi (Figure 3b.2,b.3).
The shifts with depth were relatively gradual in the P-rich soil, but were more abrupt at the medium
and P-poor sites.

The NaOH-extracted P represents the moderately available P forms related to Al, Fe, and humic
substances. In acidic forest soils on silicate parent material, NaOH-P was observed to be involved
in Pi adsorption (mainly to Al-oxyhydroxides) as well as Po adsorption (to Fe-oxyhydroxides or
Al-saturated soil organic matter) [4]. The share of HCldil-extractable P (apatite-bound) was very small
for most samples, which indicates highly weathered soils [32]. In the P-rich soil, HCldil-P was found to
be in the range of 150–300 mg·kg−1, which confirms that the supply with mineral P is still high at this
site. These results are in line with findings of Prietzel et al. [4] who identified apatite-P in this P-rich
soil using P K-edge X-ray absorption near-edge structure (XANES) spectroscopy.

The sum of moderately labile P showed a variable distribution between PFP and soil matrix
(Figure 2). In the topsoils, the P-poor to medium sites (LUE and VES) had slightly higher contents of
this pool in PFPs, whereas clearly higher contents in soil matrix were observed at the medium to P-rich
sites (MIT and BBR). Here, both higher Pi as well as higher Po values contributed to the increased pool
contents. For the subsoils, slightly higher contents of moderately labile P in PFPs as compared to soil
matrix were detected at all sites which was mainly caused by higher Po contents, especially at the
P-rich site. For the P-poor site, the differences are hardly interpretable because the chemical analyses
of the very low P concentrations led to high data uncertainty.

3.3. Stable P Fractions

Stable P in the soils (HClconc-Pi,o + residual-P) followed the sequence of decreasing initial TP in
the order of: BBR > MIT > VES > LUE, and was characterized by low contents of Po compared to Pi

in all soils (Figure 2). Elevated Po portions in the O-layer were observed at the P-poor site and at the
medium site MIT (Figure 3c.3), which indicates the presence of P associated with very stable organic
compounds. However, the ratio of stable P to TP in the O-layer was comparable at all sites with around
30 % of TP at the P-rich to medium sites, and slightly lower at the P-poor site with 21 %. The depth
distribution of this relation showed a slight decrease with depth in the P-rich soil, but an increase in
the medium P-supplied soils and particularly increased in the P-poor soil. Here, almost 50 % of the
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P in the subsoil is stable bound and not available for plants, which is in line with the assumption of
decreasing availability of mineral-bound P from the P-rich site to the P-poor site.

The contents of stable P in PFPs and soil matrix were on the same level. Only for the P-rich soil,
slightly higher values in PFPs were observed.

The distribution of P fractions revealed for the P-rich site comparable labile P concentrations as
for the other sites, but a clearly lower ratio of labile P to TP, and much more Po than Pi in this pool.
Considering the assumption of negligible Po mineralization [29], it can be assumed that the P-rich soil
has enough labile P available from mineral sources and has no need for increased Po mineralization.
Po therefore remains stable, but Pi is consumed and reduced thus relative to the amount of labile
Po. This may also explain the higher ratio of moderately labile P to TP at the P-rich site compared to
the other sites. In this pool, P is moderately bound to inorganic and organic compound, and can be
acquired if necessary.

3.4. Factors Affecting the Distribution of P Fractions in the Soil Profiles

The statistical test of correlations between parameters included in the first step all data from the
four study sites and covered a wide range of values of chemical soil properties. The results confirmed
a close relationship between labile P and the contents of soil organic C and total N, which is in
accordance with previous studies [4,30,33,34] (for the correlation matrix and scatter plots see Table S1
of the supplementary material). This correlation is stronger for labile Po (N: R2 = 0.98, C: R2 = 0.97)
than for labile Pi (N: R2 = 0.94, C: R2 = 0.93). Also in agreement with previous studies [30,34], the easily
available resin-P was strongly correlated with NaHCO3-Pi (R2 = 0.79) and NaHCO3-Po (R2 = 0.75)
indicating the contribution of inorganic as well as organic labile P fractions to the resin-Pi pool.

Moderately labile P was strongly related to sesquioxides (Al, Fe, Mn). In this fraction, Pi showed
close correlations to Alox, Aldi, Mnox, Mndi, and had slightly lower correlations with Feox and Fedi.
Moderately labile Pi was also positively correlated with pH, but negatively correlated to the C/N
ratio. By contrast, the strongest correlation of Po in this fraction was found with Fe-oxyhydroxides,
and to a lesser extent with Al- and Mn-oxyhydroxides. This strong contribution of Fe compounds
to Po adsorption, but the adsorption of mainly Pi to Al-oxyhydroxides, is in line with the study of
Prietzel et al. [4] for acidic forest soils.

For stable P, a close correlation of Pi with Fe, Al, and Mn compounds was identified, whereas
Po was strongly related to C and N. This shows that Po is occluded in stable organic compounds or
particulate organic matter.

To indicate the dominant processes influencing the distribution of Pi and Po in soils, the ratio C to
Po was calculated (Table 3). Low C/Po values (<200) indicate the net mineralization of P, whereas high
ratios (>300) are indicative for immobilization as result of microbial Pi utilization during decomposition
of organic matter [35,36]. When comparing the test sites with considerable differences in soil P contents,
the C to Po ratio was highest at the P-poor site and lowest at the P-rich site. The strong reduction
of C/Po with depth at all sites can be attributed to the sharp decrease of organic C compared to P.
In the O-layers, C/Po was > 300 at the P-poor and medium sites, which indicates P immobilization
(incorporation into biomass). C/Po-values between 200 and 300, which occurred in the O-layer of
the P-rich site, indicate a stable rate of cycling between Pi and Po [35]. These findings support the
hypothesis of intense P recycling at P-poor sites [6] leading to P depletion and high C to Po ratios.
The C/Po ratio also differed considerably between PFP and soil matrix samples at all site with mostly
clearly higher values in PFPs (Table 3). For the P-rich site, the difference between PFP and matrix was
more pronounced in the topsoil and diminished with soil depth. In the P-poor soil, the contrasting
behavior was observed: the difference increased with depth indicating stronger Po depletion in the
subsoil PFPs.
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Table 3. Ratios of organic C to sum of organic P (Po) at four beech forest study sites in Germany for
PFP (preferential flow pathways), Ma (soil matrix), and RC (root channel-PFP) samples.

C/Po LUE VES MIT BBR
Horizon PFP Ma PFP Ma PFP Ma PFP Ma

O 1143 840 910 223
A 512 494 155 174 593 371 139 97
B 356 274 89 66 101 93 58 51
C 204 88 170 59 42 43

Horizon: O—organic layer; A—topsoil horizon; B—subsoil horizon; C—lower subsoil horizon containing
weathered parent material. Study sites in the sequence P-poor to P-rich are: LUE—Lüss, Lower Saxony;
VES—Vessertal, Thuringian Forest; MIT—Mitterfels, Bavarian Forest; and BBR—Bad Brückenau, Bavarian
Rhön Mountains.

For all chemical parameters, the differences between PFP and the soil matrix were tested
statistically (for test results see Table S2 of the supplementary material). The most statistical differences
were found for the P-rich site. Significantly higher values in PFPs occurred here for C, labile Po, and C
to TP ratio with p < 0.01, and for N, stable Po and stable Pi with p < 0.05. For the other sites, almost
no statistically significant differences of P fractions and other parameters were identified. At the
P-poor site, the ratio C to TP and the C content were statistically higher in the PFPs (p < 0.05). At the
medium sites, the content of metals differed substantially, with high contents of Feox, Mnox, Aldi
and Mndi in PFPs, but lower values of Fedi compared to matrix samples. However, these statistical
tests included all data per site and have to be considered carefully due to the hierarchical structure
of the data. For the same tests at the horizon level per site, the data sets were much smaller (three
samples for PFP and matrix respectively) and revealed no significant differences between PFP and
matrix for all parameters (Table S3). In previous studies, Hagedorn and Bundt [18] suggested that
PFPs in forest soils can be stable for decades, resulting in biological and chemical gradients between
PFPs and soil matrix [15]. Bogner et al. [12] confirmed this hypothesis for PFPs along root channels
and found an enrichment of C, N, Ca, Mg, and Fe in PFPs compared to the soil matrix. Such an
accumulation in PFPs was also documented for different P fractions in flow pathways along stones by
Backnäs et al. [19]. Our study sites are characterized by very high stone contents, resulting in very
heterogeneous conditions for water and solute flow. PFPs were therefore located mostly along stone
surfaces with low potential for P sorption [19], and preferential flow occurred less in root channels or
other biopores where P accumulation would be expected to be more prevalent. Single biopores could
be identified and sampled separately, which contained decayed root material. Indications were found
in these biopores of an accumulation of labile organically bound P (Po), but could not be statistically
confirmed. With respect to the distribution of subsurface flow pathways at hillslopes (midrange
mountain sites), it has been shown that a predominant surface-near lateral flow does not support
chemical gradients between PFPs and soil matrix. Thus, non-significant results in the statistical test are
a result of specific site conditions, spatial soil heterogeneity, and analytical uncertainties with regard to
very low P concentrations at the P-poor site.

Nevertheless, several factors affecting the distribution of P within the tested soils became apparent.
The results showed that the labile Pi,o pool and stable Po were strongly related to C and N, whereas
moderately labile Pi,o as well as stable Pi correlated with metal-oxides and -oxyhydroxides (Al, Fe,
Mn). At the medium to P-rich sites, where higher contents of sesquioxide in topsoil matrix compared
to PFPs were observed, moderately labile Pi and Po also was clearly higher in soil matrix. The higher
Po contents of this moderately labile pool in subsoil PFPs could be related to Feox accumulated in the
flow pathways.

4. Conclusions

As expected, considerable differences were found for the four study sites in both the P contents
and the distribution of P fractions within the soil profiles. Despite these large differences, the labile P
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contents in the O-layers were in the same range of values at all sites. At the site with very low supply
of P from the mineral phase, the predominant portion of labile P was available in the O-layer, but
was greatly reduced in the mineral soil. This indicates that for this site intense P recycling happens
in the O-layer, which is also supported by a high C to Po ratio in this layer. By contrast, labile P was
available throughout the whole profile at the P-rich site. Here, the supply of plant-available P seems to
be sufficient enough that there is no need for tight P recycling, and may therefore explain the very low
share of labile P to TP, when compared to the P-poor site. The contents of labile and moderately labile
P clearly differed in PFPs compared to soil matrix, and indicate that labile organically bound P (Po)
accumulates in PFPs with a high content of organic matter. However, these results could not be proved
statistically at the tested sites. Therefore, more sites particularly for soils with a higher proportion of
preferential flow through biopores should be studied to verify the indications.

Supplementary Materials: The following are available online at www.mdpi.com/1999-4907/8/1/19/s1, Table S1:
Correlation matrix with Spearman’s rho coefficients to test the correlation between chemical soil parameters
(dataset: n = 123, includes data of four forest soils in Germany), Table S2: Results (p-values) of the non-parametric
Wilcoxon rank-sum test for differences between PFPs and soil matrix samples (pair-wise test for all data per site),
Table S3. Results (p-values) of the non-parametric Wilcoxon rank-sum test for differences between PFPs and soil
matrix samples (pair-wise test at horizon level per sites).
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Abstract: We currently have a poor understanding of how different soil sampling methods
(pedogenetic horizon versus fixed-depth) influence the evaluation of soil properties. Here, 159 soil
profiles were sampled from larch (Larix gmelinii) plantations in northeast China using both the
pedogenetic horizon and fixed-depth sampling methods. Analysis of variance was used to determine
how sampling method influences the assessment of the spatial variation in the concentration and
storage of soil organic C (SOC) and N (SON), as well as how these properties are affected by tree
age-group (<20, 20–40, and >40 years). In both the 20 cm (surface) and 80 cm (whole profile) sampling
depths, pedogenetic sampling resulted in 1.2- to 1.4-fold higher SOC and SON concentrations than
fixed-depth sampling. Surface soil nutrient storage between the two sampling methods was not
significantly different, but was it was 1.2-fold higher (p < 0.05) with pedogenetic sampling than with
fixed-depth sampling in the whole soil profile. For a given error limit in SOC and SON assessments,
fixed-depth sampling had a 60%~90% minimum sampling intensity requirement compared with
pedogenetic horizon sampling. Additionally, SOC was 1.1- to 1.3-fold greater in the >40 years
age-group than in the <20 years age-group (p < 0.05), while SON was the highest in the 20–40 years
age-group (p < 0.05). The total amount of SOC and nutrients in soil is fixed regardless how you sample,
it is the different assumptions and different ways of extrapolation from samples to the population that
cause sampling by horizon versus fixed depth to lead to different conclusions. Our findings highlight
that soil sampling method and tree age-group affect the determination of the spatial variation of SOC
and SON and future soil assessments should control for methodological differences.

Keywords: Larix gmelinii; tree-age effect; degraded farmland; Northeast China; soil nutrient variation;
soil heterogeneity; pedogenetic horizon; fixed-depth sampling

1. Introduction

Accurate evaluation of soil properties is important for species-to-location matching during
afforestation, precision agroforestry [1–3], and the investigation of forest ecological functions such
as carbon (C) sequestration and nutrient dynamics [4]. Soil heterogeneity occurs horizontally and
vertically [5]; thus, the lack of a standardized sampling procedure to assess soil fertility and C inventory
could affect conclusions drawn from different studies. Therefore, research is needed to understand how
sampling method influences the evaluation of the inter-site variations (i.e., interaction between sampling
method and site variation) of soil nutrients. Accounting for the effect of sampling method could improve
comparability among studies [6,7], particularly in terms of between-site soil fertility assessments [8].
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Forest development with age can increase C storage and recover nutrient levels in soils
degraded by long-term agricultural cultivation [9–12]. Soils can range from being a C sink (11 to
238 g·C·m−2·year−1) [4,13–15] to a source of atmospheric CO2 (0.1 to 14.1 g·C·m−2·year−1) [11,16].
Additionally, studies examining post-afforestation conditions have reported both the depletion
of soil nutrients [4,10,17–19] and the accumulation of soil organic N (SON) with increasing soil
organic C (SOC) [9,12,20] over time (e.g., tree age effect). Previous land use, the tree species
planted, and soil nutrient supply are thought to explain the contradictions in tree age effects on
soil properties after afforestation [9–12,17–20]. Furthermore, forest age itself [21], soil depth, and other
site-related variations [22–25] have been used to describe the spatial and temporal changes in nutrient
accumulation. However, differences in sampling methods (fixed-depth [4,11,13] versus pedogenetic
horizon [26–28] sampling) are a potentially powerful explanation for between-study differences in
soil properties [29,30] that has not been fully studied. Indeed, comprehensive research including soil
sampling method, sampling site, sampling depth, and tree age would provide a more holistic view of
how different sampling methods alter evaluations of SOC and SON.

The objective of this study was to determine how soil sampling method, sampling site, sampling
depth, and tree age independently and interactively influence SOC and SON, particularly variation
across the soil profile in different soil depths and the effect of tree age. The investigation took advantage
of widespread larch plantations (4.5 million hectares, or 70% of the total plantation area) available
in northeastern China [11,31]. We hypothesized that soil sampling methods could greatly affect
the evaluations of spatial changes of and tree-age effects on SOC and N, independent of soil depth
inclusion and unit expression of storage or concentration. Our results may contribute to improving
inter-study comparisons of SOC and SON measurements, leading to a broader study applicability and
improved interpretation of conclusions drawn across disparate reports.

2. Materials and Methods

2.1. Study Site and Soil Sampling

All sampling was conducted in Larix gmelinii plantations located in northeast China. This region
(45◦20′–47◦14′ N, 127◦30′–128◦55′ E) has a continental monsoon climate with mean annual temperatures
ranging from −0.3 to 2.6 ◦C and mean annual precipitation ranging from 676 to 724 mm. The soil is
generally a typical Dark-Brown Forest Soil, with occasional eluviation features. The soil in Chinese Soil
Taxonomy is Mollic Bori-udic Cambosols or Albic Bori-udic Cambosols [32]; it is a Eutroboralf in the
US Soil Taxonomy and a Halic Luvisol in the FAO (Food and Agriculture Organization) system [33].
Soil pH ranges from 4.9 to 6.5. The details of the study sites have been previously described [11].

A total of 159 plots were sampled from four sites: the Laoshan experimental station (LS; 57 plots),
the Maoershan experimental farm (MES; 37 plots), the Dongshan forest farm (DS; 30 plots), and the
Daqingchuan forest farm (DQC; 35 plots).

Fixed-depth and pedogenetic horizon sampling were employed for soil sampling. Soil cutting
rings with a 100 cm3 volume were used for sampling soil from a soil pit. A soil pit was excavated in
each of four subplots established in each of the 159 20 m× 20 m plots (for a total of 636 soil pits), and
the samples from the four pits from the same horizon/layer of the same sampling method were mixed
to form a composite sample for that layer and plot. Soil samples were collected from one or two sides
of the pit for sampling the same layer or depth. Those composite samples from a plot make up the
samples for a soil profile for each plot. Such composite samples better represent the soil from a plot.
Under fixed-depth sampling, the soil was collected from four depths: 0–20, 20–40, 40–60, and 60–80 cm.
Under pedogenetic horizon sampling, soil samples were collected from the A, B, and C horizons.
The first horizon contains partially humified organic matter, giving the soil a darker color than soils
from lower horizons. The second horizon has undergone sufficient changes during soil genesis, with
maximum accumulation of materials such as silicate clay, metal (e.g., Fe and Al) oxides, and organic
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material. The third horizon comprises unconsolidated material below the solum (A and B horizons)
that is little affected by soil-forming processes and lacks pedogenic development.

A total of 1067 composite soil samples were collected (pedogenetic: 113 plots × 3 samples with one
each from horizons A, B, and C, plus 46 plots with only A and B horizons, for a total of 431 samples;
fixed-depth: 159 plots × 4 samples from the four depths = 636 samples). At the time of sampling, the soil
samples were placed in cloth soil-sampling bags for transportation back to the laboratory. To compare
the effect of sampling method, the surface soil layer (0–20 cm) and the whole profile soil (0–80 cm) as
two sampling depths were examined in this study. In other words, within the 0–20 cm and 0–80 cm
sampling depths, we assessed the impact of sampling method on the assessment of SOC and SON.

Tree age was determined using an increment borer (Zhonglinweiye, Beijing, China) on at least
five trees in each plantation plot. Fifty-six plots contained trees younger than 20 years (<20 years
age-group), with an average tree age of 8.1 ± 7.1 years (SD, standard deviation). The second age-group
(20–40 years) had 73 plots, with an average tree age of 25.5 ± 5.3 years. The third age-group (>40 years)
had 30 plots and an average tree age of 44.8 ± 2.3 years.

2.2. Bulk Density, SOC, and SON Measurements

Once the soil samples were brought back to the laboratory, they were air-dried in a ventilated
room until they reached a constant weight. Cutting rings with a 100 cm3 volume were used for intact
bulk density measurement, and bulk density was determined based on the oven-dried mass and
volume (400 cm3 of soil from four cutting rings as a composite sample) of each site. In the fixed-depth
sampling, we measured one soil bulk density at each soil depth (0–20, 20–40, 40–60, and 60–80 cm) of
each site. In the pedogenetic sampling, we measured one soil bulk density in each horizon (A, B, and C)
of each site, and in some places, the soil bulk density at some transitional horizons (e.g., AB horizon)
was also measured. Soil was ground to <0.25 mm for measuring SOC and SON concentrations with a
heated dichromate/titration and the semimicro-Kjeldahl method, respectively. Details about those
methods are available in a previous publication of our group [11].

2.3. Storage Calculation

The storage of SOC and SON was calculated with the following equation:

Storage (g·m−2) = a × ρb × depth × (1− Vgravel), (1)

where a is SOC or SON concentration (g·kg−1), ρb is soil bulk density (g·cm−3 = Mg·m−3, Mg: million
gram), and Vgravel is the fraction of gravel volume (determined via water displacement) in the soil.

2.4. Assessing the Effect of Sampling Method on Tree Age Effect and Spatial Variation in SOC and SON

Analysis of variance (ANOVA) was used to determine whether soil sampling method affected
the spatial variation (among study sites) of SOC and SON and differences among tree age-groups.
Specifically, we examined whether study site and age-group interacted with sampling method (all were
included in the model as fixed factors). The concentration and storage of SOC and SON at 0–20 and
0–80 cm soil were analyzed. Duncan post-hoc tests were then conducted to identify the specific
parameter (SOC concentration, SOC storage, SON concentration, and SON storage) that was affected
by site, age-group, and sampling method. Marginal means were estimated and pairwise comparisons
(LSD test) were used to separate the means across predictor variables, and their interactions with
sampling method (site × method and age-group × method). All of these analyses were performed in
SPSS 17.0 (SPSS Inc., Armonk, NY, USA).

2.5. Number of Samples Required for Estimating SOC and SON at Specific Error Limits

As a way of quantifying differences between the two soil sampling methods, statistical
analyses [34,35] were conducted to compare the number of sampling points (n) required for estimating
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mean SOC and SON at a site within 5%, 10%, 20%, and 30% of its actual value, at the 95% probability
level for both datasets (pedogenetic and fixed-depth). The following equation was used:

n =
t2
αs2

D2 , (2)

where tα is the Student’s t statistic with degrees of freedom at the α probability level, s is standard
deviation, and D is the specified error limit. Only the SOC and SON concentration data were used as
patterns in the storage data were similar.

3. Results

3.1. Differences between Sites, Sampling Methods, and Age-Groups

The SOC and SON concentrations in both the surface and whole profile soil differed significantly
among sites (p < 0.001) and age-groups (p < 0.05), and between sampling methods (p < 0.001). However,
SOC and SON storage did not follow the same pattern. For example, no difference between sampling
methods was observed in surface soil SOC storage (p > 0.05; Table 1).

Table 1. ANOVA result on the influence of sampling method, age-group, and study site on soil organic
C (SOC) and N (SON) concentrations, storage, in surface (0–20 cm), and the whole profile soil (0–80 cm).
Bold fonts indicate statistical significance (p < 0.05).

Concentration (g·kg−1) Storage (kg·m−2)

SOC SON SOC SON

F p-Value F p-Value F p-Value F p-Value

Surface soil (0–20 cm)

Site 104.31 <0.001 119.5 <0.001 131.26 <0.001 118.77 <0.001
Age-group 8.50 <0.001 5.51 0.004 11.17 <0.001 4.13 0.017
Sampling method 15.29 <0.001 15.50 <0.001 1.65 0.200 1.83 0.177
Site × age-group 0.51 0.771 1.76 0.122 0.62 0.682 2.38 0.039
Site × method 8.08 <0.001 6.18 <0.001 4.71 0.003 2.12 0.098
Age-group × method 2.68 0.070 0.35 0.708 2.46 0.087 0.06 0.946
Site × age-group × method 0.75 0.586 0.66 0.656 0.67 0.647 0.41 0.839

Whole profile soil (0–80 cm)

Site 87.56 <0.001 95.16 <0.001 135.95 <0.001 122.43 <0.001
Age-group 9.74 <0.001 11.32 <0.001 9.39 <0.001 9.25 <0.001
Sampling method 37.45 <0.001 25.57 <0.001 28.60 <0.001 10.42 0.001
Site × age-group 1.30 0.262 1.64 0.149 1.46 0.203 1.94 0.088
Site × method 6.37 <0.001 3.25 0.022 13.76 <0.001 4.89 0.002
Age-group × method 0.18 0.839 0.11 0.892 0.18 0.832 0.47 0.625
Site × age-group × method 0.33 0.897 0.49 0.782 0.21 0.958 0.48 0.790

The highest SOC and SON concentrations were usually observed at DQC or DS, while the lowest
values were found in LS (Table 2). Inter-site variation (the highest/lowest ratio) was 2.8 and 3.5 for
surface soil SOC and SON, respectively, whereas inter-site variation was 2.9 and 3.2 for SOC and SON,
respectively, in the whole profile soil. The highest SOC and SON storage in surface and whole profile
soils were found at DS and DQC, respectively, with the lowest values at LS. The ratios of the highest to
the lowest values for SOC and SON storage in the surface soil were 2.3 and 2.6, respectively, while
those for the whole profile soil were 2.5 and 2.7, respectively (Table 2).

Pedogenetic sampling generally yielded higher SOC and SON concentrations (Table 2). Surface and
whole profile soil SOC and SON concentrations were 1.2- to 1.4-fold higher in pedogenetic than in
fixed-depth sampling (Table 2). Different patterns were found in their storage. Whole profile soil
storage of both SOC and SON was 1.2-fold higher under pedogenetic than under fixed-depth sampling
(p < 0.05), but the difference was only 1.05- to 1.07-fold (p > 0.05) for the surface soil (Table 2).
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Age-group differences increased linearly from <20, to 20–40, and >40 years groups in SOC
concentration and storage in the surface soil, SON concentration in the surface soil, and SOC storage in
the whole profile soil (Table 2). Forests in the 20–40 years age-group exhibited peak whole profile soil.

SOC and SON concentrations, as well as whole profile soil and surface soil SON storage (Table 2).
In general, the >40 years group had 1.1- to 1.3-fold higher SOC than the <20 years age-group, while
the 20–40 years group tended to have higher SON (Table 2).

3.2. SOC and SON Concentrations Across Study Sites: Interaction with Sampling Method

Marked site by sampling method interaction was found for SOC and SON concentrations in
the surface and whole profile soil (Table 1; Figure 1). Both surface and whole profile soil SOC
concentrations were higher with pedogenetic than with fixed-depth sampling. Inter-site differences
were also found (Figure 1). The highest increases from one sampling method to another in surface
soil SOC concentrations generally occurred in DQC (52%), while moderate increases (7%–10%) were
observed in DS, LS, and MES (Figure 1). The whole profile soil (0–80 cm) typically accompanied
higher SOC in pedogenetic sampling than in fixed-depth sampling. For example, SOC concentration
at DS was 8% higher with pedogenetic sampling than with fixed-depth sampling in the surface soil,
whereas it was 38% higher when the whole profile soil was evaluated. Furthermore, at LS, SOC in the
surface soil was 10% higher, but that in the whole profile soil was 20% higher in pedogenetic than in
fixed-depth sampling (Figure 1).

Figure 1. Sampling method influences soil organic C (SOC) and N (SON) concentrations depending
on the sampling site (site × sampling method interaction). Data are presented for the two different
sampling depths (surface soil: 0–20 cm and whole profile soil: 0–80 cm). A plus sign (+) indicates
that the pedogenetic method resulted in higher values than the fixed-depth method, while a minus
sign (−) indicates the opposite result. DQC, Daqingchuan site; DS, Dongshan site; LS, Laoshan site;
MES, Maoershan site; FD, fixed-depth sampling; PE, pedogenetic horizon sampling. The error bars
represent standard error of the mean. 0–20 cm soil for SOC (a); 0–80 cm soil for SOC (b); 0–20 cm soil
for SON (c); 0–80 cm soil for SON (d).

Sampling influence on SON concentration was similar to that on SOC. Pedogenetic sampling led to
higher SON in both surface and whole profile soil as compared with fixed-depth sampling, again with
differences among sites (Figure 1). The largest increases (38%–45%) of pedogenetic over fixed-depth
sampling occurred at DQC, whereas the other sites had relatively smaller sampling-induced changes
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(14%–35% at DS, 9%–21% at LS, and 8%–17% at MES; Figure 1). In the surface soil, pedogenetic
sampling resulted in 14% (DS), 9% (LS), and 8% (MES) increases in SON concentration as compared
with fixed-depth sampling, whereas the increases were 35% (DS), 21% (LS), and 17% (MES) when the
whole profile soil was evaluated (Figure 1).

3.3. SOC and SON Storage across Study Sites: Interaction with Sampling Method

The interaction between sampling method and study site significantly affected SOC and SON
storage in the two sampling depths, except SON storage in the surface soil (Table 1; Figure 2). At DQC,
pedogenetic sampling resulted in 16%–22% higher SOC and SON storage compared with fixed-depth
sampling in the surface soil; and 30%–44% higher SOC and SON storage when the whole profile soil
was considered. At DS, there was a <6% difference in SOC and SON storage in the surface soil, and a
14%–27% increase in the whole profile soil from pedogenetic to fixed-depth sampling. Additionally,
SOC and SON storage values were similar under both methods at LS and MES (Figure 2).

 

Figure 2. The influence of sampling method on soil organic C (SOC) and N (SON) storage across
study sites (site×method interaction) and sampling depth (surface soil: 0–20 cm, whole profile soil:
0–80 cm). A plus sign (+) indicates that the pedogenetic method resulted in higher values than the
fixed-depth method, while a minus sign (−) indicates the opposite result. DQC, Daqingchuan site;
DS, Dongshan site; LS, Laoshan site; MES, Maoershan site; FD, fixed-depth sampling; PE, pedogenetic
horizon sampling. The error bars represent standard error of the data. 0–20 cm soil for SOC (a); 0–80 cm
soil for SOC (b); 0–20 cm soil for SON (c); 0–80 cm soil for SON (d).

3.4. Age-Group Differences in SOC and SON Concentrations: Interaction with Sampling Method

Age-group effects were similar between the two sampling methods for both SOC and SON
concentrations (age-group* method interaction: p > 0.05; Table 1 and Figure 3). Moreover, age-group
related differences were apparent in surface versus whole profile soil (Figure 3).

Both pedogenetic and fixed-depth sampling found sharp increases (6%–34%) in surface soil SOC
concentrations from the <20 years to the 20–40 years age-group, which then moderately increased
(9%–10%) from the latter to the >40 years age-group. Similarly, both fixed-depth and pedogenetic
sampling found sharp increases (11%–22%) in SON concentration in the surface soil from the
<20 years to the 20–40 years age-group, also followed by a small increase (2%) to the >40 years
age-group (Figure 3).
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Unlike in the surface soil, SOC and SON concentrations in the whole profile soil were lower
in the >40 years age-group compared with the 20–40 years age-group (Figure 3). Both sampling
methods found sharp increases (19%–28%) in SOC concentration in the 20–40 years age-group from
the <20 years age-group, but 4%–5% decreases from the 20–40 years age-group to the >40 years group.
Both sampling methods also found sharp increases (25%–27%) in SON concentration in the 20–40 years
age-group from the <20 years age-group, followed by 17%–21% decreases in the >40 years age-group
from the 20–40 years age-group (Figure 3).

 

Figure 3. The interaction of age-group and sampling method affected soil organic C (SOC) and
N (SON) concentrations, as well as their variation between surface (0–20 cm) and whole profile soil
(0–80 cm). A plus sign (+) indicates that the pedogenetic method resulted in higher values than the
fixed-depth method, while a minus sign (−) indicates the opposite result. DQC, Daqingchuan site;
DS, Dongshan site; LS, Laoshan site; MES, Maoershan site; FD, fixed-depth sampling; PE, pedogenetic
horizon sampling. The error bars represent standard error of the data. 0–20 cm soil for SOC (a);.
0–80 cm soil for SOC (b); 0–20 cm soil for SON (c); 0–80 cm soil for SON (d).

Owing to non-significant interactions between the age-group and sampling method (Figure 3),
the age-group effect could be expressed as group means of the two sampling methods (Table 2). For the
surface soil, marked increases in SOC and SON concentrations were found in the 20–40 years age-group
from the <20 years age-group, while no marked changes were found between the 20–40 years and
>40 years age-groups. However, different patterns were found in the 0–80 cm soil, with marked
decreases of SON concentrtion from the 20–40 years age-group to the >40 years age-group (Table 2).

3.5. Age-Group Differences in SOC and SON Storage: Interaction with Sampling Method

Similar to SOC and SON concentrations, the sampling method did not alter age-group effects
on SOC and SON storage (non-significant age-group × method interaction; Table 1 and Figure 4).
Both fixed-depth and pedogenetic sampling revealed increases (11%–13%) in SON storage from
the <20 years to the 20–40 years age-group, then small decreases (2%–3%) from the 20–40 years to
the >40 years age-group. In addition, both sampling methods found sharp increases (7%–24%) in
SOC storage from the <20 years to the 20–40 years age-group, then small increases (7%) from the
20–40 years to the >40 years age-group. Age-group differences in the whole profile soil SOC and SON
storage clearly contrasted those in the surface soil (Figure 4). For example, there were sharp increases
(15%–17%) in SOC storage from the <20 years to the 20–40 years age-group, but then no obvious
changes (0%–2% decreases) between the 20–40 years and the >40 years age-groups regardless of the
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sampling method used. Furthermore, there were sharp increases (15%–20%) in SON storage from the
<20 years to the 20–40 years age-group, and 13%–20% decreases from the 20–40 years to the >40 years
age-group regardless of the sampling method used (Figure 4).

Figure 4. The interaction of age-group and sampling method on variation in soil organic C (SOC; upper
two panels) and N (SON; lower two panels) storage, and differences between surface (0–20 cm; a and c)
and whole profile soil (0–80 cm; b and d). A plus sign (+) indicates higher values in an older group
than in the immediately younger one (e.g., >40 years versus 20–40 years), while a minus sign (−)
indicates the opposite. 1 = <20 years age-group; 2 = 20–40 years age-group; 3 = >40 years age-group.
FD, fixed-depth sampling; PE, pedogenetic horizon sampling. The error bars represent standard error
of the data. 0–20 cm soil for SOC (a); 0–80 cm soil for SOC (b); 0–20 cm soil for SON (c); 0–80 cm soil
for SON (d).

There were moderate increases in SOC storage and sharper decreases in SON storage from
the 20–40 years to the >40 years age-group when the whole profile soil was considered (Figure 4).
For example, surface soil SOC storage in the >40 years age-group was 7% higher than that in the
20–40 years age-group, whereas the percentage difference was a decrease of 0%–2% in the whole profile
soil. Moreover, surface soil SON storage in the >40 years age-group was 2%–3% lower than that in
the 20–40 years age-group, but the percentage difference increases to 13%–20% in the whole profile
soil (Figure 4).

Owing to non-significant interactions (Figure 4), the age-group effect could be expressed as pooled
means of two sampling methods (Table 2). For the surface soil, marked increases in SOC and SON
storage were usualy found from the <20 years to the 20–40 years age-group, while no marked changes
were found between the 20–40 years and >40 years age-groups. However, different patterns were
found in the 0–80 cm soil, with marked decreases of SON storage in the >40 years age-group (Table 2).

3.6. Minimum Sample Number Required for Estimating SOC and SON at Specific Error Limits: Effects of
Sampling Method

Fewer sampling points are required with fixed-depth sampling than with pedogenetic sampling,
across multiple error limits (Figure 5). At least 538 samples should be collected for analyzing whole
profile soil SOC concentration under pedogenetic sampling at the 5% error limit, whereas 37% fewer
points are required with fixed-depth sampling to secure the same precision. This pattern of requiring
more data points for pedogenetic sampling holds as the error limit increases (Figure 5). Similarly,
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under the same error limit, at least 543 pedogenetic samples are needed to analyze whole profile soil
SON concentrations, compared with 480 samples for in fixed-depth sampling (12% fewer sampling
points required) (Figure 5).

Similar results were observed for whole profile soil SOC and SON storage. At the 5% limit,
pedogenetic sampling and fixed-depth required 387 and 233 samples, respectively, to estimate SOC
storage, as well as 395 and 364 samples for SON storage estimation. At other error limits, these general
patterns again held (Figure 5). Outcomes for surface-soil SOC and SON storage and concentration
data were similar to the whole profile soil results (data not shown).

Figure 5. Effects of sampling method on minimum sampling number at different error limits to estimate
differences in soil organic C (SOC) and soil organic N (SON) concentration and storage. PE, pedogenetic
sampling; FD, fixed-depth sampling. Vertical bars represent a 5% error. 0–80 cm soil profile SOC
concentration (a); 0–80 cm soil profile SON concentration(b); 0–80 cm soil profile SOC storage (c);
0–80 cm soil profile SON storage (d).

4. Discussion

4.1. Age-Group Effect on SOC and SON Is Dependent on Sampling Depth but Not Sampling Method

Compared with younger forests, older forests can have both higher and lower SOC and
SON [11,14–16], but few have examined how sampling methods may affect such evaluations. Here, we
demonstrated that sampling methods did not alter the estimate of the age-group effect on SOC and
SON in larch plantations (Table 1, Figures 3 and 4). Pedogenetic horizon sampling in previous studies
has revealed large increases (31.3 to 48.2 g·kg−1) in soil organic matter (SOM) concentration due to
thinning [36], as well as large SOM variations (184 to 510 g·kg−1) within different larch forests [37].
Using fixed-depth sampling, SOM was found to increase from 47.7 to 51.6 g·kg−1 after a second
rotation of a 36-years old larch forest at the same site [38]. Therefore, differences in sampling methods
do not explain contradictory patterns of SOC and SON variation over time in the studied plantations.
As seen in previous reports [9–12,17,18,20], prior land use, tree species planted, and soil nutrient
supply may all affect SOC and SON dynamics after afforestation.

The patterns of tree age effect on SOC and SON was strongly dependent on soil sampling depth
under both sampling methods. Under a deeper soil sampling depth, the SOC and SON estimates
(storage and concentration) were accompanied by moderate SOC increases or sharper SON decreases
from the 20–40 years to the >40 years age-group. Previous soil studies in larch forests were focused on
the more dynamic surface soil (0–20 cm), which also contains the highest root density [39,40]. However,
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this focus may have overlooked the importance of deep soil, which is significant given that SOM and
nutrient storage in deep soils are important for forest vegetation with deep root systems [41,42], such
as the larch trees studied in this paper. A recent, 12 years chronosequence study in larch plantations
showed that SOC initially decreased before increasing with stand age [43]. Larch plantations in
northeast China could accumulate SOC at a rate that ranges from 57.9 to 139.4 g·m−2·year−1 in the
top 20 cm of soil [11]. Moreover, researchers also noted a slight increase in surface soil N storage
(~0.33 kg·m−2), which decreased from 0.11–0.16 to 0.06–0.11 kg·m−2 in the 20–60 cm soil during larch
forest development [11]. Larch tree growth could cause divergent changes in SIC (soil inorganic
carbon) and SOC levels, particularly in terms of their vertical distribution, and therefore, these effects
should be fully considered in SIC-rich calcareous soils [44]. Larch reforestation could markedly affect
the temporal dynamics in the concentration, storage, and vertical distribution of most soil nutrients, as
indicated by findings showing eight SOC, SON, P, and K related parameters with differences between
surface and subsurface soils [21]. These studies suggest that deeper soil C and nutrient depletion
was possible. In contrast, this study suggests that larch plantation establishment in northeast China
could sequester C in the mineral soil without depleting SON, at least in the surface soil of stands in
the >40 years age-group. However, the inclusion of deeper soil layers could strongly modify these
patterns to indicate possible depletion of SOC and SON with stand age.

4.2. Sampling Method Effects on SOC and SON Differ between Their Concentration and Storage

Understanding SOC and SON spatial variation is important in order to improve intensive forest
management [2], but the influence of pedogenetic versus fixed-depth sampling on the assessment
of SOC and SON spatial variation has not been statistically assessed [29,30,45,46]. This study
demonstrated that sampling method significantly affected (p < 0.05) the identified size of inter-site
variations of SOC and SON. Moreover, such sampling effects differed between concentration and
storage of SOC and SON, as well as across the two soil sampling depths. These effects suggest that
the effect of sampling method and its interaction with soil sampling depth on nutrient storage or
concentration should be considered in future research, particularly when comparing results across
different studies.

The A and B horizons in this study were generally thicker than 20 cm, with the A horizon at LS,
MES, DS, and DQC averaging 17.8, 27.0, 40.5, and 25.0 cm, respectively, whereas the corresponding
B horizon averaged 55.2, 66.1, 69.2, and 49.6 cm. Thus, fixed-depth sampling with a 20-cm increment
may collect mixed A and B horizon samples. This corroborates with the literature that if soil
horizons with different SOC concentrations are mixed during fixed-depth sampling, SOC and SON
concentrations could be much higher in fixed-depth sampling than in pedogenetic sampling [47].
Others have also reported that SOC stock variability decreases under fixed-depth sampling as
compared with pedogenetic horizon sampling [29]. Therefore, fixed-depth sampling could result in
higher SOC and SON estimates than pedogenetic sampling depending on the depth of the soil sampled
and also sampling intensities at different horizons [29,47].

Effects of sampling method on SOC and SON have been reported previously [29,30,45], but
quantitative assessment on the effect of sampling method on inter-site variation and differences
between sampling depths is lacking. In the upper 30 cm of ploughed Gleysols, VandenBygaart et
al. found that pedogenetic horizon sampling reduced the variability in SOC stock [45]. Sampling by
pedogenetic horizon is also recommended over fixed-depth when monitoring SOC stock variation
in hydromorphic soils of the agricultural landscape [46], as well as when studying pedogenetic
processes controlling SOC stocks. In contrast, fixed-depth sampling is preferred for determining
regional SOC stock [29]. Yet another report [30] indicated that fixed-depth sampling tends to
overestimate cultivation-induced SOC depletion, and thus they recommended the use of pedogenetic
soil information (e.g., soil classes) in SOC stock calculation and C sequestration when assessing the
impact of land-use change. Our findings differed from these reports; we showed that pedogenetic
sampling typically resulted in much higher SOC and SON than fixed-depth sampling (Table 2),
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which was 1.05- to 1.2-fold higher for SOC and SON storage and 1.2- to 1.4-fold higher for SOC
and SON concentration. Pedogenetic sampling was also used in several major datasets in China
(e.g., the 1979–1982 national survey) and has since become the main sampling method for nationwide
evaluation of SOC and SON budgets [48–50]. Currently, however, more studies use the fixed-depth
method for estimating SOC and SON storage in China [11,21,51]. This study provides a statistical
assessment of differences in SOC and SON between two major sampling methods, which should be
useful for meta-analysis and soil fertility diagnoses across multiple locations.

4.3. Lower SOC and SON Spatial Variations Requiring Lower Sampling Intensity in Fixed-Depth Sampling

Many studies have addressed the effect of forest development on SOC and SON dynamics [11,21],
inter-site and vertical soil variations [29,52], as well as the minimum sample number required for
accurate assessment [20–23]. The minimum number of samples required should be determined
for detecting a specified change in soil properties [34,53]. For designing efficient soil sampling
methods, Conant et al. found that differences in the order of 2.0 Mg·C·ha−1 could be detected through
collecting and analyzing samples from at least five (tilled) or two (forest) microplots in Tennessee [5].
Compared with the large number required as was identified in this paper (300–600 samples), a proper
sampling procedure, such as the microplot averaging method, could strongly decrease the number
of samples required for accurate evaluation [5]. Moreover, the smaller variation with the fixed-depth
sampling indicates that this method requires a lower sampling intensity (10%–40% lower) for a given
precision as compared with pedogenetic horizon sampling in assessing changes in SOC and SON
over time. Average SOC and SON changing rates are smaller relative to their total amount in the
soil, resulting in a small signal to noise ratio [5]. The methodological effect on the minimum sample
number required, together with previous findings on proper soil sampling design [5], may increase the
precision of SON and SOC evaluations for a given error limit.

5. Conclusions

Larch plantation establishment on degraded farmland increased SOC and SON storage in the
20–40 years age-group, and sampling method (fixed-depth versus pedogenetic horizon sampling) did
not alter this pattern (p > 0.05). Furthermore, pedogenetic horizon sampling resulted in higher SOC
and SON storage and inter-site variations than fixed-depth sampling. At a given error limit for SOC
and SON estimation, the minimum number of sampling points required for fixed-depth sampling was
60%~90% of that required for pedogenetic horizon sampling. These sampling method effects can help
interpret differences in data collected in disparate studies (e.g., for meta-analysis), and improve our
understanding of the assessment of spatial variations of SOC and SON.
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