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Preface

Nitrogen (N) and phosphorus (P) nutrition of trees has been studied for many decades, but has
largely been focused on inorganic nutrient uptake and leaf level nutrient contents. In recent
years it became obvious that N and P cycling at the ecosystem level is of vital importance for
tree nutrition and that organic N uptake by trees is an essential part of ecosystem N cycling; in
particular on N and/or P poor soils, and in cooler climates. The significance of organic P
uptake by trees is still a matter of debate, especially under field conditions. The overlay of
climate change on ecosystem N and P cycling has become an important issue of forest
research. This overlay raises questions around competition for N and P among structural
elements (overstorey vs. undestorey), as well as among dominant species. Many nutritionally
related aspects of changing climates, such as effects on rhizosphere and phyllosphere, remain
seriously under-studied. The central aim of this Special Issue is to provide new insights into
some of these topics at the tree, and the ecosystem level.

Heinz Rennenberg and Mark A. Adams
Guest Editors






Nitrogen Nutrition of Trees in Temperate Forests—The
Significance of Nitrogen Availability in the Pedosphere
and Atmosphere

Heinz Rennenberg and Michael Dannenmann

Abstract: Nitrogen (N) is an essential nutrient that is highly abundant as N2 in the atmosphere and
also as various mineral and organic forms in soils. However, soil N bioavailability often limits the
net primary productivity of unperturbed temperate forests with low atmospheric N input. This is
because most soil N is part of polymeric organic matter, which requires microbial depolymerization
and mineralization to render bioavailable N forms such as monomeric organic or mineral
N. Despite this N limitation, many unfertilized forest ecosystems on marginal soil show relatively
high productivity and N uptake comparable to agricultural systems. The present review article
addresses the question of how this high N demand is met in temperate forest ecosystems. For this
purpose, current knowledge on the distribution and fluxes of N in marginal forest soil and the
regulation of N acquisition and distribution in trees are summarized. The related processes and
fluxes under N limitation are compared with those of forests exposed to high N loads, where
chronic atmospheric N deposition has relieved N limitation and caused N saturation. We conclude
that soil microbial biomass is of decisive importance for nutrient retention and provision to trees
both in high and low N ecosystems.

Reprinted from Forests. Cite as: Rennenberg, H.; Dannenmann, M. Nitrogen Nutrition of Trees in
Temperate Forests—The Significance of Nitrogen Availability in the Pedosphere and Atmosphere.
Forests 2015, 6, 2820-2835.

1. Introduction

Following water availability [1-3], access to nitrogen (N) sources is considered to be the main
factor limiting the growth and development of plants and, hence, food and biomass production as
well as land carbon (C) storage at a global scale [4—7]. This is also evident from the extensive
distribution of low N soils across the globe [8]. In such soils, global climate change will further
reduce N availability and accelerate N limitation due to reduced precipitation during the vegetation
period [9,10] and dilution of bioavailable soil N by the increased growth in response to elevated
carbon dioxide (CO2) [6], provided N deposition from the atmosphere is low [11-15]. In agriculture,
N limitation is overcome by the application of inorganic and/or organic fertilizers, amounting to a
global inorganic fertilizer use of 108 Mt in 2012 [16]. At a global scale, the production of fertilizer
N in conjunction with increased cultivation of N-fixing plants and industrial activities has more
than doubled the annual release of reactive N forms to the biosphere [17]. Due to the cascading of
mobile reactive N forms across the boundaries of agricultural ecosystems, this anthropogenic
perturbation of the global N cycle has regionally increased atmospheric N deposition in forests,
with N loads in Europe ranging from 5 to 60 kg N ha !-year ! [18]. However, in forests, N fertilizer
application or large atmospheric N deposition is usually not required for high biomass production




and is minute compared with agricultural N use [19], despite a high distribution of forests on
marginal soils with low N availability. Since perennial plants such as forest trees are assumed to
have evolved on marginal soils, a perennial lifestyle has been proposed to constitute an adaptation
to low nutrient availability, including nitrogen [20,21].

Most of the nitrogen in forest soils is fixed in organic compounds such as proteins, lignin,
or chitin. These N forms cannot be directly used by plants, but require depolymerization by
specialized microorganisms to be converted to largely bioavailable monomeric organic or mineral
N forms [22,23]. According to the traditional view, the liberation of nutrients from soil organic
matter (SOM) depends on the chemical recalcitrance of SOM compounds, the genetic microbial
depolymerization capacity, and the climate-driven enzyme activity. However, recent evidence
highlighted that SOM turnover and persistence is also governed by the accessibility of organic
matter to decomposer organisms or exo-enzymes. Hence, soil aggregation, sorption/desorption processes
and the formation of organo-mineral associations [24,25] are important regulators of SOM decomposition
and nutrient liberation. Thus, N availability in soils varies considerably across ecosystem and soil
types and is not necessarily related to total soil N content.

The high productivity of forest trees on marginal soils with low N content is not a consequence
of a low N demand of forest trees. For example, mature temperate forest stands have an annual

! year! (Figure 1), which is similar to many

nitrogen requirement of about 100 kg N ha
agricultural systems [26,27]. Such high amounts of N may become available in forests transiently
as a result of accelerated microbial liberation of nutrients when gaps develop due to dying trees or
windbreaks, or due to selective cutting or clear cutting activities in forests [28]. Thus, the major
questions are: (i) how is this high N demand met in mature forests on marginal soil with low
atmospheric N input? and (ii) which N source(s) become available in the annual growth cycle to
meet this high N demand of mature forest trees? These questions are of particular significance
when the competition for N between forest trees and microbial N transformation processes and
microbial N use in growth and development are considered [12]. Therefore, the present review
article summarizes the current knowledge on the processes and fluxes of N distribution between
forest trees and microbes with particular emphasis on temperate forest ecosystems on marginal soil
with low N content and low atmospheric N input. These processes and fluxes under N limitation
are compared with those of forests exposed to high loads of N as observed in patchy landscapes in
close proximity to intensively used agricultural and forested areas [29].

2. Distribution and Fluxes of Nitrogen in Marginal Soil

Meeting the high N demand of mature trees on marginal soil is particularly challenging. Forest
ecosystems on marginal soil are characterized by a largely closed ecosystem N cycle, ie., by
tightly-coupled microbial mineralization-immobilization turnover, which facilitates effective
microbial N retention [12]. Under these conditions, leaching of N, particularly strongly mobile
nitrate, into the hydrosphere is negligible. Furthermore, the release of volatile N compounds such
as NO, N20 or Nz, produced during microbial transformation of inorganic and organic N compounds,
into the atmosphere is minute (Figure 1). The influx of N into the ecosystem from atmospheric
deposition and non-symbiotic biological N fixation by heterotrophic bacteria [30,31], as well as N



acquisition from the hydrosphere and its liberation from the geosphere [32] are small, but still can
exceed N leaching and volatilization. Hence, the accumulation of N from these N sources can
occur, but is slow. Thus, ecosystem N fluxes and N redistribution almost entirely depend on
ecosystem internal sources, in particular the decomposition of leaf and root litter as well as
decaying microbial biomass and older soil organic matter [12,33]. Since the mean residence time of
microbial biomass with a range between days and months [26,34,35] is significantly shorter than
the lifespan of leaf and root litter [36-38], microbial biomass turnover is a major driver of N
redistribution in N-limited ecosystems. However, our understanding of internal gross nitrogen
turnover in N-limited forests is still fragmentary because available studies on the extremely
dynamic gross nitrogen mineralization-immobilization turnover have been restricted to single or a
few measurement dates. Only for one N-limited forest site, i.e., the Tuttlingen experimental beech
forest in southern Germany, were the gross N turnover rates (ammonification, nitrification, microbial
inorganic N immobilization, denitrification) determined with sufficient temporal resolution (13 sampling
dates between 2002 and 2009) to constrain annual N turnover budgets [35,37,39—44] (Figure 1).
Figure 1 provides a synthesis on annual N turnover in this forest stand based on a compilation of
previously published data on gross N turnover rates [35,37,39—43]. This ecosystem shows—despite
very high N mineralization and significant nitrification rates—a closed N cycle characterized by
competitive partitioning of N between beech trees and microbial N retention pathways so that N
loss remains small. This is specifically due to the almost complete partitioning of nitrate to microbial
or tree uptake (Figure 1, Tuttlingen: Beech forest, Rendzic Leptosol). Microbial mineralization-
immobilization turnover is ca. fivefold larger than tree N uptake and plant-mediated internal N

!, This means that microbial

turnover, producing an annual microbial detritus >500 kg N ha”
biomass is processed on average several times a year, recycling and conserving a huge nutrient
stock. These N cycle patterns sustain economically and ecologically valuable forests on marginal
soils, which are not suitable for traditional agricultural use with herbaceous crops.

Tree uptake rates of amino acids remain difficult to estimate because on the one hand, studies on
N uptake capacity using capsules with amino acid solutions attached to soil-free washed root tips
show that there is significant uptake capacity [42,43]. On the other hand, recent work based on the
injection of double '*C/!"*N-labelled amino acids into intact beech-soil systems showed that only
5N and not '*C was recovered in beech [45]. This suggests that either the uptake of intact amino
acids was not significant in the presence of microbial competition, or that amino-acid derived C
had already been subjected to respiration in the mycorrhizal mantle [46].

A further feature of this N-limited beech stand was the effective closure of the N cycle in the
denitrification process, i.e., the removal of reactive N from the biosphere as harmless inert dinitrogen
(N2) rather than nitrous oxide (N20) (Figure 1), a potent greenhouse gas and dominant ozone-
depleting substance in the stratosphere.
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Figure 1. Gross nitrogen fluxes (kg N ha ! year ') and N pools (kg N ha™!) for two forest
ecosystems in southern Germany: The Tuttlingen beech forest on marginal shallow
Rendzic Leptosol soil, with low atmospheric N input (upper panel), and the Hoglwald
forest, a nitrogen-saturated spruce forest on a Dystric Cambisol soil and affected by
chronic atmospheric N deposition (lower panel). Note that the thickness of the arrows
relates to the size of the process rate, and the pool sizes of ammonium, nitrate and
microbial biomass are reflected by the size of the pool signatures. It was not possible to
provide size-scaled pool signatures for the N pools in soil organic matter (SOM) and
plant biomass (both indicated with black dashed lines), because these pools exceed the
labile soil N pools by several orders of magnitude. SOM does not include microbial
biomass in this graph. For further information, see text. Ammonium and nitrate uptake
was estimated for both forest ecosystems by multiplying the uptake capacities by the
fine root biomass [26].



In such forest ecosystems, soil microbial activity provides a huge potential for the recycling and
liberation of bioavailable N as well as for microbial competition with plants for N. Redistribution
of N between trees and understory plants will largely depend on the competitive strength of these N
consumers, with a significant advantage for generalists compared with specialists. As a consequence,
the N preferences of tree roots can change from ammonium and amino acids at high N availability
to no preference upon N limitation [47], thereby providing a competitive advantage at low N
availability compared with more specialized players in the root-microbe system.

Using stable isotope approaches, Guo et al. [37,38] showed that leaf litter contributes less to the
N nutrition of beech natural regeneration compared with root litter, and that microbial biomass is a
much more important sink of N liberated from leaf and root litter compared with beech. Nitrogen
from recent leaf litter contributed only a minor amount to the N requirement of beech, indicating
that liberation of N from recalcitrant pools of old litter in soil organic matter over years and
decades constitutes the dominant N source of beech in N-limited ecosystems. However, the
contribution of nutrients recycled from root litter to forest nutrition remains unknown. In this
context it has to be considered that microbial nitrate acquisition beyond the actual N demand of the
trees for growth, and development and storage constitute an effective means to prevent nitrate
leaching and gaseous N losses (Figure 1) from the ecosystem. Recent studies using tree girdling as
a tool to unravel the role of C rhizodeposition in N partitioning between beech and free-living microbes
showed that microbial-bound N then seems to be used as a transient storage of nutrients [42,47].
Under unfavorable conditions such as drought or reduced carbohydrate exudation of roots and thus
reduced C supply to heterotrophic microorganisms, the transient storage can be abandoned [42,47].
Decaying microbial biomass will then become a new source of nutrients for the beech trees [42,48].
In a similar way “carbon expensive” mycorrhizal fungi with extensive development of rhizomorphal
hyphae may be exchanged with “carbon inexpensive” mycorrhizal fungi with reduced development
of rhizomorphal hyphae under a C shortage [49]. Apparently, beech trees control ecosystem N
cycling and N bioavailability under N limitation, thereby operating under the general principle of
“to live and let die”.

3. Distribution and Fluxes of Nitrogen in Forests Exposed to High Nitrogen Loads

In forests exposed to high N loads, there are more potential sources for N acquisition compared
with low N systems. The demand of plants for N can be met both by root uptake of N originating
from pedospheric/hydrospheric sources and by stomatal uptake of reactive N compounds from the
atmosphere [50]. Uptake of reactive compounds from atmospheric deposition is largely controlled
by stomatal conductance and the concentration gradient of reactive N compounds between the
atmosphere and the substomatal cavity. This concentration gradient is often determined by the
removal of N from the substomatal cavity into the aqueous solution of the apoplastic space
surrounding the substomatal cavity and further on into the symplasm of leaf cells [50-52]. Stomatal
closure may be considered a means to down-regulate N influx. However, this down-regulation
takes place at the expense of reduced carbon dioxide (COz2) influx into the leaves, resulting in
reduced photosynthetic carbon fixation and hence growth [53]. When the stomatal opening is
maintained in the presence of biologically available atmospheric N, this will result in uncontrolled,



compulsory N nutrition via the leaves. In the majority of tree species, reduction of N taken up by
roots and its assimilation into amino acids takes place exclusively in the roots, and leaves are
supplied with amino N by xylem transport [54]. Therefore, influx of atmospheric N via the stomata
and its reduction and assimilation in the leaves leads to a complete change in the distribution of N
metabolism between leaves and roots and in root-to-shoot allocation of N assimilation products and
its metabolites. As a consequence, N deposition can change the distribution of biomass between
shoot and roots in favor of the shoot, thereby enhancing drought susceptibility due to enhanced
transpiration of the increased shoot biomass [55,56]. Depending on the rate of N influx via the
roots plus the shoot and the N demand of the plant, N over-nutrition may be prevented by
shoot-to-root interactions [54]. In contrast to the influx of atmospheric N, N uptake from
pedospheric/hydrospheric sources can at least be partially controlled (see below) and can be
down-regulated to the extent that atmospheric N contributes to N nutrition [54,57,58]. If high rates
of N deposition result in N over-nutrition [29], this is often indicated by extremely high amounts of
the N-rich amino acid arginine in phloem and xylem sap [54,59].

At the ecosystem level, long-term N deposition will turn forests from N-limited into N-saturated
or even over-saturated systems [60,61]. The term “nitrogen saturation” is defined as a state where
either the availability of mineral N exceeds the combined nutritional demands of plants and
microbes [62], or where ecosystem N losses approximate or exceed the inputs of N [63]. Hence,
nitrogen saturation is connected with a change from closed to open ecosystem N cycling. However,
the extent and stage of N saturation needs to be accounted for. At an initial stage, N deposition will
result in a more narrow soil C:N ratio, will remove microbial N limitation and will enrich organic
matter in N, which will stimulate N mineralization [64,65]. The associated changes in N
mineralization and the C:N ratio also alter the balance of ammonium consuming processes at the
expense of microbial immobilization and in favor of nitrification, thus impairing microbial N
retention and promoting N losses along hydrological and gaseous pathways [64,66]. In the
long-term, chronic N deposition impairs soil microbial activity due to soil acidification and low C
availability, thus decelerating soil organic matter decomposition, N mineralization and subsequent
N turnover processes, including immobilization, nitrification and denitrification [64,67].

The consequences of chronic atmospheric N deposition for ecosystem N cycling have been
analyzed in great detail for a Norway spruce forest in southern Germany surrounded by
maize agriculture [26,29,44] (Figure 1). The data in Figure 1 were based on the compilation of
Kreutzer et al., 2009 [26], complemented by the gross N turnover dataset of Rosenkranz et al.,
2010 [44] such that this new compilation includes much better constrained gross N turnover rates
compared with those of Kreutzer et al., 2010 [26].

This forest (the “Hoglwald” experimental spruce forest) is characterized by long-term N input

! year! for ammonia and NO2, respectively) and

from gaseous deposition (10 and 2 kg N ha”
throughfall (18 and 10 kg N ha™! year ! for ammonium and nitrate, respectively) amounting to a
total N' deposition from the atmosphere to the forest floor of ca. 40 kg N ha™' year ! excluding
about 4 kg N ha ! year ! taken up by the canopy. About half of the N deposited (21 kg ha! year ™)
is leached into the hydrosphere, almost exclusively in the form of nitrate. In addition, ca. 16 kg

N ha™! year ! are released into the atmosphere, mostly as nitric oxide (NO) and N2, but to a minor



extent also in the form of the potent greenhouse gas N2O [26] (Figure 1). Thus, almost all the N
deposited in the spruce forest ecosystem from atmospheric sources is released by leaching and
volatilization into the hydrosphere and atmosphere, respectively. Despite these releases, high
ecosystem internal N fluxes were observed. Figure 1 provides a synthesis of published annual N
fluxes of this ecosystem [26,44]. Spruce trees were estimated to acquire 129 kg N ha! year ! from
pedospheric/hydrospheric NH4" and 4 kg N ha™! year ! from atmospheric sources, but most of the N
retrieved is lost annually in the form of leaf and root litter (117 kg N ha™! year!). However, uptake
from pedospheric/hydrospheric N sources may constitute an underestimation, since only inorganic
N uptake was considered and organic N uptake that is thought to be a significant N source of
trees [44,46] was neglected. Gross microbial mineralization-immobilization turnover in the Hoglwald
forest was about five times higher than tree N uptake and plant-mediated internal N turnover.
Hence, microbial detritus (ca. 500 kg N ha™! year ') constituted a much stronger N source of
polymeric soil organic matter than spruce litter. Nitrogen bound in microbial biomass was significantly
lower (82 kg N ha ') than microbial N immobilization or microbial N detritus formation, indicating
a high turnover of this N pool with a mean residence time of about two months. Despite the
relatively high N losses of this forest compared with low N natural ecosystems, it needs to be noted
that annual gross nitrification rates (almost 500 kg N ha™! year ') as well as microbial nitrate

! year!) exceed annual N losses by about an order of

immobilization rates (ca. 460 kg N ha
magnitude. In view of this dominant role of microbial nitrate immobilization in N loss pathways,
we conclude that microbial biomass turnover is the most important process mediating redistribution

and retention of N at the ecosystem level in N over-saturated forest ecosystems [26,44,65].
4. Regulation of N Acquisition and Distribution in Trees

Nitrogen acquisition by trees and the significance of root N uptake in the biogeochemical cycle
is ultimately regulated at the whole plant level. Nitrogen taken up from atmospheric sources by
leaves and not used inside the leaves, as well as N taken up from pedospheric/hydrospheric sources
by roots and not used inside the roots are both loaded into an N pool cycling inside the whole plant
by phloem and xylem transport. This cycling of N includes bidirectional exchange not only
between the xylem and phloem in the leaves and the roots, but also along the long-distance
transport path [54,68]. Glutamine, the most abundant long-distance transport form of N in many
tree species, also seems to be the most prominent N compound subjected to this bidirectional
exchange. However, the exchange of N may also include metabolic interconversion of amino
compounds [54]. The cycling pool of plant N serves whole-plant distribution of N stored in the bark
and wood of stems and roots (deciduous trees) or the leaves and roots (evergreen trees) upon
mobilization for the spring growth of leaves and for fructification. Furthermore, the cycling N pool
also constitutes the transport path used for filling up these storage pools of N during annual
growth [69-71]. In addition, it provides N for growth and development of all meristematic tissues
at the advantage of immediate N availability in close proximity to these tissues. Thus, the cycling
plant N pool mediates swift N supply of any part of the plant throughout the year. The size of this
cycling plant N pool may change depending on N nutrition, and this pool may even be used for N
storage, particularly in the form of arginine, an amino acid with high N content [59]. Mobilization



of N from this storage pool may provide N faster than the mobilization from storage proteins in
bark and wood [70,71]; therefore, it may be of particular significance to meet N requirements in
response to environmental changes. The processes regulating the loading and unloading of the
cycling N pool have currently only been studied for seasonal storage and mobilization in
poplar [70,71]. Therefore, the mechanisms responsible for the up- and down-regulation of the size of
this pool in response to environmental changes, including nutrient availability, constitute an
exciting area of future research.

When N acquisition from pedospheric/hydrospheric and atmospheric sources as a whole exceeds
the N demand of trees for growth, development, and defense, the cycling pool of N will be
expanded initially by the accumulation of glutamine. This accumulation seems to result in a
repression of nitrate uptake at the transcriptional or post-transcriptional level [72—74]. However,
the mechanism(s) of how trees sense whole plant N status and transmit this information into
changes in root uptake remain poorly understood. Whole plant N status may be integrated by cycling
amino acids such as glutamine [75], but nitrate may also be involved indirectly [76,77]. Provided
cycling glutamine constitutes a systemic signal, the down-regulation of nitrate uptake would
require homeostasis between the cycling pool of glutamine and the glutamine pool at the site of
nitrate uptake as a means to monitor the whole plant N status by the roots. Recently, a cellular
mechanism of glutamine-sensing has been identified that seems to be widespread in the plant
kingdom [78]. The plastid-localized PII signaling proteins can sense and integrate metabolic
signals by conformational changes, thereby exerting control at all levels of metabolic regulation,
including transport activity, metabolic reactions and gene expression. This protein was shown to
control the key-enzyme of the ornithine synthesis pathway, N-acetyl-L-glutamate kinase, leading to
arginine and polyamine synthesis [78]. It may therefore be assumed that PII signaling proteins can
sense high glutamine levels and initiate arginine synthesis under these conditions. However, it
remains unclear how glutamine sensing by these plastid-localized proteins reduces nitrate uptake
via the root plasmalemma at a post-transcriptional or transcriptional level.

Repression of the expression of the high affinity nitrate transporter gene NRT2.1 by amino acids
such as glutamine was found to be mimicked by the expression of transcription factors
LBD37/38/39 [79]. In addition, an evolutionary conserved component of the RNA polymerase 11
complex, HN19-At1WS1, was shown to repress the transcription of root NRT2,1 in Arabidopsis [80].
Evidence for the action of similar mechanisms in trees remains to be seen. The release of
repression of the transcription of nitrate transporters also requires a systemic signal communicating
that whole plant N demand for actual growth and development exceeds N acquisition by the roots.
It has been suggested that a cycling pool of cytokinins mediates such a feed-forward control in
trees [73,74] and that the concerted action of feedback control by cycling glutamine and
feed-forward control by cycling cytokinins regulate nitrate acquisition at the whole plant
level [54,81]. However, this assumption requires further research using trees with different N
nutritional states. Down-regulation of expression and activity has also been observed for
ammonium transporters under a high plant N status [82], but the molecular mechanisms involved
have not been reported. The significance of N nutrition for the activity and expression of root
amino acid transporters in trees has not been elucidated.



Under N limitation, N availability for a particular tree will be determined by competition at the
forest ecosystem level. The competitors include old growth trees, natural regeneration, other herbaceous
and perennial understory species, as well as free-living microorganisms [12]. Tree-microbe
competition for N occurs at several stages of the soil N cycle: (1) When plants take up monomeric
organic compounds such as amino acids, they compete with the diverse microbes taking up
dissolved organic nitrogen and performing ammonification and heterotrophic nitrification using
organic N sources; (2) When plants take up ammonium, they reduce substrate availability for
autotrophic nitrification and heterotrophic microbial ammonium immobilization; (3) Taking up
nitrate, plants compete with microbial denitrification, microbial nitrate immobilization, and
dissimilatory nitrate reduction to ammonium [12,23,27,83].

Little is known about root-to-root interactions in N acquisition between competitors for N in
forests [43,84], and information on microbial-root interactions has only recently been established
(e.g., [42,84,85]). In this context, microbial NO produced in significant amounts during
nitrification and denitrification seems to be of particular significance [86]. Rhizospheric NO was
shown to modulate the uptake of N compounds by tree roots [85,87,88]. Apparently, NO of
microbial origin in the soil is sensed by the roots and functions as a signal that determines
the competitive strength of N acquisition by the roots relative to microbial use. The mechanism
of interaction of microbial NO with N uptake processes of the roots does not seem to include
changes in the transcription of N transporters; activation of transporter proteins by
phosphorylation/dephosphorylation has been suggested for NO stimulated N uptake by roots, as
previously found for the interaction of NO produced inside plant cells with various cellular
processes [89]. However, it remains unclear whether NO produced inside root cells can also
interact with N uptake and if the action of extracellular and intracellular NO is mediated by similar
processes [86].

5. Conclusions

The high N demand of temperate forest ecosystems on marginal soil relies almost exclusively on
ecosystem internal sources. In this context, free-living soil microorganisms are responsible for both
nutrient liberation and competition against trees and their associated mycorrhizal fungal symbionts.
Internal ecosystem microbial N mineralization-immobilization turnover exceeds plant-mediated
internal ecosystem N-cycling loops by approximately one order of magnitude. Thus, the soil
microbial biomass represents a potential plant nutrient reservoir of considerable importance, and
there is increasing evidence that temperate forest trees exert a direct influence on the availability of
microbial-bound N for plant uptake. Chronic atmospheric N deposition relieves N limitation and
microbial competition for N, resulting in mineral N accumulation in soil and ecosystem N losses
along hydrological and gaseous pathways in the range of the N input rates. However, microbial N
retention largely dominates over N loss and remains an important pathway of nutrient retention in
N-saturated forest ecosystems. Reduced microbial competition for ammonium can result in trees
taking up ammonium rather than nitrate.

While our understanding of the regulation of N uptake and distribution in trees has improved, a
thorough biogeochemical quantification and understanding of soil microbial liberation, turnover
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and uptake of bioavailable N has thus far only been achieved for very few forest ecosystems and
therefore deserves further attention in order to obtain a better understanding of the N cycling patterns
in the plant-soil-microbe system of temperate forests under a changing climate.
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Native and Alien Plant Species Richness Response to
Soil Nitrogen and Phosphorus in Temperate Floodplain
and Swamp Forests

Richard Hrivnak, Michal Slezak, Benjamin Jarcu$ka, Ivan Jarolimek and Judita Kochjarova

Abstract: Soil nitrogen and phosphorus are commonly limiting elements affecting plant species
richness in temperate zones. Our species richness-ecological study was performed in alder-dominated
forests representing temperate floodplains (streamside alder forests of A/nion incanae alliance) and
swamp forests (alder carrs of Alnion glutinosae alliance) in the Western Carpathians. Species
richness (i.e., the number of vascular plants in a vegetation plot) was analyzed separately for native
and alien vascular plants in 240 vegetation plots across the study area covering Slovakia, northern
Hungary and southern Poland. The relationship between the species richness of each plant group and
total soil nitrogen content, plant-available phosphorus and carbon to nitrogen (C/N) ratio was
analyzed by generalized linear mixed models (GLMM) with Poisson error distribution and log-link
function. The number of recorded native and alien species was 17-84 (average 45.4) and 0-9 (average
1.5) species per plot, respectively. The GLMMs were statistically significant (p < 0.001) for both
plant groups, but the total explained variation was higher for native (14%) than alien plants (9%).
The richness of native species was negatively affected by the total soil nitrogen content and
plant-available phosphorus, whereas the C/N ratio showed a positive impact. The alien richness
was predicted only by the total soil nitrogen content showing a negative effect.

Reprinted from Forests. Cite as: Hrivnak, R.; Slezak, M.; Jarcuska, B.; Jarolimek, I.; Kochjarova, J.
Native and Alien Plant Species Richness Response to Soil Nitrogen and Phosphorus in Temperate
Floodplain and Swamp Forests. Forests 2015, 6, 3501-3513.

1. Introduction

Variation of plant species richness in plant communities can be explained by more than one
hundred plausible ecological hypotheses and theories [1,2] with little consensus regarding the nature
of causal processes [3]. Experimental and observational biodiversity research recognized habitat
productivity as one of the major determinants controlling local species richness of vascular plants
(e.g., [4,5]). This relationship originally showed a typical hump-shaped pattern, i.e., the highest
species richness is at the intermediate productivity level and gradually declined towards both
marginal parts of the productivity gradient [6]. However, this response appeared to be vegetation- and
scale-dependent [2,7] and richness has been recently seen, not simply as a function of productivity,
but as feedback to influence productivity [8].

While the relationship between habitat productivity and species richness attracted much of the
research effort aimed to understand species richness patterns [3], the relationship between species
richness and other measured environmental factors is far less well studied [4]. Soil nitrogen and
phosphorus play an important role in the regulation of plant growth and the functioning of several
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ecosystem processes [9]. These nutrients are commonly absorbed from soluble inorganic sources in
soil solutions. However, plant uptake strategies and mechanisms related to nutrient acquisition
promote resource partitioning and may lead to local species coexistence [9,10]. Changes in soil
nitrogen and phosphorus availability are reflected either in their concentrations in plant tissues, ratios
with other nutrients [11] or in species richness patterns. They are considered to be a limiting soil
element affecting species richness of vegetation in temperate zone [10,12,13]. The increasing soil
nitrogen and phosphorus content usually reduces the richness of herb layer vascular plants
(e.g., [14,15]), but unimodal, positive or non-significant effects were also found in empirical studies
(e.g., [4,16,17]). These responses are most likely a consequence of diverse nitrogen and phosphorus
pools among study sites. While the total soil nitrogen content corresponds especially to its supply in
mineral soil and/or thickness of organic layers, the level of phosphorus is driven mainly by abiotic
resources and soil age [10]. The effect of soil phosphorus on species richness is much more
ambiguous because of interactions with other covariant factors modifying the supply, chemical form
and availability of nutrients (e.g., soil reaction, chemistry of geological substrates). The carbon to
nitrogen (C/N) ratio of soil organic matter is a useful indicator of site quality with effects on both
forest species composition and richness [18,19]. However, plant species richness in floodplain
forests is also driven by several other environmental factors such as soil moisture and reaction,
landscape configuration and dynamic of water regime [20-22]. These factors can account for a major
part of explained variation in the species richness-environmental relationship [20].

Black alder (4/nus glutinosa (L.) Gaertn.) and grey alder (A/nus incana (L.) Moench) represent
indigenous tree species to Central Europe, which dominate in floodplains (streamside alder forests,
phytosociological alliance A/nion incanae Pawtowski et al. 1928) and swamp forests (alder carrs,
Alnion glutinosae Malcuit 1929) [23] (hereinafter alder forests). While Alnus glutinosa can dominate
in both vegetation types, Alnus incana almost exclusively prefers streamside alder forests [23]. They
grow in habitats with relatively broad ecological gradients including mineral and organic soils [24-26].
Both alder species have constant effect on understory vegetation, as they improve the soil nitrogen
pool and consequently modify the C/N ratio of the soil organic matter by symbiotic N2-fixation [27].
The alder forests are, thus, commonly referred to as non-nitrogen-limited ecosystems, although a
mineralization of organic matter is locally disabled by permanently flooded soils [28]. Alder species
also positively affect diversity and activity of soil microbial communities leading to a larger increase
in soil phosphorus availability [29]. Therefore, the alder forests represent a proper base for the study
of relationships among species richness and soil characteristics.

Invasions of alien plant species, especially neophytes, are considered one of the major threats to
the diversity of natural ecosystems including floodplain forests [30-32]. Among natural and
semi-natural vegetation types, floodplain forests belong to the most invaded habitats [33]. They
usually contain a higher number of alien species compared with all other forest vegetation
types [32,34-36]. Plant invasions may, thus, enrich the overall species richness and modify the
structure of species composition. The streamside alder forests are particularly highly prone to
invasions of alien species, as rivers frequently act as propagule dispersal corridors [37,38].
Moreover, there is a strong human impact on these ecosystems (e.g., forestry, agricultural, both
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human utilization and activities in forests and surrounding landscape), which enhances the expansion
rate of alien species into disturbed habitats.

Alder forests commonly create fragmented and small-scale forest stands due to the changes and
transformation of the hydrological regime and fragmentation. These fragments are obviously influenced
by adjacent landscape-scale factors [39]. Although these medium to species-rich forests [28,40]
belong to threatened habitats at European or national levels (European Habitat Directive
92/43/EEC) [41,42], they represent a relatively frequent habitat in the Western Carpathians [23].

The aim of present study is to assess the relationship between soil nitrogen, plant-available
phosphorus, C/N ratio and plant species richness in alder forests. Our main questions were: (i) what
is the role of soil nitrogen, plant-available phosphorus and C/N ratio in the variation of native and
alien plant species richness? and (ii) are there differences in responses of both plant groups to these
factors? As native and invasive species show differences in their competitive abilities for
nutrients [43], we expect different responses of the native and invasive species richness to the
explanatory variables.

2. Material and Methods
2.1. Study Area

The species richness-edaphic relationship in floodplains (streamside alder forests; Alnion incanae)
and swamp forests (alder carrs; Alnion glutinosae) was studied across the central part of the Western
Carpathians, including Slovakia, northern Hungary and southern Poland (Figure 1). Vegetation plots
of this territory cover a wide latitudinal (47.829°-49.685°) and altitudinal (131-917 m) range, and
include two ecologically and floristically distinctive European biogeographical areas—the
Pannonian and Western Carpathian regions. The Pannonian climate shows drier and warmer
vegetation seasons and affects the southern part of the study area, whereas the Carpathian climate is
more humid and affects the central and northern part. The streamside alder forests prefer riparian
zones and spring-fed areas from lowland to mountain regions, with the understory formed mainly by
meso to hygrophilous species. In contrast, the crucial plant components of the understory of
alder carr forests, frequent especially within lowland catchments, are mainly sedges and perennial
grasses [23].

2.2. Field Sampling and Laboratory Analyses

Vegetation and soil variables were sampled in the centre of physiognomically homogeneous
forest stands with a dominance of species Alnus glutinosa or A. incana in the tree layer (i.e., canopy
cover more than 50%). Sampling was carried out in plots with a uniform size of 400 m?. The intensity
of sampling in each alder-dominated site corresponded to the environmental heterogeneity and
presence of different vegetation types [23]. In more detail, the distance between the two nearest plots
of the same vegetation type was usually at least 4 km. In case the habitat conditions of the
alder-dominated site were considerably variable, which was obvious in the species composition
pattern, we decided to sample more than one plot. Two hundred and forty plots were sampled between
June and August from 2010-2014. They were originally collected for the purpose of phytosociological
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classification using the standard European phytosociological approach [44]; results were published
recently in Slovakia [23]. Each plot contained a list of all present vascular plant species. Species
nomenclature and taxonomy were unified according to the checklist of Marhold and Hindak [45].
The plant species were divided into two groups, native and alien species based on a checklist of
non-native plants in Slovakia [46]. Species richness (i.e., the number of species per sampling
plot) was determined for both plant groups. This dataset was stored in the Institute of Botany SAS as
an xls-file.
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Figure 1. Study area and distribution of vegetation plots.

Soil samples were randomly taken in three places in various parts of each plot from the uppermost
mineral horizon (0-10 cm depth, litter removed) and mixed to form a single sample (weight
approximately 1 kg) per plot in order to reduce the soil heterogeneity. They were dried at a laboratory
temperature, crushed and passed through a 2 mm sieve. Soil analyses were performed on air-dried
samples following standard protocols. Total carbon (C) and total nitrogen (N) contents were
determined using an NCS-FLASH 1112 analyzer (CE Instruments, UK) and subsequently, the
C/N-ratio as an appropriate surrogate for the mineralization rate [47] was calculated. Plant-available
phosphorus (P) was extracted using the Mehlich II solution [48] and measured by
spectrophotometry (AES-ICP).

2.3. Data Analysis

The variation in species richness of native and alien vascular plants explained by the soil
variables was analyzed using the generalized linear models (GLM) and generalized linear
mixed models (GLMM). Poisson error distribution and log-link function were initially applied in
model specification. Since over dispersion and presence of some spatial structure in the GLMs’
residuals were observed (for more details see [49,50]), spatial GLMM with penalized
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quasi-likelihood (glmmPQL; library “MASS”) [51] was used finally. This modeling procedure allows
the use of spatially structured random effects. Gaussian correlation structure was used in the GLMMs.
However, differences between these models—accounting for spatial autocorrelation—and
GLM-models were slight.

Quadratic terms for all explanatory variables (after centering) were also meant to be included in
the models. However, only the squared C/N-ratio entered the models due to collinearity (R > 0.60) of
quadratic terms. Two models (i) containing only main effects and (ii) with second order interactions
between explanatory variables were created for both native and alien species richness.

The graphic distribution of model’s residuals was assessed by plotting of the standardized
residuals against the values predicted by the model, as well as against each explanatory variable. The
spatial autocorrelation of model’s residuals was checked by the global Moran’s I test (library
“ape”) [52]. The spatial autocorrelation in response to distance was assessed by a Moran’s |
correlogram with an increment of 2 (library “ncf”) [53]. The proportion of explained variation in
glmmPQL (pseudo-R2 value; hereinafter, R2) was calculated as the squared Pearson correlation
coefficient between observed and predicted values [54]. All statistical analyses were performed in
the R version 3.0.0 [55] through the integrated development environment RStudio [56].

3. Results

Altogether, 490 vascular plant species were recorded in 240 vegetation plots of alder forests.
The total number of species ranged from 17 to 92 per plot. Native species created a substantial part of
the total species richness, whereas the number of alien species was considerably lower, but had
obvious variance among particular plots. The values of studied soil characteristics were relatively
variable in plots (Table 1).

Table 1. Descriptive statistics of species richness characteristics and ecological variables (n = 240).

Average = S.D. Min. Max. C.V.
Vegetation Characteristics
Number of native species 454+ 11.8 17 84 259
Number of alien species 1.5+1.8 0 9 121.8
Soil Variables
Total N (%) 0.599 + 0.468 0.080 2.549 79.6
P (mg/kg) 17.702 £ 9.546 0.500 64.290 53.9
Total C (%) 7.651+6.153 1.000 31.727 82.0
C/N ratio 12.882 +3.170 4.929 25.189 24.6

S.D.: standard deviation, CV: coefficient of variation.

The main effects models and the models with second order interactions between soil variables
accounted for a comparable proportion of data variability (14% and 16%, respectively) (Tables 2
and 3). Total explained variability in species richness of vascular plants was higher for native (14%)
than alien (9%) species. While the species richness of native plants was significantly related to all
analyzed variables, the richness pattern of aliens was affected by only one predictor (Table 2). Higher
concentrations of plant-available phosphorus and total nitrogen reduced the species richness of
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native plants, whereas the C/N ratio showed a positive effect. The alien species richness was
negatively related to the total nitrogen content (Figure 2). Second order interactions between the soil
variables did not explain the variability of species richness either in native or alien plant species
(Table 3).

Table 2. Main effects models with the number of native and alien plants as a response to
ecological variables, respectively.

Native Species Alien Species
Estimate S.E. t P Estimate S.E. t P

(Intercept) 3.8243 0.0182  210.02 <0.001 0.4036 0.0850 4.75 <0.001
Total N —-0.0790 0.0340 -2.32 0.021 —0.6019 0.1506 —4.00  <0.001
P —0.0068 0.0018 -3.87 <0.001 0.0088 0.0071 1.25 0.213
C/N 0.0217 0.0061 3.53 <0.001 —0.0188 0.0232 —0.81 0.419
C/N? —-0.0016 0.0009 -1.77 0.08 —0.0043 0.0039 -1.11 0.269

R? 0.14 p<0.001 0.09 p<0.001

S.E.: standard error; df = 235; for R? calculation see Data analysis.

Table 3. Second order interactions models with the number of native and alien plants as
response variables, respectively.

Native Species Alien Species
Estimate S.E. t P Estimate S.E. t P
(Intercept) 3.8247 0.0189  202.81 <0.001 0.4176 0.0872 4.79 <0.001
Total N (1)  —0.1057 0.0354 -2.99 0.003 —0.4653 0.1494  -3.11 0.002

P(2) —0.0060 0.0020 -2.97 0.003 0.0029 0.0082 0.36 0.722
C/N (3) 0.0074 0.0086 0.86 0.392 —0.0620 0.0376  —1.65 0.100
C/N? (4) —0.0021 0.0015 —1.40 0.164 —0.0125 0.0068  —1.85 0.066

1 x2 —0.0051 0.0041 -1.26 0.207 —0.0087 0.0176  —0.50 0.620

Table 3. Cont.

Native Species Alien Species
Estimate S.E. t P Estimate S.E. t P
1x3 —0.0297 0.0205 —1.44 0.149 0.0170 0.0930 0.18 0.855

1 x4 0.0019 0.0041 0.49 0.626 —-0.0107 0.0192  —-0.56  0.577
2x3 —0.00002 0.0008 —-0.02 0.985 —0.0040 0.0030  -1.34  0.183

2x4  -0.0002  0.0001  —120 0230  0.00004  0.005 0.9  0.932
3x4  -0.0002 00002 096 0336  0.0012 0.0007  1.56  0.120
R 016  p<0.001 008  p<0.001

S.E.: standard error; df = 229; for R? calculation see Data analysis.
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Figure 2. Relationship between species richness of native (A—C) and alien (D) vascular
plants and ecological variables, which were statistically significant in the used model
(empty circles—streamside alder forests, full circles—alder carrs).

4. Discussion

The present study showed a negative effect of total nitrogen on species richness for both native
and alien plant species. Although some previous studies focusing on diversity research in forest
understory vegetation found the unimodal response (e.g., [6]), this negative trend (i.e., a higher
amount of soil nitrogen led to a lower number of species) was most often identified in temperate
deciduous forests [14,16,17]. The differences in the species richness trends along the nitrogen
gradient can be partially addressed to habitat-related biases (e.g., restricted length of analyzed
nitrogen gradient). Thus, the final response of plant species richness along the productivity gradient
generally appears to be dependent on the inclusion of extreme habitats on the gradient [6,14]. We do
not suppose this pattern to be relevant in our study, as the analyzed data covered the whole vegetation
and nitrogen gradient of the alder forests in the Western Carpathians.

The negative effect of soil nitrogen content on species richness can be explained by a potential
positive effect of nitrogen on certain highly competitive plants [16,21]. These species may have
suppressed competitively weaker species. In our data, the nitrogen-rich sites are usually covered by
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dominant species such as Caltha palustris, Carex acutiformis, Petasites hybridus or Phragmites
australis. We expected differences in total nitrogen-species richness pattern for the native and alien
species, as they differ in their strategies for growth and survival in habitats [43]. However, the
negative response of species richness to soil nitrogen was consistent between groups. Similarly,
Jones and Chapman [17] found a negative decreasing trend in both cases of native and alien species
in Pennsylvania oak forests. In addition, the highest variability of alien species richness was
documented at lower parts of the nitrogen gradient in our study, which could affect the number of
alien species-nitrogen relationships. Similarly to alder forests, the highest variability of species
richness at lower part of nitrogen gradient has also been observed in other forests [17].

The C/N ratio had a positive effect on the species richness of native plants. Our findings differed
from those observed in German floodplain forests [19,57], where no relationship between C/N ratio
and plant species richness was found. Similarly, positive trends and/or slightly convex curves were
also identified in deciduous forests by Schuster and Diekmann [4]. The C/N ratio of soil organic
matter was related to a nitrogen immobilization and mineralization during decomposition by
microorganisms [18,58]. Alder forests of European temperate zone create two main vegetation groups,
which vary in their environmental conditions, including their affinity for soil substrates.
Species-richer streamside alder forests show better soil mineralization [28] and higher C/N ratio than
species-poorer alder carrs. In our data, the ten most species-rich sites corresponded to the streamside
alder forests (average C/N ratio = 14.15), whereas ten most species-poor sites were mostly swamp
forests with a C/N ratio of 11.12 (see also Figure 2). Increasing species richness along the C/N ratio
gradient in the total data set of alder forests is therefore logical and expected, although it does not
agree with findings reported from mesic deciduous forests. In addition, a positive correlation
between C/N ratio and species richness most likely corresponds to a negative effect of nitrogen on
species richness.

Plant-available phosphorus was the most variable soil characteristic in our study (Table 1).
Similar soil phosphorus concentrations were also documented in temperate floodplain and swamp
alder forests of the south-western Poland [59]. Diverse forms of soil phosphorus support niche
differentiation and facilitate plant species coexistence [60], but plant species richness commonly
declines along an increasing soil phosphorus gradient [15,61]. The negative species
richness-phosphorus relationship was also found in the present study for native vascular plants. High
soil phosphorus content promotes vigorous growth, especially in fast-colonizing, competitive
species, and reduces the species richness of vascular plants in broadleaved deciduous forests [16,62].
Phosphorus-rich sites in studied alder forests were dominated mainly by highly productive clonal
species, most often by Urtica dioica. The high availability of soil phosphorus favors species Urtica
dioica during successful development and strong competition [63]. Indeed, clonal species with
lateral spreading are able to reallocate resources among individual ramets growing in patches with
diverse nutrient-availability [22]. Thus, their competitive advantage at high phosphorus levels can
suppress the colonization and successful establishment of other plant species and, consequently, can
lead to the species richness decline. Although these species occurred at phosphorus-poorer sites as
well, they reached only an additional cover value within the herb layer vegetation. Changes in
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dominant species at phosphorus-rich grassland sites are usually accompanied by changes in overall
species composition and vegetation [61], but we did not observe this pattern in alder forests.

It is important to note that the soil variables (total nitrogen, plant-available phosphorus and C/N
ratio) used as explanatory variables in our study explained together only between 8 and 16% of the
variability in alien and native species richness in alder forests’ understories, respectively. For a
complex interpretation of variation in species richness or composition of vascular plants in
streamside and alder carr forests, other habitat quality and landscape configuration-related factors have
to be taken into account as well [20,21,39]. In more detail, habitat quality parameters, such as
hydrological characteristics (e.g., water table, flooding), soil nutrient/acidity complex, temperature and
light availability represent significant variables controlling vegetation structure of alder forests [20,22].
Moreover, the portion of surrounding country, distance to settlements or distance from the
stream source plays the important role, as well [20,22,39]. These drivers could explain the major part
of the variation in species richness-environmental relationships within temperate floodplain and
swamp forests.
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Soil Nitrogen Transformations and Availability in Upland
Pine and Bottomland Alder Forests

Tae Kyung Yoon, Nam Jin Noh, Haegeun Chung, A-Ram Yang and Yowhan Son

Abstract: Soil nitrogen (N) processes and inorganic N availability are closely coupled with ecosystem
productivity and various ecological processes. Spatio-temporal variations and environmental effects
on net N transformation rates and inorganic N concentrations in bulk soil and ion exchange resin
were examined in an upland pine forest (UPF) and a bottomland alder forest (BAF), which were
expected to have distinguishing N properties. The annual net N mineralization rate and nitrification
rate (kg N-ha '-year™!) were within the ranges of 66.05-84.01 and 56.26-77.61 in the UPF and
—17.22-72.24 and 23.98-98.74 in the BAF, respectively. In the BAF, which were assumed as
N-rich conditions, the net N mineralization rate was suppressed under NHs" accumulated soils and
was independent from soil temperature. On the other hand, in the UPF, which represent moderately
fertile N conditions, net N transformation rates and N availability were dependent to the generally
known regulation by soil temperature and soil water content. Stand density might indirectly affect
the N transformations, N availability, and ecosystem productivity through different soil moisture
conditions. The differing patterns of different inorganic N indices provide useful insight into the N
availability in each forest and potential applicability of ion exchange resin assay.

Reprinted from Forests. Cite as: Yoon, T.K.; Noh, N.J.; Chung, H.; Yang, A-R.; Son, Y. Soil
Nitrogen Transformations and Availability in Upland Pine and Bottomland Alder Forests. Forests
2015, 6,2941-2958.

1. Introduction

Soil nitrogen (N) has become a focus of terrestrial ecosystem studies for two main reasons:
(1) N availability is a limiting factor for terrestrial ecosystem productivity [1-3] and (2) N losses
from terrestrial ecosystems impact the atmosphere especially by greenhouse gas emission, aquatic
ecosystems by eutrophication, and drinking water by nitrate contamination [4,5]. N mineralization,
the microbial conversion of organic N to inorganic N, has been intensively studied because it is
believed to be the principal control of N availability to plants in terrestrial ecosystems [6]. Recent
progress in the knowledge of and techniques related to organic N and the priming of rhizospheres
for N availability has shaken the classical assumption that N mineralization dominates as the
primary source of available N, [7-10]; nevertheless, in field N studies, N mineralization and other
inorganic N indices remain meaningful standard measures which provide useful insight.

Environmental controls of N mineralization and availability, particularly temperature and soil
moisture, have been investigated through a theoretical model [11], literature review [9,12], laboratory
experiments [13—15], and field manipulations [16—19]. For example, soil moisture varies significantly
in space and time, and affects various biogeochemical processes in different ways [20-22]. Therefore,
understanding soil moisture and its effect on N and nutrient processes is essential in soil ecology.
Various studies have analyzed the effect of the soil moisture gradient on N mineralization and
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developed empirical models that describe the response of N mineralization to soil moisture based
on laboratory incubation experiments. However, these laboratory studies may insufficiently reflect
the effects of soil moisture on N mineralization in nature, where differing soil moisture ranges have
indirect effects on N mineralization through other variables, such as the vegetation community, soil
chemistry, and substrate availability [23-25]. To understand the complex interactions among such
environmental factors and N availability, field studies incorporating the repeated measurement on
various environmental conditions are necessary since they can better reflect the temporal and
spatial variation of soil moisture and substrate gradients.

Numerous N indices techniques, each with respective advantages and limitations, have been
used to trace the real availability of N under various conditions [6,26]. These techniques include
ascertaining net N mineralization using a buried bag or resin core, net N mineralization potential
using laboratory incubation, gross N mineralization and immobilization using a stable N isotope,
and the total or inorganic N concentration of bulk soil. Although ion exchange resins (IERs) that
efficiently adsorb “available” inorganic N from soil would provide an alternative useful measure of
N availability by imitating the N uptake processes of plant roots [6,27,28], they have been rarely
applied to soil N studies, and the knowledge and insight so far gained from this measure of N
availability has been limited. Furthermore, because no single N index can give complete insight
into N availability [6], a measurement of multiple N indices increases the understanding of N
availability and its relationship with environmental variables. Therefore, this study uses multiple N
indices, including IER assays.

The aim of the current study was to investigate net N transformation and N availability in an
upland pine forest and a bottomland alder forest, which are expected to have distinguishing N
properties due to the different species functional type and topography. Broad-leaved deciduous
and coniferous forests are generally assumed to be developed on fertile and infertile soils,
respectively [29-31], even though several recent syntheses failed to find the general pattern and
harmonized empirical evidences supporting this assumption [32,33]. Consequently, distinctive litter
N properties between broad-leaved deciduous and coniferous trees respectively affect soil
N availability [34]. Topography also discriminates various soil processes coupled with hydrology.
Therefore, the upland pine forest and the bottomland alder forest could be assumed to represent
N-moderate and N-rich environments, respectively, and the forests would exhibit distinctive N cycle
processes. Specifically, our objectives were: (1) to determine the spatio-temporal patterns of net N
transformation rates and N availability and their relationship with environmental factors under
different stand densities or soil moisture conditions; (2) to analyze the similarities and differences
of multiple N indices, including IER assays, to better understand N availability; and (3) to
characterize the soil N transformation, availability, and uptake in each forest.

2. Materials and Methods
2.1. Study Sites

This study was carried out in an upland pine forest (UPF) and a bottomland alder forest (BAF)
in central Korea (Table 1). The UPF is located in a rural mountainous area, 30 km north of the city
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Seoul at Gwangneung Experimental Forest (37°47'01" N, 127°10'37" E, 410440 m a.s.l.). The
canopy is dominated by Japanese red pine (Pinus densiflora Sieb. et Zucc.) with deciduous middle
and understory species (e.g., Acer palmatum, Carpinus laxiflora, C. cordata, Fraxinus rhynchophylla,
Quercus mongolica, Q. variabilis, and Styrax obassia). The UPF area is typical of the upland pine
forest that is the most common forest type in South Korea and represents 23.1% of the total
national forest by area. The BAF is located at Heonilleung Ecosystem Landscape Conservation
Area (37°27'52" N, 127°04'53" E, 40 m a.s.l.) in a southern suburb of Seoul. The canopy is
dominated by Japanese alder (Alnus japonica Steud.) with several middle and understory species
(e.g., Euonymus oxyphyllus, F. rhynchophylla, Ginkgo biloba, Ligustrum obtusifolium, Q. aliena,
Q. mongolica, and Rosa multiflora). Japanese alder is a typical species tolerant of hydric conditions
in East Asian bottomlands [35,36], although its cover is currently small due to land use change.
Interestingly, both forests have been well preserved from a harvest for hundreds of years due to the
preservation of the royal tombs established within them during the 15th century [37,38]. The
forests were sheltered from disturbances during the first half of the 20th century, in which the rule
of Japanese Imperialism (1910-1945) and the Korean War (1950-1953) severely degraded
nation-wide forests. The forests could provide reference status of the upland and bottomland forests
in Korea, accompanied with abundant previous studies [25,39-42].

The sites are only 35 km apart and at the sites, precipitation was similar (Table 1). Temperature,
however, differs and the UPF, due to its higher altitude, is slightly colder than the BAF. Their soils
are classified into silt loam or sandy loam and are acidic (pH: 4.45-5.14) at both sites. The UPF
had less soil water content (SWC) than the BAF during the all study period (Figure S1f), reflecting
the topographical characteristics of each site. Moreover, the UPF and the BAF would be
determined as moderately fertile (medium) and N-rich (high) conditions, respectively, based on the
needle or leaf litter and soil C:N ratio, and total N (sum of organic and inorganic N) storage in
vegetation and soil, using the nutrient availability criteria by Vicca et al. [43].

UPF stands were classified by stand density and BAF stands were classified by soil moisture, in
order to characterize the spatial variability of stand structure and ecological processes in each type
of forest (for UPF see [39,41] and for BAF see [25,42]). Stand density and soil hydrology are
assumed to be the main environmental driver of upland forest and bottomland ecosystems,
respectively; this assumption is generally applied to ecosystem management practices in each
ecosystem. In the UPF, low density (LD; 983 trees-ha!) and high density (HD; 1517 trees-ha ')
stands were selected and in the BAF, low moisture (LM), middle moisture (MM), and high
moisture (HM) stands were selected with SWC of <0.50, 0.50-1.00, and 1.00-2.00 kg-kg',
respectively. Note that the MM and HM stands, which were underlain with poorly drained soils,
can be classified as forested wetland. Three replicate plots, each covering 400 m? in the UPF and 100
m? in the BAF, were established in each stand.
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Table 1. Characteristics of the upland pine forest (UPF) and bottomland alder forest
(BAF) study sites. Numbers in parentheses indicate the standard error of the means.
Climate data was obtained from the nearest meteorological stations and site description
data was taken from previous studies of the UPF [39,41] and BAF [25,42].

Upland Pine Forest (UPF) Bottomland Alder Forest (BAF)
Low Density High Density Low Moisture Middle High Moisture
(LD) (HD) (LM) Moisture (MM) (HM)
Site (1980-2010 average for climate data)
. 37°47'01" N, 127°10'37" E 37°27'52" N, 127°04'53" E
Location
Rural area 30 km north of Seoul Southern suburb of Seoul
Altitude (m) 410-440 40
Aspect, slope (°) West, 13-22 South, <1
Temperature (°C) 11.4 (monthly range: —5.0-26.5) 13.5 (monthly range: —1.9-27.2)
Annual precipitation (mm) 1471 1473
Vegetation (in 2007 for the UPF and in 2009 for the BAF)
Canopy species Pinus densiflora Alnus japonica
Density (trees-ha™!) 983 1517 900 575 550
Diameter at breast height (cm) 20.5 17.6 32.6 27.1 24.2
Aboveground biomass
88.1 86.7 187.9 78.9 61.8
(Mg C-ha™)
Needle or leaf litter
. 72.7 (2.0) 732(2.2) 21.8(0.3) 20.8 (0.2) 18.6 (0.2)
C:N ratio
Total N storage
0.78 0.78 1.65 0.74 0.60
(Mg N-ha'!)
Soil (0—15 cm; during the study period)
Soil texture Silt loam Silt loam Sandy loam Sandy loam Silt loam
Bulk density (g-cm ) 1.05 (0.04) 1.02 (0.03) 0.86 (0.06) 0.81 (0.03) 0.50 (0.14)
Soil water content
B 0.25 (0.02) 0.20 (0.03) 0.35 (0.06) 0.72 (0.17) 1.23 (0.10)
(kg'kg™)
pH 4.54 (0.03) 4.56 (0.01) 4.45 (0.07) 5.04 (0.10) 5.14 (0.04)
Total C concentration (g-kg™") 33.4(2.3) 29.7 (2.1) 20.8 (2.0) 31.2(1.8) 61.7 (2.3)
C:N ratio 15.8 (0.4) 17.8 (0.4) 9.6 (0.3) 12.4 (0.2) 12.3(0.1)

Total N storage

3.62 (0.24 2.98 (0.12 4.64 (0.52 5.06 (0.70 7.14 (0.20
(030 can; Mg Neha™ (0.24) (0.12) (0.52) (0.70) (0.20)

2.2. Field Experiment and Laboratory Analysis

Three inorganic N indices of top mineral soils, net N transformation rates, inorganic N
concentrations in bulk soil and IER assays, were investigated at five points, every 2 m along a
single transect across each plot from March 2008 to April 2009. Net N transformation rates
including net N mineralization and net nitrification were determined using a field incubation
method [44]. Two soil cores from the 0-15 cm mineral layer were sampled from the five points in
each plot. The soil sample for determining soil status before field incubation was taken immediately
to the laboratory at a cool temperature (<4 °C) and analyzed for inorganic N concentrations in bulk
soil. The other soil sample, the field incubation sample, was put into a gas permeable polyethylene
bag and returned to its original location. After 45 days, the incubated soil core was collected and
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also taken to the laboratory for analysis. This soil sampling and incubation procedure was
repeated every 45 days, except for a 90 day winter interval due to the difficulty of sampling and
incubating frozen soil.

Two IER bags, which were made of stocking nylon and contained 14 mL of either anion or
cation resins (Sybron IONAC ASB-1P OH and C-251 H', Sybron International, Birmingham, NJ,
USA), were placed 10 cm below the surface of the mineral soil in each plot, near the five sampling
points of the initial and incubated soils. The IER bags were retrieved and replaced every 90 days.

In the laboratory, the moist initial and incubated soil samples were subjected to an extraction
process with 2 M KCl solution for 24 h, immediately upon arrival from the sites. The IERs were
air-dried first, and then the inorganic N ions were extracted. The extracts were filtered through
Whatman No. 42 filter paper and the NH4" and NO3~ concentrations were determined colorimetrically
using a flow-injection auto analyzer (QuikChem AE, Lachat Instruments, Loveland, CO, USA).
The NHs" and NOs~ concentrations extracted from moist initial and incubated soil samples were
corrected to a dry soil basis using the gravimetric SWC ((moist soil weight — dry soil weight)/dry
soil weight) of each soil.

The net N mineralization and net nitrification rates were calculated as the difference between the
NH4" and NOs~ concentrations of the incubated and initial soil samples. Annual net N
mineralization and annual net nitrification per unit area in the upper 15 cm mineral soil layer was
calculated by summing the net N mineralization and net nitrification values of incubation periods
spanning a year [6,45].

Annual N uptake was estimated from aboveground net primary productivity (ANPP) multiplied
by the concentrations of N in woody tissues and leaves, determined using an elemental analyzer
(Vario Macro CN analyzer, Elementar Analysensysteme GmbH, Hanau, Germany). ANPP was
calculated as the sum of total aboveground biomass increment and litter production (See [41] for details
in the UPF.). Aboveground biomass in the BAF was calculated using a DBH-based allometric
equation [46] and C concentrations in each compartment determined by the elemental analyzer.

2.3. Statistical Analysis

The values of the five soil samples from each plot were averaged. Thus, plots, of which there
were three in each stand, were considered as true replicates. Correlation and regression analyses
were conducted on the data derived from individual plots to take into account the spatial variability
within each stand. Significant differences in net N transformation rates, inorganic N concentrations
in bulk soil and IER, and SWC across stands and seasons were tested using the two-way analysis of
variance (ANOVA). Duncan’s multiple range test was performed to determine the differences
between the means of each stand, when the ANOVA model was significant (p < 0.05). Correlation
and regression analyses were conducted among the N indices and soil environment variables. All
statistical analyses were conducted using R [47].
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3. Results

The mean NH4", NO3~, and total inorganic N concentrations in bulk soils varied significantly
between the stands (Figure 1, p < 0.01). NHa" was abundant at the HM and the MM BAF stands
(Figure la); whereas NOs~ was rich at the LM BAF stand (Figure 1b). Total inorganic N
concentration was lowest at the UPF stands (Figure 1¢). As a proportion of total inorganic N, the N
in NH4" form represented 61% in the LD UPF stand, 63% in the HD UPF stand, and 36%, 69%,
and 78% in the LM, MM, and HM BAF stands, respectively. Conversely, as a proportion of total
inorganic N, the N in NO3™ form represented 39% in the LD UPF stand and 37% in the HD UPF
stand and 64%, 31%, and 22% in the LM, MM, and HM BAF stands, respectively. There were also
differences in the seasonal patterns of NH4" and NOs~ levels and of total inorganic N
concentrations in bulk soils between the sites. Whereas in the UPF, inorganic N concentrations
increased during the growing season (May to August), in the BAF, they were lower (Figure la—c,
Figure S1).

The total IER-inorganic N and IER-NO3™~ concentrations did not vary significantly (Figure 1le,f).
However, IER-NH4" concentration (mg N-bag™") did differ between the stands; it was highest at the
HD UPF stand (5.17), followed by the LD UPF stand (4.29), and then the LM (3.01), HM (1.75),
and MM (0.66) BAF stands in turn (Figure 1d). IER-NOs~ accounted for a major portion of
[ER-inorganic N (61%-93%) and, conversely, IER-NH4" accounted for a very small portion of
IER-inorganic N, especially at the MM (7%) and HM (15%) BAF stands. In MM and HM, the
majority proportion of IER inorganic NOs™~ strongly contrasted that of NH4" in bulk soil.

The net N transformation rates were higher under the drier stands (LD and HD UPF and LM
BAF) than the wetter ones (MM and HM BAF) (Figure 1g,h). Negative net N mineralization rate
was observed in the MM and HM BAF stands (Figure 1g). The seasonal pattern of net N transformation
rates at the UPF stands and the LM BAF stand closely followed that of soil temperature (Figure
S1g,h), in that the rates increased in the growing season and decreased in the non-growing season.
On the other hand, the seasonal pattern was not clear at MM and HM BAF stands; negative net N
mineralization rates were observed during most seasons (Figure S1g).

Table 2 shows the correlations between inorganic N indices and environmental variables. Generally,
inorganic N indices in the UPF were considerably dependent to soil temperature and SWC; meanwhile,
those in the BAF were less dependent to the environmental variables. IER-NOs ™, [ER-inorganic N,
net N mineralization, and net nitrification were positively correlated with soil temperature in both
the UPF and BAF. Correlation coefficients were higher in the UPF (» = 0.57-0.71) than the BAF
(r = 0.24-0.47). NH4" and inorganic N only in the UPF and IER-NH4" only in the BAF were
correlated with soil temperature. NHs", inorganic N, net N mineralization and net nitrification in
the UPF (r = 0.46-0.60) and NH4" in the BAF (r = 0.57) were positively correlated with SWC. On
the other hand, NO3™ (r = —0.49), net N mineralization (» = —0.37), and net nitrification (» = —0.29)
in the BAF were negatively correlated with SWC.
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Figure 1. Inorganic N indices in an upland pine forest (UPF) with different stand
densities and a bottomland alder forest (BAF) with different soil moisture content.
(a—¢) Inorganic N concentrations in bulk soil; (d—f) Inorganic N concentrations
attached to ion exchange resin (IER); (g,h) Net N transformation rates; (i) Soil water
content. Months written at the top and the bottom of each panel indicate the months
corresponding to the highest and lowest values. Letters beside boxes indicate the
significant difference, if there is one, among the means determined by Duncan’s
multiple range tests.

Table 2. Environmental dependence of inorganic N indices in an upland pine forest
(UPF) and a bottomland alder forest (BAF). A correlation coefficient (r) that satisfies
the statistical significance is presented (p < 0.05). A dash indicates insignificant.

Soil Temperature Soil Water Content

UPF BAF UPF BAF

NH4* 0.31 - 0.54 0.57

NO;~ - - - —0.48
Inorganic N 0.34 - 0.43 -
IER-NH4" - 0.37 - -
IER-NO;~ 0.71 0.46 - -
IER-inorganic N 0.57 0.47 - -

Net N mineralization 0.58 0.24 0.56 —-0.37

Net nitrification 0.67 0.32 0.60 —-0.29

Spatio-temporal variations of net N mineralization and NHs" were related, especially in the BAF
(Figure 2). In the BAF, a significant negative relationship between net N mineralization and NHs"
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was observed (Figure 2b, p < 0.001, R?> = 0.45), whereas, in the UPF, the positive and weak
relationship was only close to marginally significant (Figure 2a, p = 0.10, R?> = 0.06). Seasonal
patterns of the net N mineralization rate and of NH4" concentration were coupled in the UPF
(Figure 2c,d), but inversely coupled in the BAF (Figure 2e—g).
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Figure 2. (a,b) Relationship between NHa" concentrations and net N mineralization
rates in an upland pine forest (UPF) and a bottomland alder forest (BAF); (c—g) Seasonal
patterns of net N mineralization rates and NHa" concentrations in the UPF and the BAF.

The annual net N mineralization rate (kg N-ha '-year ') was higher at the LD (84.01 + 18.18)
and HD (66.05 + 11.25) UPF stands and the LM BAF stand (72.24 + 11.13) than at the MM
(—17.22 £ 43.10) and HM (—10.26 = 17.60) BAF stands (Table 3, p < 0.01). The annual net
N nitrification rate (kg N-ha !-year '), from highest to lowest, was LM (98.74 + 16.01) > LD
(77.61 + 18.26) = HD (56.26 + 14.56) > MM (32.69 + 12.67) = HM (23.98 + 9.80) (Table 3).
Figure 3 describes the relationship between SWC and annual net N transformation rates. In the
BAF, annual N transformation rates showed a linear inverse correlation with SWC. In contrast, in
the UPF the correlation was close to being positive. Annual N uptake (kg N-ha '-year!) was
estimated to be 73.19, 60.18, 191.77, 141.21, and 128.76 for LD, HD, LM, MM, and HM stands,
respectively (Table 3).
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Table 3. Summary of net N transformation rates, N availability, N uptake, and ANPP.

Annual Net N Annual Net IER-Total Annual N
IER-NHs# IER-NO3 # ANPP §
Mineralization Rate ¥ Nitrification Rate Inorganic N¥  Uptake *
UPF
LD 84.01 +18.18 77.61 +£18.26 429+0.49 6.81+£0.58 11.10+£0.97 73.19 6.17
HD 66.05+11.25 56.26 + 14.56 5.17+£0.79 8.17+0.88 13.34+1.53 60.18 5.03
BAF
LM 7224 +11.13 98.74 £ 16.01 3.03£0.59 10.73+1.43 13.76 = 1.98 191.77 5.01
MM —17.22 +43.10 32.69 +12.67 0.66 +£0.05 8.14+0.52 8.80+£0.54 141.21 6.06
HM —10.26 + 17.60 23.98 +9.80 1.75+0.17  9.62+1.13 11.37+1.07 128.76 4.51

IER; ion exchange resin, ANPP; aboveground net primary productivity; Unit: T kg N-ha'-year!;

fmg N-bag™!; $Mg C-ha™'-year .
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Figure 3. Relationship between gravimetric soil water content and (a) annual net N

mineralization or (b) nitrification rates.
4. Discussion

The results in the UPF corresponded to the general established patterns of N availability in
forest soils [12-16,18]. For example, net N transformation rates increased with soil temperature
and SWC (Table 2, Figure 2). Net N transformation rates and inorganic N availability were higher
during the growing season and lower during the non-growing season (Figure 1). Spatio-temporal
patterns of three inorganic N indices, N transformation rates, IER-inorganic N, and bulk soil
inorganic N concentrations, corresponded with each other (Figure 1). Results for the LM BAF
stand were also similar to general established patterns.

However, some abnormal results, mainly from MM and HM BAF stands, led to some
unanswered questions. Why was net N mineralization negatively related to bulk NHi"
concentration (Figure 2)? Why was IER-NH4" low at the MM and HM BAF stands where bulk soil
NH4" concentration was high (Figure 1)? Moreover, could negative net N mineralization occur in
ecosystems that require a substantial amount of N to sustain plant uptake (Figure 1, Table 3)? In
addition, for the UPF stands, what was the effect of stand density on soil N transformation rates
and N availability?
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4.1. Restricted Net N Mineralization under NHs* Rich Condition

Net N transformation rates were independent of soil temperature in the MM and HM BAF
stands. Net N transformation rates in the wetter stands (MM and HM) were restricted by the high
SWC as compared to the drier stand (LM) (Figures 1 and 3, Table 2). SWC could limitedly explain
the spatio-temporal variations in soil N transformation rates and inorganic N indices (Table 2),
unlike the soil carbon processes and soil properties which were strongly regulated by SWC in the
previous studies [25,42]. Correlation between SWC and net N mineralization and net nitrification
rates were much weaker in the BAF (» = —0.29 and —0.37) than in the UPF (» = 0.56 and 0.60)
(Table 2). While soil moisture strongly regulated soil properties and soil C processes in the
BAF [25,42], it only weakly affected N transformations processes.

Instead, the net N mineralization rate in the BAF was best explained by the negative relationship
with NH4" concentration (Figure 2b,f,g). Ideally, NH4" will increase as a result of a net N mineralization
process even though a proportion of mineralized NHa4" can be lost by plant uptake or nitrification.
However, net N mineralization rate was low for soils with a high level of NH4" in the BAF. This
unexpected result can be speculated that a high level of NH4" in bulk soil may have reduced the
microbial activities involved in the mineralization process. Theoretically, the enzyme activities
involved in mineralization could be negatively affected by nutrient availability because of the
cost-efficiency strategy of microbes, known as the “microbial nitrogen mining” hypothesis [48,49].
When N is less available, microbes actively mine recalcitrant organic matter to acquire it; whereas,
in N rich environments, microbes can assimilate inorganic N without costly mineralization activity.
Although the relationship between inorganic N availability and microbial activities have been
reported to be both positive [50,51] and negative [52-54] in empirical studies mainly based on
fertilization experiments in forests, wetlands, or agricultural land, a meta-analysis of Treseder [55]
suggested that N addition reduced microbial biomass by 15% and, consequently, also microbial
activities such as soil respiration. Those articles could provide a theoretical proof and empirical
evidence supporting the decrease of net N mineralization under high NH4" concentrations in the
BAF. Consequently, the intensive restricting effect of NH4" on net N mineralization probably
overspread the effect of soil temperature or SWC.

Meanwhile, it could be questioned how the high soil NH4" concentration could be supported
with a deficient inorganic N supply from extremely low net N mineralization. In the wet soils of the
MM and HM stands, a major source of inorganic N was not N mineralization which was nearly
zero year-round due to the inhibiting effect of high soil moisture on N mineralization. Instead,
inorganic N could be supplied through atmospheric N deposition [56,57], accumulation of external
N through run-off from upland forests [4,58], and symbiotic and non-symbiotic N fixation [59,60].
For instance, Shin et al. [57] reported notable atmospheric N deposition in Seoul (16.5 kg N-ha !-year !
for NH4" and NH3 deposits and 18.1 kg N-ha !-year ! for NO3~, NO2 and HNOs deposits); the BAF
is located within the range of the urban effect on atmospheric N deposition [61]. N fixation of pure
alder forests was known to be 37-150 kg N-ha !-year ! [62]. Even though lack of atmospheric N
deposition and N fixation data in our study limits the certainty and depth of this implication,
evidences from other studies suggest that there may be sufficient NH4" sources without N
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mineralization. In addition, at MM and HM, the anaerobic conditions could have restricted the
nitrification process, especially since the mean net nitrification rate at MM and HM was two to
three times lower than that at LM (Figure 1), and this would tend to conserve NH4" as the major
form of inorganic N. The dominance of NH4" in the inorganic N pool agreed with previous studies
from alder forests [18,63] and wetlands [17,64].

4.2. Discrepancy among Inorganic N in Bulk Soil and IER, and Net N Transformation Rates:
Which N Indices Could Describe the Real Status of N Availability?

The net N mineralization rate and IER-NHs" were extremely low whereas soil NHi"
concentration was high at MM and HM BAF stands. Why was there a discrepancy between bulk
soil and IER-NH4" concentration? Understanding this discrepancy may elucidate the real status of
N availability from the balance among microbial mineralization and immobilization, soil
adsorption and desorption, and plant root uptake in the field. The low value of IER-NH4" at MM
and HM suggests that the rich NH4" in bulk soil were not actually assimilated by plants. Due to the
strong affinity of NH4" for negatively charged soil organic matter, NHs" may be strongly associated
with soil organic matter and unavailable to plants [18] at the MM and HM stands where soil
organic matter concentration was high (Table 1). This hypothesis is supported by the positive
relationship between soil NH4" and total carbon concentration (p < 0.001, R?> = 0.53). On the other
hand, the pattern of NO3~ concentration in soil and IER showed an opposite pattern to that of NHa™;
soil NOs3~ concentration was low and IER-NOs~ was high. The low soil NOs~ concentration is
likely due to its high uptake by plants, as suggested by the high IER-NOs". Abundant moisture at
MM and HM could increase the availability of NOs~ since it is mobilized by soil moisture.

This result implies that IER or ion exchange membranes could be comprehensive and practical
indices for N availability in reality [27,65], even though the lack of standardized application
remains the challenge [66]. The assumption that plant available N is mainly driven through N
mineralization, was not applicable in the MM and HM BAF stands; net N transformation rates
failed to meet the interest in N availability. On the other hand, IER assay data would be the best
indirect measure of N availability unless the direct measure of plant uptake using stable isotope. An
additional advantage of IER or ion exchange membrane assays is to determine availabilities of
other nutrients such as phosphorus and cations simultaneously with inorganic N [66—68].

4.3. Stand Density Effects on Soil N Transformation and Availability

The annual net N mineralization rate of the UPF (84.01 and 66.05 kg N-ha !-year™! for LD and
HD stands, respectively) was within reasonable range of the generally accepted rate for temperate
pine forests (43.6-87.0 kg N-ha™!-year™! [30,45,69,70]). The differences in net N transformation
rates and N availability between LD and HD stands were insignificant according to the statistical
tests (Figure 1). Nevertheless, the difference may not be negligible; annual net N mineralization
rate, annual net nitrification rate, and IER-inorganic N concentration were 40%, 38%, and 20%
higher, respectively, at LD than at HD (Table 3). The higher net N transformation rates and N
availability at LD than at HD seem to correspond to the difference in SWC (#-test; p < 0.05). The
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higher SWC at LD, which was probably due to lower evaporation under the lower stand density
and a less steep topography (Table 1), would promote soil N cycling. In addition, the difference of
N processes matched that of ANPP in the both stands [41]. ANPP was 23% higher at the LD stands
than the HD stands (Table 3). This result supports the relationship between N availability and
primary production in forests [1-3]. It may provide an implication for stand density control (e.g.,
forest tending and thinning) with respect to nutrient availability. Stand density control as a management
practice can be applied to improve nutrient use efficiency for tree production associated with
C sequestration in unmanaged pine forests with high stand density in Korea [71,72]. In addition,
this application may contribute to maintenance of stability in stand dynamics by reducing
density-dependent tree mortality [73].

5. Conclusions

The UPF and BAF are presented, distinguishing net N transformation rates, availabilities, and
environmental controls on those N processes. First, the UPF, which were assumed as moderately
fertile environments, confirmed the generally accepted knowledge of net N transformation rates
and N availability. Second, soil N transformation rates and N availability at the LM BAF stand
represent active N cycling under an N-rich environment. The annual plant N uptake was the highest
and the annual net N mineralization rate accounted for 37% of that uptake. The lower net N
mineralization (72.24 kg N-ha !-year™!) than net nitrification (98.74 kg N-ha'-year™!) at the LM
stand indicates that most of the mineralized NH4" was converted to NOs~ during the field
incubation. Thus, the relatively low moisture condition at LM supported NO3~ accumulation due to
the high net nitrification rate and low NO3™ loss via leaching and denitrification [19,74,75]. Third,
the N-rich and wet MM and HM BAF stands exhibited restricted net N transformation rates and N
availability unlike high inorganic N concentration in bulk soils and low C:N ratio in leaf litters
and soils.

In the UPF, annual net N mineralization slightly exceeded the annual N uptake (Table 3). As
taking account into the potential N input from atmospheric N deposition, plant N uptake did not
consume the all N input. The surplus of inorganic N would not be retained in the stands; instead, it
might leach to N runoff by a ground water and stream. The N saturation in the UPF agreed with
other coniferous stands in this region [76]. Meanwhile, in the BAF annual net N mineralization
failed to satisfy the annual N uptake (Table 3); the external N input might be retained in the stands.
It suggests the importance of bottomland or riparian forests for N retention function [4,77].

The significant findings are summarized as follows. First, net N transformation rates and N
availability were not regulated by SWC and soil temperature, instead regulated by initial soil NHs"
in the MM and HM BAF stands. The net N mineralization rate was inhibited under NH4"-rich soils.
The NHs" accumulation and plant uptake-N might be supplied from external N sources. Second,
net N transformation rates, inorganic N concentrations in bulk soil, and those on IER corresponded
in the UPF, but did not in the BAF. Discrepancies between the patterns of N availability indices in
the BAF may enhance our knowledge of the real status of N availability. Third, differences in soil
moisture conditions between high and low density stands might affect N transformation and N
availability, and, consequently, ecosystem productivity.
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Juvenile Southern Pine Response to Fertilization Is Influenced
by Soil Drainage and Texture

Timothy J. Albaugh, Thomas R. Fox, H. Lee Allen and Rafael A. Rubilar

Abstract: We examined three hypotheses in a nutrient dose and application frequency study installed
in juvenile (aged 2—6 years old) Pinus stands at 22 sites in the southeastern United States. At each
site, eight or nine treatments were installed where nitrogen was applied at different rates (0, 67, 134,
268 kg ha!) and frequencies (0, 1, 2, 4 and 6 years) in two or four replications. Phosphorus was
applied at 0.1 times the nitrogen rate and other elements were added as needed based on foliar nutrient
analysis to insure that nutrient imbalances were not induced with treatment. Eight years after
treatment initiation, the site responses were grouped based on texture and drainage characteristics:
soil group 1 consisted of poorly drained soils with a clayey subsoil, group 2 consisted of poorly to
excessively drained spodic soils or soils without a clay subsoil, and group 3 consisted of well-drained
soils with a clayey subsoil. We accepted the first hypothesis that site would be a significant factor
explaining growth responses. Soil group was also a significant factor explaining growth response.
We accepted our second hypothesis that the volume growth-cumulative dose response function was
not linear. Volume growth reached an asymptote in soil groups 1 and 3 between cumulative nitrogen
doses of 300-400 kg ha™!. Volume growth responses continued to increase up to 800 kg ha™! of
cumulatively applied nitrogen for soil group 2. We accepted our third hypothesis that application rate
and frequency did not influence the growth response when the cumulative nitrogen dose was
equivalent. There was no difference in the growth response for comparisons where a cumulative
nitrogen dose of 568 kg ha™! was applied as 134 kg ha™! every two years or as 269 kg ha™! every four
years, or where 269 kg ha™! of nitrogen was applied as four applications of 67 kg ha ! every two years
or as two applications of 134 kg ha ! every four years. Clearly, the sites examined here were limited
by nitrogen and phosphorus, and applications of these elements to young stands effectively
ameliorated these limitations. However, there were differences in the response magnitude that
were related to soil texture and drainage. Juvenile fertilizer applications resulted in high stocking
levels early in the rotation; this condition should be considered when undertaking juvenile
fertilization programs.

Reprinted from Forests. Cite as: Albaugh, T.J.; Fox, T.R.; Allen, H.L.; Rubilar, R.A. Juvenile
Southern Pine Response to Fertilization Is Influenced by Soil Drainage and Texture. Forests 2015,
6,2799-2819.

1. Introduction

Light interception drives the growth of forest plantations [1-3]. In the southeast United States, the
primary commercial tree species are Pinus taeda L. and P. elliottii Engelm. which account for 16%
of the world’s timber production [4]. Theoretical estimates of light interception and productivity
indicate that a maximum leaf area index of approximately 4 [5,6] is possible in southeast US pine
stands, but stands often fall short of this level primarily due to nitrogen and phosphorus limitations
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observed at mid-rotation [7-9]. Empirical trials have identified an average response of
3.5 m? ha'! yr'! over an eight-year period to the application of 224 and 28 kg ha™! of elemental
nitrogen and phosphorus, respectively, in mid-rotation stands across a wide range of sites [10].

Early in the rotation, nitrogen and phosphorus are typically more readily available from
mineralization of the litter layer from the previous rotation. This effect, known as the assart
effect [11,12], likely dissipates and nitrogen availability returns to background levels within five
years [13]. In studies where the forest floor was manipulated (doubled in some plots, removed in
other plots), improved nitrogen availability was found through age 10 [14]. Similarly, silvicultural
treatments such as intensive site preparation, vegetation control and fertilization applied at planting
may result in large growth gains and increased leaf area through age 10 [15,16]. However, in typical
stands, the assart effect and effects from early rotation or time of planting treatments would likely be
diminished before a midrotation fertilizer treatment would be applied (8—10 years of age) [17]. Once
leaf area levels are reduced through a lack of resources, it may take up to three years to build the
crown back up to a high level of leaf area [18]. Given these conditions, it is likely that the productive
potential of many sites may not be achieved without the application of additional resources (nitrogen
and phosphorus, in this case) prior to midrotation.

The midrotation application of 224 and 28 kg ha™! of elemental nitrogen and phosphorus,
respectively, has resulted in a positive growth response in 85% of research trials with a range in
response from 0.7 to 7.0 m® ha™! yr'! over an eight-year period [19]. However, the growth response
reaches a peak between two and four years after treatment application [20]. Whereas the growth
response was linearly related to the amount of nitrogen applied (up to 336 kg ha!), the growth
response per unit of applied nitrogen was higher at lower doses [20]. At a conceptual and practical
level, applying nutrients when and in the amounts needed by plants has resulted in near 100% uptake
of applied nutrients in laboratory and field experiments [21-23]. In this framework there may be
benefit to applying nutrients in lower doses more frequently. Consequently, there is uncertainty about
the appropriate dose and frequency of application if one were to consider ameliorating potential
nutrient limitations in juvenile stands.

Given these circumstances, our interest was in quantifying juvenile pine plantation response
to nutrient additions. If a difference in response to treatment was observed across sites, we wanted to
identify site-soil variables that would help group the responses patterns. We wanted to determine the
shape of the growth response curve especially at nutrient applications greater than 336 kg nitrogen ha !
and how best to apply nutrients (low, frequent doses or larger, less frequent doses). Specifically, we
tested the following hypotheses: site would influence juvenile plantation response to nitrogen and
phosphorus additions (there would be a site effect), the relationship between volume growth response
and applied nitrogen would not be linear (there is a maximum amount of applied nitrogen beyond
which growth improvements would be small and other resources would become limiting) and the
overall applied nitrogen dose and not the application frequency would determine the growth response
(e.g. the growth response from 538 kg ha™' nitrogen would be the same whether the nitrogen was
applied in two doses of 269 or four doses of 134 kg ha™! nitrogen).
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2. Materials and Methods

Twenty-two sites were selected to represent a range of soil, physiography, geology and drainage
conditions in the southeastern United States (Tables 1 and 2). Selected sites were well stocked,
growing vigorously and had minimal woody competition. Silvicultural practices used to create these
conditions varied by site and included tillage (poorly drained sites were typically bedded), chemical
site preparation (typical for upland sites), herbaceous vegetation control (common on most sites) and
fertilization (phosphorus was applied on phosphorus deficient sites). Vegetation control was not
included in our treatments, at treatment initiation planted pines had already captured or were poised
to capture the site in most cases. Stand age at treatment initiation ranged from two to six years.
Installation occurred from 1998 to 2003. Selected sites were assigned to a Cooperative Research in
Forest Fertilization (CRIFF) program soils group based on their drainage and subsurface soil
texture [24] (Table 2). All sites were cutover natural pine stands or plantations. Site 22 was planted
to P. elliottii and all other sites were planted to P. faeda. Prior to treatment initiation, stocking across
all sites ranged from 1216 to 2246 trees ha™', diameter at breast height ranged from 0.9 to 10.2 cm,
height ranged from 1.4 to 7.2 m, basal area ranged from 0.1 to 13.5 m? ha™! and stem volume ranged
from 5.3 to 49.6 m> ha™! (Table 3).

Table 1. Location, age and year of study initiation for the sites examined in this study.

Latitude Longitude Year of Age at

Site County State (decimal degrees) (decimal degrees) Initiation (year) Initiation (years)

1 Kershaw SC 34.45 —80.50 2000 4
2 Oglethorpe  GA 33.89 —82.91 2000 6
3 Brunswick VA 36.68 —=77.99 1999 6
4 Berkeley SC 33.19 —80.19 1999 5
5 Coosa AL 3291 —86.38 2002 6
6 Floyd GA 34.15 —85.38 2001 3
7 Angelina X 31.13 —94.46 2003 3
8 Wilkes GA 33.81 —82.96 2000 3
9 Nassau FL 30.68 —81.75 1999 5
10 Sabine LA 31.72 —93.56 1999 5
11 Vernon LA 31.34 —93.18 2000 6
12 Marengo AL 32.37 —87.84 2001 3
13 Brantley GA 31.34 —81.82 1998 3
14 Brantley GA 31.34 —81.83 1998 2
15 Marion GA 32.17 —84.63 2000 4
16 Talbot GA 32.68 —84.74 2003 5
17 Bradley AR 33.49 —92.13 2000 5
18  Marengo AL 32.25 —87.55 2000 4
19 Newton X 30.48 —93.78 2001 2
20 Montgomery NC 35.28 —79.94 2003 4
21 Montgomery MS 32.55 —89.64 2003 6
22 Dixie FL 29.65 —83.17 2003 3
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2.1. Experimental Design

We installed a randomized complete block design with two or four replications at each site. Sites
were blocked on height, basal area and stocking prior to treatment initiation to ensure homogeneity.
Plots within a block had less than 10% difference for these variables. Measurement plots varied in
size from 0.025 to 0.081 ha (0.042 ha average) and were surrounded by a 12-m treated buffer such
that the average treated plot size was 0.18 ha. Treatments were a combination of application
frequency and nutrient (nitrogen and phosphorus) dose (Table 4). Application frequency was every
1,2, 4, or 6 years. All nutrient applications mentioned in this document are elemental rates. Nitrogen
was applied at 0, 67, 134, 202, 269 kg nitrogen ha™'. Phosphorus was added with nitrogen at amounts
0.1 times the nitrogen rate. Nutrients were added as urea, diammonium phosphate, triple super
phosphate, coated urea fertilizer, and nitrogen and phosphorus blends. The application frequencies
and nutrient doses were selected to span a range of nutrient applications such that the same total dose
at a given time would be achieved from different combinations of nutrient dose and application
frequency. For example, applying 67 kg nitrogen ha ! every year for eight years resulted in a cumulative
dose of 538 kg nitrogen ha™!. This same cumulative dose was also achieved by applying 134 kg

1

nitrogen ha ! every two years or 269 kg nitrogen ha ! every four years over an eight-year period

(Table 4).

Table 4. Nitrogen (N) applications completed at the 22 study sites. The 106 treatment
was only applied at Sites 3 and 4. Phosphorus was applied at 0.1 times the nitrogen rate.
Other elements were added when foliar nutrient analysis indicated a limitation.

Treatment Dose of elemental N applied Frequency of Cumulative N dose 8 years after
code each time (kg N ha™) application (years) initiation (kg N ha™)
0 0 0 0
106 67 1 538
206 67 2 269
212 134 2 538
218 202 2 806
412 134 4 269
418 202 4 403
424 269 4 538
624 269 6 538

Foliage samples were collected in each plot prior to treatment initiation (reported here) at all sites
and every year thereafter (data not shown). Samples were composited by plot and analyzed using a
CHN analyzer (CE Instruments NC2100 elemental analyzer) for nitrogen (CE Instruments, 1997),
and a nitric acid digest and ICP (Varian Liberty II ICO-AES) analysis was used for phosphorus,
potassium, calcium, magnesium, manganese, boron, copper, sulfur, and zinc (Huang and Schulte,
1985). These data were used to monitor the nutrient status of elements other than those normally
applied (nitrogen and phosphorus) to determine if other elements might limit growth. The goal of
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applying additional nutrients was to insure that nutrient imbalances were not generated as a result of
the nitrogen and phosphorus applications. When nutrient concentration levels were near or below the
recommended ranges [25], additional nutrients were added at the next application time for nitrogen
and phosphorus. No additional applications were made at sites 10 and 16. Boron was added as borate,
solubor or in a blend at all other sites at 0.005 times the nitrogen rate. Potassium, as potassium
chloride, was added at sites 17, 21, and 22 at 0.40 times the nitrogen rate. At site 9, manganese was
applied as manganese sulfate at 0.1 times the nitrogen rate. Sulfur was added at site 15 as sulfur
coated urea at 0.05 times the nitrogen rate. Potassium, sulfur, magnesium and manganese were added
to sites 13 and 14 at 0.40, 0.05, 0.04 and 0.1 times the nitrogen rate, respectively, as potassium
chloride, manganese sulfate and blends.

Diameter at breast height (1.3 m) and tree height were measured prior to treatment initiation and
annually thereafter. Individual tree volume was calculated by converting a published volume
equation for unthinned trees [26] to metric units as

V =((0.21949 + (0.0012103044 x D x D x H)) x 0.02831685) M
where V is individual tree volume (m® tree’!), D is diameter at breast height (cm) and H is height
(m). Individual tree volume and basal area were summed by plot and scaled to a hectare basis. In this
case we are assuming that treatment did not influence taper. Treatment response at a given time
period was calculated as the mean of treatment growth minus control growth for all blocks at a site.
Relative treatment response was the treatment response divided by the control growth.

2.2. Statistical Analyses

PROC MIXED [27] was used to examine our first hypothesis regarding the treatment by site
effects eight years after treatment initiation for the volume growth response. Treatment code
(Table 4) was a fixed effect and treated as a categorical variable, whereas block by site was treated
as a random effect for this analysis. A second analysis examined all studies together eight years after
treatment. PROC MIXED was used with treatment code as a fixed effect categorical variable; site,
block by site and site by treatment were treated as random effects, and initial basal area was used as
a covariate. When examining all studies together, the following treatments were included: 0, 206,
212,218,412, 418, 424, and 624. The 106 treatment was excluded because it was installed at only
two sites. This analysis was repeated with the addition of soil group, where treatment, soil group and
treatment by soil group were fixed effects and random effects were as before. Soil groups were
determined by combining sites with similar CRIFF soils groups. CRIFF groups A and B (poorly
drained soils with clay subsoil), groups C, D and G (soils with spodic horizons or no clay subsoil)
and groups E and F (well drained soils with clay subsoil) were assigned as soil groups 1, 2, and 3,
respectively, for this analysis. Multiple treatment comparisons within each soil group were
completed using the Tukey adjustment in PROC MIXED. Residuals were examined for all analyses
and no biases were detected.

Our second hypothesis examined the height, diameter, basal area and volume growth increment
rate response using 2, 4 and 8 years since treatment initiation data. Although it did not receive any
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fertilizer applications, the control treatment was assigned a cumulative dose of 1.12 kg ha™! of
nitrogen to avoid defining the function as zero. The soil groups were coded using indicator variables
such that the model was fit with data from soil group 3 (the group with the most sites) and then
adjusted for soil groups 1 and 2. Random effects on the equation coefficients were examined using
PROC NLMIXED. The final response function fitted was an exponential function in the form of:

y = (bo + bo1S1 + bgpS,)eP1+b11S1+b1282)/N - 4 ¢ )
where y is height, diameter, basal area or volume growth response, N is the cumulative amount of
nitrogen applied at that time, b, (asymptote response) and b, (steepness or shape of response) are
coefficients, S; is an indicator variable that equals 1 for soil group 1 and S, is an indicator variable
that equals 1 for soil group 2, by; and by, were adjustments to b, for soil group 1 and 2, respectively,
b, and b, were adjustments to b; for soil group 1 and 2, respectively, and ¢ is the residual random
error (iid N(0,62)). The SAS macro %NLINMIX [28] was used to determine the coefficients of the
model. This macro uses nonlinear mixed models to account for repeated measures (the same plots
contributed data in multiple years).

Our third hypothesis examined whether the frequency of application had an effect on growth
response. We used the same model as that used for the second analysis of our first hypothesis where
all studies were examined together eight years after treatment initiation. We included single degree
of freedom contrasts, where treatments were compared with the same amount of total dose but
different application frequencies used to achieve the specific dose. We compared the 212
(134 kg ha! nitrogen applied every two years) to the 424 (269 kg ha™! nitrogen applied every four
years) treatment and the 206 (67 kg ha™! nitrogen applied every two years) to the 412 (134 kg ha™'
nitrogen applied every four years) treatment. We did not examine the 624 treatment in the 212 and
424 comparison because there were only two years for response to occur after the second application
in year 6 for the 624 treatment. All statistical tests were evaluated with alpha equal to 0.05.

3. Results

Eight of the 22 sites had significant treatment effects when examining treatment effects at
individual sites (Table 5). For the individual responsive sites, the average volume growth response
over the control for the 424 treatment was 8.4 m® ha ! yr ! (87%) (Table 6). Corresponding increases
in diameter, height and basal area were 0.5 cm yr ' (47%), 0.2 m yr ! (23%) and 1.2 m®> ha ! yr!
(60%), respectively. When examining treatment effects across site, site (p < 0.001), site by treatment
(p = 0.002), initial basal area (p = 0.004) and treatment (p < 0.001) were significant.



Table 5. Summary of statistical significance (p values) for annual volume growth eight
years after study initiation for the 22 sites where nitrogen and phosphorus were added at
different rates and frequencies in Pinus stands in the southeast United States.

Site CRIFF Soils Group  Current study soil group  p value

1 G 2 0.000
2 E 3 0.355
3 E 3 0.219
4 B 1 0.095
5 E 3 0.368
6 E 3 0.261
7 E 3 0.464
8 E 3 0.286
9 A 1 0.030
10 E 3 0.939
11 A 1 0.115
12 A 1 0.631
13 C 2 0.012
14 C 2 0.010
15 F 3 0.497
16 E 3 0.002
17 B 1 0.096
18 A 1 0.361
19 B 1 0.050
20 E 3 0.148
21 B 1 0.027
22 C 2 0.007
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When including soil group in the treatment effects across site analysis, initial basal area (p <
0.001), treatment (p < 0.001), and treatment by soil group were significant. The average control
volume growth eight years after treatment initiation was 19.7, 10.7 and 22.6 m> ha™' yr™! for soil
groups 1, 2 and 3, respectively (Figure 1). Average treated growth was 22.6, 21.8, and 25.6 m* ha™'

yr*] AR [ | ~ PRSI Be § PUURUESRRS. F MNA it mim e’ e dommde 2 A2 A Ll 4l o AAA.t.l.Ol
tre 8,
41

30

Soils Group 1 Soils Group 2 Soils Gmlf 3

T R S A 11112009

Annualized eight year volume growth
(m® ha™ yr)

° ﬁA g QQ A AAcgg % Ag

0 206 212 218 412 418 424 624 0 206 212 218 412 418 424 624 0 206 212 218 412 418 424 624

Treatment Treatment Treatment

Figure 1. Eight-year average volume growth in soil groups 1, 2 and 3 for eight treatments
where nitrogen was applied at different rates and frequencies across 22 sites in the
southeastern United States. Different letters indicate significant differences in treatment

means within a soil group. Error bars are one standard error.

The asymptote (bo) for all rate response functions was about the same for soil groups 1 and 3
(Table 7 and Figure 2A-D). The asymptote for soils group 2 was generally much greater than those
for soil groups 1 and 3. For example, over the range of data, volume response for soil groups 1 and
3 reached an asymptote at about 3.5 m® ha™! yr'! whereas soil group 2 sites achieved a volume
response up to 12 m® ha™! yr'! (Figure 2C). In contrast, the shape parameter (bi) was significantly
different for soil groups 1 and 3 for volume and basal area. The volume and basal area growth
response increased much more rapidly in soil group 1 than in soil group 3 for applied nitrogen levels
less than 300 kg ha™!. For example, at a cumulative applied dose of 100 kg ha™! nitrogen, the
estimated eight-year volume response reached 76% and 31% of the volume response predicted at
800 kg nitrogen ha™' for soil groups 1 and 3, respectively (Figure 2C). The shape parameter was not
different for soil groups 2 and 3. There was little additional growth response for any of the growth
variables for soil groups 1 and 3 sites after a cumulative dose of 300 kg ha™! of nitrogen had been
applied. For soil group 2, the growth response continued to increase through the range of applied
nitrogen (up to 800 kg ha™") for height and volume growth; however, the rate of increase in the growth
response was reduced at higher nitrogen doses. The response models for basal area did not converge
when including cumulative nitrogen doses greater than 400 kg ha™'. Consequently, for the basal area
response model presented here, data where the cumulative nitrogen dose was greater than
400 kg ha™! were excluded from the analysis.
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Table 7. Parameter estimates, standard error, t values, lower and upper 95% confidence

intervals (CI) for the height, diameter, volume and basal area growth response to

increasing nitrogen dose functions. bo is the asymptote for soil group 3, bo: and boz are

adjustments to bo for soil groups 1 and 2, respectively. b1 is the shape parameter for soil

group 3, bi1 and bi2 are adjustments to b for soil groups 1 and 2, respectively.

Parameter Estimate Standard error Pr>¢ Lower 95% CI  Upper 95% CI
Height
bo 0.066 0.042 0.120 —0.017 0.149
bor -0.014 0.054 0.799 —-0.120 0.092
boz 0.323 0.064 <0.001 0.197 0.450
by —350.1 174.0 0.045 —692.4 —8.521
bi 337.1 177.8 0.059 —12.25 686.4
b 293.2 174.3 0.093 —49.30 635.7
Diameter
bo 0.259 0.041 <0.001 0.178 0.340
boi 0.032 0.060 0.602 —0.087 0.150
boz 0.434 0.071 <0.001 0.295 0.573
by —45.01 21.63 0.038 —87.54 —2.506
b 25.75 28.01 0.358 -29.27 80.78
b1z 39.58 22.58 0.080 —4.798 83.95
Volume
bo 4.350 1.066 <0.001 2.256 6.445
boi —0.730 1.560 0.643 —3.788 2.343
boz 11.89 2.052 <0.001 7.862 15.92
by -134.1 24.97 <0.001 —183.1 —85.03
b 103.6 29.70 <0.001 45.31 162.0
biz —55.90 28.88 0.053 -112.7 0.815
Basal area
bo 1.033 0.196 <0.001 0.648 1.419
boi —0.183 0.273 0.502 —0.721 0.354
boz 1.346 0.349 <0.001 0.661 2.032
b, -107.1 25.74 <0.001 -157.7 —56.54
b 80.04 31.06 0.010 18.97 141.1
b1 34.99 28.89 0.227 —21.80 91.78
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SU3) where nitrogen was applied at ditterent rates and frequencies across 22 sites in the
southeastern United States.

There were no significant differences observed in the frequency of application comparisons as
long as the total applied dose was the same. The response from treatment 212, where 134 kg ha™!
nitrogen was applied every two years (average of 5.1 m> ha ! yr! for eight years), was no different
than the response from treatment 424, where 268 kg ha™' nitrogen was applied every four years
(p = 0.687) (average of 4.9 m* ha™! yr! for eight years) (Figure 3A). A similar result was observed
in the comparison between treatments 206 and 412 (p = 0.555). The average responses from treatment
206, where 67 kg ha ! nitrogen was applied every two years, and treatment 412, where 134 kg ha™!
nitrogen was applied every four years, were 3.1 and 3.4 m’ ha™! yr'! for eight years, respectively
(Figure 3B).
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Figure 3. Comparison of treatments where the same cumulative nitrogen dose was
applied at different rates and frequency of application across 22 sites in the southeastern
United States and the mean (M) across all sites. Panel A shows the comparison where
538 kg ha™! of nitrogen was applied as four applications of 134 kg ha™! every two years
or as two applications of 269 kg ha™! every four years. Panel B shows the comparison
where 269 kg ha™! of nitrogen was applied as four applications of 67 kg ha™! every

1

two years or as two applications of 134 kg ha™ every four years. Error bars are one

standard error.
4. Discussion

We accepted our first hypothesis because site was a significant factor in the analyses examining
treatment effects for individual sites, where eight sites had a significant treatment effect (Table 5),
and in the across site analysis where site was a significant factor. Soil group was also a significant
factor in the across site analysis. Grouping sites on soils is a useful tool for managers interested in
determining which stands are the best candidates for adding resources [24]. Most of the studies had
two replications, which reduces the ability to detect differences due to treatment at individual sites.
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However, use of the two-replication studies allowed more installations across the landscape, which
improved our ability to examine the second and third hypotheses at the regional scale. Regardless,
the growth responses at the soil group 2 sites were large, such that all of the soil group 2 sites had
significant responses to treatment when examined as individual studies, and the soil group 2 sites
had a larger response to treatment than the other soil groups (Figure 2). From a management
perspective, while the response to fertilization was dramatic at the soil group 2 sites, these sites
required more applied nutrients to achieve the same level of absolute growth than the sites in soil
groups 1 and 3 (Figures 1 and 2C). This study provides information managers can use to determine
which stands will likely respond to treatment from a biological perspective while having an
understanding of what it will take to achieve that biological potential from an economic perspective.

We accepted our second hypothesis that the volume growth rate response curve was not
linear (Figure 2). Volume growth response reached an asymptote for soil groups 1 and 3 at a
cumulative dose between 300400 kg ha™! of applied nitrogen. The response curve for soil group 2
continued to increase through the maximum cumulative applied nitrogen dose of 800 kg ha™!. The
rate of growth increase was greater for soil group 1 than for soil group 3 (significant shape parameter
bi1 in Table 7). Soil group 1 sites are poorly drained and may have been able to capitalize on available
water to take up the newly available nutrients more readily than those in soil group 3, which were
located on well-drained sites. The two-year response data used to develop the response function may
underestimate the true response because the trees only had a short time to respond, although this
effect would likely be experienced across all sites. However, without the two-year response data, the
rate response analysis would have no low doses and the model becomes insensitive to changes in the
b1 coefficient.

The observed growth responses from soil groups 1 and 3 were in the same range as previous
reports where response to nitrogen was linear through 336 kg ha™! of applied nitrogen [10,19]. The
large response observed from soil group 2 was in the same range as the data from the literature for
an equivalent amount of nitrogen. In our study, the application of 224 kg ha™! nitrogen resulted in a
response of 7 m> ha! yr! for eight years, and Rojas [19] found studies with responses of
approximately 7.5 m® ha™! yr'! over eight years from an equivalent nitrogen application. The
response at the soil group 2 sites was impressive; however, the control plots at these site were
growing relatively slowly at 10.7 m® ha™! yr!. Average treated growth was (22.6, 21.8 and
25.6 m* ha ! yr™! for soil groups 1, 2, and 3, respectively) lower than modeled potential productivity
of loblolly pine in the southeast United States (>30 m* ha™! yr ') [5] and that observed in individual
studies where treatments were applied with the intent to eliminate all resource limitations (up to
35m*halyr) (e.g., [8,29,30]). Clearly, the sites in our study were nitrogen and phosphorus limited.
After these limitations were ameliorated with our treatments, other resource limitations such as water,
other nutrients, light and space would influence productivity, following Liebig’s Law of the Minimum.

We accepted our third hypothesis that the overall applied nitrogen dose and not application
frequency determined the growth response. None of our treatments were single dose applications,
however, our data are in agreement with a study where the same dose of nitrogen was applied in
either one or two applications two years apart, with both treatments providing similar responses in
southern pine [31]. As mentioned previously, our responses were in the same range as other studies
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where applications up to 336 kg nitrogen ha™! were applied in single doses [10,19]. Our results are
consistent with those found in Eucalyptus grandis where a similar range of doses (60 to 240 kg ha™!
of applied nitrogen) was applied at 1, 2, 3, and 6 application frequencies to achieve the same
cumulative dose, and only one of eleven tests indicated a difference in growth response at the end of
the study period (3 years in this case) [32]. Reductions in fertilizer applications on a regional scale
are likely a result of high material prices [33]. At the same time, urea prices (the most common
form of nitrogen used in forestry application) can fluctuate by large amounts in relatively short
periods of time [34]. Consequently, this result provides managers more flexibility in planning for
nutrient additions.

The age at study initiation ranged from two to six years old. For stands at the low end of this
range, the assart effect may still have been providing nutrients, and yet these young stands were
responsive to additional nutrients applied in this study. The assart effect is generally applicable to
nitrogen availability. However, sites that would likely be phosphorus limited (poorly drained coastal
plain sites) received phosphorus at planting and competing vegetation was relatively low at study
initiation. Consequently, the rapid early response in our studies was likely from amelioration of
nitrogen limitations. Even if resources continued to be available from the assart effect, the magnitude
of resource availability from this effect would be relatively small compared with the application rates
in this study. As noted in previous studies, loblolly pine is a very plastic species and responds well
to large amounts of nutrient inputs [8,9,30,35]. This rapid growth early in the rotation (typical
rotation length of 20-25 years) resulted in a situation where some stands reached stocking levels that
would indicate the need for a thin. Based on Reineke’s [36] maximum stand density index of 450 for
loblolly, and Drew and Flewelling’s [37] estimate that density dependent mortality begins at
50%—-55% of maximum stand density index, sites with basal areas greater than approximately
23 m? ha™! would begin to have intraspecific competition. All of the 424 treatment stands had
basal areas greater than this amount and some sites (3, 10, and 21) had basal areas greater than
40 m? ha ! eight years after treatment initiation. If juvenile fertilization is included in a silvicultural
prescription, then it is likely that thinning may need to be considered earlier than what might be
considered normal. Density-dependent mortality may have resulted in the failure of the basal area
rate response model to converge for cumulative nitrogen doses greater than 400 kg ha ! of nitrogen.
In these cases, mortality may have reduced basal area responses below what would be expected if
over-stocking had not occurred.

5. Conclusions

Juvenile southern pine stands will respond to fertilizer. Sites in this study were limited by nitrogen
and phosphorus and they responded to nutrient applications at young ages. Soil texture and drainage
were useful in categorizing the sites for potential response. Soils with clay subsoil reached an
asymptotic response between 300 and 400 kg ha™! of applied nitrogen. Cumulative nitrogen dose,
and not application frequency or dose, determined the response. When undertaking juvenile
fertilization, the silvicultural prescription should include consideration for rapid stand development.
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Importance of Arboreal Cyanolichen Abundance to Nitrogen
Cycling in Sub-Boreal Spruce and Fir Forests of Central
British Columbia, Canada

Ania Kobylinski and Arthur L. Fredeen

Abstract: The importance of Na-fixing arboreal cyanolichens to the nitrogen (N)-balance of
sub-boreal interior hybrid spruce (Picea glauca x engelmannii) and subalpine fir (4bies lasiocarpa)
forests was examined at field sites in central BC, Canada. Host trees were accessed by a single-rope
climbing technique and foliage as well as arboreal macrolichen functional groups were sampled by
branch height in eight random sample trees from each of two high (High Cyano) and two low (Low
Cyano) cyanolichen abundance sites for a total of 32 sample trees. Natural abundances of stable
isotopes of N (**N, “N) and carbon (*C, '>C) were determined for aggregate host tree and
epiphytic lichen samples, as well as representative samples of upper organic and soil horizons (Ae
and Bf) from beneath host trees. As expected, Na-fixing cyanolichens had 2—6-fold greater
N-contents than chlorolichens and a §'°N close to atmospheric N2, while foliage and chlorolichens
were more depleted in '°N. By contrast, soils at all trees and sites were '*N-enriched (positive
815N), with declining (not significant) 6'°N with increased tree-level cyanolichen abundance.
Lichen functional groups and tree foliage fell into three distinct groups with respect to 8'3C; the
tripartite cyanolichen Lobaria pulmonaria (lightest), host-tree needles (intermediate), and bipartite
cyanolichens, hair (4lectoria and Bryoria spp.) and chlorolichens (heaviest). Branch height of host
trees was an effective predictor of needle §'*C. Our results showed a modest positive correlation
between host tree foliage N and cyanolichen abundance, supporting our initial hypothesis that
higher cyanolichen abundances would elevate host tree foliar N. Further study is required to
determine if high cyanolichen abundance enhances host tree and/or stand-level productivity in
sub-boreal forests of central BC, Canada.

Reprinted from Forests. Cite as: Kobylinski, A.; Fredeen, A.L. Importance of Arboreal Cyanolichen
Abundance to Nitrogen Cycling in Sub-Boreal Spruce and Fir Forests of Central British Columbia,
Canada. Forests 2015, 6, 2588-2607.

1. Introduction

Nitrogen (N) is commonly limiting to conifer forests in much of the Pacific Northwest, USA [1]
as well as the central interior of BC, Canada [2]. Biological N2-fixing species have been shown to
contribute and mediate important inputs of N to these forests [3]. In central British Columbia,
mature spruce and fir forests, particularly in the wetter ecological zones, can have well-developed
and vertically stratified communities of lichen epiphyte, with Na-fixing cyanolichens predominating
(when present) in the lower canopy branches [4,5]. This stratification and interaction between
upper and lower canopy zones can be further altered by vertical gradients in lichen epiphyte guild
to create significant variation in N content [4] and §'°N [6] across a vertical profile of a host tree.
Although the presence and guild of epiphytic lichens have been shown to enhance certain aspects
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of N-cycling, empirical evidence for their forest level significance has been equivocal. For
example, the removal of lichens from an oak forest system had no effect on tree growth [7]. Thus,
while atmospheric N contributions from cyanolichens are observed in sub-boreal spruce and fir
ecosystems [8], it is difficult to predict the nature of combined cyanolichen and host conifer tree
ecological interactions (i.e., mutualistic to competitive) over tree to forest spatial and as well as
temporal scales.

Stable isotopes have been used experimentally to infer many properties about elemental cycles
of important nutrients (most notably C and N) at a variety of temporal and spatial scales and
ecological contexts. The ratio of the heavier less common stable isotope to that of the lighter
abundant isotope (e.g., "N:"N and '*C:'2C) can be expressed as atom %, but are typically
represented in delta (8) notation, which is not the absolute isotope ratio, but the difference between
the sample measurement and an internationally accepted reference standard [9] in parts per
thousand or per mil (%o) [10]. In theory, natural abundances of isotopes can be used to make
inferences about the contributions of N2-fixing species to forest trees by exploiting the naturally
occurring differences in '>N:'“N ratios between plant-available mineral N sources in the soil and that
of atmospheric N2 utilized by Na-fixing species [11]. Non-N2-fixing plants receive their entire N
supply from soil N pools and can be expected to be isotopically heavier or lighter than Na-fixing
plants and lichens in concordance with the soil 8'°N. In either case, natural abundances of stable N
isotopes have frequently been used to estimate direct or indirect contributions of Nz-fixation to
plant N content [12].

Most terrestrial materials have 5'>N compositions ranging between —20%o and +30%o [13], but
lichens have a more restricted range of >N compositions (—=21.5%o [14]) to (+18%o [15]), and plants
even moreso (e.g., —5%o to +2.9%0 [16]). The natural abundances and ratios of stable isotope
compositions are potentially useful to the researchers quantifying these processes in that they can
shift due to isotopic fractionation.

Isotopic fractionation can occur from a variety of processes. For example, Na-fixation in
organisms such as epiphytic cyanolichens does not discriminate between the "N and N and
therefore would normally represent N isotope ratios close to the atmospheric §'°N standard of 0%o.
By contrast, non-Nz-fixing elements and processes of forest systems such as ectomycorrhizae
(ECM), mineralization of organic nitrogen, nitrification, microbial assimilation of inorganic N, and
denitrification can fractionate stable isotopes of N belowground. Nutrient uptake in temperate and
boreal trees is predominantly dependent on ECM hyphae growing into the soil from the mycorrhizal
root tips [17]. Hogberg et al. [18] found that ECM roots of Norway spruce (Picea abies) and beech
(Fagus sylvatica) were 2%o enriched in '*N relative to non-mycorrhizal roots. The study also
found ECM fungi were enriched in >N compared to their host plants, further suggesting that
SN ECM discrimination was fungal in origin. ECM fungi were also more enriched in '*C relative to
total soil C [19], demonstrating *C ECM discrimination. Biologically mediated reactions that control
elemental dynamics in soils can result in "N and *C enrichment or depletion, making inferences on
forest ecosystem N- and C-cycling based on natural abundances of stable isotopes challenging.

Bulk soil 8'°N values are generally higher than atmospheric N (positive, ~5—10%o), a result of
faster losses of the lighter isotope in soil N during decomposition [20], usually with increasing
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(more positive) deltas with increasing depth of organic (‘L’, ‘F’, and ‘H’) and mineral horizons [21].
Thus, fractionation of isotopes during litter decomposition in forests causes surface soils to have
lower 8'°N values than deeper soil horizons [22]. Even slight fractionations occurring over decades
of transfers of N from mineral soil to forest biomass can be sufficient enough to increase 8'°N of
soil organic matter by ~6—8%o [23]. Surface soils located beneath trees have also been found to
have lower 8'°N values than those in open areas as a result of litter deposition [24], making
decomposing epiphytic lichens an important factor influencing soil N isotope composition.

Nitrogen-fixing plants in western North American forest systems typically have more positive
815N values than non-Na-fixing plants, and/or are closer to the of atmospheric N2 [25,26]. The
differences between these plant §'°N values provide the basis of the 'SN natural abundance
technique for estimating fixed-N contributions to terrestrial ecosystems [24]. However, attempting
to trace fixed-N through ecosystems can be complicated by a myriad of fractionations, which are
caused by numerous and often serial pathways of mineralization, nitrification, immobilization, and
denitrification within the soil, plant root and mycorrhizal fungus mediation of soil N uptake [27].

Nutrient cycling processes in the soil are known to vary with plant community composition [28].
The processes associated with litter decomposition and enzymatic transformations of organic
substrates in particular can vary because of differences in a variety of factors such as chemistry of
the litter material, soil biota and soil chemistry associated with different plant species [29]. Both
litter accumulation and stem flow can deliver N to epiphytes from various N pools [6], making the
abundance and branch position of lichens on a tree significant. Lichens may play an important role
in nutrient cycling in forest ecosystems, but the relative impact of lichens compared to other
ecosystem components is not well understood. The effect of lichens on forest N-cycling could
range from large in ecosystems where epiphytic lichens, especially cyanolichens are abundant, to
insignificant where lichens are only present in low amounts [30].

In this study, we examine the importance of the vertical distributions of arboreal lichen
biomasses [5] to the N-status of wet sub-boreal spruce and fir forest ecosystems of the central
interior of BC, Canada. To do this, we measured the '"N:'*N, %N of host tree (i.e., conifer) foliage,
host tree epiphytic lichen functional groups and organic and mineral soil horizons under the tree
crowns at sites containing variable amounts of cyanolichen tripartite (i.e., L. pulmonaria) and
bipartite lichens from relatively low to high levels. We hypothesized that sub-boreal forest trees
with high cyanolichen abundance should have higher needle %N reflecting the greater inputs of
biologically fixed-N into these systems [8,31]. Knowledge obtained from this study should
provide valuable information on the functional importance of epiphytic (N2-fixing) cyanolichens to
the N-status of wet sub-boreal conifer ecosystems of central BC.

2. Experimental Section
2.1. Study Area

The study area was described previously by Kobylinski and Fredeen [5]. In brief, this field study
was carried out on the north side of the Fraser River near the town of Upper Fraser, BC, located
approximately 70 km NE of Prince George, BC. All study sites were characterized by having
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relatively cool and moist summers and cold, snowy winters. Four mature sub-boreal forest sites
were chosen based on having trees with predominantly high (High Cyano) or low (Low Cyano)
epiphytic cyanolichen abundance and diversity, denoted as ‘Upper Fraser’ and ‘Herrick’ in
previous work [5,32], respectively.

The two dominant tree species representing the vast majority of the canopy trees at all four sites
were interior hybrid spruce (Picea engelmannii Parry ex Engelm. x glauca (Moench)) and
subalpine fir (Abies lasiocarpa (Hook.) Nutt.) High Cyano sites were in “sub-boreal spruce” (SBS)
‘wk1’ and the vk’ subzones (BC Biogeoclimatic Ecosystem Classification scheme) with a mean
elevation of 680 m above sea level (a.s.l.), mean summer temperature of 11.8 = 5.3 °C and relative
humidity of 78% [8]. Low Cyano sites had lower average cyanolichen abundances and diversities
and were located within 10-20 km of the High Cyano sites at a slightly higher mean elevation of
850 m a.s.l. and similar mean summer temperature and relative humidity of 10.8 £ 5.3 °C and 78%,
respectively [8]. Soils at all sites were Orthic Humo-Ferric Podzols formed from sandy-colluvial
materials at the High Cyano sites and from sandy—skeletal glaciofluvial materials at the Low Cyano
sites. Average precipitation in the ecotonal study area is approximately 897 mm per year [8].

2.2. Canopy Access and Biomass Sampling

Sample tree selection, canopy access and biomass sampling procedures were previously
described in Kobylinski and Fredeen [5]. In brief, trees were selected randomly from High Cyano
and Low Cyano sites, with the exception of the fact that trees adjacent to Sitka alder (4/nus viridis)
were excluded from the study given that annual N-inputs from Sitka alder can be substantial [26]
and could have confounded >N natural abundance interpretation. All study trees were canopy trees
and in excess of 22 m in height and 20 cm in DBH. Needles and lichens were sampled from each
canopy height zone at the highest accessible point of each of the 32 study trees. Access into
canopies was achieved through a single rope technique [33,34]. Selected trees were rigged, climbed
and assessed vertically for epiphytic lichen biomass.

Lichen and needle sampling was described previously [5]. Briefly, epiphytic lichen functional
group or species and host tree needle samples were collected over two summers: June to August
2008 and May to September 2009 at various heights within sample tree canopies. All cyanolichens
in these mature forest tree sites were almost exclusively arboreal and on branches, with negligible
cyanolichen occurring on the forest floor [35]. Bryophytes were essentially absent from all
canopies, as is normal for these forest types [35]. Lichen biomasses were separated into five
primary categories or functional groups based on biomass dominance by single species or functional
group properties within different vertical canopy zones: Alectoria sarmentosa (Ach.) Ach., Bryoria
Brodo & D. Hawksw. species, foliose chlorolichens, bipartite cyanolichens, and Lobaria pulmonaria
(L.) Hoffm., the only tripartite cyanolichen at the site. The needle cohort was taken exclusively
from the previous year’s foliage to keep the age of the sampled needles constant. A processed and
homogeneous sample for each functional group or needle was sent for isotopic analysis from the
upper, middle and lower canopy height zones provided they were present in that zone.
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2.3. Composite Soil Sampling

Soil samples were collected from the base of each sample tree between June and August 2009.
We extracted soil cores using a soil auger (7.5 cm in diameter) by rotating the auger while applying
downward force and lifting out the full blades. Soil core samples were extracted from a 1-m radius
around each sample tree base in each of the cardinal directions. Samples were separated into three
distinct layers: F-folic layer composed of organic matter rich in mycelia (~5 cm = 2 c¢cm deep),
Ae-grayish surface soil layer (~2—10 cm thick); and Bf—yellowish brown to reddish brown subsoil
layer (~10-20 cm). All layers were distinct and could be easily separated from each other; the soil
auger was cleaned between cores. The three layers of the four subsamples were air dried for two
days at room temperature (~22-25 °C), roots were removed and soil sieved through a 2-mm sieve.
The F-layer samples were separated twice more (0.85 mm and 0.3 mm sieves) to remove small
pieces of woody debris before composite samples were prepared. Composite samples were also
made from the four Ae and Bf subsamples from each site. A dry weight of 2 g from each of the
three layers of the four samples was mixed into one composite sample per soil layer (8 g dry weight),
for a total of 96 soil samples.

2.4. Stable Isotope Analyses

Sample preparation of lichen, needle and soil samples took place at the University of Northern
British Columbia (UNBC) before samples were shipped to the Stable Isotope lab at the University
of Saskatchewan (U of S) in Saskatoon, Canada for analysis. Lichen and needle samples were oven
dried for three days at 55 °C in paper bags. Samples were ball-milled (Retsch MM301, Hann,
Germany) to a particle size of less than 250 pm and any fibrous matter or visible granules removed
to improve precision of isotopic analysis. Ball-mill chambers were cleaned with deionized water
and dried between samples. Samples (2 + 0.2 mg) were stored in scintillation vials and
encapsulated in 8 x 5-mm tin capsules (Catalog # D1008, Elemental Microanalysis Limited,
Okehampton, UK) before combustion.

Soil, needle and lichen samples were analyzed using an elemental analyzer (Costech ECS4010,
Valencia, CA, USA) coupled to a Delta V Advantage isotope ratio mass spectrometer with
continuous flow (Conflo IV, Thermoscientific, Waltham, MA, USA) interface. The continuous
flow gas isotope ratio mass spectrometer was used to measure % N, % C and the relative
abundance of stable isotopes ('°N, “N, !*C, and '2C) in needle, lichen, and soil samples. Isotope
ratio calibrations were performed with IAEA-N1, IAEA-N2, IAEA-NO-3, IAEA-CH6, and
USGS-24 standards (International Atomic Energy Agency, 1995).

2.5. Natural Abundance Method

The & values for "N and *C were calculated using equations 1 and 2, respectively.
(8 N (%o relative to atmospheric N2) = (Rsample/Rstandard — 1) X 1000) (1)
(8 13C [%0 relative to V-PDB] = (Rsample/Rslandard - 1) X 1000) (2)

The value R is the ratio of heavy isotope ("’N and '*C) to their lighter more abundant isotope.
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2.6. Statistical Analyses

Data were analyzed using Sigma Plot 11 (Systat Software Inc., San Jose, CA, USA). Ordinary
least square (OLS) multiple linear regression analyses were performed to address whether there
were statistically significant differences in: (1) §!°N and §'*C between lichen functional groups
and needles controlling for tree branch height, tree species, and lichen abundance; (2) §'°N and
8!3C by tree branch height controlling for lichen functional groups and needles; (3) '°N and
8!3C between High and Low Cyano sites controlling for lichen functional groups, needles and
soil; (4) 8'°N and 8'°C between tree species (spruce and fir) controlling for the lichen
functional groups, needles and soil; and (5) foliar (needle) %N at sites with higher abundances
of cyanolichen. The unstandardized coefficient (B) for OLS linear regression analyses provide
an estimate of the change in the dependent variable associated with a one-unit change in the
identified independent variable controlling for all other independent variables.

Six OLS regression models were created to predict: (i) 8'°N in lichen functional groups; (ii)
8"°N in needles; (iii) §"*C in lichen functional groups; iv) 8'°C in needles; (v) 8"°N in soil; and (vi)
813C in soil. Correlation analyses were conducted between all the variables in each model to check
for potential collinearity. Additional correlations were also conducted to look at the relationships
between needle §'°N and cyanolichen abundance, % N and cyanolichen abundance, and soil §'°N and
cyanolichen abundance.

Kolmogorov-Smirnov and Shapiro-Wilk tests were used to determine normality of data. Both
tests showed lichen and needle 5'N (KS = 0.191, p < 0.001 and W = 0.886, p < 0.001) and §'°C
(KS = 0.122, p < 0.001 and W = 0.949, p < 0.001) were not normally distributed. However,
because of bimodal distributions of the dependent variable, data transformations were not used.
The distribution of lichen and needle §'°N and &'C (but not soil) showed some signs of
heteroscedasticity and non-linearity across all independent variables.

3. Results

Nitrogen contents varied by over six-fold among lichen epiphytes sampled. At the extremes,
Alectoria sarmentosa had the lowest % N (0.50 = 0.13) and bipartite cyanolichens had the greatest
%N (3.24 + 0.52) on a dry weight basis (Figure 1). Bryoria spp. and foliose chlorolichens had very
similar %N contents of 0.77 + 0.18 and 0.73 + 0.19, respectively. Needles had a higher %N content
(1.11 £ 0.14) than hair lichens and foliose chlorolichens but not as high as L. pulmonaria
(2.26 + 0.30). The differences in mean %N between functional groups were significant
(Fs5.404 = 950.3, p <0.001: Tukey test) except for Bryoria spp. and foliose chlorolichens (Figure 1).

All lichen functional groups or species and conifer foliage (needle) had mostly unique 8'°N
signatures relative to their %N (Figure 2). Bryoria spp. hair lichens at the top of the canopy had the
lowest 8'°N, while the hair lichen Alectoria sarmentosa found lower in the canopy had slightly
lower %N and higher §'°N than Bryoria. Host tree needles and foliose chlorolichens had §'°N
values that were intermediate between hair lichens and cyanolichens but similar %N. While L.
pulmonaria and bipartite cyanolichens both had §'°N values close to atmospheric N2 (§'°N = 0), L.
pulmonaria had 1.5-times less N on average (Figure 2). Mean 3'°N isotope values were slightly
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higher at Low Cyano sites for all lichen functional groups and host tree needles, but there was no
significant difference in the 8'°N values or %N of lichens or needles on trees from High Cyano
(black symbols) versus Low Cyano (white symbols) sites (Figure 2).
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Bryoria spp.

Foliose chloralichen
Bipartite cyanolichen
Lobaria pulmonaria
Needles d
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Figure 1. Mean %N (+ SD) of lichen biomass in functional groups of lichen and
foliage (needle) from 32 spruce and fir study trees with varying amounts of tree-level
cyanolichen abundance. Different letters above error bars indicate significant
(» < 0.001) differences between lichen functional groups (Tukey multiple mean
comparison test).
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Figure 2. Mean (+ SD) % N and §'°N signatures of five epiphytic lichen and host tree
foliage (needle) biomasses across four sites and two host tree species from sub-boreal
spruce and fir forests in central interior BC. Half of the host trees were from high (High
Cyano: black symbols) and the other half from low (Low Cyano: white symbols)
cyanolichen abundance sites.
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When we compared §'°N of living conifer foliage (needle) on each of the 32 study trees to
their actual cyanolichen abundance, there was a small, but ultimately not significant (» = —0.16,
p = 0.121) negative correlation between mean needle §'°N and increasing cyanolichen abundance
(Figure 3a). Host tree foliage (needles) %N showed a significant but weak positive correlation to
actual tree-level cyanolichen abundance ( = 0.24, p = 0.019; Figure 3b).

When lichen species, tree branch height, and tree species were controlled for, cyanolichen
abundance in the canopy was a statistically significant but ineffective predictor of §"°N (B < 0.001,
p <0.001, Table 1). The regression coefficients of the dependent variable §'°N suggest that lichen
species and cyanolichen abundance, but not tree species or tree branch height, were significant
predictors of '°N in lichen functional groups. The regression analyses also show that A. sarmentosa
(B = —3.657, p < 0.001), Bryoria spp. (B = —4.838, p < 0.001) and foliose chlorolichen
(B = —0.482, p = 0.002) tree-level abundances were all negatively related to their 5'°N signatures.
Conversely, bipartite cyanolichens (B =0.561, p <0.001) and L. pulmonaria (B =1.608, p <0.001)
tree-level abundances were positively related to their !N signatures. Both tree species (B = —0.166,
p =0.095) and tree branch height (B = 0.010, p =0.238) were not significantly related to 5'°N levels
in lichen functional groups (data not shown) and insignificant or with a very small coefficient for
8N in needles (B = 0.028, p = 0.002). Similarly, tree species (B = —0.146, p = 0.267)
and cyanolichen abundance (data not shown) were not significant predictors of §'°N in lichen or
host-tree foliage.

Mean
Needle _{ |
3°N
(%)

12

Needle

%N 10 +

08

06

04

L n L L L L
200 400 600 800 1000 1200 1400

o}

Cyanolichen abundance (total g tree ")

Figure 3. Mean (a) 5°N and (b) %N of host tree foliage (needle) from low to high
tree-level cyanolichen abundance (total g tree ™).
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Table 1. Linear regression (OLS) coefficients with standard error for the regression
model predicting 3'°N of lichen functional groups (F = 220.501, p < 0.001, R*> = 0.817)
and host tree needles (F = 4.363, p = 0.006, R? = 0.126) based on tree species (spruce
and fir), cyanolichen abundance, tree branch height, and lichen species or functional group.

Lichen Functional Groups

(Model i) Needles (Model ii)
Unstandardized Unstandardized
coefficient (B) Std Error coefficient (B) Std Error
Intercept —1.126 *** 0.165 —1.499 *** 0.171
Tree species (Spruce) -0.166 0.099 —0.146 0.131
Tree branch height 0.010 0.008 0.028 ** 0.009
Alectoria sarmentosa —3.657 *** 0.168
Bryoria spp. —4.838 *** 0.183
Foliose chlorolichen —0.482 ** 0.156
Bipartite cyanolichen 0.561 *** 0.137
Lobaria pulmonaria 1.608 *** 0.165

w55 p <0.001; ** p<0.01; * p < 0.05.

Soil horizon (F, Ae and Bf) §'°N values were consistently higher at Low Cyano (means:
F = 1.340, Ae = 5.130, Bf = 6.262) than at High Cyano (F = 0.782, Ae = 4.765, Bf = 5.383) sites,
and decreased with increasing cyanolichen abundance in all three horizons (Figure 4A—4C),
respectively. The abundances of cyanolichens and 8'°N were negatively correlated in all three soil
horizons, with correlations being nearly significant for the uppermost horizons (F: » = —0.341,
p = 0.056; Ae: r = —0.263, p = 0.146), and significant for the Bf horizon (» = —0.356, p = 0.045).
Total %N in the F-horizon decreased with increasing tree-level cyanolichen abundance (Figure 4D),
but was relatively unaffected in Ae and Bf horizons (Figure 4E and 4F).

Tree species and both upper mineral soil horizons were all significant predictors and all
contributed to the overall relationship of both soil 3!°N and §'*C (Table 2). Cyanolichen abundance
was a significant predictor for both soil §'°N and §'3C, but coefficients were <0.01 and therefore
not relevant (data not shown). There was also a statistically significant difference in soil §'"°N
(B = —0.525, p < 0.001) and soil 8'3C (B = —0.221, p = 0.009) between host tree species
(spruce and fir).

When controlling for all independent variables, tree species and branch height were significant
predictors of 8'°C of host-tree foliage (needles) and to lesser extents for lichen epiphytes (Table 3
and Figure 5A). Trends of increasing (less negative) 8!°C values with increasing branch height
were evident for both L. pulmonaria and tree foliage (Figure 5A). There was evident clumping of
8'3C into three distinct groups (Figures SA and 6). Specifically, §'*C values of the lone tripartite
cyanolichen (L. pulmonaria) were lower than host tree needles, which were in turn lower than hair
lichens (4. sarmentosa and Bryoria spp.), bipartite cyanolichens and foliose chlorolichens.
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Figure 4. Mean §'°N and %N of (A and B) the surface organic F horizons, (B and E)
upper-most mineral (Ae) horizons and (C and F) lower mineral (Bf) horizons,
respectively, beneath host trees with varying levels of cyanolichen abundance
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Table 2. Linear regression (OLS) coefficients with standard error for the regression
model predicting 3N (F = 314.044, p < 0.001, R* = 0.932) and 3'3C (F = 117.897,
p <0.001, R* = 0.838) of soil based on tree species, and Ae and Bf soil horizons.

6]5N 6]3C
Unstandardized Unstandardized
coefficient (B) Std. Error coefficient (B) Std. Error
Intercept 1.586 *** 0.140 —26.923 #** 0.094
Tree species —0.525 *** 0.123 —0.221 ** 0.062
Mineral surface soil (Ae) 3.887 *** 0.145 1.523 *** 0.097
Mineral subsoil (Bf) 4777 *** 0.145 1.961 *** 0.097

% p<0.001; ¥* p<0.01; * p <0.05.
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Figure 5. Variation in the natural abundances of (A) §°C and (B) §'°N of five
epiphytic lichen functional group and host tree foliage (needle) biomasses according to
tree branch height for all sites.

Table 3. Linear regression (OLS) coefficients with standard error for the regression
model predicting §'*C in lichen functional groups (F = 711.517, p < 0.001, R*> = 0.942)
and needles (F = 79.545, p < 0.001, R?> = 0.724) based on tree species (spruce), tree
branch height and lichen functional groups.

Lichen Functional Groups Needles
(Model iii) (Model iv)
Unstandardized Unstandardized
coefficient (B) Std. Error coefficient (B) Std. Error
Intercept —30.523 #** 0.154 —31.868 *** 0.204
Tree species (Spruce) 0.048 0.089 0.622 *** 0.156
Tree branch height 0.093 *** 0.008 0.148 *** 0.011
Alectoria sarmentosa 4.899 *** 0.151
Bryoria spp. 4.513 *** 0.164
Foliose chlorolichen 3.969 *** 0.140
Bipartite cyanolichen 4.324 % 0.166
Lobaria pulmonaria —4.358 *** 0.149

w55 <0.001; ** p<0.01; * p < 0.05.

Hair lichens 4. sarmentosa and Bryoria spp. had uniformly negative 5'>N values that were also
more negative than all other functional groups (Figure 5B), and trending lower with increase in
branch height. The §!°N of other lichen functional groups and host-tree foliage did not appear to be
influenced by branch height.
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Host tree needles had 8'°C values intermediate to L. pulmonaria and all other lichen functional
groups (Figure 6), but at distinctly higher C concentrations than all lichen groups (Figure 7).
Lichen functional groups, cyanolichen abundance, tree branch height, and the interaction between
cyanolichens and site cyanolichen abundance (but not tree species) were significant predictors of
813C in lichen functional groups. The regression analyses showed that 4. sarmentosa (B = 4.899,
p <0.001), Bryoria spp. (B =4.513, p <0.001), foliose chlorolichens (B = 3.969, p < 0.001), and
bipartite cyanolichens (B = 4.324, p < 0.001) were positively related to §'3C levels in lichen
functional groups (Table 2). Conversely, L. pulmonaria (B = —4.358, p < 0.001) was negatively
related to 8'3C levels in lichen functional groups. Both cyanolichen abundance (B = —0.001,
p <0.001) and tree branch height (B = 0.093, p < 0.001) were significantly related to 5'C levels in
lichen functional groups. There was also a statistically significant interaction between cyanolichens
and site cyanolichen abundance and §'3C increased slightly as site-level cyanolichen abundance
increased (B = 0.001, p = 0.005, Table 2). There was no significant difference in 5'°C between
sample tree species spruce and fir in lichen functional groups (B = 0.048, p = 0.594, Table 2).
Alternatively, both tree species (B = 0.622, p < 0.001) and tree branch height (B = 0.148,
p < 0.001), but not cyanolichen abundance (B < 0.001, p = 0.942), were significant predictors of
813C in needles (B = 0.028, p = 0.002).
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Figure 6. Dual natural abundance isotope plot of §'°N versus §'°C of the five epiphytic
lichen functional group and host tree foliage (needle) biomasses across four sites and
two host tree species.
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Figure 7. Mean (+ SD) C concentrations versus 8'3C signals of five epiphytic lichen
functional group and host tree foliage (needle) biomasses across four sites and two host
tree species.

4. Discussion

Nitrogen-fixing cyanolichen epiphytes can be both diverse and abundant in conifer forests of
central BC, and have been conjectured to be an important component of the N-cycle in these forest
locations [4,8,32,36]. Although lichen N pool sizes and decomposition rates in these studies were
indicative of enhanced mineral N flux rates, as observed in other forests types [7], direct links
between cyanolichen abundance and improved host tree N status have been elusive. In our study,
gradients in cyanolichen abundance across host trees (interior hybrid spruce and subalpine fir) in
two generally high cyanolichen abundance sites and two generally low cyanolichen abundance
sites [8,32] provided us with an opportunity to examine the potential for enhanced cyanolichen
N-inputs into these forests in central BC. We hypothesized that foliar (needle) N contents would be
positively correlated with cyanolichen abundance, and in fact this was found to be the case, albeit
the relationship was not strong (Figure 3b). We further sought to more directly link increased host
tree foliar N with cyanolichen N using the natural abundances of '’N and '*N of forest tree, lichen
and soil components of these systems.

Our results corroborate previous findings of 3!'°N values in lichen functional groups and or
species. It is already known that cyanolichens that fix N2 typically have §'°N values close to
atmospheric Nz, i.e., 0%o [37,38]. We also found §'°N values close to 0%o for both bipartite
and tripartite (L. pulmonaria) cyanolichens in our study. By contrast, other non-Na-fixing
arboreal macrolichens (hair and chlorolichen) as well as host-tree foliage all had §"°N values
that were negative and less enriched in N than either cyanolichen functional group. Hair lichens
had the lowest 3'°N, while chlorolichens and host tree foliage were intermediate. Interestingly,



81

A. sarmentosa, occurring lower in the canopy than Bryoria spp., and therefore overlapping with
cyanolichen canopy zones [5], had 8'°N closer to atmospheric §'°N (i.e., 0) (Figure 2). This is
consistent with A. sarmentosa receiving more leached-N from cyanolichens than Bryoria spp., and
supported by the fact that an increase in the 8'°N of A. sarmentosa was observed in High Cyano
sites, while relatively little change in 8'°N was observed for Bryoria spp. In both hair lichens,
relatively low N contents and low 8N (~6 %o in Low Cyano sites) were consistent with low
atmospheric N inputs in central BC [39] and the negative §'°N of precipitation N measured in other
studies [31].

Although biological Nz-fixation may represent a significant N input into ecosystems, both via
leaching (less well documented) and decomposition, it may be difficult to identify because of its
small relative isotopic effect against the background of ecosystem component §'°N signatures [12].
Nitrogen isotope signatures of epiphytes varied across functional groups and with canopy position,
but the reason for lichen §!°N variability with canopy position in most studies remains unexplained.
The 8'>N of hair lichens, with single sources of N (i.e., atmospheric fixed-N), are relatively easy to
explain relative to other lichens (cyanolichen and chlorolichen) lower in the canopy where inputs
and outputs are more complex. At least 10 processes have been identified that can alter §'°N
values, none of which can currently be separated out in field studies [9]. Key explanations for §'°N
variability in lichens are: (i) a preference for uptake of the lighter "N isotope which can then lead
to 85N enrichment of outputs [40]; (ii) fractionation of N isotopes in gaseous phase ammonia is
greater than in the liquid phase of nitrate; and (iii) transfer of organic N which can result in
increased '°N depletion of the photobiont and less depletion in the mycobiont [41]. In general, our
results were in agreement with previous work showing that lichens with a green alga as their
photobiont (all lichens except bipartite cyanolichens) showed greater relative >N depletion [42]
(Figure 1).

Soil 8N values increased with soil depth in our study, consistent with results of Gebauer and
Schulze [43]. In keeping with our expectations, we also observed decreasing trends in §'°N with
increasing cyanolichen abundance in all soil horizons (Figure 4A—4E) equating to less positive soil
horizon §'°N values, more proximal to the §'°N of cyanolichen biomasses which were uniformly
close to zero. There are many reasons why soil 8N wouldn’t necessarily be closely correlated
with tree 8'°N. First, measured §'°N of soil pools may not represent the true isotopic composition
of N available to plant roots, since most of the N in soils is bound in forms that are not immediately
available to plants [25,44]. Second, only a few % of total soil N becomes available in a year [18],
and symbiotic fungi (mycorrhizae) can alter the §'°N of the N transferred from soil to host plant.
Nevertheless, a similar downward trend in tree foliage 3'°N at our sites with increasing abundance
of cyanolichen (Figure 3) was consistent with the downward trend in soil 8!°N (Figure 4A—4C).
Explaining the increase in %N of host tree foliage with increased cyanolichen abundance is
difficult to reconcile with total soil N. If greater cyanolichen inputs of N increased soil N
concentrations, then a straightforward mass action of greater plant N uptake could have explained
enhanced foliar %N. However, soil N decreased in all soil horizons, though not significantly, with
higher cyanolichen abundance (Figure 4D—4F). Since total soil N does not in any way equate with
amounts and forms of available inorganic N, it is possible that more readily available N fractions
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were more available at high abundance cyanolichen sites, even though total %N was not. Further
work on soil N at these sites would be required to test this hypothesis.

Foliar (needle) 8'°N values in our host trees ranged between 0.6 and —2.8%o and did not
differ significantly between High and Low Cyano sites or tree branch height. However, there was a
trend of decreasing foliar 8'°N with increasing cyanolichen abundance (Figure 3a). Gebauer and
Schulze [43] reported lower, but overlapping, §"°N values for conifer needles (between —2.5
and —4.1%o), which varied according to stand and age, with foliage from the healthiest site having
the lowest 8'>N. It is unclear why the range of §'°N values observed by Gebauer & Schulze were
more negative than ours, but one possibility would be the presumed greater atmospheric N inputs in
these European forests when compared to the N-limited forests of central BC. Gebauer and
Schulze [43] also reported a similar trend of §!*C values of needles, which ranged between —26.2
and —32.2%o and did not differ between lichen abundance sites but did change with canopy height.
Similar to our study, needle 8°C values were not significantly different between abundance sites
(Table 3), were more negative in the lower canopy and increasing with branch height (Figure 5).

Lichen 8'*C values were previously found to vary widely over a large range of habitats and
species [45]. Our lichen functional groups and tree foliage (needles) fell into three distinct groups
with respect to 3°C values: the tripartite (and only cephalodic) cyanolichen L. pulmonaria with the
lowest 8C values (—36 to —31), host tree foliage with intermediate §”C values (—33 to —26), and
all other lichens including bipartite cyanolichens, hair lichens and chlorolichens with the least negative
8BC values (—28 to —23). Our values are entirely consistent with those of Maguas et al. [46],
namely that tripartite lichen associations typically have the lowest and bipartite lichens the highest
81C. Carbon isotope discrimination in lichens [42] has been attributed to the species of photobiont
present. Carbon concentrations also clearly distinguished between conifer foliage (mean %C
of ~50.5%) and all lichen functional groups (means of %C ranging from ~42%—-45%). This range
of values are in close agreement with %C values observed previously for epiphytic lichens in
sub-boreal BC [8] and conifer foliage [47], respectively.

Interestingly, we observed positive relationships between tree branch height and §°C values for
both L. pulmonaria and foliage. Possible causes that may be responsible for the observed
height-specific differences in these 8°C values are CO: source, light level and factors influencing
diffusion resistance such as water availability. Carbon dioxide source influences the 8°C value of
lichens [48,49], and lichens growing in the canopy close to the forest floor (i.e., L. pulmonaria)
would more readily assimilate CO: enriched by soil respiration [46,50,51]. Light levels also
influence photosynthesis and can alter the CO2 gradient inside the lichen thallus. Inorganic carbon
acquisition by lichen photobionts fluctuate greatly with moisture and light availability [52], and
lichen hydration is known to affect 83C values. Increased 8“C values have been reported for
lichens in drier habitats [45] and on thinner branches, both being directly and indirectly associated
with desiccation stress, respectively [53]. Water stress would be expected to increase with branch
height. Therefore, differences in 5°C likely exist due to biological traits (e.g., foliage (stomatal)
versus lichen, cephalodic versus non-cephalodic lichen), different microclimatic conditions in the
canopy and/or the uptake of isotopically different CO2 sources. Irrespective of mechanism and
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ecological significance, the 8°C—in concert with the §'’N—are clearly useful in chemically
distinguishing among epiphyte functional group and host tree foliage.

5. Conclusions

Stable isotope natural abundance techniques have been important tools for ecophysiology and
ecosystem research for many decades now [10,18], but have infrequently been applied to
determining the contributions that arboreal cyanolichens make to forest N-cycling. Despite the
narrow geographic and temporal scope of this study, the results from our study support previous
work at our high and low cyanolichen abundance sites [8,32], suggesting that trees with a high
abundance of arboreal cyanolichens provide greater N-inputs into N-limited conifer forests of
central BC. High cyanolichen abundance, typically coupled with higher overall arboreal lichen
diversity, is usually constrained to mature and old-growth stands in drier parts of the central interior
of BC. However, the reasons for the variability in cyanolichen abundance at the tree and site level,
and the contributions that cyanolichen abundances make to tree and forest growth remain
uncertain and are the topics of current and future research at our forest research sites.
Low-input, extensive forestry practiced in central British Columbia could benefit from this
increased understanding.
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Growth and Nutrient Status of Foliage as Affected by
Tree Species and Fertilization in a Fire-Disturbed
Urban Forest

Choonsig Kim, Jaeyeob Jeong, Jae-Hyun Park and Ho-Seop Ma

Abstract: The aim of the present study was to evaluate the growth and macronutrient
(C, N, P, K) status in the foliage of four tree species (LT: Liriodendron tulipifera L.; PY: Prunus
yedoensis Matsumura; QA: Quercus acutissima Carruth; PT: Pinus thunbergii Parl.) in response to
fertilization with different nutrient ratios in a fire-disturbed urban forest located in BongDaesan (Mt.),
Korea. Two fertilizers (N3PsKi = 113:300:37 kg-ha '-year '; NeP4Ki = 226:150:37 ha '-year ') in
four planting sites were applied in April 2013 and March 2014. The growth and nutrient responses
of the foliage were monitored six times for two years. Foliar growth and nutrient concentrations
were not significantly different (»p > 0.05) in response to different doses of N or P fertilizer, but the
foliage showed increased N and P concentrations and content after fertilization compared with the
control (NoPoKo). Foliar C and K concentrations were little affected by fertilization. Foliar nutrient
concentrations and contents were significantly higher in PY and LT than in PT. The results suggest
that the foliar N and P concentration could be used as a parameter to assess the nutrient
environments of tree species restored in a fire-disturbed urban forest.

Reprinted from Forests. Cite as: Kim, C.; Jeong, J.; Park, J.-H.; Ma, H.-S. Growth and Nutrient
Status of Foliage as Affected by Tree Species and Fertilization in a Fire-Disturbed Urban Forest.
Forests 2015, 6, 2199-2213.

1. Introduction

Foliage analysis has received considerable research attention because the nutrient concentrations
of foliage have been accepted as adequate indicators of growth and soil fertility at sites in forest
stands [1-3]. Generally, the nutrient responses of foliage are commonly used as a tool to assess the
nutrient requirements and deficiencies [4].

Urban forests play an important role in enhancing ecosystem service with many demands, such
as recreational service, esthetics and biodiversity [5]. However, many urban forest ecosystems face
challenging natural and anthropogenic influences, such as forest fire and air pollutions [6]. For
example, soils disturbed through forest fire exhibit a myriad of nutritional problems, such as nitrogen
(N) and phosphorus (P) deficiency through increased nutrient leaching, surface runoff, and soil
erosion [7—8]. The loss of plant nutrients and destabilization of soils in fire-disturbed urban forests
might inhibit the rooting and growth of newly planted tree species [9]. In addition, forest
management practices, such as nutrient additions, are required to supply sufficient nutrients to
optimize the growth of newly planted tree species in urban forests burned by forest fire.

Fertilization stimulates tree growth through positive effects on leaf area and foliar photosynthetic
rate [10,11] with increased nutrient concentrations in the living components of trees [12]. However,
the status of foliar nutrients was dependent on the type [13] and dose [14] of the fertilizer, tree
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species [12,15] and many environmental resource factors, such as soil properties and water
supply [1,16]. Foliar growth and nutrient status might be important factors in determining responses
to fertilization because foliar nutrient concentrations are sensitive to soil nutrient conditions, although
the concentrations were much more dependent on species than on sites [1,13,14]. In addition, the
application of a suitable fertilizer ratio after foliage analysis, considering the soil environmental
conditions and tree growth characteristics, is one of the most effective ways to reduce cost and
fertilizer waste.

Although several studies have investigated the changes in soil properties following fires in forest
ecosystems in Korea [12,14], limited information is available on urban forest landscapes. In
addition, the quantification of foliar nutrient status following fertilization is critical for the actual
and potential vegetation restoration of a fire-disturbed urban forest. The aim of the present study
was to examine the growth and nutrient responses of foliage based on the compound ratio of
fertilizer from four tree species planted in a fire-disturbed urban forest. We hypothesized that the
growth and nutrient concentrations of foliage may correspond to the fertilization with different
nutrient ratios by tree species-related differences.

2. Experimental Section
2.1. Site

The study site was located in BongDaesan (Mt.) of the Ulsan Metropolitan city, located in
southeastern Korea (Figure 1). This mountain was a frequent forest fire area (37 times from 2003 to
2011), primarily resulting from arson. The dominant forest soils are a slightly dry brown forest soil
(mostly Entisols or Inceptisols, United States Soil Classification System) derived from granite
parent rocks. The annual average precipitation and temperature in this area are 1277 mm-year ' and
14.1 °C, respectively.

Liriodendron tulipifera

Quercus acutissima

\ =3
y Pinus thunbergii
; By R

e

Figure 1. Location of tree planting sites in a fire-disturbed urban forest.
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2.2. Methods

This study comprised a completely randomized design with 2 blocks involving total 24 plots
(two fertilizer (N3PsKi and N¢P4Ki) and one control (NoPoKo) treatments x four different tree
planting species (Liriodendron tulipifera L. (LT); Prunus yedoensis Matsumura (PY); Quercus
acutissima Carruth (QA); and Pinus thunbergii Parl. (PT)) x two blocks) in a fire-disturbed urban
forest. The fire resulted from arson in the spring of 2008. In the spring of 2009, the two-year-old
(1-1) seedlings of four tree species were planted under a similar site environmental condition on
gentle slopes (5—15°) within a close situated distance among tree planting sites from burned forests
(Figure 1). Experimental plots consisting of three deciduous hardwood (LT, PY, QA) and one
evergreen coniferous plantations (PT) were located adjacent to each other (Figure 1), as sampling
bias due to differing site components can be reduced by using a sampling scheme with identical
designs for adjacent sites [17]. The stand characteristics and soil properties before the fertilization
are shown in Tables 1 and 2, respectively. The soil properties of the study site were similar to a
severely burned forest soil in Korea [14].

Table 1. Stand characteristics before fertilization in the study site.

Stand Density

DBH ¥ Height
(trees-ha™) (mm) - Height (m)

Tree Species Location Elevation (m)

Liriodendron ~ 35°32'34.92" N

154 1666 (160 28.6(2.8) 2.87(0.14

wlipifera  129°26'22.92" E (160) 28) (0.14)
Prunus 35°32'26.48" N

121 1267 (160 49.4(23)  4.10(0.13

yedoensis 129°26'16.22" E (160) 23) (0.13)
Quercus 35°32'26.77" N

st L 118 1533 (66) 264 (1.1)  2.22(0.10)
Pi 35°32'16.36" N

s 98 1600 (206) 273 (37)  231(0.11)

thunbergii 125°26'17.56" E
Standard errors in parenthesis. T DBH: diameter at breast height (1.2 m).

Table 2. Soil property before fertilization in the study site.

. B.D.” Sand Silt Clay C N P K* Ca? Mg*

Tree Species P o 1 -

g-cm % mg-kg cmol. kg

Liriodendron 0.90 49 40 10 3.1 0.15 6.0 0.16 1.60 0.50
tulipifera (0.01) &.7) (4.0) (0.7) (0.50) (0.02) (2.0) (0.02) (0.28) (0.09)
Prunus 0.89 47 43 10 3.6 0.17 1.2 029 154 0.56
yedoensis (0.01) (1.3) (0.7) (1.2) (0.70) (0.02) (0.5) (0.11) (0.39) (0.13)
Quercus 0.88 43 47 10 1.9 0.08 9.9 0.09 043 0.19
acutissima (0.02) (1.8) (2.9) (1.2) (0.04) (0.01) (0.7) (0.01) (0.06) (0.02)
Pinus 0.91 63 28 9 1.9 0.07 6.5 0.08 038 0.16

thunbergii 0.01) (8.7) (8.1) (0.7) (0.01) (0.01) (2.6) (0.02) (0.11) (0.03)
Standard errors in parenthesis. T B.D.: bulk density.
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Treatment plots (plot size =5 % 5 m) of each tree species were randomly assigned with a 1 m
buffer zone between each plot on the same facing slopes and aspects to minimize spatial
variation in soil properties. The combination of fertilizer ratios (N3PsKi (113 kg N ha '-year!,
300 kg P ha'year !, 37 kg K ha '-year ') and NeP4K (226 kg N ha '-year!, 150 kg P ha™'-year™!,
37 kg K ha'-year'')) was based on the guideline of fertilization after forest fire in Korean
forests [9]. Urea, fused superphosphate, and potassium chloride fertilizers were used as sources of
N, P, and potassium (K), respectively. Fertilizers were applied for two years (in April 2013 and
March 2014) by hand across each plot.

Fresh foliar (current-year-old) samples were collected at six times (27 June, 23 August, and
17 October, 2013 and 26 June, 22 August, and 18 October, 2014) for two years with pruners from
the mid-crown of three trees per each treatment plot (Figure 2). The foliar samples, in plastic zipper
bags, were transported to the laboratory and foliage was separated from twigs or small branches.
For each treatment, three repetitions of 10 leaves were counted and weighted. Leaf area was
measured by fresh foliar samples by using scanned leaf meter (CI-202 area meter CID, Inc.,
Camas, WA, USA). The specific leaf area of the foliage was determined as the leaf area (cm?) and
dry weight (g) of the ratio [16]. The foliar samples were oven-dried at 65 °C for 48 h, and the dried
samples were ground in a Wiley mill and passed through a 40-mesh stainless steel sieve. Foliar
carbon (C) and N concentrations from the ground materials were determined using an elemental
analyzer (Thermo Scientific, Flash 2000, Italy). Foliar P and K concentrations were determined
through dry ashing 0.5 g of dry foliage at 470 °C for 4 h, digesting the ash with 3 mL of
concentrated 5 M HCI, diluting the digest with 0.25 mL of concentrated HNOs; and 3 mL
concentrated 5 M HCI, and measuring the concentrations via ICP (Perkin Elmer Optima 5300DV).

e

NoPoKo N3PgK, NePK,
NoPoKy  NiPgK;  NgPK, (d)

TIERIE

NoPoKo  N3PgKy  NgP,K, NoPoKo N3PgK; NeP4K;

Figure 2. Morphological characteristics of foliage by fertilizer compound ratios of tree
species collected on August 2014: (a) Liriodendron tulipifera L.; (b) Prunus yedoensis
Matsumura; (¢) Quercus acutissima Carruth; and (d) Pinus thunbergii Parl.
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2.3. Statistical Analysis

All data were analyzed using the PROC MIXED procedure of SAS [18] to determine the
significance of main fixed effects (tree species (S), fertilizer treatment (F), sampling month (M))
and their interactions (S X F, S x M, F x M, S x F x M), whereas the sampling years of foliage
were considered a random effect. The following model was used to describe the data analysis
(Equation (1)).

Yik=u+Si+F;+Mi+ (SF)ij + (SM)ir + (FM)jx + (SEM)ijr + eiji (D)

where u is the overall mean effect, S is the different tree species (i = 1, 2, 3, 4), F is the fertilizer
treatment (7 = 1, 2, 3), and M is the sampling month (k= 1, 2, 3). When significant differences were
observed, the treatment means were compared using Tukey’s test at p < 0.05.

3. Results and Discussion
3.1. Results
3.1.1. Growth Response

Foliar growth responses (leaf area, dry weight, and specific leaf area) were significantly
(p < 0.05) affected by tree species and fertilization (Table 3). The foliar leaf area and dry weight
showed a significant two-factor interaction between tree species and fertilization (Figure 3). The
leaf area of LT, PY and PT increased after the fertilization, but the leaf area of QA was not affected
by fertilization (Figure 3). The foliar dry weight of LT and QA was significantly higher in the
Ne6P4K treatment than in the NoPoKo treatment (Figure 3).

Table 3. P-value from results of three-way ANOVA on tree species, fertilization and
sampling month on growth and nutrient responses of foliage from tree species planted
in a fire-disturbed urban forest. Bold values denote significance at p < 0.05.

Leaf  Specific Dry Nutrient Concentration C/N Nutrient Content

Component
Area Leaf Area Weight C N P K Ratio C N P K

Species (S)  <0.001  <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Fertilizer (F) <0.001 0.049 0.002 0.444 <0.001 <0.001 0.666 <0.001 0.003 <0.001 <0.001 0.158
Month (M)  0.003 0.309 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.066 <0.001 <0.001
SxF 0.002 0.545 0.018  0.231  0.032 0.264 0986 0.037 0.030 0.007 0.003 0.707
SxM 0.234 0.012 0.269 <0.001 0.016 0.770 0.126 0424  0.187  0.278  0.002 <0.001
FxM 0.861 0.981 0903 0419 0.614 0275 0.699 0.834 0917 0945 0807 0.994
SxFxM 0999 0.685 0.625  0.830 0.978 0.999 0.867 0.940 0.607 0.950 0.659  0.963

A significant main effect of the foliar leaf area and dry weight on the sampling month, which
was lower in June than in August and October (Figure 3), was observed. The specific leaf area was
marginally affected by fertilization (p = 0.049), with a significant two-factor interaction between
tree species and sampling month (Figure 4).
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Figure 3. Leaf area and dry weight of foliage by tree species and sampling month in a
fire-disturbed urban forest (mean + standard error). Treatment means with the same
lower case letter among fertilizer or sampling month treatments and treatment means
with the same upper case letter among tree species are not significantly different at
p < 0.05. LT: Liriodendron tulipifera L.; PY: Prunus yedoensis Matsumura;
QA: Quercus acutissima Carruth; and PT: Pinus thunbergii Parl.

3.1.2. Nutrient Responses

There was no significant fertilization effect of the foliar C concentration, while the C
concentration showed a two-factor interaction between tree species and sampling month (Table 3,
Figure 5). The foliar C content among tree species was highest in LT, followed by PY, QA and PT,
while the content of LT and QA was significantly higher in the N¢P4K treatments compared with
the NoPoKo treatments. The foliar N concentration significantly differed with the sampling month
(Figure 5). The foliar N concentration of four tree species was lower in October or in the NoPoKo
treatment than in June or in the fertilizer treatments (Figure 5), but the concentration did not
significantly differ between the different N ratio of the fertilizer, such as the N3PsKi and NeP4Ki
treatments. The foliar N content was similar to foliage C content of the four tree species (Figure 5).
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A significant two-factor interaction between the tree species and fertilizer treatments on the C/N
ratio of foliage was observed (Figure 6). The C/N ratio in all tree species was significantly lower in
the fertilizer than in the NoPoKo treatments, regardless of the compound ratio of fertilizer, while the
C/N ratio was significantly higher in conifers (PT) than in broadleaf tree species (LT, PY, and QA).
The C/N ratio was also highest in October, followed by August and June (Figure 6).
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p < 0.05. LT: Liriodendron tulipifera L.; PY: Prunus yedoensis Matsumura; QA:
Quercus acutissima Carruth; and PT: Pinus thunbergii Parl.

The foliar P concentration was significantly affected by tree species, fertilization and sampling
month with no two- or three-way interaction (Table 3, Figure 7). The foliar P concentration was
significantly higher in PY than in other tree species. The foliage of PY showed a significantly high
P concentration compared with the other three tree species (Figure 7). The foliar P concentration
was highest in August, followed by October and June (Figure 7). There was a significant two-factor
interaction between the tree species and fertilizer treatments or between the sampling month and
tree species on foliar P content (Figure 7). In contrast to the foliar P concentrations, the foliar K
concentration and content were little affected by fertilization (Table 3), while the concentration and
content were higher in October than in June, except for PT. The foliar K concentration was
significantly higher in PY than in the other three tree species (Figure 8).
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3.2. Discussion
3.2.1. Growth Responses

Because nutrient availability is generally considered the major resource factor limiting growth in
many forest tree species [19], foliage growth after fertilization would have greater leaf area and dry
weight than foliage grown without fertilization. Although there was a significant tree species effect
on foliage growth because of the morphological difference among tree species (Figure 2),
fertilization induced different growth responses among tree species planted in a fire-disturbed
urban forest. Most tree species showed increased leaf area following fertilization, while the dry
weight and specific leaf area were not affected by fertilization, except for the foliar dry weight in
LT and QA. This result might reflect the different C allocation patterns during the growth and
development of foliage in different tree species [20]. For example, N fertilization increased the
foliage biomass, rather than the dry weight of the foliage in eucalyptus plantations [21]. However,
the lack of a significant fertilizer compound ratio on the morphological growth responses of foliage
might reflect other micronutrient imbalances resulting from increased N fertilization [11] or
multi-factorial influences that occur during the leaf life-span, such as light environment, nutrients,
temperature and water supply [22]. Seasonal patterns of foliar leaf area and dry weight could be
attributed to foliage maturation or resource allocation between woody (roots, stem wood, and
branches) and photosynthetic compounds [20]. The high leaf area and dry weight in August and
October could reflect the maturation of foliage, whereas the low leaf area in June indicated that the
foliage in the four tree species was not fully elongated during this season.

3.2.2. Nutrient Responses

The foliar C concentration was a poor indicator of the fertilizer response in a fire-disturbed
urban forest (p = 0.444). Similarly, other studies reported that the inter- and intra-specific variations
of the C concentration in tree species were determined through genetic and environmental
factors [23,24], rather than resource factors, such as nutrient availability [25]. For example, genetic
differences among tree species might result in different C concentration of foliage, which was
significantly higher in PT than in LT (Figure 5). In addition, the foliage C concentration was
generally increased in the heavy litter fall season (October) compared with the growing season
(June—August) because of low mineral concentrations of foliage by nutrient resorption (Figure 5).
The foliar C content reflected differences in the foliar dry weight induced after fertilization rather
than the foliar C concentration among tree species and reflected differences in foliage maturation
associated with the translocation of carbohydrates and other cellular materials to active growing
tissues [15].

As expected, the foliar N concentration and content among tree species were lower in conifers
(PT) than in broadleaf tree species (LT, PY, and QA). The foliar N concentration and content of the
four tree species increased following fertilization, while insignificant increases in foliage N
concentration occurred with different doses of N fertilizer (N3PsKi and N¢P4Ki). A high foliar N
concentration and content with fertilization likely reflects the increased uptake of available N in
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soil depths [15,19], as tree species with high N availability in mineral soil produce high foliage N
concentration [26]. The low foliar N concentration and content observed under NoPoKo treatment
suggested the N deficiency and limited tree growth in a fire-disturbed urban forest. However, a
similar foliar N concentration of the fertilizer compound ratio might result from luxury N
consumption from a high dose of N fertilizer (N¢P4K1) compared with N3PsK fertilizer, although
the foliar N concentration after fertilization was regulated through factors, such as the combined
effect of the available soil N status, tree growth, and climate factors. The foliar N concentration and
content were affected by sampling months because of the resorption of foliar N in October or the
dilution effect due to the increased relative accumulation of carbohydrates with increasing dry
weight [4]. Similarly, the high C/N ratio in October reflected foliar N resorption before heavy litter
fall [27]. Also, C/N ratio was higher under nutrient deficient conditions (NoPoKo) compared with
trees grown under improved nutrient conditions (NeP4Ki1 and N3PsKi).

The foliar P concentration and content of the four tree species were increased after fertilization,
suggesting that the four tree species were P deficient in the fire-disturbed urban forest. Similarly,
the foliage of eucalypt forests showed an increased P concentration following P fertilizer
application [28], reflecting enhanced uptake and mineralization in the rhizosphere. However, the
foliar P concentration was not responsible for the increased dose of the P in the fertilizer (NeP4K
and N3PsK1), indicating that much of the P uptake at a high dose might be associated with luxury
consumption. The difference of foliage P content among tree species is similar to those observed in
dry weight of foliage.

The K fertilizer had minor effects on the foliar K concentration and content of the tree species
except of PY, suggesting that this nutrient might not play an important role in limiting growth with
N or P applications. Similar foliar K concentrations following fertilization could be affected
through a diluting effect via increased foliar dry weight with N or P supply levels compared with
the NoPoKo treatment. Additionally, the K in foliage could be increasingly leached after rain from
the tree canopy in the different fertilizer treatments because higher fluxes of K from throughfall
were observed at more fertile sites compared with sites with a poorer nutrient status [27]. However,
the significant high K concentration and content of foliage in PY could be influenced by high soil
K availability (0.29 cmolc-kg ') compared with other tree planting sites of 0.08-0.16 cmolc-kg ™!
(Table 2). This result supports that the K concentration in sweetgum (Liquidambar styraciflua L.)
foliage was associated with the inherent soil chemical properties rather than fertilization [29].

4. Conclusions

The growth characteristics, such as leaf area, dry weight and specific leaf area in foliage, were
not affected by fertilizer compound ratios, whereas fertilization produced high foliar N or P
concentrations of four tree species planted in a fire-disturbed urban forest. In contrast to N and P,
foliar C and K concentrations and contents in tree species were little affected by fertilization. The
foliar N, P, and K concentrations substantially decreased during senescence (October) compared
with the growing season (June, August), except for the increased foliar C concentration. There was
no clear effect on the foliar nutrient status from different compound ratios (e.g., N3PsKi and
NeP4K1) of fertilizer on different tree species because of the luxury consumption at high N and P
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doses. These results suggest that a new compound ratio of fertilizer is needed to optimize the
vegetation growth of trees planted in fire-disturbed urban forests because of tree species differences
on foliage N and P concentration and content following fertilization.
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Impact of Nitrogen Fertilization on Forest Carbon
Sequestration and Water Loss in a Chronosequence of Three
Douglas-Fir Stands in the Pacific Northwest

Xianming Dou, Baozhang Chen, T. Andrew Black, Rachhpal S. Jassal and Mingliang Che

Abstract: To examine the effect of nitrogen (N) fertilization on forest carbon (C) sequestration and water
loss, we used an artificial neural network model to estimate C fluxes and evapotranspiration (ET) in
response to N fertilization during four post-fertilization years in a Pacific Northwest chronosequence
of three Douglas-fir stands aged 61, 22 and 10 years old in 2010 (DF49, HDF88 and HDFOO0,
respectively). Results showed that N fertilization increased gross primary productivity (GPP) for all
three sites in all four years with the largest absolute increase at HDF0O followed by HDF88.
Ecosystem respiration increased in all four years at HDF0O0, but decreased over the last three years
at HDF88 and over all four years at DF49. As a result, fertilization increased the net ecosystem
productivity of all three stands with the largest increase at HDF88, followed by DF49. Fertilization
had no discernible effect on ET in any of the stands. Consequently, fertilization increased water use
efficiency (WUE) in all four post-fertilization years at all three sites and also increased light use
efficiency (LUE) of all the stands, especially HDF00. Our results suggest that the effects of
fertilization on forest C sequestration and water loss may be associated with stand age and
fertilization; the two younger stands appeared to be more efficient than the older stand with respect
to GPP, WUE and LUE.

Reprinted from Forests. Cite as: Dou, X.; Chen, B.; Black, T.A.; Jassal, R.S.; Che, M. Impact of
Nitrogen Fertilization on Forest Carbon Sequestration and Water Loss in a Chronosequence of Three
Douglas-Fir Stands in the Pacific Northwest. Forests 2015, 6, 1897-1921.

1. Introduction

The factors affecting the physiological processes controlling the amount of terrestrial carbon (C)
sequestered in terrestrial ecosystems mainly include atmospheric CO2 concentration, climatic
variability, land use change and nitrogen (N) fixation [1-3]. In terrestrial ecosystems, the important
processes of determining whether an ecosystem is a C sink or source are C fixation and release
through photosynthesis and respiration, respectively. For N-limited terrestrial ecosystems, additional
N supply can affect these processes, and in turn affect the strength of C sinks or sources [4-9].

Research has shown that the response of C exchange to N fertilization in terrestrial ecosystems is
positive or negative depending on the ecosystem N status [10-13]. Many researchers have
studied the effects of N enrichment on net ecosystem productivity (NEP) in the forest ecosystem,
but it remains uncertain as to how much N addition contributes to the magnitude of terrestrial
NEP [1,14,15].

Many studies have found that N addition increases NEP [16-21]. Magnani et al. [22] found NEP
was highly correlated with N deposition in forest ecosystems and the response of NEP to N in wet
deposition was approximately 725 kg C kg ' N. However, Sutton et al. [23] found that the response
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of NEP to N was about 5075 kg C kg ' N based on a model re-analysis across 22 European forest
sites and considering the impacts of climatological differences among stands. de Vries et al. [24] also
found that the response of NEP to N would be 30-70 kg C kg ™! N based on a multi-factor analysis
of European forest measurements at nearly 400 intensively monitored forest plots in Europe. The
results of both Sutton et al. [23] and de Vries et al. [24] are much smaller than the estimates of
Magnani et al. [22]. Therefore, there is still some controversy over the magnitude and sustainability
of NEP resulting from N enrichment and its potential mechanisms [25-27].

However, other studies have reported that N addition may cause a relatively small increase in
NEP [12,28], have no effect [29], or have a negative effect by altering plant and microbial
communities, including threatened and endangered species [30]. Nadelhoffer ez al. [31] pointed out
that the influence of N enrichment on ecosystem C storage should be minor in forest ecosystems in
the northern temperate zone. Currie et al. [32] stated that small increases in C storage occurring
primarily in living and dead wood may result from elevated N deposition over the next few decades.
Using meta-analysis from global N addition experiments, Liu and Greaver [33] concluded that the
increases in short-term C sequestration below ground caused by N enrichment are due to increased
C storage in the surface organic layer, but it appeared to be difficult to predict the response of C
storage to N enrichment through a long-term experiment. Harpole ef al. [34] reported that the ability
of grassland ecosystems to sequester C late in the growing season was decreased by N enrichment
because of increased growing season water use and earlier leaf senescence.

Furthermore, water and C cycles in terrestrial ecosystems are closely coupled. A global sensitivity
analysis for an integrated forest ecosystem model [35] also showed the intrinsic coupling between
water and the C cycle through stomatal conductance, which affect both water and C fluxes between
the biosphere and atmosphere. Nutrients may not only affect productivity and foliar biomass but are
also associated with evapotranspiration (ET) in forests and other ecosystems [36]. Increased
productivity and foliar biomass induced by increased nutrient availability are probably responsible
for the increase in ET resulting from increased rainfall interception and transpiration. As a
consequence, more attention should be paid to water use efficiency (WUE), defined as the ratio of C
gain (usually gross primary productivity, GPP) to water loss, i.e., ET [37,38]. Studies have reported
that by increasing WUE, N addition could enhance plant productivity [39—41]. On the other hand,
other researchers have found that N enrichment has no impact on WUE [42—44] or a negative effect
on WUE [45,46]. Consequently, it is difficult to account for the differences in N-induced effects on
WUE [47]. Furthermore, fertilization may increase NEP through an increase in GPP, resulting from
an increase in resource capture and resource use efficiency, e.g., increase in absorbed
photosynthetically active radiation (APAR), light use efficiency (LUE, the ratio of GPP to APAR),
and/or ecosystem carbon-use efficiency (CUEe, the ratio of NEP to GPP) [5]. Although LUE
models have been extensively used to estimate regional or global GPP through remote sensing
techniques [48-50], the biophysical controls on LUE in terrestrial ecosystems, especially soil N,
remain poorly understood, especially in Douglas-fir stands on the west coast of Canada.

The three different-aged Douglas-fir stands in this study (DF49, established in 1949, HDF88,
established in 1988, and HDFO00, established in 2000) are in the Pacific Northwest coastal forest
region of Canada. Forests in this region between Oregon and Alaska cover approximately 10° km?
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and play an important role in the global C cycle. In this region, due to their considerable distances
from heavy industrial activity, there is very little atmospheric N deposition, and N deficiency
generally occurs in soils [51]. Fertilization using a single dose of urea in early 2007 in all three of
these Douglas-fir stands and on-going long-term measurements of C fluxes using the
eddy-covariance (EC) technique offer an opportunity to examine the effects of N fertilization on C
and water fluxes. Previous studies on the effects of N fertilization have focused on C fluxes at DF49
in the first post-fertilization year using a process-based model [52], and C fluxes, ET and WUE in
all three stands in the two post-fertilization years using an empirical model (multiple linear
regression, MLR) [53].

In this study, we have used the measured C fluxes (viz., GPP, ecosystem respiration (R), NEP
(=GPP — R)), ET and climatic variables in the three stands from 1998 to 2010. The objectives of this
study are threefold: (1) to estimate the effects of N fertilization in the three stands on the C fluxes,
ET, WUE and LUE using two common data-driven models, MLR and an artificial neural network
(ANN); (2) to examine the variation of the N fertilization effects during the 4-year post-fertilization
period; and (3) to gain insight into the mechanisms of N fertilization controlling the C fluxes, ET,
WUE and LUE in the three stands.

2. Materials and Methods
2.1. Site Descriptions

Three stands were located on the east coast of Vancouver Island, BC, between Campbell River
and Denman Island. In 2010, the ages of the stands were 61, 22 and 10 years old, which spanned the
typical ages of stands in this area. The three stands were dominated by Douglas-fir (Pseudotsuga
menziesii (Mirb.) Franco) with relatively similar stand densities, soil, topography, elevation, and
biogeoclimatic classification [54]. On the whole, stand age and the corresponding stand structural
characteristics were considered to be largely responsible for the differences among these stands in C
uptake and ET. The oldest stand (49°52'7.8" N, 125°20'6.3” W, flux tower location), DF49, was
planted with Douglas-fir seedlings in 1949 and occupied an area of 130 ha. The stand comprised
80% Douglas-fir, 17% western red cedar (Thuja plicata), and 3% western hemlock (Tsuga
heterophylla). The mean annual temperature and precipitation measured during 1998-2010 in the
stand are 8.1 °C and 1350 mm, respectively. The 22-year-old (pole-sapling) stand (49°32'10.49" N,
124°54"7.18" W), HDF8S, 110 ha in size, was situated about 30 km southwest of DF49. The stand
comprised 75% Douglas-fir, 21% western red cedar and 4% grand fir (4bies grandis). The mean
annual temperature and rainfall in the stand, since measurements began in 2002, are 9.1 °C and
1579 mm, respectively. The youngest stand (49°52'1.08" N, 125°16'43.80" W), HDF00, was located
about 2 km southeast of DF49. This 32-ha stand was harvested in the winter of 1999/2000 and in the
following spring was planted with one-year-old seedlings (93% Douglas-fir, 7% western red cedar).
Much of the leaf area at this site was due to the growth of pioneer and understory species from the
previous stand. The mean annual temperature and rainfall at the site are 8.5 °C and 1321 mm,
respectively. Additional details on stand history, vegetation and soil can be found in
Humphreys et al. [54], Chen et al. [55], Krishnan et al. [56] and Morgenstern et al. [57].
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2.2. Stand Fertilization

Urea fertilizer was spread aerially at 200 kg-N-ha™! over about 110 ha at DF49 and 20 ha at
HDFS88, which included most of the respective tower flux footprints, on 13 January and 17 February
2007, respectively. Because of the young age of the planted trees and competing understory at
HDFO00, 80 g urea per tree (~60 kg-N-ha ') was manually applied along the tree drip line of trees
located in the 5-ha tower flux footprint on 13—14 February 2007. The fertilized areas around the
respective towers accounted for more than 80% of the EC fluxes measured during unstable
atmospheric conditions, which occurred during the daytime and nighttime [55].

2.3. EC and Climate Measurements

The EC technique has been used to measure continuous half-hourly CO2 and water vapor fluxes
since 2000, 2001 and 1997 at DF49, HDF88 and HDFO00, respectively. Climate variables that were
also measured included precipitation, net radiation (Rx), photosynthetically active radiation (PAR),
wind speed, air temperature (7)) and humidity, soil temperature (7s) and volumetric soil moisture
content (). Details on EC instrument characteristics, measurements and calculation procedures for
these stands are described in Humphreys et al. [54], Chen et al. [55] and Morgenstern et al. [57].
Half-hourly EC-measured CO: fluxes above the stand were corrected by adding the estimated rate
of change in CO:z storage in the air column below the EC sensor height to obtain the net ecosystem
exchange (NEE). NEP was obtained as NEP = —NEE [54].

The methodology of gap-filling for EC-measured NEP and its separation into GPP and R was
adopted from the Fluxnet-Canada Research Network protocol [55,58]. Missing nighttime values of
R were obtained using an exponential relationship between NEE and 7s (Q10 model) using measured
NEE values corresponding to friction velocity values greater than a threshold value. This model was
also used to obtain daytime values of R. GPP during the growing season was obtained as the sum of
daytime-measured NEP and daytime R and was set to zero during the cold season. An empirical
light-response relationship was used to fill gaps in GPP. The details on NEP gap-filling and its
separation into GPP and R as well as the uncertainties in the annual sums of NEP, GPP and R can be
found in Chen et al. [59].

2.4. Artificial Neural Networks

An ANN model is characterized by flexible mathematical structures, which can be used to
investigate complicated non-linear relationships between inputs and outputs [60]. For training of time
series prediction, the ANN model is conducted by propagating the input data and then
back-propagating the error by means of self-adjustment of the weights using least squares residuals
so that the simulated outputs best approximate the target outputs (observed data). The performance
of an ANN model as a purely empirical non-linear regression model is commonly affected by the
quality of the training dataset, network architecture and network training [61]. Additional mathematical
background on ANN models can be found in White [62], Jain ef al. [63], Zhang et al. [64] and
Basheer and Hajmeer [65]. The back-propagation (BP) algorithm used in this study for network
training has been successfully applied in ecosystem C flux estimation [66—68] because it is regarded
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as the most widely applied algorithm in the ANN literature [69,70]. A three-layer BP neural network
(BPNN) was employed with one hidden layer because Funahashi [71] and Cybenko [72]
demonstrated that even with one hidden layer, a BPNN can approximate any continuous multivariate
function with reasonable precision. In the calibration phase, the optimization approach applied was
based on Levenberg—Marquardt [73], which is known to outperform the simple gradient descent and
other conjugate gradient methods. In this three-layer BPNN, a hyperbolic tangent sigmoid transfer
function (tansig) at hidden layer and a linear transfer function (purelin) at output layer was used.
Aiming at obtaining the hidden node number and avoiding over-fitting during the training period, we
used a trial and error method to select the optimal solution by altering the number of hidden nodes.

2.5. Comparison of ANN and MLR Models

Six environmental variables that included 75 at the 5-cm depth, 74, downwelling PAR (Q ), vapor

pressure deficit (D), R», and € in the 0-30 cm layer, and stand age were selected to train the ANN
model using pre-fertilization flux measurements. The particular environmental variables that worked
best for GPP, R and ET were chosen as inputs after trying several ANN networks. GPP, R and ET
were simulated independently using different input variables for the ANN model. Specifically, three
different variable groups, (T4, 0, O, D, stand age), (T4, 0, Ts, stand age) and (T4, 0, Rs, D, stand age),
were then used to train the ANN model and predict monthly GPP, R and ET, respectively, for the
three sites assuming the stands had not been fertilized. To ensure high precision in the period of
model prediction, we used multi-year monthly values of climate variables, stand age and EC-
measured C fluxes and ET before 2005 to train the ANN model and then verified the trained model
with measurements in 2005 and 2006. When we were convinced that the optimized ANN model
successfully simulated the multiyear seasonal variations in C fluxes and ET, the input values for the
post-fertilization period were transferred into the trained model to predict the GPP, R and ET for
2007 to 2010. The resulting differences between the measurements and predictions were used to
discern the impact of fertilization.

At the beginning of the training, inputs and outputs were normalized between 0 and 1, which is a
common preprocessing method for variables with different values. Moreover, we also used an MLR
model to simulate C fluxes and ET with the same variables to assess the advantages of the ANN
modeling approach over traditional regression modeling techniques. Similar to the ANN model, we
used a variable group (e.g., Ta, 0, O, D, stand age) as the independent variables to establish an MLR
equation and predict the dependent variable (e.g., GPP). Because of the differences in age among
these three stands, it is important to note that both ANN and MLR models were run separately for
each stand. The performances of the models were evaluated by comparing predicted with measured
values in the calibration and verification periods. In this study, computer programming and data
analysis were performed using MATLAB (version 7.13, R2011b).
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3. Results
3.1. Environmental Variables

Since all three stands were exposed to similar weather conditions (warm dry summers and wet
cool winters), we describe only the seasonal and annual variations in environmental variables at
DF49. The seasonal patterns of 7u, Ts, 6, D, Q and Rx during 2007-2010 were similar to those
measured before fertilization from 1998 to 2006 (Figure 1). Compared with the 9-year means during
the pre-fertilization period, the annual average values of 7, during 2007-2010 were lower by about
0.7, 1.1, 0.4 and 0.8 °C, respectively, and the annual average values of 7s were higher by about 0.3,
0.1, 0.1 and 0.6 °C, respectively (Figure 1a,b). Annual values of total Q in 2007, 2008 and 2010 were
lower by about 9%, 3% and 6%, respectively, suggesting possible growth limitation in those years,
but were higher by about 8% in 2009 (Figure 1f). Annual average values of ¢ in the 0-30 cm soil
layer in the growing season (May—September) in the post-fertilization period during 2007-2010 were
0.22, 0.20, 0.19 and 0.20 m*-m >, respectively, which were higher, especially in the noticeably wet
year of 2007, compared with the pre-fertilization 9-year mean (0.16 m* m ) (Figure 1c).

3.2. Seasonal and Interannual Variations of Observed C Fluxes and ET before and

after Fertilization

The seasonal variations in the monthly EC-measured C fluxes and ET in the three stands before
and after fertilization are presented in Figure 2. Monthly GPP values during the 4 post-fertilization
years were similar to the means during the 9 non-fertilized years (Figure 2a). The monthly values of
R during the 4 post-fertilization years were close to the 9-year pre-fertilization means for Jan-May
but lower for the later months except for June and July in 2009 (Figure 2b). Therefore, the monthly
NEP values during the 4 post-fertilization years were greater than the 9-year pre-fertilization average
values for March—December, especially in June, August and September (Figure 2c).

Similarly, for HDF88, monthly NEP values during the 4 post-fertilization years at HDF88 were
generally greater than the pre-fertilization average values for 2002 to 2006 (Figure 2g). In the case
of HDF00, compared with the 2001-2006 means, the largest increases in monthly values of NEP
during 2007-2010 occurred in June, July and August (Figure 2k). The monthly GPP values during
2007-2010 at HDF88 and HDF00 were higher than the mean values for the pre-fertilization periods
(Figure 2e,i). The monthly R values for HDF0O were also generally higher than the monthly means in
the pre-fertilization period (Figure 2j). Furthermore, at DF49, the maximum NEP occurred in April
and May (Figure 2c¢), while maximum NEP at HDF88 and HDF00 occurred in June and July
(Figure 2g.k).
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Figure 1. Comparisons of mean monthly values of environmental variables observed at
DF49 for the pre-fertilization (1998-2006) and post-fertilization years (2007-2010). The
error bars are = 1 standard deviation (SD) for all the pre-fertilization data. (a) air
temperature above the canopy (74); (b) 5-cm depth soil temperature (75); (¢) 0-30-cm
soil water content (6); (d) water vapor pressure deficit (D); (e) total downwelling
photosynthetically active radiation (Q) and (f) net radiation (R»).

Most of the monthly ET values during 2007-2010 at DF49 and HDF88 were close to the monthly
means in the pre-fertilization period (Figure 2d,h). However, at HDF00, monthly ET values for
May—July during 2009 to 2010 were significantly higher than the means for the pre-fertilization
period (Figure 21). Moreover, for DF49, the monthly values of ET during January to April in 2010
were higher than the previous 9-year average values (Figure 2d).

To better examine the interannual variations of EC-measured C fluxes, ET, WUE and LUE, the
annual measured values are compared in Figure 3. The results indicate that EC-measured NEP during
the post-fertilization four years increased in all three stands (Figure 3c). Annual NEP at DF49
remained stable over post-fertilization years with values about 200 g C m 2 year! higher than in the
pre-fertilization period, despite the post-fertilization years being cooler and wetter than the
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pre-fertilization years (Figure la,c). However, at HDF88, annual NEP consistently increased with
increasing stand age (Figure 3c).
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Figure 2. Comparisons of mean monthly values of eddy-covariance tower measured
gross primary productivity (GPP), ecosystem respiration (R), net ecosystem productivity
(NEP) and evapotranspiration (ET) in all three stands for the pre-fertilization and
post-fertilization years (2007-2010). The means of measured carbon component fluxes
and ET at DF49, HDF88 and HDFO00 are shown for 1998 to 2006, 2002 to 2006 and 2001
to 2006, respectively. (a—d) for DF49; (e-h) for HDF8S; and (i-1) for HDF00. The error
bars are + 1 SD for all the pre-fertilization data.

The interannual variations in GPP and R at DF49 since 1998 show that R decreased while GPP
showed little change during 2007-2010 (Figure 3a,b). However, for the other two stands, annual R
increased in the first post-fertilization year and decreased in the next three years (Figure 3b). In
addition, compared with the pre-fertilization (9-years) mean CUEe (17%) in DF49, annual average
values of CUEe during 2007-2010 were higher by about 9%, 8%, 9% and 12%, respectively.
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Annual ET during the post-fertilization period did not show an apparent difference from the
previous 9-year means in all three stands (Figure 3d). Annual values of WUE varied greatly among
the three stands (Figure 3e). Annual WUE of DF49 was the highest, ranging from 4.5 to 5.4 g-C (kg
water) !, and steadily decreased during 2008-2010. Annual LUE values in DF49 were also the
highest among the three stands, ranging from 0.0216 to 0.0254 mol-C-mol ! photons (Figure 3f).
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Figure 3. Interannual variations of eddy-covariance tower measured carbon fluxes,
evapotranspiration (ET), water-use efficiency (WUE) and light-use efficiency (LUE) in the
three Douglas-fir stands. (a) gross primary productivity (GPP); (b) ecosystem respiration
(R); (¢) net ecosystem productivity (NEP); (d) ET; (¢) WUE and (f) LUE. Note: The open
symbols in all three stands indicates the annual pre-fertilization values.

3.3. Verification of the ANN Model and Its Comparison to the MLR Model

The differences between EC-measured, ANN- and MLR-modeled monthly GPP, R, and NEP in
the three stands are compared in Figure 4 and Tables 1-3. ANN simulations for the model calibration
period (1998-2004) at DF49 showed strong agreement with the observed values and explained about
99%, 99% and 96% of the variance in monthly GPP, R, and NEP, respectively (Root mean square
error (RMSE) =2, 8, and 8 g-C-m 2-month ™!, respectively). These results indicate that by optimizing
the ANN parameters, the trained ANN model achieved reasonable simulation of monthly GPP, R
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and NEP at DF49. The linear regression analysis between ANN-modeled and measured values for
the model verification period (2005-2006) for DF49 showed R? = 0.99, 0.99 and 0.98 and
RMSE =3, 6 and 6 g-C-m 2> month! for GPP, R, and NEP, respectively (Table 1).
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Figure 4. Artificial neural network (ANN) and multiple linear regression (MLR)
simulated, and eddy-covariance tower measured monthly gross primary productivity
(GPP), ecosystem respiration (R), net ecosystem productivity (NEP) and evapotranspiration
(ET) at DF49 from 1998 to 2010. (a) for the ANN and MLR -calibration years
1998-2004; (b) for the model validation years 2005-2006; and (c¢) for the four
post-fertilization years 2007-2010.

MLR simulations for DF49 for the model calibration period, however, explained about 97%, 92%
and 76% of the variance of monthly GPP, R, and NEP, respectively (Figure 4a and Table 1), which
are somewhat lower than for the ANN simulations. The linear regression analysis showed
RMSE =21, 29, and 19 g-C-m 2-month™! for GPP, R and NEP, respectively, which are significantly
higher than those for the comparison of ANN-simulated and EC-measured values. In addition, for
the model verification period, linear regression between MLR-simulated and observed values
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showed RMSE = 30, 34 and 24 g-C-nf2 month™! for GPP, R, and NEP, respectively, which are all
significantly higher than those for the calibration period.

For the other two stands, the performance of the ANN model was also superior to that of the MLR
model in the estimates of GPP, R and NEP (Table 1). Regarding ET, similar results were observed
in the calibration and verification periods in all three stands (Table 1). As a consequence, we focused
on describing and discussing the results of ANN modeling in the prediction period to ascertain the
responses of C fluxes and ET to fertilization.

3.4. Effects of N addition on C exchange Fluxes, ET, WUE and LUE in a Chronosequence

In order to provide insights into the influence of fertilization on the C fluxes, ET as well as WUE
and LUE during the period of prediction, monthly measured and ANN-modeled values, and their
differences are shown for the four post-fertilization years (2007-2010) in Figures 5 and 6. The annual
effects of N fertilization during this period are summarized in Tables 2 and 3. Figure 7 compares the
annual measured and ANN modeled values of the C fluxes and ET, and shows + 1 standard deviation
estimated using the optimized model parameters.

Over the four post-fertilization years at DF49, most of the ANN modeled monthly values of GPP
were lower than the measured values (Table 1 and Figure 5a), but were higher for R (Table 1 and
Figure 5d) and consequently, modeled monthly values of NEP were lower than the observed values
(Table 1 and Figure 5g).

At the annual time scale over the four years, N fertilization at DF49 caused a 6% to 11% increase
in annual GPP and a 6% to 10% decrease in R, resulting in an 84% to 164% increase in NEP
(Table 2). For HDF88, N fertilization caused an 18% to 29% increase in annual GPP, an 11% increase
in R in 2007, and a 6% to 14% decrease during 2008-2010, resulting in a 208% to 321% increase in
NEP (Table 2). For HDF00, N fertilization caused a 43% to 70% increase in annual GPP and an 8%
to 21% increase in R, resulting in a 27% to 50% increase in NEP (Table 2). Overall, N fertilization
had a positive impact on GPP for all three stands with the response being the highest at HDFO0O,
followed by HDF88 (Table 2).

No consistent effects on annual ET were evident in the four post-fertilization years in all three
stands (Table 3). For annual WUE, N fertilization of DF49 caused an increase of 0.30 to 0.67 g-C
(kg-water) ! during 2007 to 2009, but a decrease of 0.21 g-C (kg-water) ! in 2010. N fertilization
caused increases of 0.59 to 1.05 C (kg-water)! and 0.76 to 1.75 C (kg-water)”! in annual WUE
during 2007 to 2010 at HDF88 and HDFO00, respectively (Table 3). For annual LUE, N fertilization
had positive impacts for all three stands, especially at HDFOO with the greatest response ranging
from 0.0039 to 0.0057 mol-C-mol ! photons (Table 3).
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Figure 5. Artificial neural network (ANN) simulated and eddy-covariance tower
measured monthly gross primary productivity (GPP), ecosystem respiration (R) and net
ecosystem productivity (NEP) in all three stands for the four post-fertilization years
2007-2010. (a—c) for GPP; (d—f) for R; and (g—i) for NEP. The effects of N fertilization
on the carbon (C) component fluxes were estimated as the differences between the measured
C fluxes and their corresponding modeled values.
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Figure 6. Artificial neural network (ANN) simulated and eddy-covariance tower

measured monthly water-use efficiency (WUE) and light-use efficiency (LUE) in all
three stands for the four post-fertilization years 2007-2010. (a—c) for WUE and (d—f) for
LUE. The effects of N fertilization on WUE and LUE were estimated as the differences
between the measured WUE and LUE values and their corresponding modeled values.
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Figure 7. Comparisons of measured and artificial neural network (ANN) simulated

annual gross primary productivity (GPP), ecosystem respiration (R), net ecosystem
productivity (NEP) and evapotranspiration (ET) at DF49 from 1998 to 2010. (a) for the
ANN calibration years 1998-2004; (b) for the model validation years 2005-2006; and (c)
for the four post-fertilization years 2007-2010. The error bars with + 1 SD are the standard
errors for ANN-modeled annual values estimated using the optimized model parameters.
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4. Discussion
4.1. Effects of N Fertilization on Gross Primary Productivity

N fertilization generally results in GPP and net primary productivity (NPP) increases in terrestrial
ecosystems by promoting growth and biomass accumulation in terrestrial plants [7,21,25,74,75]. Our
results showed that N fertilization generally increased GPP in all three stands, especially in the
younger stands, HDF00 and HDF88. N addition resulted in a GPP increase of 8% at DF49 in the
first post-fertilization year, which is in excellent agreement with an 8% increase obtained by
Chen et al. [52] using a model-data synthesis approach and a 10% increase calculated by Jassal ef al. [53]
using a simple empirical model (Table 4). This is lower than the 14% increase estimated by
Grant et al. [76] using a process-based model. In addition, our results, which showed that N
fertilization led to an increase in GPP in the three stands during the first two years after fertilization,
are consistent in sign with the findings by Jassal et al. [53], although the magnitude of the increases in
GPP are somewhat different. This difference may partly result from the reported uncertainty due to
the use of the empirical relationships used for gap-filling, resulting in an uncertainty of
£50 g-C-m %-year ! in EC-measured GPP, and £75 and £25 g-C-m 2-year ! for measured R and NEP,
respectively [54]. Overall, N fertilization had a positive effect on GPP and the effectiveness of
fertilization varied with stand age.

4.2. Effects of N Fertilization on Ecosystem Respiration

Our results indicated that N fertilization of DF49 reduced R by approximately 101 g-C-m2-year™!
in the first post-fertilization year, which is in good agreement with the 93 g-C-m?-year ! decrease
calculated by Chen, et al. [52] (Table 4). During the next three years (2008-2010), modeled
R remained greater than measured R by 114 to 170 g-C-m2-year !, implying that N fertilization
suppressed R. However, the increase in R induced by N fertilization at HDF0O during the first two
years after fertilization agrees with the findings reported in Jassal ef al. [53]. Our ANN modeling
indicated that this positive effect on R at HDF00 continued for the third and fourth post-fertilization
years (2009 to 2010) (Table 2). It should be noted that Jassal et al [53] partitioned NEE by estimating
daytime R using the relationship between daytime NEP and PAR rather than by using the relationship
between nighttime NEE and 75s. Such variable effects of N addition on R in different stands suggest
the need to investigate the mechanisms.

4.3. Effects of N fertilization on Net Ecosystem Production

N fertilization significantly increased NEP during the four post-fertilization years in all the three
stands, especially HDF88, followed by DF49, largely due to N-induced GPP increases and
R decreases. These results are consistent with those reported by Chen, et al. [52] in the first
post-fertilization year, and are also consistent in sign with the results obtained by Jassal et al. [53]
both at DF49 and HDF88 in the first two post-fertilization years (Table 4), although the magnitude
of the increase in NEP was less than that in our study. However, at HDF00, a substantial increase in
NEP in the four post-fertilization years was primarily due to GPP increasing more than R (Table 2).
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The C:N response [kg C (sequestered) kg'! N added] has been widely used to estimate the
response of C sequestration to N addition [22-24,77]. Our results suggest that C:N response varied
with stand age. In the first post-fertilization year, DF49 and HDF88 had approximately the same C:N
response (13 kg C kg ™! N, followed by HDF0O (8 kg C kg™' N). Our results are consistent with those
of Jassal et al. [53], de Vries et al. [24], Hogberg [26] and Sutton et al. [23], which are significantly
smaller than the assessment made by Magnani et al. [22], with an extremely high C:N response
(approximately 725 kg C kg™! N) to wet deposition. Furthermore, it seems that the 60 kg-N-ha™!
application to individual trees at HDF0O was less efficient with respect to NEP than the larger
application (200 kg N ha™!) at DF49 and HDF88.

Table 4. N-induced changes (= measured — modeled) in annual gross primary
productivity (GPP, g-C-m 2-year ), ecosystem respiration (R, g:C-m >-year ') and net
ecosystem productivity (NEP, g-C-m 2-year !) from different study results in the three
West Coast Douglas-fir stands during 2007 to 2010.

Stand Flux Study 2007 2008 2009 2010
This study (ANN) 253 289 272 383
NEP Jassal et al. [53] 168 78
Chen et al. [52] 250
This study (ANN) 152 175 121 214
DF49 GPP Jassal et al. [53] 203 139
Chen et al. [52] 157
This study (ANN) —-101 —-114 —-152 =170
R Jassal et al. [53] 35 61
Chen et al. [52] -93
NEP This study (ANN) 249 360 429 478
Jassal et al. [53] 182 179
This study (ANN) 416 269 256 260
HDF88 GPP
Jassal et al. [53] 615 366
R This study (ANN) 168 -91 —-173 -218
Jassal et al. [53] 433 187
NEP This study (ANN) 166 222 226 279
Jassal et al. [53] -3 -82
This study (ANN) 435 340 324 439
HDF00 GPP
Jassal et al. [53] 305 329
R This study (ANN) 269 118 98 160
Jassal et al. [53] 308 411

Three different-aged Douglas-fir stands: DF49, HDF88 and HDF(0, established in 1949, 1988, and
2000, respectively.

4.4. Effects of N fertilization on ET, WUE and LUE

N application showed no consistent effect on ET among the three stands. N fertilization slightly
decreased ET at HDF88 in the last three years and had no clear effect on ET at HDF0O over the four
post-fertilization years (Table 3). On the other hand, increased nutrient availability (e.g., N
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fertilization) had significantly positive effects on WUE at HDF88 and HDF00 due to its strong
positive effect on GPP compared with its small effect on ET, but had no significant effect at DF49.
Ripullone et al. [47] found that N addition increased both WUE and biomass production. They
concluded that this was mainly due to the positive response of photosynthesis to N availability with
it having no impact on either stomatal conductance or transpiration. Consequently, improved tree
nutrition (e.g., N fertilization) could cause an increase in forest productivity [78] without leading to
an increase in demand for water.

Furthermore, N fertilization caused an increase in the 4-year mean WUE of 0.34 g-C (kg-water) !
for DF49, implying a relatively conservative response to N fertilization, and increases of 0.78 and
1.19 g-C (kg-water) ! for HDF88 and HDF00, respectively, likely due to their younger stand ages
and less developed root system [56]. Wu et al. [79] suggested that low or appropriate N application
might improve the survivability of Sophora davidii seedlings under water deficit conditions, resulting
in an increase in WUE and stimulating growth and biomass production. Our results indicated that the
supply of 60 kg N ha ! applied to individual trees at HDF00 may be more efficient in terms of WUE
compared with the higher application of 200 kg N ha ! at HDF88 and DF49, especially in the
latter stand.

N fertilization in our study had positive impacts on LUE in all three stands in the four
post-fertilization years, especially at HDFO0O0 followed by HDF88 with the smallest increase occurring
in 2009 in all three stands accompanied by the highest annual PAR. This suggests that there was a
reduction in the increase in LUE induced by N fertilization under high PAR, which has also been
reported by Ibrom et al. [80] and Schwalm et al. [81]. Furthermore, N fertilization caused a
0.002-mol C-mol™! photon increase in the 4-year mean LUE over the post-fertilization period for
DF49, implying a relatively conservative plant productivity response to N fertilization, while higher
increases of 0.0032 and 0.0047 mol-C-mol ! photons for HDF88 and HDF00, respectively, were
likely due to their younger stand age and rapid stand development. Overall, stand development had
a significant impact on plant productivity, LUE and WUE as well as nutrient demand (e.g., N
fertilization) [82].

4.5. Modeling Uncertainty and Limitations

Several studies have found that there is observable interannual variability of C component
fluxes and ET in these stands, which to a large extent, results from interannual variability in
climate [42,54,56,59]. We used both ANN and MLR approaches for removing the impacts of climatic
variability on C fluxes and ET in the three stands during the post-fertilization period. In addition, a
significant effect of stand development on C fluxes in the two younger stands (HDF88 and HDF00)
was demonstrated in Figure 3. Our results show that pre-fertilization monthly C fluxes and ET
affected by climate and stand age were better described using the ANN approach than the
MLR approach.

The determination of BPNN model parameters including the hidden layer node number,
momentum coefficient and learning rate and its shortcomings, such as the slow rate of convergence
and local minimum, have considerably restricted its application and have led to uncertainties in the
estimate of the N effect in this study. Nevertheless, we believe this study contributes significantly to
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quantifying the effects of N fertilization on C fluxes and ET and reducing the uncertainty in model
simulation. Considering the limitations of the BPNN model, in order to further improve the estimate
of the N effect, more importance should be attached to a hybrid BPNN model with optimized
algorithms such as the genetic algorithm and particle swarm optimization.

5. Conclusions

1. Pre-fertilization monthly C fluxes and ET were better described using the ANN approach than
the MLR approach.

2. N fertilization increased GPP in all three Douglas-fir stands over the four post-fertilization years
with the greatest increase in the youngest stand (HDF00) followed by HDF88, suggesting that the
effectiveness of fertilization on GPP may be associated with stand age. In addition, fertilization
decreased R over the four years after fertilization at DF49, and over the last three years at HDF88, but
increased R over the four years at HDF00. As a result, N fertilization increased NEP in all three
stands, with the greatest increase in HDF88 and followed by DF49.

3. N fertilization had no discernible effects on ET among the three stands. This result led to a
significant increase in WUE in the two younger stands (HDF88 and HDF00) but a small increase in
only the first three years for the oldest stand (DF49).

4. N fertilization increased LUE in all three stands, especially the youngest stand (HDF00).
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Nitrogen Transfer to Forage Crops from
a Caragana Shelterbelt

Gazali Issah, Anthony A. Kimaro, John Kort and J. Diane Knight

Abstract: Caragana shelterbelts are a common feature of farms in the Northern Great Plains of
North America. We investigated if nitrogen (N) from this leguminous shrub contributed to the N
nutrition of triticale and oat forage crops growing adjacent to the shelterbelt row. Nitrogen transfer
was measured using '°N isotope dilution at distances of 2 m, 4 m, 6 m, 15 m and 20 m from the
shelterbelt. At 2 m caragana negatively impacted the growth of triticale and oat. At 4 m from the
shelterbelt productivity was maximum for both forage crops and corresponded to the highest
amount of N originating from caragana. The amount of N transferred from caragana decreased
linearly with distance away from the shelterbelt, but even at 20 m from the shelterbelt row
measureable amounts of N originating from caragana were detectable in the forage biomass. At 4 m
from the shelterbelt approximately 40% of the N in both oat and triticale was from caragana, and at
20 m from the shelterbelt approximately 20% of the N in oat and 8% of the N in triticale was
from caragana.

Reprinted from Forests. Cite as: Issah, G.; Kimaro, A.A.; Kort, J.; Knight, J.D. Nitrogen Transfer to
Forage Crops from a Caragana Shelterbelt. Forests 2015, 6, 1922-1932.

1. Introduction

Field shelterbelts are a common feature on farms in the Northern Great Plains of North America.
The first shelterbelts in Canada were planted in 1903 as windbreaks to protect soils, crops and
farmyards [1]. In the USA, as part of the 1935 Soil Conservation Act, trees were planted in large
numbers as a means of soil erosion control in response to the devastating drought, windstorms and
resulting soil erosion that occurred during the Great Depression [2]. Shelterbelts consist of a variety
of coniferous and deciduous trees, with specific species adapted to the variety of soils and
environments encountered across the region. Planting of shelterbelts had a number of positive
impacts including protecting soil from wind erosion [3,4], positively influencing field hydrology
through trapping snow [5] and protecting crops from wind damage [3], among other beneficial
impacts [6]. Shelterbelts do not only serve as physical barriers to soil and snow movement; they are
living barriers that separate cropped fields and as such interact with the adjacent field crops in
either a competitive or complementary fashion [7]. Trees compete with adjacent field crops for
above-ground and below-ground resources. In the semi-arid climates of the Northern Great Plains,
soil moisture is frequently the limiting resource [7,8]. Furthermore, crop yields near shelterbelts
can be reduced due to allelopathy by the tree roots [9], nutrient leaching during snowmelt [10],
shading [11] and changes to microclimate [12]. Nonetheless, field shelterbelts that typically occupy
5% to 6% of the cropland can produce economic returns to producers based entirely on the
increased yields in sheltered areas [13]. In temperate climates, yield increments for a number of
field crops affected by shelterbelts ranged from 6% to 44% [6].
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Caragana (Caragana arborescens Lam.) is a common shrub found in shelterbelts all across the
Canadian prairies. The species is one of the hardiest, small deciduous shrubs planted on the
northern Great Plains [12]. It readily adapts to sandy, alkaline soils in open (unshaded)
environments [14]. Because it is a legume, caragana has the capacity to form root nodules and fix
atmospheric nitrogen (N) [14,15] and enhance N availability [16,17]. Biological N2 fixation
accounted for up to 80% of N in caragana leaves in a soil-less system [15] and up to 65% in field
soil [17,18]. An intercropping study conducted in Saskatchewan, Canada provides indirect
evidence for transfer of N from caragana to willow (Salix miyabeana). Caragana enhanced the
growth of willow at two sites, but was outcompeted by willow at a third site [17]. At the first two
sites, willow growth increased as a function of the proportion of caragana in the mixed stand
suggesting that increased N availability was driving the relationship. Nitrogen transfer was not
measured directly.

The objective of this study was to quantify the transfer of N from a caragana shelterbelt to
adjacent triticale (X Triticosecale Wittmack) and oat (Avena sativa L.) crops grown for forage in
successive years. The influence of distance from the shelterbelt was investigated to determine the
extent of the influence of the shelterbelt on N nutrition and forage quality of the adjacent
field crops.

2. Experimental Section
2.1. Experimental Setup

The experiment was established adjacent to an existing caragana shelterbelt at the Agroforestry
Development Centre, Indian Head, SK, Canada (50°33' N 103°39" W) (Figure 1). The shelterbelt
was planted on the nursery site in 1933 in a north-south orientation. Caragana was approximately
5 m tall at the time of the experiment. The shelterbelt is a single row shelterbelt, characteristic of
most Canadian shelterbelt plantings [6]. The soil on site is an Orthic Oxbow with a loamy,
morainal and hummocky landform, with a slope of 2% to 5% [19]. Because the site was originally
a nursery site, historically the shelterbelt received periodic irrigation, fertilization and herbicide and
pesticide applications uncharacteristic of shelterbelts on farmland. However, no applications of
fertilizers, herbicides nor pesticides have been made for the last twenty-five years.

The shelterbelt is adjacent to an annually cropped field located on the eastern side of the
shelterbelt. In the spring of 2011, prior to establishing the experiment, soils were sampled from the
site in 15 cm increments to a 45 cm depth. Four soil cores were extracted at five distances from the
shelterbelt row, at 2 m, 4 m, 6 m, 15 m and 20 m for physiochemical characterization (Table 1). All
analyses were performed using standard protocols [20]. Electrical conductivity (EC) and pH were
measured on 1:2 soil: water extracts. In 2011 the field was planted by staff at the Agroforestry
Development Centre with spring triticale (X Triticosecale Wittmack cv. AC Ultima) at a seeding
rate of 90 kg ha ! and in 2012 the field was planted with Pinnacle oat (4dvena sativa L.) at a seeding
rate of 90 kg ha™!. Total precipitation during the 2011 growing season (May to September) was
290 mm and average temperature was 15.3 °C. In the 2012 growing season (May to September) the
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total precipitation was 285 mm and temperature 15.1 °C. The long-term (1971 to 2000) averages
for the area were 255 mm precipitation and temperature of 15.9 °C.

Table 1. Physiochemical properties of Orthic Oxbow soil at distances perpendicular to
a caragana shelterbelt.

. EC P NO;~ NH4* S ocC K* Mg? Ca?
Distance (m) pH (mS cm-) — — —
mg kg g kg cmol (+) kg
0-15 cm
2 8.04F 0.26 22.04 827 372 566 755 070 186 9.83
4 8.05 0.17 2621 240 3.09 515 7.05 062 166 929
6 8.06 0.19 2134 152 285 447 7.00 052 198 950
15 8.01 0.22 2723 223 336 7.65 720 0.63 221 7.75
20 7.93 0.26 3194 299 377 9.00 745 0.65 244 7.27
15-30 cm
2 8.21 0.20 640 1.50 427 418 450 036 228 9.07
4 8.31 0.16 631 1.02 3.74 425 510 034 206 932
6 8.37 0.15 1148 125 385 429 495 033 211 886
15 8.17 0.20 950 1.17 332 655 590 034 235 7.79
20 8.26 0.23 851 087 3.07 11.16 515 029 291 821
3045 cm
2 6.40 0.13 536 022 333 337 245 023 258 6.13
4 8.49 0.18 9.77 029 394 418 3.00 031 3.10 834
6 8.45 0.20 6.09 0.67 3.66 4.11 355 024 270 827
15 8.44 0.21 564 049 330 7.80 345 023 275 790
20 8.56 0.29 516 046 425 nd? 380 025 334 779

* Mean values (n = 4); nd ¥ = no data.

In each of the two years of the study four 15 m x 20 m plots were established perpendicular to
the shelterbelt on the eastern side of the shelterbelt (Figure 1). Within each plot, 0.6 m % 0.6 m
subplots were established at distances 2 m, 4 m, 6 m, 15 m and 20 m from the centre of the
shelterbelt. Above-ground biomass from the triticale and oat sub-plots was hand-harvested
approximately 5 cm above the soil surface using scissors, 9 and 10 weeks after planting,
respectively. The time of sampling corresponded to the mid to late milk stage of development
(BBCH = 76) for each crop, after maximum N uptake occurred. In cereal crops maximum N uptake
typically occurs around 60 to 65 days after emergence [21]. Four additional reference samples were
collected from outside the main plots approximately 50 m from the shelterbelt. Plants from these
reference plots were assumed to be far enough from the caragana so as not to be influenced by the
caragana and not to have accessed N fixed by the caragana. Leaves from caragana were collected
from four randomly selected locations within the canopy of the shelterbelt in the experimental plot.
Delta >N values from the reference crops and the caragana were used in calculating N transfer
from the caragana to the adjacent crops (Equation 1). Plant samples were oven-dried at 60 °C to
stable weight and ground using a Wiley mill (Thomas Scientific, Swedesboro, NJ, USA), and
re-ground to fine powder using a ball grinder (8000D Mixer/Mill, SPEX Sample Prep® LLC.,
Metuchen, NJ, USA). Subsamples (ca. 1 mg) were weighed using a micro-balance (Sartorius
Microbalance, CPA2P, Bradford, MA, USA) and encapsulated in 8 mm x 5 mm tin capsules for
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analysis of N concentration and 8N on a Costech ECS4010 elemental analyzer (Costech
Analytical Technologies Inc., Valencia, CA, USA) coupled to a Delta V Advantage mass
spectrometer (Thermo Scientific, Bremen, Germany) at the University of Saskatchewan
(Saskatoon, SK, Canada). The §'°N of the samples was used to calculate the percentage of N
derived from the atmosphere (% Ndfa) that was transferred from the caragana to the triticale and
oats (% Nuansfer) [21]:

Uoransper= (e zelere) 1009, ()
- 6 Nerop—6 "Neree

Where §'°*Nerop is the value for the reference triticale or oat not influenced by the caragana and
accessing only soil available N; 8" Nixeeicrop is triticale or oat influenced by the caragana and
assumed to access N from soil available N and caragana fixed N; and §!°Ni-e is the value for the
caragana. Amount of N transferred from caragana to triticale or oat was calculated as the product of
%Niransfer and amount of N in the crop.

Statistical analyses were performed on %Nuanser and amount of N transferred using SAS
version 9.2 [22]. Simple linear regression was performed on %N ansfer, the amount of N transferred,
total N in the shoots of the forage crops and shoot biomass, as a function of distance from the
shelterbelt using PROC REG procedure in SAS. Regression analysis was performed with data from
the 2 m distance included and excluded. Only regressions where the 2 m distance measurements
were excluded were significant (P < 0.05) and are reported.

20m
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1omy R1 I 2m | | 4m | | P | ...... | 15m | | 20m |160cm
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h
R3 I 2m | I 4m | I 6m | | 1Sm | | 20m |

1

R4 I2m| I4m| I6m| |15m| |20m|
v

¥

. Caragana shelterbelt row

Figure 1. Diagram (not drawn to scale) of experimental plot layout showing replicates

and sampling subplots at 2 m, 4 m, 6 m, 15 m and 20 m from the caragana shelterbelt
(60 cm x 60 cm) within each 15 m swath.
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3. Results and Discussion

Substantial N transfer from caragana to triticale and oat occurred in the two years of the study
(Figure 2A and 2D). Except at the 2 m distance, both percentage of N and the amount of N
(g N m™?) originating from caragana in the triticale and oat biomass decreased linearly with
increasing distance from the shelterbelt (Figure 2A and 2D). Both triticale and oat productivity
were severely limited 2 m from the shelterbelt with both crops producing about 50% of the biomass
produced 4 m from the shelterbelt (Figure 2C and 2F). Productivity of both crops was maximum at
4 m (Figure 2C and 2F) corresponding to the same distance at which the maximum amount of N
was transferred (Figure 2A and 2D). The amount of N transferred to triticale at 2 m was about 58%
of the transfer at 4 m and for oat only about 3.5% of the transfer at 4 m.

Low yields near shelterbelts have long been reported e.g., [11,23]. At the 2 m distance from the
shelterbelt competition for water, light and/or nutrients between the caragana and the crop plants
were probably responsible for the low yields of the crops. In temperate climates, competition for
water is generally more limiting than competition for light [8] and has been reported to decrease
yields of crops near tree rows [7]. Some early research focused on estimating the zone of influence
of shelterbelts in terms of the negative impact on yield. Read [23] estimated yield reductions
occurred to 1 i, where /4 is the height of the shelterbelt. Stoeckeler [11] suggested a range of 0.5 &
to 1.5 4 and Lyles et al. [24] reported reduced yields at a distance of 2 4. In our study the negative
influence on forage yield of the approximately 5 m-tall shelterbelt was narrow at less than 4 m
from the shelterbelt for both crops (i.e., <l h). Considering that caragana has a very vigorous and
aggressive growth habit and can be invasive in some conditions [14,25] this narrow zone of
negative influence was somewhat surprising.

The benefits from the N2-fixing capabilities of the plant might balance the negative impacts
from the invasive nature of the shrub. Indeed the vigorous root growth of caragana might be
responsible for the significant N transfer observed up to about 15 m in both crops. Considering tree
root density decreases with increasing distance from the shelterbelt row, this approximately 15 to
20 m zone of influence in this study is assumed to be indicative of the zone where direct transfer of
N takes place through root to root contact or mycorrhizal associations, probably augmented by
indirect transfer through mineralization of below-ground roots and sloughed cells, nodules, and
other organic compounds excreted from roots, and possibly leaf litter fall.

Studies using >N labeling have demonstrated net N transfer from legume tree saplings to grass
grown together in containers [26] and have provided evidence of N transfer via mycorrhiza
between Na-fixing and non-fixing tree species [27-29]. Natural abundance methodologies have
provided similar estimates of N transfer between trees [30-32]. The natural abundance method has
an advantage over N labeling studies in that N is not added to the soil or plant, enabling N
transfer to be estimated without disturbing the system. However the method relies on very small
differences in natural abundance values between the legume and non-legume plants and in the soil
inorganic N pool. Any soil processes like nitrification, denitrification and ammonium volatilization
that discriminate against >N can bias the estimates by altering the 8'°N signature of the inorganic
N pool accessed by the plants. Furthermore, isotope ratio mass spectrometry (IRMS) analyses
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require a very small amount of an organic sample (typically 1 mg—10 mg) representative of the
entire sample. It is essential that the organic material sampled is finely ground and homogeneously
mixed. Because of the small size of the subsample for IRMS even small deviations in weighing
samples can have a relatively large effect, particularly on the percent N values. Nonetheless natural
abundance studies have been used successfully to estimate N transfer [30-32]. In our study,
differences in 5'°N between the caragana and triticale and oat are sufficiently large and consistent
to provide a confident estimate of N transfer (Table 2).

Table 2. Delta '°N values of leaves (caragana) or shoots (triticale and oats) where
triticale and oats are grown adjacent to a mature caragana shelterbelt row (distance 0)
and sampled at perpendicular distances away from the shelterbelt.

Caragana Triticale Oats
Distance (m) 8N (per mil) Std Dev 8N (per mil) Std Dev 8N (per mil)  Std Dev
0 4.55 0.44 - - - -
2 - - 7.03 0.65 8.175 1.20
4 - - 7.38 0.44 5.845 0.75
6 - - 8.22 0.78 6.268 0.18
15 - - 8.99 1.91 6.285 0.19
20 - - 10.83 1.19 7.935 1.18
P-value 0.0028 0.0047

The negative impact of the shelterbelt on forage crop yield 2 m from the shelterbelt was also
observed for the amount of N transferred (Figure 2A and 2D). Despite lower yields and lower
amounts of N transferred at 2 m compared to 4 m, in triticale approximately 60% of the N in the
shoots was transferred from caragana at 2 m, whereas in oat only about 5% of N in the shoots was
transferred from caragana. It is clear that the two forage crops interacted differently in the
immediate vicinity of the shelterbelt trees. The concentration of N in the oat shoot biomass was
higher at 2 m (2.3 £ 0.23 mg N g!) compared to the further distances (1.5 + 0.13 mg g ! averaged
over the 4 to 20 m distance) indicating a concentration of N because of low dry matter production
but similarly indicating that amounts of N present were sufficient to support the biomass produced
at this distance. In contrast, in triticale N concentration was constant across the sampling transect
(2.0 £ 0.13 mg N g!). Initial soil sampling in 2011 indicated that amounts of nitrate in the top
15 cm were higher 2 m from the shelterbelt than elsewhere in the field (Table 1). Soils were not
sampled in 2012, but it appears that the levels of available N near the shelterbelt were sustained at
high enough levels to fully supply the N requirement of oat at this distance. Amounts of soil N are
typically higher near the tree line than in cropped areas in agroforestry systems [33-35].

Even though oat did not appear to rely on direct transfer from caragana through root to root
contact or mycorrhizal connections, the lack of any apparent N transfer from caragana to the oat
crop at the 2 m distance was unexpected. Oats at the 2 m distance should still be accessing N
mineralized from caragana litter fall. In addition to the "N signature of organic matter inputs,
changes in >N natural abundance of the available soil N can also occur through soil processes like
nitrification, denitrification and NH3 volatilization. Discrimination against >N occurs in all
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processes causing a decrease in 8'°N associated with nitrification or an increase in 3'°N associated
with volatilization and denitrification [36]. Soil conditions near the shelterbelts should be
conducive for denitrification in that snow melt in this snow accumulation zone could potentially
provide the necessary anaerobic conditions, and mineralization of leaf litter the necessary nitrate
and soil organic carbon substrates (Table 1). The high §'°N signature of the oat growing at the 2 m
distance could be a result of a high §'°N signature in the soil N because of denitrification and/or
volatilization. Alternatively, snowmelt and or/rainfall may have leached nitrate out of the rooting
zone of the oat crop [10].

Despite N transfer to oat being negligible close to the caragana shelterbelt, the positive impact of
the caragana on N transfer was sustained over larger distances for oat than triticale (Figure 2D and
2A). Whereas the amount of N transferred to triticale at 20 m was only 9% of N transferred at 4 m,
the amount transferred to oat at 20 m was 22% of that transferred at 4 m. At 20 m approximately
20% of the N in oat was from caragana, whereas in triticale, N from caragana constituted only
about 8% of the shoot N. The total amount of N in the shoot tissue of triticale (i.e., transferred
N + soil derived N) was about 1.3 times the amount in oat indicating a stronger sink for N (Figure
2B and 2E). It appears that the stronger demand for N probably led to the supply of available N

being used up faster in triticale than oat.

Distance from shelterbelt (m)

Distance from shelterbelt (m)

80 10 600
A Triticale B Triticale [ Triticale
. 8 - 500
L N transfer amount °=0.95, P=0.0002 —
60 . & o« T
— L S
s . & E' . -\\ . o b .
5 A \ 2 z T a . T
T 40 [ . 14 8 E] g 30 — |
c . 7]
s c = L 2 .
5 \ \\ & 5 4 . s
z A ~ \ z ,E § 200
- B £
20 \.\ L s
% N transfer /'=0.97, F<0.0001 £ 7=0.77, F=0.122 100 7=0.54, P=0.104
A
0 L L L 0 I I L 0 I I I
0 5 10 15 20 0 5 10 15 20 5 10 15 20
Distance from shelterbelt (m) Distance from shelterbelt (m) Distance from shelterbelt (m)
80 10 600
b . Oat E Oat Oat
N transfer amount =097, P=0.015 6 - 500
60 |- \\ . 8 & r?;
= h £ E 400 .
I \ E o =2 \.\\ R
5 h 2 z° 4 —
g L \ 1,5 2 .« . 8 - —
40 . 8 ] * £ 300
H A \ 1] K] . . ] 1
§ . . R s .
4 S~ - T o 200
A z ! g
20 - ~ 8 - s
%N transfer =0.79, F=0.005 T~ 2r 7=0.86, P=0.002 100 P=0.71, P=0.037
y
.
o LA L . 0 L | | o . | |
0 5 10 15 20 0 5 10 15 20 5 10 15 20

Distance from shelterbelt (m)

Figure 2. Nitrogen transfer characteristics and above-ground productivity in triticale

(A—C) and oat (D-F) as a function of perpendicular distance away from a caragana

shelterbelt. (A,D) are percentage of N in the forage crops transferred (dots) from

caragana and amount of N transferred (triangles); (B,E) are total N in the above-ground

biomass and (C,F) are above-ground biomass.
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There are few studies in the literature examining the distance to which N transfer occurs
particularly in mature shelterbelts. Daudin and Sierra [37] measured transfer between Gliricidia
sepium and Dichanhium aristatum (Poir) in a 16-year old tropical agroforestry system over a 5 m
distance. They measured a very similar pattern of decreasing N transfer to the grass with distance
away from the tree row, and a decreasing trend in total N uptake from the soil. In general % N
derived from the tree was relatively stable at around 50% over 3 m to 4 m, with percentages
decreasing slightly at 5 m [37].

Isaac et al. [38] reported that Na-fixation in Acacia senegal decreased with the age of the tree. In
contrast, caragana appears to sustain relatively high Nz-fixation in mature trees at levels that sustain
significant transfer to the adjacent crop.

4. Conclusions

Significant amounts of N were transferred from a mature caragana shelterbelt to adjacent oat and
triticale forage crops. Close to the shelterbelt (<4 m) caragana negatively impacted the productivity
of the adjacent forage crop. However at 4 m from the shelterbelt row, forage biomass and N content
were at their maximum. Using the "N dilution protocol significant amounts of N originating from
the caragana were detected in the shoot biomass of triticale and oat. Nitrogen transferred from
caragana represented approximately 40% of the total N in the shoot of both triticale and oat 4 m
from the shelterbelt. Both the percentage of N transferred and the amount of N transferred
decreased linearly with distance away from the shelterbelt. Measureable amounts of N originating
from caragana were detectable in the triticale and oat biomass 20 m from the shelterbelt row.
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Biomass, Carbon and Nutrient Storage in a 30-Year-Old
Chinese Cork Oak (Quercus Variabilis) Forest on the South
Slope of the Qinling Mountains, China

Yang Cao and Yunming Chen

Abstract: Chinese cork oak (Quercus variabilis) forests are protected on a large-scale under the
Natural Forest Protection (NFP) program in China to improve the ecological environment. However,
information about carbon (C) storage to increase C sequestration and sustainable management is
lacking. Biomass, C, nitrogen (N) and phosphorus (P) storage of trees, shrubs, herb, litter and soil
(0-100 cm) were determined from destructive tree sampling and plot level investigation in
approximately 30-year old Chinese cork oak forests on the south slope of the Qinling Mountains.
There was no significant difference in tree components’ biomass estimation, with the exception of
roots, among the available allometric equations developed from this study site and other previous study
sites. Leaves had the highest C, N and P concentrations among tree components and stems were the
major compartments for tree biomass, C, N and P storage. In contrast to finding no difference in N
concentrations along the whole soil profile, higher C and P concentrations were observed in the upper
0-10 cm of soil than in the deeper soil layers. The ecosystem C, N, and P storage was 163.76, 18.54
and 2.50 t ha™!, respectively. Soil (0—100 cm) contained the largest amount of C, N and P storage,
accounting for 61.76%, 92.78% and 99.72% of the total ecosystem, followed by 36.14%, 6.03% and
0.23% for trees, and 2.10%, 1.19% and 0.03% for shrubs, herbs and litter, respectively. The equations
accurately estimate ecosystem biomass, and the knowledge of the distribution of C, N and P storage
will contribute to increased C sequestration and sustainable management of Chinese cork oak forests
under the NFP program.

Reprinted from Forests. Cite as: Cao, Y.; Chen, Y. Biomass, Carbon and Nutrient Storage in
a 30-Year-Old Chinese Cork Oak (Quercus Variabilis) Forest on the South Slope of the Qinling
Mountains, China. Forests 2015, 6, 1239-1255.

1. Introduction

Protecting existing forests and planting new forests through reforestation and afforestation
are important measures to enhance carbon (C) sequestration capacity and potential in terrestrial
ecosystems [1-4]. A growing number of studies have addressed C storage and sequestration in key
national ecological restoration programs in China, such as the Sloping Land Conversion program,
Three-North Sheltbelt Forest program, Changjiang (Yangtze) River Basin Forest Protection program,
Beijing-Tianjin Sandstorm Source Control program, Natural Forest Protection program (NFP), and
other programs [2,5-9].

The NFP program was implemented in 1998 with the goal of promoting natural forest resource
protection and cultivation to improve the ecological environment, has been implemented since
1998 [6,10]. It covers about 6.0 x 107 ha of natural forest land, which accounts for 50% of the total
natural forest area within 17 provincial-level administrative units in China [10]. Hu and Liu [11]
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used the volume-biomass method and National Forestry Statistics to calculate C storage of the NFP
program from 1998-2002 and found that in total it sequestered 44.07 Tg, including 21.32 Tg from
reforestation and afforestation, and 22.75 Tg from reduced the timber production. The results of
Wei et al. [10] showed that the tree C pool under the NFP program in northeastern China increased
from 1998 to 2008, by 6.3 Tg C, which was mainly sequestrated by natural forests (5.1 Tg C year !).
It has been projected that biomass C storage from afforestation under the NFP program could
potentially increase from 33.67 Tg in 2011 to 96.03 Tg in 2020 [6]. However, most of these previous
studies were mainly conducted on forest biomass C storage at the national and regional scales with
different estimation methods and different forest resource data. Moreover, there are few precise
studies concerning direct plot investigations for various forest types, C storage estimates that include
understory, forest floor, and soil, and the relationship between climatic factors and forest types on
regional scales [12—16]. An age-related study on C storage in a black locust forest ecosystem on the
Loess Plateau showed that tree C storage increased from 5 to 38 years, but significantly decreased
from 38 to 56 years owing to high tree mortality. Moreover, storage in the shrub layer increased with
stand age, but it was age-independent in the herb layer and litter. Storage in the topsoil (0-20 cm)
increased at a constant rate with stand age, while it was age-independent in sub-top soil [7]. With an
increased numbers of local studies, we can gain a more comprehensive understanding of the complex
nature of ecosystem C storage in order to scale up to regional and global levels.

Quercus species are a keystone species in a wide range of habitats from Mediterranean
semi-desert woodlands to subtropical rainforest in Europe, North America, and Southeast Asia [17].
For example, the cork oak is the second most important Portuguese forest species both in terms of
the country forest area and in terms of forest industry product exports [18]. Many studies have
explored the temporal and spatial distribution of biomass and nutrient accumulation in Quercus
species for suitable management and conservation, especially in Spain and Portugal [17-26]. Guyette,
Dey and Stambaugh [17] documented the temporal distribution in C storage of oak wood at
floodplains in northern Missouri, USA. In this study, we chose Chinese cork oak (Quercus variabilis)
as a model system to carefully evaluate biomass and nutrient pools in different ecosystem
components. Chinese cork oak is one of the major Quercus species in warm-temperate and
subtropical forests, ranging from 22°-42° N to 99°-122° E. There were only a few studies that
developed allometric equations (Table 1; Equations (1)—(3)) and addressed tree biomass allocation
of Chinese cork oak in different sites in China [27-29]. The Qinling Mountains in the Shanxi
Province is one of the major distribution areas of Chinese cork oak forests. Chinese cork oak forests
in the Qinling Mountains make up the largest forest vegetation carbon sink based on the Shanxi
Province forest resource inventory data. However, these forests have been under serious threat owing
to excessive overexploitation and inappropriate management for timber and charcoal production,
cultivation of edible wild mushrooms, and dye products. Therefore, many studies have been
conducted to provide some recommendations toward sustainable management of the Chinese cork
oak forests in the Qinling Mountains under the NFP program [30-33]. However, there is still a lack
of information about C stocks, especially below-ground, for Chinese cork oak forests in the Qinling
Mountain, China.



142

The focus of this study was to develop suitable allometric equations to calculate various tree
biomass components, and to quantify the distribution patterns and quantities of C, N, and P among
the major tree components, shrubs, herbs, litter, and soil (0—100 cm) in Chinese cork oak forest along
the south slope of the Qinling Mountains. Results of this study may provide a crucial complement to
previous studies on the understanding of C storage and forest management under the NFP program.

2. Materials and Methods
2.1. Study Site and Sampling

This study was conducted in the Shan Yang Country, Southern Shanxi Province, China
(33°09'-33°42' N, 109°32'-110°29" E; Figure 1). The Shan Yang Country is located on the south
slope of the Qinling Mountains, China. The study area is situated in the transitional area between the
subtropical zone and the warm temperate zone, with a mean annual temperature 13.1 °C, a mean
annual rainfall of 709 mm, and a mean frost-free period of 207 days. Forest coverage is 62.6%, and
more than 80% of the forest area is dominated by pure Chinese cork oak forest, which originated
from seedlings, with a few Sabina chinensis, and Pinus armandii species. Shrub species at the site
include Pyrus betulifolia, Lespedeza bicolor, and Platycarya strobilacea, and the main herb species
are Carextristachya, Imperata cylindrical and Ophiopogon japonicas.

With the guidance of local forestry bureau staff, three widely distributed Chinese cork oak stands
with similar site conditions, little or no human disturbance, and approximately 30 years old were
selected under from the Shan Yang Country. The sites were all located near the middle of slopes and
there was little difference among the sites with regard to aspect (North West), gradient (30-35°), and
elevation (845—-1068 m). The distance between each stand was about 5—8 km. Historically, all study
stands naturally regenerated after the natural Chinese cork oaks were harvested. A 20 m x 20 m plot
was constructed in the central area of each stand for sampling. Diameter at breast height (DBH) and
height (H) were measured for all trees (DBH > 5.0 cm) in each plot. In early August 2013, five
Chinese cork oak trees within representative stand-specific DBH range were selected and harvested
destructively in each stand following a previously published harvest method [19,27-29,34-36]. Trees
were cut near the ground surface, after measurement of the total H of each tree, the tree stem was
first cut open at 1.3 m, and then the top part of stem (from 1.3 m to the tips) was divided into
I-m-long sections. All branches and leaves of each stem section were clipped from the tree stems
and branches, respectively and weighed. Stem discs (5 cm thickness) were collected from of each
section, and the stem bark was separated from each disc to measure the weight of the fresh stem bark
and the stem wood without bark. The whole root system was manually excavated, washed lightly to
remove soil particles, and weighed.
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Figure 1. Site distribution of studies on Chinese cork oak allometric equations
include Xiaolong Mountains, Gansu Province; the Xishan Mountains, Beijing; the
Baotianman Natural Reserve, Henan Province; and the present study at Shanyang Country,
Shanxi Province.

Shrub and herb biomass was determined using total harvesting destructive sampling
techniques [34]. Sampling of the shrub layer and herb layer was conducted in five 2 m X 2 m subplots
and 1 m x 1 m subplots, respectively. These subplots were randomly selected within each plot. Shrub
plants were separated into leaves, stems and roots, and herbs were separated into aboveground and
belowground components. Litter was sampled by collecting the entire organic material within five
I m x 1 m subplots randomly chosen in each plot [34].

Subsamples of tree components (stem wood, stem bark, branches, foliage, and roots), shrub
(leaves, stems and roots), herb (above- and belowground) and litter were sealed in plastic bags, and
then oven dried at 80 °C in the laboratory to constant weight to obtain wet-to-dry mass conversion
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factors. The dried samples were ground and used to determine plant C and N concentrations by an
elemental analyzer (Carlo Erba 1106, Milan, Italy). Total P was determined by the HCl1O4-H2SO4
colorimetric method [37].

In each plot, five soil cores (5 cm in diameter) were randomly collected at 0—10 cm, 10-20 cm,
20-30 cm, 30-50 cm and 50—-100 cm layers. After removing the plant roots, fauna and debris by hand,
the soil was air dried at room temperature around 20 °C, and then ground and passed through a
0.25 mm sieve for determination of soil chemical properties. C concentration was determined by the
K2Cr207-H2S04 method [38], total N concentration by the Kjeldahl method [39] and total P by the
HCI104-H2S04 colorimetric method [37].A soil profile (1 m x 1 m x 1 m) in each plot was dug for
measuring soil bulk density (g cm ). After excluding recognizable soil surface litter, stainless cutting
rings (5 cm in diameter) were used to sample five replicated 100 cm?® of soil at each layer at same
depth intervals of 0-10 cm, 10-20 cm, 20-30 cm, 30-50 cm and 50-100 cm layers. The ring soil
samples were scraped out and roots manually removed. The soils were dried at 105 °C to constant
weight to calculate bulk density (oven-dried soil sample/volume of the metal ring). All of the samples
were analyzed at the central laboratory of the Institute of Soil and Water Conservation, Chinese
Academy of Sciences and Ministry of Water Resources (Yangling, China).

2.2. Data Calculation and Analysis

Before establishing the allometric equation, scatter plots were used to visualize whether the
relationship between the independent (dry biomass (kg) of each tree component) and dependent
variables (DBH and/or H of each tree) was linear. A power function was selected as an appropriate
model in this study, with the following equations:

W = aDBHP (1)
W = a(DBH? x H)P )

where W is the dry biomass (kg) of each tree component; a and b are allometric parameters; least
squares linear regression was used to estimate the value of a and b. Ordinary least squares regression
was performed to determine the coefficient of determination (R).

The developed allometric equations from this study (Table 1; Equations (4)) and the available
allometric equations (Table 1; Equations (1)—(3)) developed previously in other study sites
(Figure 1) were used to compare the differences in tree biomass (stem wood, stem bark, branches,
leaves, and roots) estimations. Then, the total ecosystem C, N and P storage in the present study site
were calculated based on the combination of tree (stem wood, stem bark, branches, leaves, and roots),
shrub (leaves, stem and roots), herbs (above- and belowground), litter layers, and soil (0—100 cm)
pools. C, N, and P concentrations of leaves, branches, stem bark, stem wood, and roots were
multiplied by each tree component biomass from the developed species-specific allometric equations
from the present site (Table 1, Equation (4)) to partition C, N, and P stocks among the tree
components, and then summed the stocks for each tree and site to calculate the stand level stocks.
For shrubs, herbs and litter, the C, N, and P concentrations were multiplied by their component mass
at the plot level to calculate the stand level C, N and P stocks. The stock of soil C, N, and P in the
different layers of soil were calculated by multiplying the soil bulk density with soil depth and C, N,
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and P concentrations in each layer. The carbon storage results in each layer of soil (0—-10 cm, 10-20 cm,
20-30 cm, 30-50 cm and 50-100 cm) were then summed to compute the total C, N, and P storage to
a depth of 100 cm.

All statistical analyses were performed with SPSS (version 20.0, SPSS Inc., Chicago, IL, USA)
and the accepted significance level was o = 0.05. Allometric equations were developed with linear
regression. Goodness of fit was based on the coefficient of determination (R) and the level of
probability (p). All comparisons of biomass among the different allometric equations were performed
using ANOVA, followed by multiple comparisons (LSD tests).

3. Results
Allometric Equations and Tree Biomass

The allometric equations developed in this study were all power functions (Table 1). Only
significant parameters were included in the equations; therefore, DBH was the only significant
parameter for bark, leaves, and roots components. DBH squared multiplied H was the significant
parameter for stem wood. All equations had significant linear relationships between dependent and
independent variables, and their correlation coefficients ranged from 0.9634 to 0.9949 (Table 1).

Although allometric equations of different forms are available from the present and previous
studies, there was no significant difference in the biomass estimation for the various tree components
in this study, with the exception of roots (Table 2). The root biomass calculated by the equation of
Bao et al. [19] was significantly lower (17.59 t ha™!) than the values generated by the other equations.
Therefore, biomass from other equations was distributed similarly in the following manner: stem
wood > roots > branches > stem bark > leaves. According to the tree biomass distribution pattern in
the present sites, stem wood made the largest contribution to the total tree biomass, accounting for
around 50%, while the proportion of leaves to total tree biomass was only around 3%, and the ratio
of below- to aboveground was 0.33 (Table 2).
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Higher C, N, and P concentrations were observed in the shrub leaves than in shrub roots (Table 3).
Similarly, the C and N concentrations in aboveground herbs were significantly higher than in
belowground herbs (Table 3). The C:N and C:P mass ratios in shrub leaves (19.63 and 369.08,
respectively) were significant lower than that in branches (60.91 and 742.61) and roots (63.64 and
717.74) of shrubs, whereas the N:P mass ratio in shrub leaves (18.92) was significantly higher than
in branches (12.51) and roots (13.52) of shrubs. However, there was no significant difference in the
C:N, C:P and N:P mass ratios between aboveground and belowground herbs. In contrast, no
significant differences were found in the N concentrations in the different soil layer. The highest C
and P concentrations were in the surface 0—10 cm soil layer, and the values significant decreased
with soil depth (Table 3). The C:N, C:P and N:P ratios did not change significantly with soil depths.

C, N and P storage in the Chinese cork oak ecosystem were 163.76, 18.54 and 2.50 t ha™!,
respectively. The C storage distribution among different tree components was in the following order:
stem wood > roots > branches > stem bark > leaves. Whereas, the order was stem wood > roots >
leaves > stem bark > branches for the N storage distribution, and stem wood > roots > branches >
leaves > stem bark for the P storage distribution (Table 3). C, N and P storage in tree accounted
36.14%, 6.03%, and 0.23% of the total ecosystem C, N, and P pools, respectively. The C, N, and
P storage in the shrub, herb and litter pools accounted 2.10%, 1.19% and 0.03% of the total ecosystem
C, N, and P pools, respectively. Soil (0—100 cm) contained the largest amount of C, N, and P storage,
accounting for 61.76%, 92.78% and 99.72% of total ecosystem C, N, and P pools, respectively. C
and P storage in the 0—50 cm soil depthswere significantly greater than that in deeper soil, accounting
for 61.35% and 60.02% of the entire soil profile (0—100 cm); whereas, N storage between 0 and
50 cm was almost equal to that in deeper soil, accounting for 47.40% of the entire soil profile
(0-100 cm).
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4. Discussion

Allometric equations are crucial in order to accurately estimate forest biomass for C accounting.
A number of previous studies demonstrated that power function allometric equations based on DBH
or squared DBH multiplied by H can be used to estimate tree biomass [29,35]. Allometric equations
based on DBH are recommended because the measurement of H is time-consuming and less accurate
than DBH [19,34,40,41]. In this study, we observed that DBH was the only significant parameter for
bark, leaf, and root components; whereas, the squared DBH multiplied by H as the significant
parameter for stem wood. Different models (Table 1) were used to estimate biomass distribution for
Chinese cork oak in China due to various biotic and abiotic environmental factors. However, there
was no significant difference in tree components biomass estimation, with the exception of roots,
among all the available allometric equations. In some cases the power function failed, and then
transformed models were needed to develop significant allometric equations for different tree
species, locations, and specific-components [7,25,27,28,42—47].

The biomass distribution among tree components was as follows: stem wood > roots >
branches > stem bark > leaves. Our findings were similar to the previous reports for Chinese cork
oak in the temperate region of China [27-29]. However, the different biomass distribution also
observed for Chinese cork oak. For example, the biomass distribution of a 20-year-old Chinese cork
oak forest was distributed as follows: stem wood > branches > roots > stem bark > leaves at; while
that in 30- and 40-year-old in hilly region of Taihang Mountain, the distribution was stem wood >
stem bark > branches > roots > leaves at [48]. The total Chinese cork oak tree biomass was
158.84 t ha™! in the Baotianman Natural Reserve, Henan Province [27], 134.75 t ha! in the south
slope of the Qinling Mountains of the present study, 79.80 t ha™! in the Xiaolong Mountains, Gansu
Province [28] and 53.64 t ha™! in the Xishan Mountains, Beijing [29]. These obvious differences
were mainly caused by age, tree density, and climate factors. Zhao et al. [48] reported that in a hilly
region of Taihang Mountain, tree biomass significantly increased from 131.65 t ha™! in a 20 year old
stand to 202.96 and 291.15 t ha ! in 30 and 40 years old stands, respectively.

The nutrient concentrations among plant components were significantly different. The
concentrations of C, N and P in tree leaves were the highest, but the lowest values of C and N were
observed in tree stems. In addition to C, N and P, the highest mobile nutrient concentrations, such as
Mg, K, and Mn, were also detected in the leaves of oak forests in Spain [19]. Moreover, the N, P, and
K concentrations were the highest in spring and then decreased throughout the vegetative period [19].
Similarly, the highest concentrations were in shrub leaves, but the lowest values were in shrub roots.
The C, N and P concentrations in aboveground portion of herb were higher than in the belowground
portion. The leaves N:P ratio, which is relatively easy to determine, has been widely used to
indicate limitations in soil N (N:P < 14) and soil P (N:P > 16) [49,50]. The leaf N (19.31 g kg™"),
P (1.26 g kg™!) concentrations, and N:P ratio (16.10) of Chinese cork oak forests in the present study
were similar with the average values of leaves N (18.33 g kg'!) and P (1.18 g kg !) concentrations
and the N:P ratio (16.56) in China [51]. Moreover, the N:P ratio of shrub leaves was also higher than
16. Therefore, soil P is a limiting nutrient in this study area for the growth demands of Chinese cork
oak forests. In contrast, the leaves N:P ratios of sharptooth oak, Chinese pine, and Armand pine
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indicated that there is soil N limitation in the Qinling Mountains [52]. However, the nutrient
concentrations in live leaves decreased and the N:P ratio increased during the growing seasons were
observed in a Mediterranean cork oak forest in southwestern Spain [26]. Moreover, the leaf N and P
concentrations of Chinese cork oak forests also decreased during stand development. It was shown
that there is an disconnect bewteen soil P supply and plant growth demand indicated by an increased
N:P ratio from 13.84 in 20-year-old stand to 16.05 and 19.75 in 30- and 40-year-old stands,
respectively, in a hilly region of the Taihang Mountains [48]. Therefore, quantifying soil nutrient
limitation by only using the leaf N:P ratio presents challenges because of the limited amount of data
and only a partial understanding of the processes involved [50,53]. Although significant differences
in leaves N and P concentrations were detected across all Quercus species in China, leaf N:P ratio
(13.96) was well constrained to a relatively stable range for Quercus species and was less influenced
by environmental variables across China [51].

Abundant precipitation, full sunshine and nutrient-rich soil were considered to be suitable for
supporting plant growth in the southern slope of the Qinling Mountains [52]. C, N, and P were
enriched at 0—10 cm soil depth, while C and P decreased with an increase in soil depth. However, N
showed a stable trend. C, N, and P concentrations of 0—10 cm soil depth in this study area (16.63, 1.69
and 0.43 g kg!, respectively) were higher than the mean values (12.28, 0.94 and 0.38 g kg !,
respectively) of soils in China. As a consequence, the C:N, C:P and N:P (10.55, 51.51 and 4.59 in
molar, respectively) ratios of 0—10 cm soil depth in this study area were smaller than those mean
values (14.4, 136 and 9.3, respectively) of soils in China [54]. C, N, and P concentrations increased
during stand development of Chinese cork oak forests in the hilly region of the Taihang Mountains,
possibly due to a larger accumulation of organic matter in older stands [48]. Under Mediterranean
climate conditions in Mainland Spain, the soil C storage of cork oak forests was favored by large
organic matter inputs, high soil clay contents, a calcium-saturated soil matrix and reduced summer
aridity [23].

The proportion of stem to total tree biomass was around 60% in this study. The highest percentage
was 73% for four Mediterranean oak forests in Spain [19]. The proportion of stem to total tree
biomass has been used to infer the light conditions, soil nutrient and age stage at study sites [35,36].
For example, the ratios in Chinese pine were 46.9%, 72.2%, 70.6% and 70.7% for young,
middle-aged, immature, and mature stands, respectively [34]. Although the low percentage of
nutrients accumulated in the leaves because leaf biomass represents only around 3% of the total, the
amount of nutrients accumulated in leaves was of great importance because the nutrients were
subject to internal annual cycles within the tree, and some of them return to the soil in the form of
leaf litter [19]. At the same time, root biomass accounted for a large proportion of the total tree
biomass. The ratio of below- to aboveground biomass was 0.33 for Chinese cork oak forests in this
study.The ratio value was 0.28, 0.29 and 0.23 for the Baotianman Natural Reserve of Henan
Province [27], the Xiaolong Mountainsof Gansu Province [28], and the Xishan Mountains of
Beijing [29], respectively. In contrast to the result [55] that there is a relatively constant ratio of
below- to aboveground biomass during stand development globally, Zhao et al. [48] found that the
ratio decreased during stand development, from 0.23 in a 20-year-old stand to 0.16 and 0.13 in 30-
and 40-year-old stands, respectively, in a hilly region of the Taihang Mountains. The decreased
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below- to aboveground biomass ratio may demonstrate different strategies in nutrient cycling and
water uptake potential [1]. Our study agrees with previous studies that soil is the largest C and
nutrient element storage component, followed by tree, understory, and litter [21]. Soil C, N, and P
storage were 1.62-, 27.52- and 34.71-fold higher than vegetation C, N, and P storage. In addition,
soil C storage was higher in the topsoil than in deeper soil owing to soil organic matter is the main
source of C stored in topsoil. Moreover, soil organic matter is essential to ecosystem productivity
and regeneration. Recently, many studies have focused on biomass, C, and nutrient storage during
stand development [1,7,34-36,48,55]. These studies provided a comprehensive understanding of the
importance of considering the succession development of forest ecosystem C pools and the
interaction with other nutrient elements, especially when estimating C sink potential over a life cycle.
Because human disturbances can have huge impacts on certain age stage forests, we only selected
30-year-old Chinese cork oak stands with little or no human disturbance to describe the basic
characteristics of biomass, C and nutrient storage distribution. Therefore, future studies should focus
on improving our understand of the effects of age and disturbance in biomass, C concentrations and
stocks for devising optimum forest management strategies aimed at mitigating climate change.

5. Conclusions

In this study, we presented the basic C, N and P storage distribution patterns among trees, shrubs,
herbs, litter, and soil (0—100 cm) in a 30-year-old Chinese cork oak forest in the south slope of the
Qinling Mountains, China. The biomass of tree components can be better predicted from allometric
equations using DBH as the independent variable. There was no significant difference in various tree
components biomass estimations, with the exception of roots, between different Chinese cork oak
allometric equations developed from different sites. Stems and roots were the main proportion of
total tree biomass. The proportion of stem to total tree biomass was around 60% and the ratio of
below- to aboveground biomass was 0.33. There were significant differences in C, N and P
concentrations between plant components. Plant leaves had the highest C, N, and P concentrations
than other plant components. The N:P ratio was similar to the national level and indicated soil P
limitation. However, C, N and P concentrations of the 0—10 cm soil depth were higher than those
mean values of soils in China. C, N, and P storage of this Chinese cork oak ecosystem were 163.76,
18.54 and 2.50 t ha !, respectively. Soil was the largest C and nutrient element storage component,
followed by trees. C, N, and P stocks in shrubs, herbs, and litter contributed only little to ecosystem
C, N and P stocks. This study demonstrated that large-scale Chinese cork oak forests in the Qinling
Mountains play an important role in C sequestration under NFP program. Furthermore, we suggest
that further research on human-caused, natural disturbance and other influence factors on the
continuous accumulation of C in both the plants and soils are especially critical for developing
recommendations on appropriate forest management practices under the NFP program.
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Residual Long-Term Effects of Forest Fertilization on
Tree Growth and Nitrogen Turnover in Boreal Forest

Fredrik From, Joachim Strengbom and Annika Nordin

Abstract: The growth enhancing effects of forest fertilizer is considered to level off within 10 years
of the application, and be restricted to one forest stand rotation. However, fertilizer induced changes
in plant community composition has been shown to occur in the following stand rotation. To clarify
whether effects of forest fertilization have residual long-term effects, extending into the next rotation,
we compared tree growth, needle N concentrations and the availability of mobile soil N in young (10
years) Pinus sylvestris L. and Picea abies (L.) H. Karst. stands. The sites were fertilized with 150
kg-N-ha™! once or twice during the previous stand rotation, or unfertilized. Two fertilization events
increased tree height by 24% compared to the controls. Needle N concentrations of the trees on previously
fertilized sites were 15% higher than those of the controls. Soil N mineralization rates and the amounts
of mobile soil NH4-N and NOs3-N were higher on sites that were fertilized twice than on control sites.
Our study demonstrates that operational forest fertilization can cause residual long-term effects on
stand N dynamics, with subsequent effects on tree growth that may be more long-lasting than
previously believed, i.e., extending beyond one stand rotation.

Reprinted from Forests. Cite as: From, F.; Strengbom, J.; Nordin, A. Residual Long-Term Effects of
Forest Fertilization on Tree Growth and Nitrogen Turnover in Boreal Forest. Forests 2015, 6,
1145-1156.

1. Introduction

Nitrogen (N) availability limits forest growth in most boreal and temperate forests [1,2],
and fertilization with N is one of the most cost-effective silvicultural methods to increase boreal
forest yield [3]. In fact, timber harvest profitability can increase by nearly 15% if forest stands are
fertilized about 10 years before final felling [4]. Fertilization has been practiced commercially since the
middle of the previous century in many parts of the boreal and temperate forest regions, for example, in
Sweden [5,6], USA [7], Canada [8] and Finland [9]. During the 20th century approximately 10% of
the productive forest land in Sweden, i.e., circa (ca) 2 million hectares (ha), was fertilized at least
once [3,6,10].

According to previous studies, forest fertilization with N additions corresponding to
150 kg-N-ha ! application !, for up to three times during a forest rotation period [11], will only affect
the subjected forest stand for up to 10 years after the last fertilizer application [3,9,12—-16]. This
conclusion is mainly based on studies of growth effects within the tree rotation period fertilized. Also
a recent study, particularly targeting carry-over effects of fertilization between forest stand rotations,
showed that growth of five year old pine seedlings was not affected by fertilization of the site three
to nine years before harvest of the previous stand rotation [17], i.e., supporting the view that there
are no, or only very restricted long-term effects of fertilization. In contrast, a study from North
America showed that the height growth of young Douglas fir (Pseudotsuga menziesii [Mirb.] Franco)
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trees were greater on plots that had been fertilized in the previous stand rotation period than on plots
never fertilized [18].

Fertilization effects on species composition of the forest floor vegetation within one forest rotation
have been extensively documented, e.g., summarized in Nohrstedt [3] and Saarsalmi and
Malkonen [9], but only a few studies have addressed carry-over effects between forest stand
rotations. In a study summarizing carry-over fertilization effects on forest floor vegetation,
Hedwall, et al. [19] reported a higher abundance of graminoids and a lower abundance of
dwarf-shrubs on experimental plots fertilized in the previous stand rotation period than on control
plots never fertilized. Strengbom and Nordin [20] found carry-over effects between stand rotations
on the composition and abundance of forest floor vegetation of operational forest fertilization, i.e.,
with 150 kg-N-ha! at one or two occasions during the previous stand rotation.

When fertilizing forests, a large part of the N added is retained in the soil layer [21,22]. Strengbom
and Nordin [23] suggested that the disturbance from harvest and site scarification leads to increased
mineralization rates of immobilized soil N, explaining why effects of previous (more than 25 years
ago) N fertilization was more evident in the early phase of the subsequent stand rotation than within
the same stand rotation that were fertilized.

In this study, we revisited young forest stands with documented effects on species composition of
the forest floor vegetation from fertilization of the previous stand rotation. We hypothesized that
fertilization of the previous forest stand would cause (1) increased tree growth in the following
rotation period; and (2) increased soil N mineralization rates, both in comparison to control stands
that never had been fertilized. Thus, the aim of the study was to determine fertilization carry-over
effects between tree rotations on tree height and diameter growth and on soil N turnover, i.e.,
mineralization rates and amounts of mobile soil N.

2. Materials and Methods
2.1. Study Area

We studied forest sites each sized between 4.7 and 22.4 ha situated within an 8500 ha forest land
area owned by the company Sveaskog. The forest land area is in the middle boreal zone [24] in
central Sweden (63°00’' N, 16°40" E). The studied forest sites, either had, or had not, been subjected
to N fertilization before harvest and regeneration (Table 1). Control (C) sites (n = 7) were never
fertilized; N1 sites (n = 7) were fertilized with 150 kg-N-ha ™! once (in 1985), while N2 sites (n = 7)
were repeatedly fertilized with 150 kg-N-ha™' (in 1977 and 1985), i.e., our study included seven
stands of each treatment. Nitrogen was added as granules of ammonium nitrate (NH4sNOs3) spread by
tractor or aircraft.

Forest inventory records describing the forest sites before clear-cut kept by the land owner were
used when selecting the sites. In particular care was taken to select sites with similar productivity
(site) indices (Table 1). The other criteria for including sites in our study were temperature sum
(growing degree days, GDD)), i.e., the annual temperature sum of all daily mean temperatures above
5 °C [25]; slope, i.e., the forest floor incline, on a scale from 1 (<10% inclination) to 5 (>50%);
current stand age; tree species; and soil conditions. The sites were spread out in the 8500 ha forest
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land area and spatially separated from each other (>1 km). The annual precipitation in the area is
between 600 to 700 mm per year and the atmospheric background N deposition ranges from 2.5 to
3.5 kg ha ! year ' [26].

Table 1. Number of sites per treatment, elevation (above sea level, a.s.l.), temperature
sum (GDD), forest floor slope, the site index (SI), the average numbers of trees ha!
and the average sample tree ages (2010). The sites were fertilized once (N1) with
150 kg-N-ha™! 25 years before the present study, twice (N2) 33 and 25 years before the
present study or never fertilized (C).

Control N1 N2
7 7 7

Elevation a.s.l. (m) 334+21 358 +£20 334+ 17 0.54 0.59
Temperature sum (GDD) 937+ 6 900 + 22 923 £ 11 1.59 0.23

Sites (n) F-value p-value

Slope (1 to 5) 200+0.22 1.86+0.26 1.72+0.18 0.41 0.67
Site index (Hio0, m) 206+02 19.7+03 204=+03 3.00 0.08
Trees (ha™") 2721+£378 2982+416 2532+206 0.43 0.65
Tree age (years) 104+02 104+0.2 103+0.2 0.80 0.47

All stands were on mesic sites with moraine soil, geotechnical nomenclature coarse-grained
till [27], with Udic moisture regime [28]. Before clear-felling all sites had a mixed tree species
composition with P. sylvestris and P. abies as dominant trees and Betula spp. as subordinate trees.
The relative abundance of the two dominant species prior to clear-felling ranged from 25% to 75%
with no difference between fertilized and unfertilized stands (Mann—Whitney U-test: U = 83.5,
p =0.348) [20]. The forest field layer was dominated by dwarf shrubs such as Vaccinium myrtillus L.
and V. vitis-idaea L., i.e., the stands were classified as spruce forest of bilberry type [29]. All sites
were harvested by clear-felling between 1997 and 2000 and were thereafter treated with soil
scarification and regenerated by planting P. sylvestris and P. abies seedlings at a density of 2200 to
2300 stems ha . Due natural regeneration, all forest stands at the time of our study had a mix of both
coniferous species and a sub population of Betula pendula Roth, Betula pubescence Ehrh and
Populus tremula L.

2.2. Data Collection

Data on tree growth and needle N concentration were collected in August 2010 from four 100 m?
(r = 5.64 m) circular plots per forest site. The plots were distributed along transects that were
approximately stand-centered, described in Strengbom and Nordin [20], to minimize the influence
of surrounding stands. Tree height (cm), diameter (mm) at breast height (DBH, at 1.3 m above
ground) and species were noted for all trees taller than 1.3 m using cross-callipering and a five meter
long, telescopic measuring stick (Teleskopmeter, Skogma, Hammerdal, Sweden). Across all plots,
38% of the trees were P. abies, 29% were P. sylvestris and 33% Betula spp. Less than 1% were
P. tremula. From each site, 16 undamaged sample-trees (the four tallest from each circular plot) were
selected. P. abies (56%) and P. sylvestris (44%) were exclusively used as sample-trees. Sites were
classified as dominated by P. abies or P. sylvestris (P. abies = four C, three N1 and four N2;
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P. sylvestris = three C, four N1 and three N2). There was no statistically significant difference in site
species classification between treatments (Kruskal-Wallis one-way analysis of variance test = 0.364,
p = 0.834). Sample-tree annual shoot growth was measured from first visible node and upwards
toward full tree height. Tree age was determined from the number of nodes plus one per sample tree.

Current year needles were collected for C and N analyses in early august 2010. Needles were cut from
the sample tree’s top branches facing the centre of the circle. All needle samples were dried in 70 °C for
24 h and grinded to a fine powder using a bead mill (five minutes per sample), the powder was stored in
clear glass vials. In late September, small amounts (ca 3 mg per sample tree) of the ground needle samples
were sealed in small tin foil cups, one per sample tree, and sent to a lab (Umed Plant Science Centre,
UPSC) for C and N content analyses using an AutoAnalyzer 3 (SEAL Analytical, OmniProcess AB,
Solna, Sweden). Before statistical analyses replicate samples from the same site were pooled.

The buried bag technique was used to investigate humus N mineralization. At each site seven
samples from the organic mor-layer were collected between 1st and 3rd June in 2009 with a
cylindrical (diameter 10 cm) soil corer. After gently removing large roots and living green material,
half of the sample from each mor-layer core was placed in plastic bags in a cooler and transported to
the lab for analyses. The second half was placed in plastic bags and buried in the mor-layer in situ,
and were retrieved between the 28th and 30th September the same year, stored in a cooler and
transported to the lab for analyses. The mor-layer samples were extracted in 1 m KCL and analyzed
for NHs and NOs using a FIAstar 5012 Analyzer (Tecator, Hoganés, Sweden). Mineralization was
calculated through differences in NH4-N and NO3-N content (mg-g™" dry weight [DW] soil) between
sample times, i.e., early June and late September. All contaminated samples (i.e., damaged bags)
were excluded before estimating mineralization. In total 17 samples were excluded from analyses (2
from C sites, 9 from N1 sites and 6 from N2 sites). Before statistical analyses replicate samples of
NHs4-N and NOs-N from the same site were pooled to obtain one value of mineralization per site.

Resin ion-exchange capsules (PST-1, Universal Bioavailability Environment/Soil Test, MT,
USA) were used to estimate the amount of soil mobile NH4-N and NO3-N (mg per capsule). Six
capsules were buried just beneath the mor-layer at each site in early June in 2009 and retrieved in
late September in the same year. Following retrieval the capsules were placed in plastic bags in a
cooler and transported to the lab for analyses. The ion-exchange resins were brushed off to get them
as clean as possible before analyses. The capsules were placed in 50 mL Falcon tubes and 7 mL of 1
m KCL was pipetted into the tubes that thereafter were oscillated for 30 min in room temperature,
thereafter the 7 mL was poured into a second collecting falcon tube. This process was repeated three
times (3 X 7=21 mL), and the tubes were stored in a cooler between oscillations. Soil mobile NHas-
N and NOs-N were analyzed using a FIAstar 5012 Analyzer (Tecator, Hogands, Sweden). Before
statistical analyses replicate samples of NH4-N and NOs-N from the same site were pooled to obtain
one value of soil mobile N per site.

2.3. Experimental Design and Statistical Analyses

For all statistical analyses the experiment is regarded as a completely randomized design. To test for
differences in annual shoot growth among treatments (C, N1 and N2) we used repeated
measures ANOVA, with annual growth (cumulative height growth during 10 years) as response and



161

treatment and time as dependent variables. The degrees of freedom were corrected with the
Greenhouse-Geisser elipson as the assumption of sphericity was not met, tested by the Mauchly’s test of
sphericity [30]. Sphericity is not met when the variances of the differences between all combinations of
associated groups are not equal; correcting the degrees of freedom with the Greenhouse-Geisser epsilon
produces a more accurate, upward adjusted p-value in the subsequent analysis. After adjusting the degrees
of freedom, Tukey’s post hoc HSD method was applied to detect significant (o = 0.05) differences
between treatments when the analysis of variance showed significant main N treatment effects. For the
repeated measures ANOVA we used the software package IBM SPSS (v. 20).

Differences in tree height (in 2010), trees per ha, sample tree age, needle N concentration
(%-DW), sample tree DBH, total soil mobile N (NH4-N + NOs-N, mg per ion capsule) and total
mineralization rates (ammonification plus nitrification) between the treatments were analyzed with
one-way ANOVAs followed by Tukey’s post hoc test for pairwise comparison when the analysis of
variance showed significant (o = 0.05) main N treatment effects. Response variables were checked
for normal distribution and homoscedasticity, and when these requirements were not met (for
mineralization rate, amount of mobile soil N and needle N), data was transformed with the natural
logarithm (LN). For the one-way ANOVAs we used the software package Minitab (v. 16). All data
showed in figures and tables are original, untransformed mean values + 1 standard error (SE).

3. Results

On the sites that were fertilized twice (N2) during the preceding stand rotation (fertilizer
applied 25 and 33 years before our study), the annual shoot height growth over time was greater
(Fa.85725715 = 5.09, p = 0.018; Table 2) than those of trees on N1 sites and on control sites never
fertilized (Figure 1). Annual shoot height growth over time on NI plots was, however, not
significantly greater than that on control plots (F2.857.25.715 = 5.09, p = 0.255). In 2010 the 10 year old
trees on N2 sites were on average 24% higher than trees on control sites (F2,18 = 4.50, p = 0.026,
Table 3). Average tree height on N1 sites was not different from that on control sites (F2,1s = 4.50,
p = 0.214). Tree diameter (DBH) was not affected by the previous fertilization treatments
(F2,18=0.75, p = 0.486, Table 3).

Table 2. Results from repeated measures ANOVA testing the effects of fertilization of
the previous stand rotation on annual tree shoot height growth of the current stand rotation.

Within Subjects Degrees of Freedom  F-value  p-value

Year 1.43 948.88 <0.001
Year - Treatment 2.86 3.33 0.037
Error (year) 25.72 1217.1
Between subjects
Treatment 2 5.09 0.018

Error 18
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Figure 1. The mean (+ 1 SE) annual tree height on sites with no fertilization (C), on sites
fertilized once with 150 kg-N-ha ! during the previous stand rotation (N1) and on sites
fertilized twice with 150 kg-N-ha™' during the previous stand rotation (N2). Different
lower case letters (a or b) indicate a significant difference (p < 0.05) between sites
analyzed with a repeated measures ANOVA followed by a Tukey’s post hoc HSD test.

Trees on control sites had lower needle N concentration than trees on both N1 and N2 sites
(F2,17=5.04, p=0.018; Table 3). On N1 and N2 sites the needle N concentration was approximately
the same, about 16% and 14% higher on N2 and N1 sites respectively compared to the control.
There were no differences in needle carbon concentration (data not shown) between sites with the
different N treatments.

Although the variation among sites with the same treatment was large, soil N mineralization rates
and soil mobile N differed between the treatments (Table 3). Soil N mineralization rates were nearly
four times higher on N2 sites than on control sites (F2,18 = 5.22, p = 0.016), whereas there were no
differences in N mineralization rates between the control and the N1 sites. The total amount of soil
mobile N that were captured on ion exchange resins placed in the soil was 74% higher on N2 sites
than on control sites (F2,1s = 3.71, p = 0.045; Table 3).



163

Table 3. The mean (= 1 SE) tree needle N concentration (%-DW), diameter at
breast height (DBH, mm), tree height in 2010, the total mineralization rates (NH4-N
and NO3-N mg g ! DW soil) and the total soil mobile N (NH4-N and NOz-N)
concentration. The 10 year old trees grew on sites never fertilized (C), fertilized once
with 150 kg-N-ha™! during the previous stand rotation (N1) and fertilized twice with
150 kg'N-ha™! during the previous stand rotation (N2). Different lower case letters
(a or b) besides means in each column indicate significant post hoc differences between
treatments (Tukey’s HSD test).

Needle N

DBH Tree Height  Total Mineralization = Total Soil Mobile N
Treatment Concentration
(%-DW) (mm, 2010) (cm, 2010) (N mg g! DW soil) (mg capsule™)
C 1.19+£0.05a 31+5a 251+12a 0.083+0.012a 0.057+0.023 a

N1 1.38+0.05b 34+5a 286+ 13 ab 0.090 +£0.021 a 0.072 +0.022 ab

N2 1.35+£0.04b 39+4a 311+17b 0.293 +£0.109 b 0.099 + 0.020 b
F-value 5.04 0.75 4.50 522 3.71
P-value 0.018 0.486 0.026 0.016 0.045

4. Discussion

According to common forestry practice the growth enhancing effect of N fertilization is expected
to diminish within 10 years following treatment [3,9,31]. However, 25 years following the latest
fertilization event and 10 years after harvest, scarification and tree planting, we detected positive
effects of the previous N fertilization on tree growth in the subsequent young forest stands (Figure 1,
Table 2). Our study revealed a fertilizer induced increment in tree growth and needle N concentration.
A positive relationship between tree growth and needle N concentration is reported in previous
studies, e.g., Bauer, et al. [32] and livonen, et al. [33], and needle N concentration is in turn indicative
of the plant available N pool [34]. The higher needle N concentration, in combination with the higher
soil N mineralization rates and higher amount of soil mobile N on previously fertilized sites, indicate
that N dynamics in the previously fertilized sites remained altered despite that more than 25 years
had passed since the last fertilization event.

When fertilizing forests, a large proportion of the N added is normally retained in the soil
layer [21,22,35], and disturbances such as clear-felling and soil scarification have been shown to
increase soil N mineralization rates and the amount of available soil nutrients [36-38], generally due
to increased soil microbial activity. Previously added N retained in the soil layer may thus be
accessible to above ground vegetation as N mineralization rates increases after clear-felling and soil
scarification. Previous studies of the same sites as used in the present study revealed fertilizer induced
shifts in species composition of the forest floor vegetation [20,23]. In combination with the results
from the present study this clearly demonstrates that carry-over effects from previous
fertilization events influence several components of the ecosystem, resulting in a long-lasting effect
on site productivity.

Our results are in contrast to several studies of long-term effects of forest fertilization. For
example, Pettersson and Hogbom [39] studied old fertilization experiments in boreal forests where
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100 to 240 kg of N had been applied one to four times, 14 to 28 years before their study. They found
that the previous N addition did not increase P. abies or P. sylvestris growth in the long term. The
majority of the previous studies have, however, addressed the fertilizer effects on site productivity
in the forest stand subjected to fertilization, i.e., within the same stand rotation. There are only a few
studies targeting carry-over effects of N fertilization across stand rotation periods. In accordance with
our results Hogbom ef al. [40,41] found that sites fertilized during the preceding stand rotation had
an increased amount of inorganic soil N as well as increased soil N mineralization rates in comparison
to unfertilized sites. Worth noting is that this study used N doses largely exceeding the doses used in
our study (up to 1800 kg-N-ha'). Generally much higher amounts of N fertilizer than used in
operational forestry practice, appears to be a common feature of most previous studies that have
addressed carry-over effects between stand rotations, e.g., Smolander, Priha, Paavolainen, Steer and
Malkonen [14], Pettersson and Hogbom [39] and Olsson and Kellner [42]. Hence, an important
contribution from our study is that N doses used in operational forestry practice can also result in a
significant positive carry-over effect on tree growth. Moreover, the only other study we are aware of
that targets carry-over effects across stand rotation periods from forest fertilization conducted
according to the standard practice, report results that contrast ours, i.e., no positive effect on
P. sylvestris seedlings growth during the initial five year period following plantation [17]. Although
there might be several potential explanations to the contrasting results, our study indicates that it may
take more than five years to distinguish a consistent effect of previous fertilization on tree height
growth. In accordance with our results, a North American study showed that Pseudotsuga menziesii
height growth in the first couple of years after seedling establishment was unaffected by fertilization
of the preceding forest stand, but that the positive response from past fertilization gradually increased
over the years [18]. In their study, a significant difference with approximately 15% greater mean
height in fertilized stands than in unfertilized stands became evident when the trees were seven to
nine years old. In light of current and previous studies it could be argued that growth enhancement
is cumulative, i.e., the growth that the fertilization treatments trigger is built up gradually over time,
to eventually entail significant differences in tree height between treatments.

Our study system is situated in a forest land area managed according to common operational
practices. Since we lack information on initial site productivity conditions and it is not possible to
find detailed information on the criteria used to select sites to be fertilized, we cannot exclude the
possibility that initial differences may have influenced our final results, i.e., that N2 sites were more fertile
than C sites also before fertilization. However, all available information suggests that the sites selected
for fertilization were not biased towards more productive sites. For example, the similar site productivity
indices, expressed as estimated average tree height at tree age 100 years (20.6 on C sites and 20.4 on
N2 sites) [43,44], and the overall similarity in site characteristics between the sites (see Table 1)
supports the information provided by the forest companies employees that the sites selected for
fertilization in 1977 and 1985 were, from a productivity point of view, randomly distributed over the
forest land area. In addition, if results as those obtained in our study, with N1 sites consistently
showing intermediate responses compared to the unfertilized controls and N2 sites (Table 3), were
to be generated by pre-fertilization differences in productivity, sites selected for being fertilized
would always have had to been more productive than unfertilized sites, and N2 sites would always
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have had to been more productive than N1 sites. Besides that it appears unlikely that sites by
coincidence ended up being selected in such a way, we cannot see any logic reasons to why sites
intentionally should be selected in such a biased way. Thus, we are confident that our
results indicating residual effects of past fertilization are valid and not generated by initial differences
in site productivity.

5. Conclusions

Our study highlighted that forest fertilization according to the standard practice may cause residual
long-term effects on tree growth, needle N concentration, soil mineralization rates and amounts of
mobile soil N in the stand rotation following the one fertilized. The findings presented herein
emphasize that the effects from operational N fertilization on tree growth and biogeochemical
ecosystem features can be of a more long-lasting character than previously thought. Whether this
increase in site productivity will persist or in time level off is unclear, and our findings advocate that
long-term effects from forest fertilization need to be studied further. Further research is also needed
to elucidate the mechanisms on how fertilizer N is immobilized following fertilization, and how it is
subsequently released following the disturbance caused by tree harvest and soil scarification to
thereafter enhance growth of the young forest stand.
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Mid-Rotation Silviculture Timing Influences Nitrogen
Mineralization of Loblolly Pine Plantations in the
Mid-South USA

Michael A. Blazier, D. Andrew Scott and Ryan Coleman

Abstract: Intensively managed loblolly pine (Pinus taeda L.) plantations often develop nutrient
deficiencies near mid-rotation. Common silvicultural treatments for improving stand nutrition at this
stage include thinning, fertilization, and vegetation control. It is important to better understand the
influence of timing fertilization and vegetation control in relation to thinning as part of improving
the efficiency of these practices. The objective of this study was to determine the effects of
fertilization and vegetation control conducted within a year prior to thinning and within a year after
thinning on soil N supply in mid-rotation loblolly pine plantations on a gradient of soil textures. Net
N mineralization (Nmin) and exchangeable N were measured monthly. Fertilization increased annual
Nmin at all sites irrespective of timing relative to thinning, with the increase more pronounced when
combined with vegetation control. This finding suggests some management flexibility in the timing
of mid-rotation fertilization relative to thinning for increasing soil N supply. However, the site with
the highest total soil N and the lowest C:N ratio was more prone to NOs-N increases after fertilization
conducted pre- and post-thinning. At all sites, fertilization with vegetation control promoted
increases in NO3-N when done after thinning, which may indicate that this practice increased soil N
supply to levels that exceeded stand N demand.

Reprinted from Forests. Cite as: Blazier, M.A.; Scott, D.A.; Coleman, R. Mid-Rotation Silviculture
Timing Influences Nitrogen Mineralization of Loblolly Pine Plantations in the Mid-South USA.
Forests 2015, 6, 1061-1082.

1. Introduction

As intensively managed loblolly pine plantations in the southeastern United States approach
mid-rotation, stand nutrient demand increases and soil nutrient supply decreases [1,2]. To
synchronize nutrient supply with plant demand, increase leaf area, and improve productivity,
plantations are often fertilized, typically after thinning [3—5]. Nitrogen is typically the limiting
nutrient in these plantations at this stage because it is needed in relatively high quantities for
photosynthesis, carbohydrate assimilation, and foliage growth [6]. Herbicides are also sometimes
applied at this stage to control competing vegetation and improve site resource availability for the
crop tree [7]. Further improvement of loblolly pine production efficiency via mid-rotation silviculture
will likely require more than simply increasing resource inputs; silvicultural practices that better
manage the interactions among crop trees, non-crop vegetation, soil properties, and applied nutrients
will likely be necessary [8]. Altering the timing of fertilization and vegetation control treatments
relative to mid-rotation thinning is one potential method of influencing resource use efficiency.
Fertilizing mid-rotation stands prior to thinning may promote higher stand-level fertilizer uptake,
which could in turn reduce risks of N leaching on well-drained soils and denitrification on poorly
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drained soils. With pre-thinning fertilization, nutrient levels of fertilized trees remaining after
thinning may be elevated, which could enable trees to more rapidly exploit increased growing space.
However, increased intraspecific competition in stands at canopy closure can temper response to
fertilization, with loblolly pine stands generally exhibiting declining potential response to
fertilization as they approach basal areas greater than 35 m?-ha™' [8].

A vital component of understanding loblolly pine plantation response to timing of fertilization relative
to thinning is observing its effects on soil N supply. Soil N supply has been defined as net N
mineralization [9]. Fertilization of mid-rotation loblolly pine plantations can increase N
mineralization [2,10]. Non-crop vegetation suppression can likewise increase N mineralization in
mid-rotation loblolly pine plantations, particularly when combined with fertilization [2]. Nitrogen
mineralization rates may be relatively high in the year of thinning because stand conditions could be
similar to those of complete harvesting, with increased radiation to the forest floor and decreased
inputs of soluble organic C because of tree harvesting. Such conditions have been shown to result in
relatively high N mineralization in the initial years of loblolly pine plantations following
clearcuts [11].

Microbial biomass and activity are closely associated with soil N mineralization, and they are
affected by fertilization and vegetation control in forests [12]. As such, it is appropriate to explore
these variables in tandem with soil N mineralization trends. Fertilization can lead to a “priming
effect” in which microbial N immobilization potential is reduced, leading to increases in N
mineralization that lead to increases in soil N availability beyond that applied in fertilizer [9].
Microbial biomass and activity increased [13], decreased [14], or had no response [15] to forest
fertilization in previous studies. Combining non-crop vegetation control with fertilization reduced
microbial biomass and activity to a greater extent than to fertilization alone in a juvenile loblolly pine
plantation, which was attributed to reduction in labile C sources for microbes due to vegetation
control [16].

The influence of altering the timing of fertilization and vegetation control relative to thinning at
mid-rotation loblolly pine plantations on soil N dynamics and its associated microbial parameters is
relatively unstudied. Accordingly, the objectives of this study were to determine the effects of
fertilization and vegetation control conducted within a year prior to thinning and within a year after
thinning on soil N mineralization, exchangeable N, soil microbial biomass C, and dehydrogenase
activity in mid-rotation loblolly pine plantations on a gradient of soil textures in the mid-South USA.
Study sites were selected along a gradient of soil textures because soil texture influences nutrient
cycling; mineral particle size distribution can affect organic matter retention, N mineralization,
microbial biomass, and other soil properties [17].

2. Materials and Methods
2.1. Study Sites

In September and October 2003, three study sites were established in mid-rotation loblolly pine
plantations in north central and southwest Louisiana. The sites were selected for their similarities in
age and management history and the range of soil drainage classes they provided (Table 1). All sites
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had chop and burn site preparation; the Oakdale site had been fertilized with 50 kg-N-ha™! and
56 kg'P-ha ! as diammonium phosphate in 1997.

Table 1. Location, stand age and basal area in 2003, and U.S. Department of Agriculture
(USDA) Natural Resource Conservation Service soil type classification of study sites
established in loblolly pine plantations in north central and southwest Louisiana, USA.

Nearest Geographic Stand Age Stand Basal

Soil T
Town Coordinates (Years) Area (m*ha™) oft Lype
32.0727° N, Bowie (moderately well-drained, fine-loamy,
Dod 13 23.5
odson 92.6697° W siliceous, thermic Plinthic Paleudult)
32.3029° N, Betis (excessively-drained, sandy siliceous,
Luck 12 19.9
U 9292400 W thermic Lamellic Paleudult)
Oakdale 30.8164° N, 15 20,5 Cadd9 (poor}y-drained, fine-silty, siliceous,
92.6914° W thermic Typic Glossaqualf)

Understory and mid-story of the sites at the initiation of the study were dominated by hardwood
tree species at the Dodson and Lucky sites and shrub species at the Oakdale site [7]. Red maple
(Acer rubrum L.) and sweetgum (Liquidambar styraciflua L.) were frequently observed species at the
Dodson and Lucky sites. Southern red oak (Quercus falcata Michx.) was present in high numbers at
the Lucky site. The most common understory and mid-story species at the Oakdale site were yaupon
holly (Zlex vomitoria Sol. Ex Aiton), wax myrtle (Morella cerifera L. (Small)), and Chinese tallow
tree (Triadica sebifera L.).

2.2. Study Design and Treatments

Study design was a randomized complete block with soil texture differences to a 40-cm depth
used as a blocking factor at each site. Experimental units were 0.1-ha plots, and all treatment
combinations were replicated three times at each study site. Plots were separated by at least 13 m to
insure independence of treatments. Measurement zones were established within the central 0.08 ha
of each plot. Blocks, which contained one replicate of each treatment combination and buffer spaces
between plots, were 1 ha in size.

Treatments conducted in this study were: (1) no fertilization or herbicide (CONTROL),
(2) fertilization (FERT), and (3) fertilization and vegetation suppression (FERTVS). The FERT and
FERTVS treatments were conducted prior to thinning or after thinning to separate sets of plots. The
CONTROL treatment was applied to plots observed in pre-thin and post-thin condition, i.e., the same
CONTROL plots were observed pre- and post-thinning. The pre-thin FERT and FERTVS plots were
sampled in only the year prior to thinning, and the post-thin FERT and FERTVS plots were observed
in only the year after thinning. There were three replications for each treatment. With this treatment
structure there were three CONTROL plots, three pre-thin FERT plots, three post-thin FERT plots,
three pre-thin FERTVS plots, and three post-thin FERTVS plots.

Fertilization was conducted pre-thin in April 2004 and post-thin in April 2005. A mixture of

urea and diammonium phosphate supplying 135 kg'N and 13 kg'P-ha™ was applied using



172

shoulder-mounted spreaders. Fertilizer was applied at each site within one week of predicted rainfall
in order to minimize variability in the dissolution of granules [18].

Non-crop vegetation suppression treatments (herbicides) were applied as part of the FERTVS
treatments by backpack sprayers in March 2004 (pre-thin) and March 2005 (post-thin). A 20%
solution of triclopyr mixed with diesel as a penetrant was applied as a basal bark spray to suppress
hardwood saplings and shrubs. A 5% solution of glyphosate mixed with water was used to suppress
herbaceous vegetation and hardwood sprouts. These herbicide mixtures were re-applied as necessary
for the remainder of each year in order to prevent regrowth of competing vegetation. Understory
biomass was reduced by 95.4, 51.4, and 71.4% at the Dodson, Lucky, and Oakdale sites, respectively,
in the FERTVS treatment relative to the CONTROL and FERT treatments [7].

Thinning was conducted operationally using feller-bunchers and skidders in October 2004 for the
Dodson and Oakdale sites and in November 2004 for the Lucky site. Thinning was conducted as a
fifth-row removal thinning from below at each site, with crown biomass returned to down rows as
conventionally conducted in operational thinning. Crown biomass was separated from boles by gate
de-limber at the logging deck, and skidders were used to transport and deposit the crown biomass
along down rows as the skidders returned into the stand to continue tree felling. A target residual
density of 494 trees-ha™! was created for each plot by selecting and marking residual trees after down
rows were cut in the plantations. Residual trees were selected on the basis of dominant or codominant
height and DBH, good form, and spacing. Spacing between trees within rows was approximately
6 m, although this spacing varied depending on availability of trees of appropriate height, DBH, and
form within 6 m of each tree. After marking residual trees between down rows, the areas between
down rows were thinned by feller-bunchers. Achieved average residual densities at the Dodson,
Lucky, and Oakdale sites were 421, 420, and 466 trees-ha™!, respectively. Post-thinning basal areas
were respectively 11.2, 8.5, and 8.9 m*-ha™! for the Dodson, Lucky, and Oakdale sites.

2.3. Nitrogen Mineralization and Exchangeable N

Net N mineralization (Nmin) was measured using the in situ buried bag method [19] as described
for a sweetgum (Liquidambar styraciflua L.) plantation by Scott et al. [9]. Soil samples for Nmin were
collected to a depth of 20 cm using punch augers at two randomly located subsample points within
the central 0.08 ha of each plot. Sampling occurred every four to six weeks, with the six-week
incubation durations occurring in fall and winter months from January 2004 through November 2005.
For each sample period, two composite samples were taken at each sample point. Each composite
sample was comprised of three punch auger samples; organic matter was removed from the soil
surface immediately prior to sampling. One composite sample at each sample point was used for
in situ incubation, and the other was used for pre-incubation analysis. Each composited sample for
incubation was used to fill sterile 14 cm % 23 cm sampling bags with round-wire closure. The bags
had a 0.08 mm thickness to allow gas exchange while retaining moisture. After bags were filled with
soil, any surface organic matter was moved aside and a small hole was dug to a depth of 20 cm in
the center of the three sampling points used to create the composite sample. The incubation bag was
then placed in the hole, and any surface organic matter was replaced. Samples were incubated until
the subsequent sample period. All pre- and post-incubation samples were stored in a cooler for
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transport to the laboratory, and the samples were then air-dried to constant weight and sieved to
pass a 2 mm mesh for preparation of extraction of NH4"-N and NO3 -N to be used for determination
Of Nmin. Soil NH4"-N and NO3™-N were extracted using a 2 M solution of KCI at a 10:1 ratio
of solution to soil [20]. Concentrations of NHs*-N and NO3-N were quantified by the
microdiffusion-conductivity method [21] using a Bran Luebbe AutoAnalyzer 3 (SPX Equipment,
Delavan, WI, USA).

Net N mineralization was calculated as the difference in mineral N (mg-N-kg™! soil) following
incubation and prior to incubation (NH4-N + NO3-N)i+1 — (NH4-N + NO3-N)t [22]. The Nmin rates for
each incubation period were adjusted to a one-month (30-day) basis by dividing net Nmin by the
number of days in the incubation period and then multiplying by 30. Annual Nmin was estimated by
summing Nmin measurements for all incubation periods for each plot, dividing by the total days of
incubation for the year, and then multiplying by 365. Bulk density samples were collected to a
20-cm depth in all plots with a 5-cm diameter soil core sampler in spring 2004, and these
measurements were used to convert annualized Nmin to a kg-ha ! basis.

The NHs-N and NOs-N concentrations of the pre-incubation bags were used to determine changes
in exchangeable N within and between the years of this study. In addition to NHs-N and NOs3-N
concentrations, total exchangeable N was assessed as the sum of NH4-N and NOs3-N. The ratio of
NOs-N to total exchangeable N was calculated for the pre-incubation bag samples as well.

2.4. Soil Microbial Biomass C, Dehydrogenase Activity

Soil samples used for assays of soil microbial biomass C (Cmic) and microbial activity were
collected to a 20 cm depth with punch augers. Sampling for these assays was conducted in tandem
with some dates at which Nmin samples were collected using sampling and compositing protocol
similar to that described above for Nmin. In 2004, soil samples for which Cmic and microbial activity
assays were conducted were collected in April, May, July, and September. In 2005, samples for
which Cmic was assayed were collected monthly from March through September. Microbial activity
assays were also conducted for the May, June, and September 2005 soil samples. All samples were
refrigerated at 5 °C until analyses, which was initiated within 14 days of sampling.

The chloroform fumigation-incubation method was used to determine Cmic [23,24]. A 10-day
pre-incubation was carried out prior to fumigation of soil samples in order to allow the influence of
soil disturbance to subside and living fragments of roots to die [25,26]. Microbial biomass C was
determined by fumigating soil samples with alcohol-free CHCIs vapor for 24 h, incubating soil
samples at 25 °C for 10 days, collecting respired CO2 in 2 M NaOH, measuring CO2-C by titration
of the NaOH with 0.1 N HCI, and using a proportionality constant of 0.45 to convert CO2-C to Cmic
after subtracting the CO2-C produced by a non-fumigated control [23,24]. All results are expressed
on an oven-dry soil basis (105 °C, 24 h).

Microbial activity was estimated by determining dehydrogenase activity [27,28]. Dehydrogenase,
which is only active in viable living cells, serves as an indicator of total microbial metabolic
activity [29,30]. To quantify dehydrogenase, triphenyltetrazolium chloride (TTC) was used as an
artificial electron acceptor. Dehydrogenase reduces TTC to red-colored triphenyl formazan (TPF)
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that can be extracted with methanol and quantified colorimetrically [29]. Results are expressed as
ug TPF kg ! soil on an oven-dry soil basis (105 °C, 24 h).

2.5. Soil Labile C

Labile C was measured using the sequential fumigation-incubation procedure [31] for soil samples
collected in September 2005 as described above for Cmic. The September sample was selected for
this assay because above- and below-ground plant biomass is near its seasonal peak at that time. Soil
samples were fumigated with alcohol-free CHCIs vapor for 24 h, and respired CO2 was measured as
described above for the chloroform fumigation-incubation method for Cmic measurement for a series
of eight 10-day fumigation-incubation cycles. The method is based on the assumption that soil labile
C is decayed during these cycles according to the negative exponential equation as widely reported
in plant decomposition studies, so labile C was estimated from CO2 measurements using a first-order
kinetics model [31].

2.6. Soil Carbon and Nitrogen

In April 2005, five (for the Lucky site) and six (for the Dodson and Oakdale sites) months after
thinning, soil samples were collected from all plots to characterize C and N concentrations of surface
soil. Ten samples were randomly sampled in the central 0.08 ha of each plot to a 20 cm depth using
punch augers; the ten samples were composited for each plot. Organic matter was removed from the
soil surface prior to sampling. Carbon and nitrogen concentrations were measured by combustion
using a LECO CNS 2000 analyzer (Leco, Inc., St. Joseph, MI, USA).

2.7. Soil Temperature and Volumetric Water Content

Soil temperature and volumetric water content (VWC) measurements in the top 20 cm of soil were
collected concurrently with all soil sampling for soil N and microbial assays using a K-type
thermocouple thermometer (Hanna Instruments, Inc., Woonsocket, RI, USA) and a TDR 200
time-domain reflectometry probe (Spectrum Technologies, Inc., Paxinos, PA, USA), respectively.
Soil temperature and water content was measured within 10 cm of all samples collected for soil N
and microbial assays.

2.8. Environmental Conditions

Precipitation and temperature trends for the regions in which all study sites were located were
obtained from the Historical Climate Trends Tool of the Southern Climate Impacts Planning Program
(SCIPP) [32]. This database facilitates comparison of average monthly precipitation and temperature
trends relative to long-term (1971-2000) average trends for each month. The Lucky and Dodson sites
were in the North Central Louisiana SCIPP climate region, and the Oakdale site was in the Southwest
Louisiana SCIPP climate region.
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2.9. Statistical Analysis

All treatment effects were analyzed for variance (ANOVA) at a = 0.05 using the MIXED
procedure of the SAS System (SAS Institute, Inc., Cary, NC, USA). When the null model likelihood
ratio test revealed heterogeneous variances in a dataset, the GROUP option of MIXED was utilized
to perform ANOVA using different variances for all treatment combinations. When an ANOVA
indicated significant treatment effects, treatment means were calculated and separated by the DIFF
and SLICE options of the LSMEANS procedure. The DIFF option provided multiple comparisons
of treatment means by invoking f-tests to determine significant differences between all possible
treatment combinations. The SLICE option provided #-tests of treatment means in which the effect
of one treatment is evaluated at each level of another treatment. The SLICE option was used to
investigate treatment main effects when significant two-way interactions were observed.

Models used in analyses of parameters measured in this study differed depending on sampling
frequency. Analyses of Nmin, NH4-N, NOs3-N, total exchangeable N, ratio of NO3-N to total
exchangeable N, soil volumetric water content, and soil temperature were each performed with a
model that included these parameters as a dependent variable and block, treatment, sampling date,
and the interaction of treatment and date as independent variables. All independent variables were
considered fixed effects. The model was a repeated measures model with an autoregressive
correlation structure. These analyses were performed by site and year because of differences in
sampling dates for each site and year. There were two numerator degrees of freedom for block and
treatment associated with the model for all sites and both years. Due to sampling date differences for
each site and year, there were differences in date and treatment x date numerator degrees of freedom
associated with the model. For the Dodson and Oakdale sites in 2004 there were seven numerator
degrees of freedom and 14 numerator degrees of freedom for date and treatment x date, respectively.
For the Lucky site in 2004, the model was associated with six numerator degrees of freedom for date
and 12 numerator degrees of freedom for treatment X date. For the Lucky and Oakdale sites in 2005,
the model was associated with eight numerator degrees of freedom for date and 16 numerator degrees
of freedom for treatment x date. The model had nine and 18 numerator degrees of freedom,
respectively, for date and treatment x date for the Dodson site in 2005.

Microbial biomass C and dehydrogenase activity were sampled at the same dates for each site
within both years of the study, but there were differences in the number of sampling dates between
2004 and 2005. As such, analyses of these parameters were performed by year. The model used in
analyses included Cmic and dehydrogenase as dependent variables and block, treatment, site,
sampling date, and all possible interactions of treatment, site, and sampling date as independent
variables. All independent variables were fixed effects. The model was a repeated measures model
with an autoregressive correlation structure. For Cmic and dehydrogenase in both years, numerator
degrees of freedom associated with the model were two, two, two, and four for block, site, treatment,
and site x treatment, respectively. For Cmic and dehydrogenase activity in 2004, numerator
degrees of freedom associated with the model were six, six, and 12 for site x sampling date,
treatment x sampling date, and site x sampling date x treatment, respectively. There were eight,
eight, and 16 numerator degrees of freedom associated with site x sampling date, treatment x
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sampling date, and site X sampling date x treatment, respectively, for the model for Cmic in 2005. For
dehydrogenase activity in 2005 there were four, four, and eight numerator degrees of freedom for
site X month, treatment x sampling date, and site X sampling date x treatment, respectively,
associated with the model.

Annualized Nmin was measured over the same sample period for each site in both years of the
study. As such, the model used in its analysis included annualized Nmin as a dependent variable and
block, site, treatment, year, and all possible interactions between site, treatment, and year as
independent variables. All independent variables were fixed effects, and the model was a repeated
measures model with an autoregressive correlation structure. Block, site, treatment, site x year, and
treatment x year were each associated with two numerator degrees of freedom in analysis. Site x
treatment and site X treatment X year were each associated with four numerator degrees of freedom,
and year was associated with one numerator degree of freedom in analysis.

Labile C, soil C concentrations, soil N concentrations, and soil C:N ratios were each measured a
single time at each site in this study. The model used in their analyses therefore included block, site,
treatment, and site X treatment as independent variables, which were all fixed effects. For labile C
(which was sampled only in CONTROL and post-thin FERT and FERTVS plots), block, site, and
treatment each had two numerator degrees of freedom in analysis, and site x treatment had four
numerator degrees of freedom. For C, N, and C:N ratios (which was sampled post-thinning in all
plots) block and site each had two numerator degrees of freedom in analysis, treatment had four
numerator degrees of freedom, and site x treatment had eight numerator degrees of freedom.

To provide greater insight into how thinning affected Nmin, exchangeable N, Cmic, dehydrogenase
activity, soil temperature, and soil moisture, cross-year comparisons were performed using data from
CONTROL plots. CONTROL plot data from common sample dates for 2004 and 2005 of all sites
were pooled. Analyses were performed using a repeated measures model with an autoregressive
correlation structure that included block, site, year, and the interaction of site and year as fixed
effects. Block, site, and site x year each had two numerator degrees of freedom in analysis, and year
was associated with one numerator degree of freedom.

Correlations among Nmin, volumetric soil moisture, and soil temperature were quantified for each
site using the PROC CORR procedure of the SAS System, which produced Pearson correlation
coefficients and the probabilities associated with these statistics. For each site, correlations were also
determined between Nmin, Cmic, and dehydrogenase activity for months in which all variables were
measured.

3. Results
3.1. Environmental and Edaphic Conditions

Temperature trends for the regions of Louisiana in which the study sites were located were similar
to 30-year trends in both years of the study. In both regions, 2004 precipitation exceeded the 30-year
average by approximately 25% whereas precipitation for 2005 was 40 to 50% below the 30-year
average. Deviations from the long-term trend were greatest in mid-summer and fall each year, with
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2004 precipitation higher than the 30-year average and 2005 precipitation lower than the 30-year
average during these months.

Soil temperature was similar among treatments at all sites prior to thinning in 2004. After thinning,
the CONTROL treatment soils were about 2-3 °C warmer than soils in the FERT and FERTVS
treatments throughout most of the summer and early autumn at the Dodson (P = 0.001) and Lucky
sites (P = 0.002) (Figure 1). Soil temperatures were similar (P = 0.88) among all treatments at
Oakdale. In the cross-year comparison of CONTROL plot data, across all sites soil temperature was
significantly (P = 0.03) warmer (2-3 °C) in the CONTROL plots post-thinning than pre-thinning.
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Figure 1. Monthly soil temperature in 2005 in thinned mid-rotation plantations
(identified by the name of the nearest city) in north central (Dodson, Lucky) and
southwest (Oakdale) Louisiana, USA, in response to no fertilization or herbicide
(CONTROL), fertilization (FERT), and fertilization and vegetation suppression
(FERTVS) treatments. The plantations were thinned in October and November 2004. For
months headed by an asterisk, symbols noted by different letters differ at P < 0.05.
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Fertilized soils were generally drier at the Dodson and Lucky sites but unaffected at the Oakdale
site. In 2004, there was a significant (P = 0.01) treatment effect at the Lucky site, at which VWC of
the CONTROL treatment (mean 11.5% v/v) was 40% wetter than that of the FERT (mean 6.4% v/v)
and FERTVS (mean 7.7% v/v) treatments. Similarly, the CONTROL soils at Dodson were wetter
than the FERT and FERTVS treatments in 2004, but only significantly in March and December (i.e.,
there was a significant (P = 0.04) treatment x date interaction). At the Dodson site in 2005 there was
a significant (P = 0.03) treatment effect; the CONTROL (mean 16.9% v/v) and FERTVS (mean
17.2% v/v) treatments had greater VWC than the FERT (mean 13.5% v/v) treatment. On average,
soils were the wettest at Oakdale (25.1% v/v), moderate at Dodson (18.9% v/v), and driest at
Lucky (12.0% v/v).

3.2. Nitrogen Mineralization and Exchangeable N

Monthly Nmin differed among treatments at one or more sites in both years of the study
(Figure 2). At Dodson in 2004, Nmin in the FERTVS soils was more than twice that of the CONTROL
and FERT soils (P = 0.04). No differences in monthly Nmin were observed at the Lucky (P = 0.71)
and Oakdale (P = 0.57) sites in 2004. In 2005, the FERT and FERTVS treatment soils had nearly
double the average monthly Nmin than the CONTROL treatment soils at the Dodson (P = 0.02) and
Oakdale (P = 0.02) sites. No differences (P = 0.66) in monthly Nmin among treatments were observed

at the Lucky site in 2005.
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Figure 2. Average monthly N mineralization of non-thinned and thinned mid-rotation
loblolly pine plantations in north central (Dodson, Lucky) and southwest Louisiana
(Oakdale), USA, in response to no fertilization or herbicide (CONTROL), fertilization
(FERT), and fertilization and vegetation suppression (FERTVS) treatments. Plantations
were thinned in October and November 2004. For each site and year, columns headed by
a different letter differ at P < 0.05.
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Across all sites and years of the study, FERT (mean 113.5 kg-ha !-year ') and FERTVS (mean
146.3 kg-ha !'year!) treatments had greater annualized Nmin than the CONTROL (mean
81.1 kg-ha !-year ') treatment; annualized Nmin of the FERTVS treatment was also greater than that
of the FERT treatment (P = 0.004). Annualized Nmin was similar (P = 0.98) among sites. Across all
sites, annual Nmin significantly differed (P < 0.0001) between years of the study, with annual
Nmin nearly twice as high after thinning (mean 142.3 kg-ha !-year™!) as prior to thinning (mean
85.0 kg-ha !-year ).

Soil NO3-N concentrations were different among treatments at one site or more in both years of
the study. Concentrations of NOs-N differed at only the Oakdale site in 2004, for which there was a
significant (P = 0.004) treatment x date interaction (Figure 3). Soil NOs3-N concentrations were
greater for FERTVS treatment than the other treatments in May, June, and August. The FERT
treatment had greater NO3-N than that of the CONTROL treatment in May and June. A significant
treatment x date effect (P = 0.01) was also observed for the Oakdale site for 2005 (Figure 4). In 2005,
NOs-N of the FERTVS treatment exceeded that of the CONTROL and FERT treatments in all
months observed after April. The FERT treatment had greater NO3-N concentrations than the
CONTROL treatment in all months observed after April. Significant treatment effects were found
for the Dodson (P = 0.0003) and Lucky (P = 0.004) sites in analyses of NOs3-N for 2005 (Table 2).
At the Dodson site the FERTVS treatment had the highest NO3-N concentrations, and the FERT
treatment had greater NO3-N concentrations than the CONTROL treatment. The FERT and FERTVS
treatments had greater NO3-N concentrations than the CONTROL treatment at the Lucky site.

Ratios of NOs-N to total exchangeable N were different among treatments in both years at the
Oakdale site and at the Lucky site in 2005. There was a significant treatment effect for the Oakdale
site in 2004, with the FERT (mean 34.0%) and FERTVS (mean 35.0%) treatments had a higher
(P = 0.04) NOs:exchangeable N ratio than the CONTROL treatment (mean 29.7%). In 2005, there
was a significant treatment x date effect (P = 0.01) for the Oakdale site (Figure 4). In all months
observed after May, the FERTVS treatment had a higher ratio than the CONTROL. The FERTVS
treatment also had a higher ratio than the FERT treatment in all months observed between June and
November except October. The FERT treatment had a greater NOs:exchangeable N ratio than the
CONTROL treatment in June, July, September, and November. At the Lucky site there was a
significant treatment effect (P = 0.02), with the FERTVS treatment having a higher ratio than the
FERT and CONTROL treatments (Table 2).

In 2004, there were significant treatment x date interactions for the Oakdale (P < 0.0001) and
Lucky (P <0.0001) sites in analyses of NH4-N (Figures 3 and 5). At Oakdale, the FERT and FERTVS
treatments had greater NH4-N concentrations than the CONTROL treatment in May and June (Figure
3). At the Lucky site differences were observed among treatments in only April, in which the FERT
treatment had NH4-N concentrations that exceeded those of the CONTROL and FERTVS treatments
(Figure 5). Soil NHa-N concentrations of the FERTVS treatment were significantly greater than those
of the CONTROL treatment in that month as well.
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Figure 3. Monthly NOs3-N, NH4-N, and total exchangeable N concentrations of a
non-thinned mid-rotation loblolly pine plantation in 2004 at the Oakdale site in southwest
Louisiana, USA, in response to no fertilization or herbicide (CONTROL), fertilization
(FERT), and fertilization and vegetation suppression (FERTVS) treatments. For months
headed by an asterisk, symbols noted by different letters differ at P < 0.05.
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Figure 4. Monthly NO3-N concentrations and ratios of NOs3 to total exchangeable N of a
thinned mid-rotation loblolly pine plantation in 2005 at the Oakdale site in southwest
Louisiana, USA, in response to no fertilization or herbicide (CONTROL), fertilization
(FERT), and fertilization and vegetation suppression (FERTVS) treatments. For months
headed by an asterisk, symbols noted by different letters differ at P < 0.05.
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Table 2. Soil exchangeable N of thinned mid-rotation loblolly pine plantations in 2004
and 2005 in north central (Dodson, Lucky) and southwest Louisiana (Oakdale), USA in
response to no fertilization or herbicide (CONTROL), fertilization (FERT), and
fertilization and vegetation suppression (FERTVS) treatments. Means within a row
followed by a different letter differ at P <0.05; rows in which no letters are provided had

a significant interaction between treatment and another parameter in analyses of variance.

Values in parentheses are standard errors.

. Treatment
Exchangeable N Year Site
CONTROL FERT FERTVS
NO3-N (mg-kg ') 2004 Dodson  3.4(0.6)a 3.7(0.7)a 3.9 (0.8) a
Lucky 2.500.3)a 2.9 (0.5) a 2.5(0.3)a
Oakdale 32(04) 5.2 (0.6) 5.7 (0.8)
2005 Dodson  3.3(0.2)c¢ 4.4(0.4)b 8.4 (0.8) a
Lucky 29(0.1)b 42 (0.4)a 5.6 (0.6)a
Oakdale  10.0 (0.6) 12.5 (1.0) 222 (1.8)
NH.-N (mg-kg™) 2004 Dodson  5.4(0.6)a 73(1.3)a 7.1(13)a
Lucky 6.5 (1.5) 16.5 (6.9) 11.0 (3.0)
Oakdale 73(0.7) 11.9 (2.2) 11.12.5)
2005 Dodson  7.6(1.0)b 11525 ab  127(1.5)a
Lucky 5.6 (0.6) 8.3 (1.3) 8.5 (1.4)
Oakdale 6.6 (0.6) ¢ 7.0 (0.8) b 9.5(1.1)a
Total exchangeable N 2004 Dodson  8.8(l.0)a 109(1.7ya  11.0(18)a
(mg-kg™)
Lucky 9.0(1.7) 19.4 (7.0) 13.4 (3.1)
Oakdale  10.5(1.0) 17.1 2.4) 16.8 (3.1)
2005  Dodson  10.9(1.0) b 15927 ab  21.0(1.8)a
Lucky 8.6 (0.6) 125 (1.4) 14.1(1.7)
Oakdale  10.0(0.7) ¢ 1251006 222(18)a
NOs: total e(’f)/c})langeableN 2004 Dodson  37.9(2.9)a 356 (29 a  357(28)a
0
Lucky  339(22)a 284(3.9a  273(3.0)a
Oakdale  28.8(2.3)a 349(28)a  363(29)a
2005  Dodson 35.5 (2.6) 36.3 (2.6) 42.53.2)
Lucky  37.0(24)h 37.5Q.10)b 433(24)a
Oakdale  35.8(1.9) 442 (2.9) 54.8 (3.8)
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Figure 5. Monthly NH4-N and total exchangeable N concentrations of a mid-rotation
loblolly pine plantation at the Lucky site in north central Louisiana, USA, that was
thinned in November 2004 in response to no fertilization or herbicide (CONTROL),
fertilization (FERT), and fertilization and vegetation suppression (FERTVS) treatments.
For months headed by an asterisk, symbols noted by different letters differ at P < 0.05.

Soil NH4-N concentrations differed among treatments at all sites in 2005. The treatment
effect was significant for the Dodson (P = 0.003) and Oakdale (P = 0.03) sites (Table 2), and the
treatment x date interaction was significant (P = 0.03) for the Lucky site (Figure 5). At the Dodson
site, the FERTVS treatment had greater NH4-N concentrations than the CONTROL treatment
(Table 2). At the Oakdale site, NH4-N concentrations of the FERTVS treatment were higher than
those of the other two treatments and NH4-N of the FERT treatment greater than that of the
CONTROL treatment (Table 2). This treatment ranking was also observed for the Lucky site in May,
and in June the FERTVS treatment had greater NH4-N than the CONTROL treatment (Figure 5).

Significant treatment x date interactions were observed in analyses of total exchangeable N for
the Lucky (P <0.0001) and Oakdale (P < 0.0001) sites for 2004 (Figures 3 and 5). At the Lucky site,
treatments differed as described above for NH4-N of 2004 (Figure 5). Differences among treatments
were similarly identical to those described above for NH4-N of 2004 at the Oakdale site (Figure 3).

For the Dodson (P = 0.0002) and Oakdale (P < 0.0001) sites, significant treatment effects were
found in analyses of total exchangeable N for 2005 (Table 2). Total exchangeable N differences
among treatments at both sites were identical to those described above for NHa-N. At the Lucky site
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there was a significant (P = 0.03) treatment x date interaction (Figure 5). In May the FERTVS
treatment had greater total exchangeable N than the CONTROL and FERT treatments, and total
exchangeable N of the FERT treatment exceeded that of the CONTROL treatment. In June and
August the FERT and FERTVS treatments had greater total exchangeable N than the
CONTROL treatment.

All exchangeable N variables differed between years in the CONTROL treatment (Table 3).
Soil NOs-N concentrations of 2005 were greater (P = 0.002) than those of 2004 across all sites. Sites
differed (P = 0.03) in NO3-N concentrations across years in the CONTROL treatment as well, with
the Oakdale site (mean 5.6 mg-kg ') having greater NO3-N concentrations than the Lucky site (mean
3.4 mg-kg!). Total exchangeable N in 2005 was greater (P = 0.005) than that of 2004 across all sites
(Table 3). The Dodson (mean 14.1 mg-kg™!) and Oakdale (mean 15.1 mg-kg™") sites had total
exchangeable N concentrations across years greater (P = 0.04) than those of the Lucky site (mean
11.1 mg-kg!). The site x year interaction was significant in analyses of NH4-N (P =0.0001) and the
NOs: exchangeable N ratio (P = 0.002). At the Dodson site NH4-N concentrations of 2005 were
greater than those of 2004, but an opposite trend was observed for NH4-N of the Oakdale site, with
concentrations of 2004 exceeding those of 2005. The NOs:exchangeable N ratio was different at only
the Oakdale site between years in the CONTROL treatment. At that site, the ratio was greater for
2005 than 2004.

Table 3. Exchangeable N in 2004 and 2005 of mid-rotation loblolly pine plantations in
north central (Dodson, Lucky) and southwest Louisiana (Oakdale) in CONTROL
treatment of no fertilizer or herbicide. Plantations were thinned in October and November
2004. For each site, means within a row followed by a different letter differ at P < 0.05.
All values except NOs:exchangeable N ratio are in mg-kg ™'

Site
Dodson Lucky Oakdale
2004 2005 2004 2005 2004 2005
NOs-N 39bh 53a 25b 42a 415 72a
NH4-N 6.5b 124 a 6.7a 85a 11.0a 7.6b
Total exchangeable N 10.6 b 17.5a 93b 12.8 a 15056 15.1a

NOs:exchangeable N 0.40 a 0.36a 0.33a 037 a 0.34 b 047 a

3.3. Soil Microbial Biomass C, Dehydrogenase Activity, and Labile C

Overall, soil microbial biomass C and dehydrogenase activity were relatively unaffected by site,
treatment, or year. In only April 2004 (P = 0.0004), the FERT (mean 443.5 mg-kg ') and FERTVS
(mean 464.8 mg-kg!) treatments had greater Cmic than the CONTROL treatment (mean 373.1
mg-kg™"). The FERT (mean 30.1 mg-kg™!) and FERTVS (mean 37.8 mg-kg ') treatments had greater
(P=0.003) dehydrogenase activity than the CONTROL treatment (mean 13.6 mg-kg ") in only April
2004 as well. Monthly average Cmic ranged from 126.9 to 460.8 mg-kg ! over the years of the study,
and monthly average dehydrogenase activity ranged from 13.4 to 77.1 mg-kg ..
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The site x treatment interaction was significant (P = 0.02) for the labile C analysis (Table 4).
The CONTROL treatment had 6 and 10% greater labile C than the FERTVS treatment at the Dodson
and Lucky sites, respectively. At the Oakdale site the FERTVS soils had about 6% greater labile C
than the CONTROL and FERT soils.

Table 4. Labile C (mg-kg™!) of thinned mid-rotation loblolly pine plantations during
2005 in north central (Dodson, Lucky) and southwest Louisiana (Oakdale), USA in
response to no fertilization or herbicide (CONTROL), fertilization (FERT), and fertilization
and vegetation suppression (FERTVS) treatments. Means within a row followed by a
different letter differ at P < 0.05; values in parentheses are standard errors.

Site CONTROL FERT FERTVS
Dodson 6.23 (0.07) a 6.18 (0.31) ab 5.88 (0.05) b
Lucky 6.33 (0.09) a 6.16 (0.14) ab 5.78 (0.13) b
Oakdale 5.97(0.14) b 5.89 (0.08) b 6.30 (0.05) a

3.4. Soil C and N

No differences were observed among treatments in soil C, N, and C:N ratios, but differences
(P = 0.04, 0.0002, <0.0001, respectively) were observed among sites for each of these parameters
(Table 5). The Dodson site had higher C concentrations than the Oakdale site. The Oakdale site had
greater N concentrations than both other sites, and the Dodson site had greater N concentrations than
the Lucky site. The Lucky site had the highest C:N ratio of the sites, while the Oakdale site had the
lowest C:N ratio.

Table 5. Soil C and N concentrations and C:N ratios of thinned mid-rotation loblolly
pine plantations in 2005 in north central (Dodson, Lucky) and southwest Louisiana
(Oakdale), USA. Means within a row differ at P < 0.05; values in parentheses are
standard errors.

Site
Soil Attribute Dodson Lucky Qakdale
C (mg-kg™) 13,138 (676) a 12,153 (813) ab 10,554 (676) b
N (mg-kg™) 557(23) b 465 (29) ¢ 658 (23) a
C:N ratio 23.5(0.66) b 26.5(0.79) a 16.1 (0.66) ¢

3.5. Correlations

Monthly Nmin was significantly positively correlated (» = 0.18, P = 0.03) with soil temperature.
Soil Nmin, Cmic, and dehydrogenase activity were uncorrelated. Microbial biomass C was significantly
positively correlated (» = 0.21, P < 0.0001) with VWC and negatively correlated (» = —0.21, P <
0.0001) with soil temperature. Dehydrogenase activity was positively correlated with soil
temperature (» = 0.33, P <0.0001) and Cmic (= 0.19, P =0.002).
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4. Discussion

This study yielded Nmin values within the range reported in previous studies of loblolly pine that
used similar buried bag procedures. The 81 kg-ha ! annual Nmin mean of the CONTROL treatment

in this study was similar to the 75 kg-ha™!

annual Nmin reported for a 7-year-old loblolly pine
plantation in Florida, USA on sandy loam soil [33]. The 81 to 146 kg-ha ! annual Nmin range of this
study was somewhat higher than the 22 to 96 kg-ha™' annual Nmin range for a 14-year-old loblolly
pine plantation in North Carolina, USA on a highly weathered, eroded clay loam receiving fertilizer
and herbicide [2]. Across sites and years, annual Nmin in this study was 6%, 8%, and 10% of total N
measured in spring 2005 for the CONTROL, FERT, and FERTVS treatments, respectively. These
proportions of annual Nmin to total N are slightly higher than the 2%, 3%, and 6% for
control, fertilizer, and fertilizer with herbicide treatments, respectively, conducted in a non-thinned
14-year-old loblolly pine plantation in North Carolina, USA [2]. However, proportions of annual
Nmin to total N of pre-thin CONTROL, FERT, and FERTVS treatments in this study were closer to
those of the North Carolina loblolly pine plantation [2], respectively averaging 4%, 6%, and 8%
across sites.

Annual Nmin was increased by fertilization and to a greater extent by the combination of
fertilization and vegetation control irrespective of timing relative to thinning and across a gradient of
soil conditions. These results suggest that annual N supply can be increased by fertilization in the
year of application in mid-rotation loblolly pine plantations prior to or after thinning. Increases in
Nmin after forest fertilization are well-demonstrated [2,9,10,12], but this study is the first to the
authors’ knowledge to show increases in Nmin irrespective of timing relative to thinning. Similar to
this study, combination treatments of fertilization and vegetation suppression increased annual Nmin
more than fertilization alone when conducted in an unthinned mid-rotation loblolly pine plantation
with basal area comparable with that of the stands prior to thinning in this study [2].

The increased annual Nmin in response to FERT and FERTVS treatments suggested that a priming
effect occurred, but not all mechanisms conventionally defined for that effect occurred. The priming
effect for N has been defined as extra release of soil-derived N in response to substances added to
the soil [34]. The increased annual Nmin of the FERT and FERTVS treatments are consistent with
this definition. Soil microbes are often directly or indirectly responsible for priming effects, and
increases in Nmin after fertilization have been attributed to reduced microbial N immobilization when
soil C:N ratios are below 30:1 [9,34]. All sites in this study had C:N ratios below 30:1, but the soil
microbial parameters were relatively unaffected by treatments. The soil Cmic and dehydrogenase
activity data was variable, so the procedures conducted may not have been sensitive enough to detect
changes in soil microbial biomass and activity. There are also priming effect pathways that may
function independent of soil microbes [34]. Labile C has been identified as an important parameter
affecting the priming effect, particularly in response to forest management treatments such as
vegetation control that alter organic matter inputs to soil. Such treatments can reduce labile C, which
in turn reduces microbial N immobilization and increases Nmin [35]. The greater annual Nmin of the
FERTVS treatment relative to the FERT and CONTROL treatments is consistent with increasing
Nmin in response to reducing vegetation C inputs. Labile C was lower for the FERTVS treatment
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relative to the CONTROL treatment at the Dodson and Lucky sites, but an opposite trend was
observed at the Oakdale site. The contrasting trend at Oakdale may have been influenced by its under-
and mid-story vegetation. Oakdale had sweetgum (Liguidambar styraciflua L.) greater than 8 cm in
diameter as part of the mid-story, and it was resistant to the basal spray of triclopyr used in this study.
Multiple applications of triclopyr were required to suppress sweetgum trees of that diameter. Oakdale
also had abundant Chinese tallow tree that was resistant to triclopyr basal spray, requiring multiple
applications. Chinese tallow tree sprouting also occurred once the mid-story was reduced, and the
sprouts were relatively resistant to broadcast glyphosate and directed spray of triclopyr [7]. This
herbicide resistance made suppression take several months, which may have affected labile C inputs.

As with fertilization and fertilization with vegetation control, thinning impacted annual Nmin
across all site conditions. Thinning nearly doubled annual Nmin across all sites and treatments,
although this comparison was made with non-thinned stands receiving higher than average annual
precipitation and thinned stands that received lower than average annual precipitation. Studies of
loblolly pine harvesting have demonstrated Nmin increases after clearcutting, with Nmin increases
attributed to increased soil temperatures after harvest as well as mixing of organic matter with
mineral soil during harvest [36,37]. Recently thinning was shown to increase Nmin of Cryptomeria
Japonica forests, with Nmin increases related to increases in soil temperature [38]. This study similarly
observed that soil temperature was significantly increased by 2-3 °C after thinning across all sites
and treatments. Soil temperature was also positively correlated with Nmin.

Although annual Nmin trends were similar across years and sites, monthly patterns in Nmin were
more affected by site conditions. Monthly Nmin was relatively variable, which made differences
among treatments, if present, difficult to detect. When fertilization was done prior to thinning, only
at the Dodson site was a difference in average monthly Nmin observed. At Dodson, a difference in
monthly Nmin was found only with the FERTVS treatment. Dodson had the highest understory
biomass among all sites prior to thinning [7], which may have tempered the effect of the FERT
treatment on monthly Nmin. Average monthly Nmin was increased by fertilization at both the Dodson
and Oakdale sites. At each site average monthly Nmin of the FERT and FERTVS treatments were
similar; vegetation control may not have been as necessary in the year of thinning to foster increases
in monthly Nmin.

Monthly exchangeable N (NH4-N, NOs-N, total exchangeable N) trends were affected by timing
of treatments and site conditions. The dominant form of exchangeable N was NHa-N, so total
exchangeable N trends were nearly identical to NH4-N trends. Loblolly pine plantation soils are
typically characterized by dominance of NH4-N as exchangeable N [39]. Fertilization conducted
prior to thinning had little effect on NH4-N and total exchangeable N, with increases occurring only
in the two months after fertilization at the two sites with lower soil N, Dodson and Lucky. When
fertilization was done after thinning monthly NH4-N and total exchangeable N concentrations
increased after fertilization at all sites, but responses were different at each site. At the Lucky site,
NH4-N and total exchangeable N increases occurred only in the two months after fertilization. At
Dodson, fertilization after thinning consistently increased monthly NH4-N and total exchangeable N,
but only when combined with vegetation suppression. Both fertilization treatments increased
monthly NHas-N at the Oakdale site, with greater increases occurring when combined with vegetation
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suppression. This gradient in NHs-N and total exchangeable N increases across the sites was likely
related to the gradient in total soil N and C:N ratios of the sites. Total soil N affects N transformations
in soil, with transformations occurring more readily in soils with higher total soil N [40]. Nitrogen
transformations in soil are also affected by C:N ratios, with transformations occurring more readily
in soils with lower C:N ratios [40].

Monthly NOs-N trends were affected by timing of fertilization and site conditions. Changes in
monthly NOs3-N were relatively low when fertilization was conducted prior to thinning. Only at the
Oakdale site were monthly NOs3-N concentrations elevated by fertilizer treatments, and the duration
of response was the four-month period after application. As mentioned above, the higher soil N and
lower C:N ratio of the Oakdale site likely made it more prone to changes in N. Soil NO3-N
concentrations similarly increased in response to fertilization and fertilization and vegetation control
in an unthinned mid-rotation loblolly pine plantation in North Carolina, USA [39]. Average monthly
NOs-N was changed by fertilization at all sites when conducted post-thinning. Both fertilization
treatments increased NOs3-N at the Lucky site, and the FERTVS treatment increased monthly
NO3-N more than the FERT treatment at the Dodson and Oakdale sites.

The increases in NO3-N and the ratio of NOs:total exchangeable N have implications for how the
timing of fertilization matched site N demand. Increases in soil NO3-N concentrations after
fertilization can be indicative of low plant uptake of applied N [41]. Increases in the proportion of
NOs-N in the total exchangeable N pool in soil are also an index of N saturation [12]. The increases
in NO3-N and NOs:exchangeable N ratios at the Oakdale site when fertilized before and after thinning
suggest that soil N was sufficient for the site to meet stand N demand, particularly after thinning.
Foliage nutrient testing determined that foliage N concentrations at the Oakdale site were above
critical values [7]. Soil N of the Oakdale site was likely enhanced by the presence of wax myrtle, a
N-fixing shrub, in its understory [7]. Wax myrtle added 1.9 kg N-ha !'-year ! in a slash pine (Pinus
elliotti Engelm. var. elliotti) plantation in Florida, USA [42]. The increases in soil NO3-N and the
NOs:exchangeable N ratio at the Lucky site and the increases in soil NO3-N at the Dodson in response
to FERTVS treatment conducted post-thinning suggest that this treatment exceeded stand N demand.
These results show that avoiding fertilization pre- or post-thinning at an N-sufficient site and
applying herbicide in the year of thinning and fertilization at the range of site conditions in this study
could minimize NO3-N concentration increases, which can help in reducing N leaching loss potential
and improving fertilizer use efficiency [33].

5. Conclusions

For the range of site conditions in this study, fertilizing at mid-rotation stimulated increases in
annual soil N supply irrespective of timing relative to thinning and the effect was more pronounced
when vegetation control was conducted in concert with fertilization. This finding suggests
management flexibility in the timing of fertilization at mid-rotation to increase soil N supply.
However, site conditions were important considerations for minimizing the potential for NO3-N
leaching and matching stand N demand. The site with the highest total soil N and the lowest C:N
ratio was more prone to NOs3-N increases after fertilization whether done prior to or after thinning.
At all sites, combining vegetation suppression with fertilization promoted increases in NO3-N when
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done after thinning. As such, combining vegetation suppression with fertilization in the year of
thinning may have increased soil N supply to levels that exceeded stand N demand.
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Influence of Tree Spacing on Soil Nitrogen Mineralization and
Availability in Hybrid Poplar Plantations

Yafei Yan, Shengzuo Fang, Ye Tian, Shiping Deng, Luozhong Tang and Dao Ngoc Chuong

Abstract: Nitrogen (N) availability and mineralization are key parameters and transformation
processes that impact plant growth and forest productivity. We hypothesized that suitable plantation
spacing can lead to enhanced soil N mineralization and nitrification, which in turn promote tree
growth. Studies were conducted to evaluate seasonal patterns of soil inorganic N pools as well as
rates of nitrification and N mineralization of three soil layers under four tree spacing treatments.
Results showed tree spacing significantly affected annual net N mineralization, whereas inorganic N
content in surface soils was significantly affected by tree spacing only during the growing season. The
total annual cumulative net N mineralization ranged from 80.3-136.0 mg-kg ' in the surface soils
(0-20 cm), whereas the cumulative net N mineralization of 6 x 6 m and 4.5 x 8 m spacings was 65%
and 24% higher than that of the 5 x 5 m, respectively. In general, tree spacing would affect N
availability in soil by altering N mineralization rates, while high annual N mineralization was found
in soils of low density plantations, with higher rates in square spacing than rectangular spacing. The
obtained results suggest that suitable spacing could lead to enhanced N mineralization, but seasonal
variation of soil N mineralization may not only be directly related to plantation productivity but also
to understory vegetation productivity.

Reprinted from Forests. Cite as: Yan, Y.; Fang, S.; Tian, Y.; Deng, S.; Tang, L.; Chuong, D.N.
Influence of Tree Spacing on Soil Nitrogen Mineralization and Availability in Hybrid Poplar
Plantations. Forests 2015, 6, 636-649.

1. Introduction

Initial spacing is an important determinant of site utilization and subsequent selection and
harvesting options [1]. Planting density and tree spacing not only strongly affect soil nutrient dynamics,
aboveground biomass production, and crown characteristics [2—4] but also wood quality [5]. Previous
researches suggested that height, diameter at breast height (DBH) and survival of planted trees were
affected by density and spacing with DBH being the most sensitive and height being the least
sensitive to variations in density [6,7]. Kang ef a/. [8] found that yield, wood quality, and pulp fiber
properties of jack pine were improved through stand density regulation. However, recent forest
management practices have been focusing mostly on issues surrounding biodiversity and nutrient
status [9]. Changes of forest structure can lead to different forest environments and understory
vegetation. Some studies suggested that a suitable spacing treatment of various plantations such as
red pine and spruce was vital in optimizing nutrient dynamics such as the nitrogen (N) mineralization
process in support of optimal plant growth [10]. Therefore, understanding impact of tree spacing
treatment on soil nutrient dynamics is important in developing effective forest management practices
for sustainable production.
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Of nutrients essential for plant growth, N is frequently the most limiting in terrestrial
ecosystems [11,12]. Nitrogen availability and mineralization are key parameters and transformation
processes that impact plant growth and forest productivity. Mineralization of soil organic N has been
shown to be fundamentally linked with productivity in most ecosystems [13—15]. With more than
90% of soil N in organic forms, N availability to plants and soil inorganic N contents, such as NO3™
and NH4" are largely governed by mineralization processes [16]. Some of the released NHs" may be
oxidized to NOs3™ through well recognized nitrification processes which may result in N loss from
the ecosystem if plants cannot take up the formed NOs3™ timely. Therefore, both nitrification and N
mineralization are key processes influencing N availability in soils, which are in turn being
influenced by substrate quality and accessibility, as well as abiotic factors such as soil moisture,
temperature, and pH [17,18]. Although N mineralization and nitrification processes and their
governing factors have been well evaluated and documented, understanding their impact to forest
ecosystem requires targeted effort that is tailored to meet the needs of specific terrestrial ecosystems
under evaluation.

In recent years, there has been growing interest in poplar production in China, due to its ability to
adapt to a wide range of growth environments, its responsiveness to tree breeding and silviculture,
as well as its high timber yield. In the past decades, more than 7.0 million ha poplar plantations have
been established in China that serve as wood resources [19]. Such practices have not only promoted
economic development in the region, but have also facilitated ecosystem improvements. Plantation
density and spacing affect the growing resources available to each tree and the size and form of logs
available at harvest [20]. However, long-term effects of planting spacing and density management
on soil nutrient dynamics remain unclear and deserve attention for the practices to be sustainable. It
is generally recognized that improved synchrony between N supply and demand will increase N use
efficiency and decrease offsite N transport from agricultural systems. In this study, we hypothesized
that suitable stand structure (such as density and spacing) could lead to enhanced nitrification and N
mineralization in soils, which would result in increased N availability and improved plant growth.
The main objective of this study was to investigate the effects of planting density and tree spacing
on soil N transformation and availability in the poplar plantations.

2. Materials and Methods
2.1. Site Description and Plantation Establishment

The experiment was conducted at Chenwei forest farm located in Jiangsu, China (33°16' N,
118°21" E). This area is under a semi-humid region in mid-latitude warm zones with long-periods of
sunshine duration and plentiful rainfall. The mean annual precipitation is 972.5 mm, occurring mostly
from June to August. The mean annual sunshine duration is 2250-2350 h and mean annual
temperature is 14.4 °C which varies from —7 °C in January to 28 °C in July. The soil is a Gley soil
with clay loam texture derived from lacustrine sediments. The main understory plant species includes
Echinochloa crusgalli, Youngia japonica, Geranium wilfordii, Duchesnea indica, and Herba Cirsii.

Poplar plantations were established in March 2007 by using one-year old seedlings of clone
“Nanlin-95”, a hybrid of clone 1-69 (Populus deltoides Bartr. cv. “Lux”) x clone [-45 (P. x
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euramericana (Dode) Guineir cv. 1-45/51") bred by Nanjing Forestry University, China.
Four levels of spacing (6 x 6,4.5 x 8,5 x 5, and 3 x 8 m), including two rectangles and two squares,
were evaluated. Spacing 4.5 x 8 and 6 x 6 m were of the same density (278 stems-ha™'), while
spacings of 3 x 8 and 5 x 5 m were also regarded as of the same density (400 stems-ha!). Three
replicates of each treatment were randomly arranged in 12 plots which were established at the same
topographic position with each plot about 1200-1800 m? (50 trees per plot).

Five years following the plantation establishment, three soil subsamples and each at three layers
(0-5, 5-10, and 10-20 cm) were taken from each plot in May 2012. At each plot, three sampling
points were randomly selected 2.5—4 m from the base of a tree trunk to minimize the direct physical
and chemical influences of roots [21]. A total of 108 soil samples at a time were collected from the
four treatments. The obtained basic properties of soils for each treatment are shown in Table 1.

Table 1. Basic properties of soils in the poplar plantation following five years of tree
spacing treatment *.

Bulk
Spacing (m) Soil Layer (em) SOC (g'kg’) TN (g'kg’)) SOC:TN pH Density
(g-em™)
0-5 314 1.1 16.4 7.1 1.10
6%x6 5-10 21.2 0.6 22.3 7.2 1.19
10-20 13.9 0.6 14.2 7.4 1.28
0-5 26.1 0.9 16.1 7.0 1.13
45x%x8 5-10 16.4 0.5 19.5 7.0 1.21
1020 12.0 0.4 16.2 7.3 1.35
0-5 23.9 0.9 15.6 7.1 1.19
5x5 5-10 18.1 0.5 22.8 7.3 1.24
10-20 13.5 0.5 15.9 7.4 1.34
0-5 22.9 1.1 12.7 7.0 1.22
3x8 5-10 14.2 0.6 13.9 7.1 1.36
10-20 11.0 0.5 13.6 7.3 1.39

* SOC = Soil organic carbon and TN = Total nitrogen; pH was determined in soil:water = 1:2.5.
2.2. Soil N Mineralization and Sample Collection

Soil N mineralization was determined using the resin core method and through in sifu soil
incubation [22,23] based on the assumption that N mineralization rates are similar inside and outside
a sample core. Briefly, soil cores were prepared by hammering sharp-edged PVC tubes into soil
layers 0-5, 5-10, and 10-20 cm. The PVC tubes were internal diameter (ID) x height (H)=5 x5 cm
for soil layers 0-5 and 5-10 cm, and ID x H =5 x 10 cm for soil layer 10-20 cm. Resin layers
(mixture of Dowex S0W-X8 cation and Dowex 1-X8 anion exchange resins) were placed above and
below the soil cores using separate PVC tubes (ID x H=15 x 2 cm). The resin tube was covered with
a 0.8 mm pore-diameter nylon mesh on top to allow gas, water and nutrients exchange, and mesh
with a 0.3 mm pore-diameter nylon mesh on bottom to prevent resin loss during incubation. Nitrogen
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input from rainfall and litter decomposition could be absorbed by the above resin layer, while N
leached from the soil core could be captured by the resin layer below.

Three sub-plots were established randomly within each plot for resin-core incubation. On 10 May
2012, following clipping and removing plants and litter, sharp-edged PVC tubes were driven into
three soil layers (0-5, 5-10, and 10-20 cm) to sample soil cores and make resin-soil core
combinations within each sub-plot. The resin-soil core combinations were then re-buried and
incubated in situ. After 3 months, the resin-soil core combinations were retrieved for chemical
analysis, and additional new resin-soil core combinations were prepared and incubated again for the
next 3-months. The procedure was repeated at a 3-month interval (from 10 May to 10 August 2012
(A); from 10 August to 10 November 2012 (B); from 10 November 2012 to 10 February 2013 (C);
and from 10 February to 10 May 2013 (D)) continuously over the following year. Additional soil
cores were sampled in adjacent locations simultaneously at each time for the quantification of soil
initial ammonium and nitrate-N contents. The collected soil and tube samples were transported to
the laboratory and stored at 4 °C until analysis.

2.3. Soil Chemical Analysis and Data Calculation

Soil ammonium and nitrate-N levels were determined by adding 2 M KCI [23], followed
by shaking for an hour on a reciprocal shaker and filtration with Whatman-Xinhua filter paper
before quantifying NH4"-N and NO3; -N using a Flow Injection Autoanalyzer (Bran+Luebbe,
Hamburg, Germany). The resin bags were washed with distilled water and dried at room
temperature (28-32 °C). Resin NH4"-N and NO3™-N were removed by shaking the resin bags with
2 M KCl for 12 h.

Soil moisture content was determined by oven drying at 105 °C for 48 h. Soil pH was measured
in a soil-water suspension (soil:water = 1:2.5) using an automatic titrator (SH/T0983, Changsha,
China). Soil bulk density was determined using the core method [24] using three undisturbed soil
cores per plot, collected randomly from each soil layer using cylindrical cores. Total N was determined
by wet-digestion, following by quantification using a Flow Injection Auto-analyzer (Bran+Luebbe,
Hamburg, Germany).

Soil nitrification and N mineralization were estimated based on N levels in the resin and in soils
before and after incubation. Net N mineralization rates during each incubation period were calculated
from differences of inorganic N concentrations between initial and incubated samples. Similarly, net
N nitrification rates were calculated from differences of NO3 -N concentrations between initial and
incubated samples. Net N mineralization and nitrification rates during each incubation period were
calculated as follows:

RM:(Tml _TmO)'l‘il,RN:(Tnl _TnO)'f1 (1)
Tm1 = Smi1 + le, Tn1 = Sn1 + Ra1 (2)

where Rm (mg-kg!-day™!) is the net N mineralization rate, and Rn (mg-kg'-day™) is the net
nitrification rate. Tmi and Tmo (mg-kg ') represent total inorganic N (sum of NH4'-N and NO3 -N)
concentrations after and before incubation, respectively; Tni and Tno (mg-kg™!) represent total
NOs3"-N concentrations after and before incubation; and # is the number of incubation days. Smi and
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Rmi (mg-kg!) are the total inorganic N (NH4"-N and NO3™-N) concentrations in the soil and resin
samples; while Sni and Ra1 (mg-kg™!) are the NO3 -N concentrations in the soil and resin samples.

Annual net N mineralization and nitrification were estimated by summing the results from four
incubation periods in the year [25]. Nitrogen content in the experiment area (kg N-ha') was
estimated based on mean inorganic N concentrations in the top 20 cm surface soils and mean soil
bulk density (kg-m>) over this soil layer.

2.4. Statistical Analysis

All results are expressed on an oven-dry mass basis and reported as mean (+standard deviation)
of three field replications. One-way ANOVA was used to determine the significance in the detected
differences between soil inorganic N concentrations, nitrification rate, net N mineralization rate,
or cumulative mineralized N among the four tree spacing treatments for each soil layer. Significant
differences between spacing treatments and measured times were tested using two-way ANOVA
(spacing, time frame and the interaction) and Duncan’s test with significance at p = 0.05. All analyses
were performed using SPSS 10.0 statistical software package (SPSS Inc., Chicago, IL, USA).

3. Results
3.1. Nitrogen Mineralization and Nitrification

Seasonal variation in net N mineralization (Rm) and nitrification rate (Rx) in soils under different
spacing plantations are shown in Tables 2. Tree spacing treatments and time frames significantly
affected Rx and Rwm values (Table 3, p < 0.05), and a significant interaction between tree spacing
treatments and time frames was also detected except for the soil of 0—5 cm depth. Seasonal variation
patterns of nitrification and mineralization rates were similar for the three soil layers tested
(Table 2), with higher rates detected in 0-5 cm soil layers. The mean net Rn in the surface soil
(020 cm), where four tree spacings averaged within time frames, followed the order of
0.57 mg-kg !-day! in time frame A (from 10 May to 10 August 2012), >0.26 mg-kg '-day ! in time
frame B (from 10 August to 10 November 2012), >0.16 mg-kg '-day ! in time frame D (from
10 February to 10 May 2013), >0.13 mg-kg '-day ' time frame C (from 10 November 2012 to
10 February 2013), while the mean net Rm was ranked as time frame A (0.58 mg-kg '-day ') > B
(0.30 mg-kg '-day ') > C (0.12 mg-kg !-day ') > D (0.10 mg-kg !-day ).

For all of the three soil layers, Rn under 6 x 6 m tree spacing was significantly higher than other
three spacing treatments tested at the time frame from 10 May to 10 August 2012, whereas there was
no significant difference in Rn values among spacing treatments at other testing periods. For example,
in the 5-10 cm layer the Rx under the 6 x 6 m stand achieved 0.24 mg-kg '-day ! , which was 71.4%,
71.4%, and 50.0% higher than those of 4.5 x 8 m, 5 x 5 m, and 3 x 8 m, respectively. The mean net
R~ in the surface soil (0-20 cm), for which the four time frames were averaged within each tree
spacing treatment, followed the order of 6 x 6 m spacing (0.38 mg-kg '-day ') > 4.5 x 8 m spacing
(0.30 mg-kg !-day ') > 5 x 5 mspacing (0.22 mg-kg '-day ') >3 x 8 m spacing (0.22 mg-kg !-day ).
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Table 2. Mean nitrification and mineralization rates measured in four time frames

(from 10 May 2012 to 10 May 2013) at three soil layers under different tree spacing

treatments (Mean + SD) *.

Time  Spacing

N Nitrification Rate (mg-kg™!-day™")

N Mineralization Rate (mg-kg™!-day™)

Frame (m) 0-5 cm 5-10 cm 10-20 cm 0-5 cm 5-10 cm 10-20 cm
6%6 040+0.11a  024+0.05a 0.18+0.08a 040+0.11a 025+0.14a 0.18 +0.08 a
0.31+0.15 0.08 + 0.03 0.32+0.15
45x%8 0.14+0.04 b 0.14+0.05a 0.08+0.04 b
A a,b b.c a,b
5%5 022+0.07b  0.14£0.08b  0.11+0.03b 023+0.07b  0.14+£0.08a  0.11+0.03ab
3x8 026+0.05b  0.16+£0.05b  0.05+0.02¢c 027+0.05b 0.16+0.05a 0.04+0.02 b
6%6 0.14+£0.03a  0.14£0.02a 0.07=0.09a 0.16+0.03a 0.15+0.0la  0.08=0.05ab
0.11 +0.05
45x8  0.13+0.02a R 0.09+0.0la 0.15+0.02a 0.13+0.07ab  0.09+0.01a
a,
B
5%5 0.08+0.06a  0.07+0.06b 0.02+0.01b 0.10+0.10a  0.06+0.04b 0.03+0.03b
0.08 = 0.04
3x8 0.09£0.03a b 0.03£0.02b  0.11£0.03a 0.09=£0.05ab 0.04=0.03 ab
a,
6%6 0.09+0.04a 006+£006a 0.04+002a 008+004a 0.05+0.05a 0.02+0.01a
c 45x8  0.08+0.04a 0.04+002a 002+00la 005+002a 0.04£0.0la  0.003+0.00a
5%5 0.05+0.02a  0.04+0.03a 0.02+00la 006+00la 0.05+0.02a  0.001+0.00a
3x8 0.05+00la 003+£0.03a 001+00la 005+00la 0.04+0.0la 0.01£0.01a
0.04 + 0.02
6%6 0.10 = 0.06 a R 0.02+0.02a 0.06+0.04a  0.03+0.02a 0.01+0.01a
a:»
b 45x8  0.11+0.03a 007+0.02a 0.02+0.00a 0.07+00la 0.03+0.0la 0.01 +£0.00 a
0.05 +0.01
5%5 0.06£0.03 a N 0.02£0.0la 004+0.02a 0.03=0.02a 0.02£0.01a
a’
3x8 0.10£0.03a  0.03+0.02b 0.02+00la 006+004a 0.02+0.0la  0.005+0.00b

* A: 10 May-10 August 2012; B: 10 August-10 November 2012; C: 10 November 2012-10 February 2013;

D: 10 February—10 May 2013. Different letters indicate significant differences between spacing treatments of the same

soil layer sampled within the same time frame according to Duncan’s test (p < 0.05).

Table 3. ANOVA for nitrification and mineralization rates in soils under different tree

spacing sampled at different time frames.

Soil N Nitrification Rate N Mineralization Rate
Layer Factor
(em) F value D F value P
Spacing 39.04 <0.001 34.87 <0.001
0-5 Time frame 3.87 0.018 3.11 0.040
Spacing x Time frame 0.95 0.497 0.73 0.681
Spacing 43.70 <0.001 38.18 <0.001
5-10 Time frame 4.62 0.009 5.85 0.003
Spacing x Time frame 2.67 0.020 241 0.032
Spacing 58.32 <0.001 41.60 <0.001
10-20 Time frame 13.27 <0.001 10.31 <0.001
Spacing x Time frame 6.17 <0.001 5.65 <0.001
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Similar to soil net Rn, Rm value measured in the 0—5 cm soil layer under 6 X 6 m tree spacing was
higher than other spacing treatments tested at time frame A (Table 2), which was also significantly
higher than those of the same spacing treatment but at different time frames. The mean net Rm in the
surface soil (0-20 cm), for which the four time frames were averaged within each tree spacing
treatment, followed the order of 6 x 6 m spacing (0.37 mg-kg !-day!) > 4.5 x 8 m spacing
(0.29 mg-kg !-day ') > 5 x 5 m spacing (0.22 mg-kg !-day ') >3 x 8 m spacing (0.22 mg-kg !-day ).

In the time frame A, cumulative N mineralized in the surface soils under 6 x 6 m treatment was
significantly higher than the other tested spacing treatments (Figure 1). It was clearly detected that
high tree density led to significant reduction in cumulative N mineralization in timeframe B.
However, there was no significant difference with respect to N mineralization among spacing
treatments within time frames of C and D. Cumulative N mineralization in soils of low density plots
was generally higher than those of high density (Figure 1).When summing up data from different
tested time frames, total annual cumulative net N mineralization was significantly different in the
soils under different tree spacing treatments. The total annual cumulative net N mineralization ranged
from 80.3—136.0 mg-kg ! in the surface soils, while total annual cumulative net N mineralization of
6 x 6 m and 4.5 x 8 m spacings was 65% and 24% higher than that of the 5 x 5 m, respectively.

3.2. Soil Inorganic N Concentration

Concentrations of soil NO3;™-N and NH4"-N in soils of different layers varied with sampling time
and tree spacing treatment (Figure 2). In the 0-5 cm soil layer, temporal variation of NO3 -N
concentrations was similar under different spacing treatments, with the highest concentration
detected in August and the lowest in November (Figure 2A). However, there were considerable
variations with respect to temporal variation among soils of different depths. In general, mean
NO3 -N concentrations in the samples taken in May and August of 2012 were higher than other
sampling times tested. Of spacing treatments tested, variation trend in NO3™-N concentrations in soils
was not consistent across sampling times. In most case, a significant difference in NO3 -N
concentrations was detected among the four tree spacings at the same soil layer and the same
sampling time (Figure 2A—C). Temporal variations of soil NH4'-N concentrations were somewhat
different from those observed for soil NO3™-N (Figure 1D-F). Overall, concentrations of NH4*-N in
the three soil layers were by average significantly higher in November 2012 than all other sampling
times tested.
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Figure 1. Nitrogen mineralized at the specified time frames (A: 10 May to 10 August
2012; B: 10 August to 10 November 2012; C: 10 November 2012 to 10 February 2013;
D: 10 February to 10 May 2013; F: 10 May 2012 to 10 May 2013) in soils under different
spacing treatments. Different letters indicate significant differences between four spacing
treatments at the same time frame (p < 0.05).
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Figure 2. Dynamics of inorganic N concentration in various soil depths (0-5, 5-10, and
10-20 cm) of different tree spacing treatments at different sampling times in poplar
plantations. Different letters indicate significant differences between four spacing
treatments at the same time (p < 0.05).



201

3.3. Soil Inorganic N Content

Temporal variations of inorganic N content in surface soil (0-20 cm) are shown in Figure 3.
Overall, the soil inorganic N content in the growing seasons was higher than in the non-growing
seasons, and tree spacing had a significant effect on inorganic N content in the surface soil during
the growing season (Figure 3, p < 0.05). However, there was a slight difference in this seasonal
dynamics among the four tree spacings (Figure 3). For example, the highest content of soil inorganic
N appeared in May 2012 for larger spacing plantations (6 * 6 m and 4.5 x 8 m), but occurred in
August 2012 for the lower spacings (5 x 5 m and 3 x 8 m). Moreover, the soil inorganic N content
in the plantations of square spacings (6 x 6 m and 5 x 5 m) was higher than the rectangular spacings
(4.5 x 8 m and 3 x 8 m). During the growing seasons, inorganic N content of the surface soil under
the plantation with 6 x 6 m spacing was 12.7% greater than the 4.5 x 8§ m spacing, while 19.9%
higher in the 5 x 5 m spacing than in the 3 X 8 m spacing.

40

35 a A B6x6m D04.5x8m  ®W5x5m  O3x8m
30

25
20

Sum of inorganic N (kg/ha)

May-2012 Aug-2012 Nov-2012 Feb-2013 May-2013
Time (Month-Year)

Figure 3. Total inorganic nitrogen content in surface soil (020 cm) under different tree
spacing treatments at different sampling times.

4. Discussion
4.1. Dynamics of Inorganic N and N Mineralization

Data from this study showed that inorganic N content in the surface soil was higher in the spring
and summer seasons and decreased in the later parts of the growing season (in early November 2012),
inconsistent with the result of Pajuste and Frey [15], who reported that mineral N in soils of boreal
Scots pine and Norway spruce stands was greatest during spring, but decreased as the growing season
progressed. Similar temporal variation in mineral N availability in Silver birch stands and grasslands
were also reported by Uri et al. [26].

Soil N mineralization exhibited spatial and temporal variations, especially seasonal
variations [ 14,27-29]. However, it was not clear whether and how the rate of N mineralization in soil
is related to the growing periods of trees above-ground. Most studies suggest that N mineralization was
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enhanced during the growing season [14,30], which was, in part, attributed to higher temperature
coupled with greater soil moisture in the growing season [31,32]. Zhang et al. [33] found that 85%
of total annual nitrification and 90% of annual N mineralization took place during the growing
season. Data from this study also showed that nitrification and N mineralization during the growing
season was higher than the dormant period and the peak rates of N mineralization and nitrification
were observed during the period of relatively high soil temperature and moisture (during time frame
A, Table 2). Overall, the rates of N mineralization and accumulation of NO3 -N appeared to follow
seasonal patterns of temperature and rainfall. However, compared to time frame A, the N
mineralization rate in the time frame B decreased significantly possibly in part because of the
reduction of rainfall (only half of the time frame A) even if the air temperature was similar between
time frames A and B (Figure 4), supporting the fact that the dynamics of N mineralization are also
significantly influenced by soil water content [14]. These findings suggest that the temporal pattern
of soil N mineralization relates directly to environmental factors and changing ecosystem
productivity throughout the year.

250 35
3 Rainfall
200 —8— Air temperature

150

100

Rainfall (mm)
Air temperature (° C)

Time (Month-Year)

Figure 4. Monthly variation of rainfall and air temperature at the study site during
experimental periods.

4.2. Effects of Tree Spacing on Soil N Availability

Results from this study indicated that mean nitrification rate and N mineralization rates in soils
under low tree density were higher than those of high tree density (Table 2). The main reason could
be the difference in canopy closure among the four tree spacings, which would alter microclimate,
understory diversity, litter quality and decomposition rates and finally influence N cycling and
availability in the soil [34,35]. However, our results indicated that the NOs -N mineralization had a
positive relationship with NOs -N concentration in the soil, and the values of correlation coefficient
R2 were 0.503 and 0.476 for soils of 05 cm and 5-10 cm depth, respectively (Figure 5), suggesting
that tree spacing would affect N availability in soil by altering N mineralization rates.
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Generally the higher ecosystem activity and greater plant biomass during the middle and later
parts of the growing season increase the demands for available N in the soil [36]. In this study, the
inorganic N contents in the growing season were higher than the non-growing season (Figure 3),
possibly because of the higher microbial activity and nutrient turnover in the growing season [37,38].
However, inorganic N content in soils sampled in August 2012 under lower tree density was much
lower than that of higher density treatments in the present study, confirming that available N in forest
soils is often strongly influenced by N uptake by forest vegetation rather than microbial N mineralization
and immobilization [39]. Our previous study indicated that understory Shannon index, understory
biomass, and concentration of N, P, K, and Mg in understory were much greater in low density
plantations (6 X 6 m and 4.5 x 8 m) than in high density stands (5 X 5 m and 3 x 8 m) during the
growing season [9]. We only investigated inorganic N content in the surface soil (0-20 cm) in the
present study, and no consistent tendency in inorganic N content of the soil was observed at the five
sampling times for different tree spacings. However, most of the poplar root systems were distributed
in soil of 20-40 cm depth [40], therefore, an investigation of deeper soil layer (20-50 cm) is required
in order to demonstrate the effects of tree spacings on N availability in the poplar plantations.
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Figure 5. The relationship between soil NOs -N concentration (y) and NO3; -N
mineralization (x) in various soil depths (n = 16).

5. Conclusions

Seasonal variations of inorganic N content in surface soil (0-20 cm) were detected during the
research period, with a higher content in the growing seasons and a lower content in the non-growing
seasons. However, a significant variation of inorganic N content in surface soil among the different
tree spacings was only observed during the growing season. Tree spacing significantly affected
annual net N mineralization, and generally a high annual N mineralization appeared in the soils of
low density plantations. However, annual net N mineralization in the soil was higher in square
spacing than in rectangular spacing when initial planting density was the same or similar. Seasonal
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variation patterns of nitrification and mineralization rates were similar in the three soil layers tested,
with higher rates detected in the 0—5 cm soil layers. The results obtained suggest that suitable spacing
could lead to enhanced N mineralization and soil N availability, but seasonal variation of soil N
mineralization may be directly related to plantation productivity.
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Seasonal Pattern of Decomposition and N, P, and C
Dynamics in Leaf litter in a Mongolian Oak Forest and
a Korean Pine Plantation

Jaeeun Sohng, Ah Reum Han, Mi-Ae Jeong, Yunmi Park, Byung Bae Park and Pil Sun Park

Abstract: Distinct seasons and diverse tree species characterize temperate deciduous forests in NE
Asia, but large areas of deciduous forests have been converted to conifer plantations. This study was
conducted to understand the effects of seasons and tree species on leaf litter decomposition in a
temperate forest. Using the litterbag method, the decomposition rate and nitrogen, phosphorous, and
carbon dynamics of Mongolian oak (Quercus mongolica), Korean pine (Pinus koraiensis), and their
mixed leaf litter were compared for 24 months in a Mongolian oak stand, an adjacent Korean pine
plantation, and a Mongolian oak—Korean pine mixed stand. The decomposition rates of all the leaf
litter types followed a pattern of distinct seasonal changes: most leaf litter decomposition occurred
during the summer. Tree species was less influential on the leaf litter decomposition. The
decomposition rates among different leaf litter types within the same stand were not significantly
different, indicating no mixed litter effect. The immobilization of leaf litter N and P lasted for
14 months. Mongolian oak leaf litter and Korean pine leaf litter showed different N and P contents
and dynamics during the decomposition, and soil P2Os was highest in the Korean pine plantation,
suggesting effects of plantation on soil nutrient budget.

Reprinted from Forests. Cite as: Sohng, J.; Han, A.R.; Jeong, M.-A.; Park, Y.; Park, B.B.; Park, P.S.
Seasonal Pattern of Decomposition and N, P, and C Dynamics in Leaf litter in a Mongolian Oak
Forest and a Korean Pine Plantation. Forests 2014, 5, 2561-2580.

1. Introduction

Leaf litter decomposition is a critical step in nutrient cycling and providing nutrients to plants [1].
Various factors control leaf litter decomposition, including climate [2], topography [3.4], chemical
characteristics of leaf litter [5,6], and terrestrial microbiota [7]. Among those factors, climate,
especially temperature and precipitation, is a dominant factor determining leaf litter decomposition
patterns in regions experiencing distinct seasonal climate change [8].

Every ecosystem has its own physical characteristics and specific environment that foster the
distinct features of its species composition. Each tree species affects leaf litter decomposition
differently by providing leaf litters of different quality, which are closely related to the terrestrial
microbial community and soil nutrient cycling [9,10]. In temperate natural forests, plant leaf litter
usually decomposes in a mixed-species environment. Mixedwood forests are characterized by
diverse soil conditions and biological activity within short distances, increasing the importance of
small-spatial-scale research on soil nutrient pools, as well as integrating diverse chemical variables
of single or mixed species into different temporal and spatial scales [6,11]. However, species
composition is one of the factors most altered by human activities as natural mixedwood forests have
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been converted to single-species plantations. Stand conversion from natural forest to single species
plantation changes leaf litter decomposition and eventually alters ecosystem functions [12].

Information on the nutrient cycling within plantations, such as patterns of N, P, and C release,
immobilization and mineralization in a decomposing phase, and the planted species’ interactions
with existing species, is crucial to properly manage plantations and improve their vitality to be similar
to natural states [13]. However, limited information is available on the effects of a plantation on
nutrient cycling at a site and on plantation interactions with existing ecosystems [14]. Thus, an
increasing number of studies investigate the effect of certain species on the decomposition of single
or mixed leaf litters for better plantation management or restoration of natural stands [15,16]. Those
studies simultaneously integrate features of species, mixed leaf litters, and forest floor conditions by
forest type to explain the leaf litter decomposition process [17,18].

Korean pine (Pinus koraiensis Siebold et Zucc.) is a representative species in northern temperate
old-growth forests and has been widely planted for wood and pine seeds in NE Asia [19,20]. The total
plantation area of Korean pine in South Korea is ca. 214,357 ha, making Korean pine the third most
planted species in Korea [20]. Most Korean pine plantations replace oak-dominant broadleaved
stands and are still adjacent to broadleaved forests dominated by oak species such as the oriental cork
oak (Quercus variabilis Blume), konara oak (Quercus serrata Thunb.), and Mongolian oak. The
establishment of Korean pine plantations might alter leaf litter decomposition patterns and affect the
nutrient budget of an area.

This study compared leaf litter decomposition characteristics and nutrient dynamics between an
oak-dominant secondary deciduous stand and a Korean pine plantation to understand the plantation
effect on nutrient cycling. We hypothesized that different leaf litter types would show different leaf
litter decomposition rates and nitrogen (N), phosphorous (P), and carbon (C) mineralization patterns
by forest type. We expected nutrient transport between the Mongolian oak leaf litter and the Korean
pine leaf litter to induce complementary interactions, resulting in a synergistic effect that would give
the mixed leaf litter the highest decomposition rate.

Efforts to introduce mixedwood forests that are more ecologically sound and resistant to
disturbances than monoculture are increasing in NE Asia [21]. Understanding the leaf litter
decomposition process in Korean pine plantations would show what happens when a plantation
replaces a natural stand and how a plantation interacts with existing ecosystems.

2. Materials and Methods
2.1. Study Sites

The study was conducted at three types of stands in the Seoul National University Forest at
Mt. Taechwa (38°17'16"-38°19"26" N, 127°16'45" E; 644 m asl; 796 ha), Gyeonggi Province, Korea.
The area is a temperate zone with a continental monsoon climate. The annual mean precipitation in
this area is 1371 mm with about sixty percent of the annual precipitation is concentrated between
June and August [22]. Meteorological data from the weather station of the University Forest during
20092011 showed that the annual mean air temperature was 10.9 °C, with a maximum temperature
of 33.5 °C in July and a minimum temperature of —21.3 °C in January. It was relatively dry in the
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winter, with precipitation of 90 mm in the form of snow from December 2010 to February 2011.
Snow depth at the study sites ranged from 5 to 20 cm depending on the slope aspect. Soils in the
forest are classified as coarse loamy, in the mesic family of Typic Dystrudepts according to the
USDA soil classification system [23]. Soil parent material was an eluvium of metamorphic rock,
such as biotite and granite gneiss. The depth of the leaf litter layer ranged 3—7 cm in native secondary
forests and 2—6 c¢cm in Korean pine plantations in both spring and autumn.

Mt. Tachwa belongs to a broadleaved deciduous forest zone; however, most of the lower slopes
are covered by Korean pine and Japanese larch (Larix kaempferi (Lamb.) Carriére) plantations. The
Korean pine plantations in Mt. Tachwa occupied 136 ha and most of them were established in late
1960s. Because the Korean pine plantations were established in a relatively short period of time
and distributed on lower slopes that had similar soil condition, they had a similar stand
structure. Secondary natural stands, occupying 497 ha, were distributed on the upper slopes
and ridges and were dominated by oaks, such as Mongolian oak, oriental cork oak, and oriental white oak
(Quercus aliena Blume).

Three types of stands were selected: a secondary natural stand dominated by Mongolian oak
(hereafter called oak stand), an adjacent Korean pine plantation (5.5 ha) established in 1969, and a
Korean pine—Mongolian oak mixed stand (hereafter called mixed stand). The mixed stand was
located between the oak stand and the Korean pine plantation and was established as a Korean pine
plantation. However, Mongolian oak from the adjacent natural stands invaded the plantation and
replaced part of the Korean pine. The Mongolian oak in the oak stand and the Korean pine in the
Korean pine plantation occupied 79.1% and 97.6% of each stand’s basal area, respectively. The
respective basal areas within the mixed stand were 48.4% Korean pine and 39% Mongolian oak. All
study sites were at an altitude of 229-285 m asl, and the slope steepness was 36-67%. The oak stand
was on a NW slope and the mixed stand on a NE slope. The Korean pine plantation grew across
different oriented slopes from 120-315°; however, it mostly faced south (Table 1).

In each type of stand, three 20 m x 20 m plots were randomly established. All trees >2.5 c¢cm in
diameter at breast height (DBH; 1.3 m above the ground) were measured within each 20 m x 20 m
plot. For each tree, species names, DBH, tree condition (alive, dead, broken top, or leaning), crown
width, and proportion of crown to tree height were recorded.

2.2. Soil Measurements, Sampling, and Analysis

A HOBO soil data logger (HOBO H21-002 Micro Station, On-set computer Corporation, USA)
was installed in the center of each study site. The soil temperature (°C) and soil moisture content
(m* m™>) were measured from 28 March 2010 to 31 March 2011 at 30-minute intervals at 10 cm soil
depth. The daily mean soil temperature and daily mean soil water content were calculated.
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Table 1. Selected characteristics of the three study sites in the Seoul National University
Forest at Mt. Tachwa, Gyeonggi Province.

Stand types Oak stand Mixed stand Korean pine plantation
Altitude (m) 284-285 258-270 229-239
Slope steepness (%) 43-67 3647 42-55
Aspect (°) 315-335 3647 120-315
Soil texture Loam Loam Loam
Sand (%) 38 36 36
Silt (%) 39 41 41
Clay (%) 23 23 23
Quercus mongolica
Species (density (567, 79.1), Pinus P. koraiensis (425, 48.4), P. koraiensis (725, 97.6),
(number of koraiensis (308, 7.9), 0. mongolica (256, 39), 0. variabilis (17, 1.0),
stems ha™"), relative  Kalopanax septemlobus Q. variabilis (25, 3.7), Styrax obassia (42, 0.7),
basal area (%)) (17, 2.9), Others Others (127, 8.9) Others (50, 0.7)
(767, 10.1)

Soil samples were collected from the soil surface to a depth of 10 cm with a soil sampling
container (100 cm®) from all the plots in March, June, and October 2010. At each plot, four sampling
points were randomly selected 1.5-2 m from the base of a tree trunk to minimize the direct physical
and chemical influences of roots [4]. A total of 36 soil samples at a time were collected from the three
stand types. The soils were oven-dried at 105 °C for 24 hours and the soil water content (%) was
measured on a gravimetric basis. A particle-size analysis was conducted with the pipette
method [24], and soil texture (standard of US Department of Agriculture) was determined. We
measured soil organic matter contents by combusting it at 600 °C for 4 hours in a muffle furnace and
weighing the residue [25]. For chemical analyses, the sampled soils were air-dried and sieved
(<2 mm). We measured soil pH (soil:water = 1:5), total nitrogen content (TN) [25], cation exchange
capacity (CEC) [26], and total phosphorus (TP; inductively coupled plasma ICPS-1000IV, Shimazu,
Japan). Available soil phosphorous (P20s) was determined by analyzing the Bray No. 1 extracts
with an ICP (inductively coupled plasma) optical emission spectrometer (ICP-730 ES, Varian, USA).
We used an elemental analyzer to measure the C:N ratio (Flash EA 1112, Thermo Electron
Corporation, USA).

2.3. Leaf litter Decomposition Experiment

Leaf litter fall of Mongolian oak and Korean pine (5-6 kg per each species) was collected from
forest floor of the Mongolian oak stand and Korean pine plantation, respectively, in the study sites
in March 2009. Our study focused on in-situ condition and year-round changes in leaf litter on the
forest floor. Leaf litter fall of Mongolian oak occurred in autumn and Korean pine was a conifer with
leaf litter fall distributed over the whole year, so we collected forest floor litter in March before active
decomposition began instead of autumn to avoid the combination of very fresh Mongolian oak litter fall
and relatively less fresh Korean pine litter fall. We were careful to collect intact leaves without clear sign
of decomposition from the top layer. The leaf litter sample was oven-dried at 80 °C for 48 hours. The
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oven-dried leaf litter was weighed into 10 g samples and put into litterbags, either pure or in a 1:1
ratio of the two leaf litters by mass [27,28]. Each litterbag was 20 cm x 10 cm and was made of nylon
mesh (1 mm x 1.2 mm mesh size).

The litterbags were placed on topsoil parallel to the forest floor in each study plot in April 2009.
A total of 972 litterbags were deployed at the study sites: 3 stand types x 3 plots at each stand
type x 3 leaf litter types x 3 replicates x 12 retrieving dates from April 2009 to March 2011. Each
litterbag was at least 15 cm away from other litterbags, and all litterbags at each site were tied together
with a nylon string to minimize unnecessary movements. Every two months, 27 litterbags were
retrieved from each study site. The retrieved leaf litter was oven-dried at 80 °C for 48 hours and
brushed carefully to minimize soil contamination [29]. Oven-dried litter was weighed to the nearest
0.01 g to determine its mass loss, and milled for chemical analyses [30]. Total nitrogen and C
concentrations (mg g ') were measured using a dry combustion method with a C-N analyzer (Yanaco
MT-500, Kyoto, Japan) [28]. Total P in the leaf litter was determined with an automated ion analyzer
(QuikChem AE, Lachat Inc., Loveland, Colorado, USA). The amount of nutrients in the leaf litter
was calculated as follows:

Ce

N, = ——
t7 100

X L, (1)

Where M is the amount of nutrient (g) at time #, Ct is the percent concentration of nutrient at time ¢,
and Lt is the leaf litter remaining mass (g) at time ¢.

2.4. Data Analysis

The decomposition rate constant (k) was derived from the negative exponential decomposition
equation proposed by Olson [31] as follows:

—k =1In (X%) t )

Where X is the initial mass, and X is the remaining mass at time z.

The predicted remaining mass for the mixed leaf litter was estimated using equation (3) based
on the observed remaining mass of the single species to verify a mixed effect on leaf litter
decomposition [29]. The predicted results were compared with the observed remaining mass of the
mixed leaf litter.

S
EmL = Z OmLi X Prvi (3)
i=1
Where Emw is the predicted remaining mass of mixed litter (%); S is the species; OwmLi is the observed
leaf litter mass of the single species (%); and Pim; is the initial proportion of species i.

When the observed remaining mass of mixed leaf litter is not significantly different from the
predicted results, mixing has an additive effect; otherwise, it has a non-additive effect. The
non-additive effect is differentiated into a synergistic effect (decomposition rates are more than
predicted values) or an antagonistic effect (decomposition rates are less than predicted values) [16].
The predicted and observed remaining mass were compared using a paired t-test to determine
possible mixed leaf litter effects (i.e., additive or non-additive).
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One-way ANOVA was used to compare the decomposition rate constant (k) and the changes in
leaf litter N, P, and C concentrations among the three stand types. A simple linear regression was
used to assess the relationship between mass loss (%) and total C in decomposing leaf litters. The
relationship between the total N, P, and C in each leaf litter type over 24 months was estimated using
polynomial regression analysis.

A repeated-measures ANOVA was used to compare the soil physical and chemical characteristics
in different seasons (March, June, and October 2010) and identify whether significant differences
occurred in mass loss and changes in leaf litter N and P every two months by leaf litter type in a
single stand or among the stand types. Tukey’s test was applied for post-hoc comparisons, with
significance set at p < 0.05. The SPSS statistical package program Version 18.0 was used for all
statistical analyses (SPSS Software 2009, IBM SPSS Inc., Chicago, IL, USA).

3. Results
3.1. Soil Characteristics

All study sites had similar soil temperatures. The maximum soil temperature reached at 24 °C in
August, and it stayed near 0 °C in January and February (Figure 1). The Korean pine plantation had
a daily mean soil moisture content lower than the other two stand types in June, October, and
November (Figure 1), and soil moisture content measurements lower than the other two stand types
in March and October 2010 (Table 2; p < 0.001). All study sites showed similar daily soil moisture
content in the summer.

The three stand types showed significant differences in soil TN concentrations, which were
highest in the oak stand and lowest in the Korean pine plantation in spring and autumn (p = 0.03).
However, soil TN did not significantly differ among stand types in the summer. The oak stand had
the highest organic matter content (19.7%) in March 2010 (p < 0.05), but we found no differences in
organic matter content in the summer and autumn (Table 2).

The soil P20s content was highest in the Korean pine plantation with 126.7 mg L™!; was more
than twice the 49 mg L' observed in the oak stand in March 2010. The largest soil N:P ratio was
therefore in the oak stand (Figure 2), which had the lowest soil P2Os and substantial seasonal
differences in soil P20s and soil N:P (p = 0.015) between March and October, 2010, though few
seasonal changes in soil TN were observed. Due to the high variability of soil P2Os within the stands,
soil P2Os contents among the stands were not significantly different. Soil pH, TP, and CEC were not
significantly different among the stand types.
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Soil temperature (‘C)

Figure 1. Daily mean soil temperatures (St, °C) and daily mean soil water contents

(Sw, m* m3) of the Mongolian oak stand, the mixed stand, and the Korean pine plantation

from 28 March 2010 to 31 March 2011.
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Figure 2. Seasonal changes in the soil N:P ratio in soil (0—10 cm) at the study sites. Data

are means = SE (n = 9). Data in the same stand followed by the different letters are

significantly different at p < 0.05 according to ¢-tests.
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3.2. Leaf litter Decomposition and Mixed Leaf litter Effects

All leaf litter showed distinct seasonal changes in decomposition rates. About 20% of mass loss
occurred in all study sites during the initial six months from April to October 2010 regardless of leaf
litter type. Little change in the remaining mass was detected in the subsequent six months (during
winter and spring). During the second summer, fourteen months after the experiment started, all types
of leaf litter in each stand lost 14%—-29% of the original mass (Figure 3).

The leaf litter decomposition rate in the oak stand was significantly slower than those in the
Korean pine plantation and the mixed stand until the second summer (p < 0.001). The leaf
litter decomposition rate was highest in the Korean pine plantation and lowest in the oak stand for
17 months. Although the leaf litter mass loss in the oak stand was less than that in the other stands
prior to the second summer, the remaining leaf litter mass continuously decreased in the oak stand
during the second autumn, whereas further decomposition did not progress in the other stands.

As a result, after 24 months the remaining leaf litter mass was similar among the stand types,
ranging from approximately 41-47%. No significant difference was found in the decomposition rate
among the leaf litter types in the same stand.

Figure 3. Percent remaining leaf litter mass for Mongolian oak leaf litter (black solid line),
Korean pine leaf litter (gray solid line) and mixed leaf litter (dashed line) in (A) the oak stand,
(B) the mixed stand, and (C) the Korean pine plantation. Data are means + SE (n =9).
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Figure 3. Cont.
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Observed and predicted decay constants in each stand were not significantly different, indicating
that the leaf litter mixing of Korean pine and Mongolian oak had an additive effect on leaf litter
decomposition. We found no significant synergistic or antagonistic interactions between those two
species in leaf litter decomposition over 24 months (Figure 4).

Figure 4. Comparisons of predicted (white bars) and observed (grey bars) decay constant
k at each site. Predicted values calculated from the corresponding monoculture litterbags
(paired - test). Data are means + SE (n =9).
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3.3. Leaf litter N, P, and C Changes and Relationships

Changes in the decomposition constant (k) for 24 months corresponded to changes in the amount
of C in decomposing leaf litters, and those changes were highly correlated (p < 0.001; Table 3).
The amount of leaf litter C decreased in a pattern similar to leaf litter mass loss (Figure 3).
Consequently, the changes in leaf litter C mass did not vary among leaf litter types, but they were
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significantly different among stands: the oak stand retained significantly more leaf litter C than the

other stands (p < 0.001).

Table 3. Leaf litter decomposition constant (k) and C percentage after 24 months relative
to the initial leaf litter C (n = 9), and R*-values of simple linear regression for the
relationship between mass loss (%) and leaf litter C in the decomposing phase (p < 0.05).

Forest type Leaf litter type k C (%) Regression R*
Oak stand *** Mongolian oak 0.4588 34.0 C=-0.0935x + 7.8699 ‘ 0.86
Mixed leaf litter 0.3694 325 C=-0.0934 x +7.9997 0.72
Korean pine 0.3774 33.1 C=-0.0927 x + 8.1664 0.87
Mixed stand Mongolian oak 0.4035 29.7 C=-0.0921 x +7.9344 0.88
Mixed leaf litter 0.4504 28.3 C=-0.0902 x + 8.1363 0.98

Korean pine 0.4886 252 C=-0.1045 x + 8.4264 0.93
Korean pine Mongolian oak 0.4056 25.1 C=-0.0894 x + 7.9403 0.97
plantation Mixed leaf litter 0.5159 23.1 C=-0.0875x+7.9612 0.92
Korean pine 0.5048 22.7 C=-0.0947 x + 8.3453 0.93

The notation *** indicates that the leaf litter C percentage among the forest types after 24 months is
significantly different at p <0.001.

Percentage changes in leaf litter N and P showed that N and P were immobilized during the first
year in all study sites. The immobilization was sustained until the beginning of the second summer,

June 2010. Mineralization of N and P was observed after 14 months (Figure 5).

Figure 5. Percent of original N ((A), (B) and (C)) and P ((D), (E) and (F)) remaining for
Mongolian oak leaf litter (black solid line), Korean pine leaf litter (gray solid line) and
mixed leaf litter (dashed line) during the decomposition in (A), (D) the oak stand, (B),
(E) the mixed stand, and (C), (F) the Korean pine plantation after 24 months. Data are
means + SE (n=9).
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The shift from N immobilization to N mineralization in the mixed stand and the Korean pine
plantation occurred in the 16th month, June 2010, whereas the process of N immobilization in the
oak stand was sustained until October 2010. Although the oak stand had a longer N immobilization
phase, it showed a higher rate of N mineralization in the second autumn, and the percent of N
remaining in the leaf litter in the oak stand was similar to that in the other stands in the 24th month.
Changes in the percent of N remaining in the oak leaf litter was significantly different from that of
Korean pine leaf litter in the oak stand (p < 0.05), but the other stands did not show significant
differences in the percent of N remaining by leaf litter type (Figure 5SA—C).

Temporary leaching of P was shown at the beginning of the study, and then a process of P
immobilization started within two months and continued until the 16th month in all study sites
(Figure 5SD-F). The highest P immobilization rate (175%) was observed in the oak leaf litter at the
mixed stand (Figure 5E). The Korean pine leaf litter had the lowest P immobilization percentage in
all stand types. Korean pine leaf litter showed the lowest percent of P remaining among leaf litter
types in all study sites, indicating the greatest leaf litter P decomposition, and oak leaf litter showed
the highest percent of P remaining (p < 0.05). Percent of P remaining in the leaf litter in the 24th
month was 59-79% in the oak stand, 77-116% in the mixed stand, and 73—100% in the Korean pine
plantation. The oak stand showed the greatest P mineralization among the stand types. The
percent of P remaining in the Korean pine leaf litter was lower in the oak stand than in the other
stands (p = 0.018).

The changes in leaf litter N and P had a polynomial correlation with leaf litter C (Figure 6,
Table 4). The relationship among leaf litter N, P, and C differed among the leaf litter types. The leaf
litter N amount relative to leaf litter C loss was significantly different in the order Korean pine leaf
litter® < mixed leaf litter®® < Mongolian oak leaf litter® (Figure 6A—C; p < 0.001). The inflection
points between N immobilization and mineralization differed by stand type (p <0.05). The maximum
amount of leaf litter N peaked when the total amount of C ranged from 5 g to 6 g, which was
interpreted to be 50-60% of the initial leaf litter C amount, in the mixed stand and the Korean pine
plantation (Figure 5B,C) and 4 g of C in the oak stand (Figure 6A). After 24 months of the
experiment, leaf litter C:N ranged from 25 to 46. Leaf litter C:N was not significantly different among
stand types, but differed among the leaf litter types as Korean pine leaf litter had significantly higher
C:N than the other litter types (p < 0.001).

Korean pine leaf litter had the greatest leaf litter P content among leaf litter types. The amount of
leaf litter P in the Mongolian oak leaf litter was significantly smaller than that in the mixed leaf litter
and Korean pine leaf litter until the remaining C reached 4 g in all the stand types. The amount of
leaf litter P became similar among all leaf litter types in the mixed stand and the Korean pine
plantation after remaining C was less than 4 g (Figure 6E,F). Similar amounts of C (4-5 g) were
observed at the inflection point of P changes in all stand types (Figure 6D-F; p < 0.05). The
Mongolian oak stand had significantly higher leaf litter C:P of 476 than the Korean pine plantation
of 383 after 24 months (p = 0.019). The Mongolian oak stand had significantly higher leaf litter N:P
of 14 than the other two sites of ca. 13 (p < 0.05). Three litter types showed significant difference in
leaf litter N:P in 24 months in the order Korean pine leaf litter® < mixed leaf litter” < Mongolian oak leaf
litter® (p < 0.05).
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Table 4. The relationship between amount of C, N and P in each decomposing leaf litter

type as described by polynomial regression.

Forest type Leaf litter type Regression R P-value
Mongolimoak N ~0.0006C2 + 0.0034C + 0.0924 0.6046 0.156
P = —0.0001C2 + 0.0006C + 0.0010 0.7871 0.045
Mixed leaf litter N =—0.0011C2 + 0.009C + 0.0643 0.9198 0.006
Oak stand P = —0.0001C2 + 0.0009C + 0.0009 0.8509 0.022
Korean pine N =—0.0012C2 + 0.0104C + 0.0503 0.7944 0.042
P = —0.00003C2 + 0.0003C + 0.0024  0.3239 0.457
Mongolian oak N =-0.0016C2 + 0.0145C + 0.0606 0.9046 0.009
P =—0.0001C2 + 0.001C + 0.0007 0.8408 0.025
_ Mixed leaflitter N =—0.0012C>+ 0.012C + 0.0508 0.8081 0.037
Mixed stand P =—0.0001C2 + 0.0008C + 0.0012 0.8119 0.035
Korean pine N =—0.0019C2 + 0.0203C + 0.017 0.8809 0.014
P =—0.0001C2+ 0.001C + 0.0004 0.8722 0.016
Mongolian oak N=-0.0011C2+0.0108C + 0.0603 0.5020 0.248
P = —0.0001C2 + 0.0005C + 0.0014 0.7598 0.058
Korcanpine ~ Mixed leaflitter N =-0.0017C?+0.017C + 0.0368 0.9258 0.006
plantation P =—0.0001C2 + 0.0009C + 0.001 0.7812 0.048
Korean pine N =-0.0017C*+0.018C + 0.0233 0.7957 0.042
P =-0.0001C + 0.0009C + 0.0009 0.6936 0.094

Figure 6. Changes in the total N ((A), (B), (C)) and P ((D), (E), (F)) relative to total C
for Mongolian oak leaf litter, Korean pine leaf litter and mixed leaf litter in (A), (D) the

oak stand, (B), (E) the mixed stand, and (C), (F) the Korean pine plantation.
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4. Discussion
4.1. Seasonal Leaf litter Decomposition Patterns

Seasonal weather changes have a large effect on leaf litter breakdown in temperate deciduous
forests, especially when abundant rainfall and high summer temperatures contribute to a substantial
leaf litter mass loss [32]. The majority of leaf litter decomposition in all study sites occurred from
June to August, although the decomposition rates differed among the stand types. The seasonal effect
on the decomposition rate of Quercus leaf litters in a temperate deciduous forest was also reported
in Lee et al. [33]: the majority of leaf litter mass loss occurred in the summer, and little mass loss
was detected from February to April.

In this study, the percent mass of the Korean pine leaf litter remaining after 24 months was
40-50%, which was similar to the 51.6% in 26 months reported in the Gwangneung Experimental
Forest, in the same province as our study sites [30]. On Mt. Gyebang, which is north of Mt. Tachwa
and has lower temperatures, the percent mass of leaf litter remaining after 24 months was ca. 52% [34].
The percent average leaf litter mass remaining after 24 months was 55-60% for Korean pine leaf
litter in Jilin Province, northeast China, which has a higher latitude than Mt. Tachwa [19]. About
50% of the leaf litter was decomposed during the initial two years, and the decomposition rate
lowered slightly as the latitude increased, showing that temperature was a determining factor for leaf
litter decomposition rate: a hotter humid summer corresponds to faster leaf litter decomposition in
temperate deciduous forests in NE Asia [35].

All study sites had the same soil texture (loam) and similar soil temperatures. Soil moisture
contents were similar in the summer and different in spring and autumn. The oak stand and mixed
stand were on a north slope, and the Korean pine plantation was mostly on a south slope, which
explained why the lowest soil moisture content was found in the Korean pine plantation in the dry
seasons of spring and autumn [36,37]. Leaf litter decomposition rate generally increases with soil
moisture content [38]. However, our study sites had similar decomposition rates after 24 months,
indicating that the soil moisture content in summer was the key determinant of leaf litter
decomposition and confirming the importance of summer weather in leaf litter decomposition [39].

4.2. Mixed Leaf Litter Effect

The leaf litter decomposition rate of broadleaved species is generally higher than that of
conifers [40,41]. However, the decomposition rates of Mongolian oak leaves and Korean pine
needles in the same stand were not different in this study. Mongolian oak leaves have thick hard
blades and low nutrient content compared with other oak species, retarding the leaf litter
decomposition rate [34] and contributing to the similar decomposition rates of the two species.

The mixed leaf litter of Korean pine and Mongolian oak showed no mixed litter effect on leaf
litter decomposition, indicating that the interaction strength between the leaf litters of the two species
was weak. The leaf litter decomposition rate of the mixed leaf litter could therefore be predicted from
the decomposition rate of each individual species [15]. Mixed leaf litter could have a higher
decomposition rate than a single-species leaf litter because nutrient exchange among leaf litters of
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different species through microbes could enhance the nutrient condition of low-quality leaf litters,
accelerating the decomposition rate [27,42]. At the beginning, Mongolian oak leaves contained more
N, and Korean pine needles had more P (Figure 6). We could observe more physical breakdown of
the Mongolian oak leaf litter in the mixed leaf litter. However, contrary to our expectations that
transport of nutrients between the Mongolian oak leaf litter and the Korean pine leaf litter would
induce complementary interactions and a synergistic effect, an actual mixed effect on the remaining
mass was not detected within 24 months, suggesting that synergistic effects of mixed leaf litters of
contrasting qualities is questionable [29,43]. Moreover, the seasonal climate was a primary control
on the leaf litter decomposition pattern, making species difference less powerful in leaf litter
decomposition in a temperate deciduous forest [44]. However, the possibility that an additive effect
is temporary and switches to a non-additive effect as decomposition progresses still exists because
the non-additive effect of mixed leaf litters for mass loss could be time dependent [45].

4.3. Leaf Litter Nutrient Dynamics

After two years of experiments, only 10-20% of net N mineralization was detected due to the
immobilization process in the initial decomposition period, which lasted longer than one year.
Nutrients in decaying foliar leaf litter temporarily increase due to nutrient immobilization by
microbes in the initial mass loss process. The leaf litter N and P immobilization phase prolonged
more than 14 months in this study, which was similar to the N and P immobilization phase of more
than 15 months in the foliar leaf litter decomposition of oak and Korean pine in a broadleaf-Korean
pine mixed forest in NE China [19].

Different leaf litter types had a similar period for the immobilization and mineralization of N and
P to diminishing C as well as similar leaf litter decomposition rates at the same stand. Net N
mineralization rates of leaf litter are greatly influenced by the site conditions rather than leaf litter
species, causing the same species to show different mineralization rates depending on the site [46].

Although soil N is an important determinant in leaf litter decay, soil P becomes a stronger control
for leaf litter decay when it is limited under abundant soil N [47]. Seasonal P dynamics are more
variable than N in leaf litter decomposition [48]. High precipitation in the summer promotes
the movement of phosphate in the soil, inducing seasonal changes in the distribution of soil
phosphate [33]. Thus, the proportions of P with other nutrients, such as C:P and N:P, as well as the
concentration of P itself, were major regulators that could inhibit or further decay rates by providing
a balanced nutritional pool for decomposers [28,49]. Seasonal changes in soil N:P in the oak stand
were related to changes in available P content. The lowest soil P2Os and spatial and seasonal
variances of soil P05 (Table 2) and N:P (Figure 2) might contribute to a fluctuation of nutrient
supply that could explain the lowest leaf litter decomposition rate prior to the second summer and
the different patterns of immobilization and mineralization of N and P in the oak stand compared
with the other stands. Therefore, leaf litter nutrient dynamics were more affected by site conditions
than by leaf litter types, suggesting that leaf litter decomposition and leaf litter nutrient dynamics
patterns between a secondary forest and an adjacent plantation would not be much different if the
site condition and stand age were similar, due to the overwhelming seasonal climatic effect on leaf
litter decomposition in temperate deciduous forests.
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Oak leaf litter showed the smallest P content among leaf litter types, which might be related to the
occurrence of least soil P2Os in the oak stand. The Korean pine plantation had the lowest soil TP, but
it had the highest soil P2Os among the stand types, and the Korean pine leaf litter had the greatest
leaf litter P content and mineralization rate, suggesting that after 40 years of occupation of a Korean
pine plantation might increase soil P2Os [50]. Lee et al. [33] reported that rapid P cycling in black
locust communities resulted in increased membrane phosphate in soil compared with adjacent
Mongolian oak communities. Although the effects of species composition might be less powerful
than climate on leaf litter decomposition in temperate deciduous forests, effects of species change on
detailed leaf litter decomposition process, such as leaf litter nutrient dynamics and soil nutrients, can
be expected [10]. We could suggest different leaf litter decomposition patterns relevant to leaf litter
N and P dynamics and soil properties between the Korean pine plantation and the oak stand. We
expect that further studies on decomposer communities would clarify the decomposition mechanism
in temperate deciduous forests.

5. Conclusions

This study compared the leaf litter decomposition patterns and nutrient dynamics between a
Korean pine plantation and an adjacent native Mongolian oak—dominant broadleaved temperate
forest. Seasonal climate, especially hot and humid summer weather, was a more powerful
determinant in leaf litter decomposition patterns than leaf litter types, resulting in no mixed leaf
litter effect on leaf litter decomposition. However, we did find effects of the changes in dominant
species on leaf litter nutrient dynamics and soil nutrients. The conversion of natural forests into
plantations may have long-term effects on nutrients available in the soil, eventually modifying soil
nutrient budgets.
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Increased Biomass of Nursery-Grown Douglas-Fir Seedlings
upon Inoculation with Diazotrophic Endophytic Consortia

Zareen Khan, Shyam L. Kandel, Daniela N. Ramos, Gregory J. Ettl, Soo-Hyung Kim and
Sharon L. Doty

Abstract: Douglas-fir (Pseudotsuga menziesii) seedlings are periodically challenged by biotic and
abiotic stresses. The ability of endophytes to colonize the interior of plants could confer benefits to
host plants that may play an important role in plant adaptation to environmental changes. In this
greenhouse study, nursery-grown Douglas-fir seedlings were inoculated with diazotrophic
endophytes previously isolated from poplar and willow trees and grown for fifteen months in
nutrient-poor conditions. Inoculated seedlings had significant increases in biomass (48%), root
length (13%) and shoot height (16%) compared to the control seedlings. Characterization of these
endophytes for symbiotic traits in addition to nitrogen fixation revealed that they can also solubilize
phosphate and produce siderophores. Colonization was observed through fluorescent microscopy in
seedlings inoculated with gfp- and mkate-tagged strains. Inoculation with beneficial endophytes
could prove to be valuable for increasing the production of planting stocks in forest nurseries.

Reprinted from Forests. Cite as: Khan, Z.; Kandel, S.L.; Ramos, D.N.; Ettl, G.J.; Kim, S.-H.;
Doty, S.L. Increased Biomass of Nursery-Grown Douglas-Fir Seedlings upon Inoculation with
Diazotrophic Endophytic Consortia. Forests 2015, 6, 3582-3593

1. Introduction

Millions of Douglas-fir (Pseudotsuga menziesii) seedlings are grown in nurseries for reforestation
purposes in North America, Europe and elsewhere [1]. The majority of seedlingsare grown for more
than a year as bare root seedlings, although some are also grown in containers. Environmental
disturbances and stresses contribute to seedling failure when transplanted in the field, and in order to
maximize production, nurseries apply intensive cultural practices, fertilization being one of the most
common [1,2]. This can result in additional costs to nursery operators and could also have negative
environmental repercussions if nitrogen leaches from nurseries situated in areas near lakes and rivers
and/or where ground water reservoirs are found. An inexpensive and environmentally-benign
alternative for enhancing the productivity of newly-established forest plantations involves nursery
inoculation of seedlings with plant growth-promoting microorganisms. In forestry, this has
traditionally been restricted to inoculation with mycorrhizal fungi [3,4]; however, it is reported that
in many cases, mycorrhizal inoculation resulted in low to no measurable benefit in outplanting
success. Recently, root-associated bacteria have been shown to stimulate tree seedling growth in
addition to improving mycorrhizal colonization and may be valuable in current reforestation
efforts [5,6].

Some species of conifers are able to inhabit harsh and nutrient-poor subalpine sites where few
other plants grow. A key component of their ecological success may be attributed to the presence of
endophytes. Endophytes are microbes (bacteria and fungi) that reside inside plants and do not cause
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disease [7—-10], and there is increasing evidence of their profound impact on plant development,
physiology, evolution and adaptation [11]. An important trait of some endophytes is the ability to
supply nitrogen to their host plant through biological nitrogen fixation. Nitrogen-fixing endophytes
have been isolated from a variety of species, such as sugarcane [12], wild rice [13], corn [14,15],
African sweet potato [16], kallar grass [17], coffee [18], cactus [19] and woody plants, including
poplar, willow and coniferous trees [20-23]. It has been demonstrated that N fixed by diazotrophic
bacteria can be utilized by plants [24]. Endophytic bacteria have been found in different parts of tree
tissues, such as roots [25], stems [26], shoots [27], leaves [28] and buds [29]. More recently,
diazotrophic endophytes were isolated from conifers growing in nitrogen-poor soils. Inoculation of
lodgepole pine and western red cedar seedlings with the isolate Paenibacillus polymyxa P2b2R
resulted in significant foliar >N dilution, indicative of biological nitrogen fixation [30,31]. The
importance of endophytes to the establishment and persistence of long-lived western conifers is
unknown; however, endophytes may allow establishment and growth on nutrient-limited and
environmentally-stressed sites; for example, similar endophytes were found in subalpine conifers
from distant sites in California and Colorado [32].

Phosphorous is another essential macronutrient promoting plant growth and development. Many
woody plants are dependent on ectomycorrhizal fungi for their growth and survival. Mycorrhizae
inoculation of Douglas-fir seedlings is a common practice in commercial nurseries [33,34]. However,
commercial nursery treatments, including frequent addition of fertilizer and water, may not be
favorable for mycorrhizae colonization of container-grown seedlings [35]. The importance of
phosphate-solubilizing endophytes in increasing the phosphorous availability by solubilization of
inorganic phosphate and mineralization of organic phosphate has recently been demonstrated as one
of the important mechanisms of increased plant growth [36]. Siderophores are low molecular weight
ferric iron-specific chelating agents produced by bacteria and fungi [37]. Microbial siderophores
have been reported to have a positive correlation with plant growth promotion, and the production
of siderophores is being considered as one of the key traits for primary screening of beneficial
endophytes [38].

In this preliminary study, we chose a consortia of diazotrophic endophytes, originally isolated
from poplar and willow trees [20-22], because they had shown robust growth-promoting activity
with agricultural crops, grasses and poplar plants grown under abiotic stress [22,39—41]. Our
objective was to determine if these endophytes enhance the growth of Douglas-fir seedlings under
nutrient-poor conditions.

2. Experimental Section
2.1. Plant Material and Endophytes

Douglas-fir container (1 + 0) (4 cu. in ; Ray Leach “cone-tainers”) seedlings from a local western
WA provenance obtained from Silvaseed Company Foresters (Roy, WA, USA) were individually
planted into plastic pots containing Sunshine Mix #2 (Steubers, WA, USA). The propagation
protocol for seedling production is described elsewhere [42]. Seven bacterial strains and one yeast
strain (Table 1) were chosen based on strong growth in nitrogen-free media, the presence of the
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nitrogen fixation gene (nifH) [20,21], production of phytohormones [43] and/or their robust plant
growth-promoting abilities.

Table 1. Poplar and willow endophytes used in this study and their phosphate
solubilization index (PSI) in the plate assay [20,21].

Endophyte Closest 16SrDNA Match PSI
WP1 Rhodotorula graminis 1.05
WP5 Rahnella sp. 1.64
WP9 Burkholderia sp. 1.50
WP19 Acinetobacter calcoaceticus 3.10
PTD1 Rhizobium tropici bv populus 1.40
WW5 Sphingomonas yanoikuyae 1.10
WW6 Pseudomonas putida 1.64
WW7 Sphingomonas sp. 1.82

2.2. Methods

Inoculation suspensions were prepared by first growing the individual endophyte strains on
nutrient-rich media from —80 °C glycerol stocks. Bacteria were grown on mannitol
glutamate/Luria—Bertani (MG/L) medium [44]. The yeast strain was grown on yeast extract peptone
dextrose (YPD) medium. Single colonies were inoculated into liquid broth and grown overnight on
a rotary shaker (150 rpm) and agitated for 24 h at 30 °C. Bacteria were harvested by centrifugation
at 8000 rpm for 10 min, resuspended in nitrogen-free Murashige and Skoog (NFMS) (Caisson Labs,
USA) broth and washed three times in NFMS. The endophyte consortia treatment was prepared by
mixing equal concentrations of each inoculation suspension as determined by measuring the optical
density at 600 nm (ODeoo) of the individual strains and adjusting to a final ODeoo of 0.1. Using a
sterile conical tube, a 50-mL sample of the endophyte consortia was then delivered 5—10 cm below
the surface and in close proximity to the roots. Mock-inoculated control seedlings received the same
volume of sterile liquid broth. A total of 24 pots, 12 replications of inoculated or mock-inoculated
control plants, were arranged in a randomized fashion. Seedlings were kept in an environment with
an 18h photoperiod, a 20/14 °C day/night temperature cycle and a relative humidity of 70%—85%.
Drip trays were placed under each individual pot to prevent cross-contamination through run-off.
Each pot was individually irrigated with tap water. Irrigation frequency and duration were adjusted,
such that the pots were not allowed to flood nor dry out between watering. Additionally, each pot
was fertigated with received 100 mL of 1/2 strength, 1/8 nitrogen modified Hoagland’s medium
containing (g L™"): CaCl-:2H20, 0.22; K2SO04, 0.17; MgS04-7H20, 0.26; KH>POs, 0.136;
NaFeEDTA(10% Fe), 0.015; with 1 mL-L™' micronutrient solution containing (g-L™!): H3BOs,
0.773; MnSOs4, 0.169; ZnSO4:7H20, 0.288; CuSOs-5H20, 0.062; H2MoO4 (83% MoOs3),
0.04; weekly for the first two months post-inoculation, then 250 mL twice monthly until the end of
the experiment.

Height measurements were recorded after inoculation and every month thereafter. After
15 months, the plants were removed from the soil, and roots and shoots were gently washed to
remove dirt and debris. Roots and stems were then blotted dry, cut into root and shoot sections, and
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the lengths and wet weights were determined. Foliar samples were taken from each plant and oven
dried at 65 °C, ground to a fine powder and analyzed for nitrogen content using a PE 2400 series 11
CHN elemental analyzer (Perkin-Elmer, MA, USA) at the University of Washington’s School of
Environmental and Forest Sciences Analytical Soils laboratory.

Potential plant growth-promoting traits, such as phosphate solubilization and siderophore
production, were determined for the selected endophytes. The ability of the isolates to solubilize
tricalcium orthophosphate (TCP) was tested on the National Botanical Research Institute’s growth
medium [45] containing g-L™': glucose, 10; Ca3(PO4)2, 5; MgCla-6H20, 5; MgS04-7H20, 0.25;
KCl, 0.2; (NH4)2SO4, 0.1. The inoculum was added in quadruplicate on the medium in Petri dishes.
The halo and colony diameters were measured after 14 days of incubation of the plates at 25 °C. The
ability of the microbes to solubilize the insoluble phosphate is described by the solubilization index
(the ratio of the total diameter (halo + colony diameter (mm) to the colony diameter (mm)). Analysis
of siderophore production by the endophyte isolates was performed following the chrome azurol S
(CAS) method of Alexander and Zuberer [46]. For each isolate, 10 uL of inoculum were placed in
quadruplicate on the medium. After incubation at 25 °C for 3 days, the discoloration of the medium
(blue to orange) indicated siderophore-producing endophytes.

To evaluate endophytic colonization by some of the isolates, we used strains that were labeled
with fluorescent markers with a broad host range plasmid. The mkate and gfp plasmids were
introduced into Acinetobacter calcoaceticus strain WP19 and Rahnella sp. strain WPS5, respectively,
via triparental mating using E. coli DHS5a as the donor and E. coli HB101 (pRK 2073) as the
helper strain [47]. The inoculations were done as described above, and the colonization of root
tissue and needles was verified through fluorescent microscopy using a Zeiss Imager M2 equipped
with an AxioCam MRM and recorded with Zeiss AxioVision software (Karl Zeiss, LLC,
Thornwood, NY, USA).

2.3. Statistical Analysis

One-way ANOVA (analysis of variance) and Tukey’s honestly significant difference (HSD)
test were used to identify significant differences between inoculated and mock-inoculated
control seedlings.

3. Results and Discussion

Differences in plant heights and the health of inoculated and mock-inoculated control plants were
apparent after fifteen months of growth in the greenhouse under N-limited conditions. As shown in
Figure 1, the mock-inoculated control plants were stunted, with some being chlorotic and showing
signs of nutrient deficiency, whereas the inoculated plants appeared taller, more robust and greener
than the controls. The inoculated plants were 16% (p = 0.008) taller, had 13% longer roots (p = 0.024)
(Figure 2) and a significant 48% (p = 0.019) increase in biomass (Figures 2 and 3) when compared
to their mock-inoculated control plants. The concentration of N in plant tissues was higher in the
inoculated plants compared to the controls, although it was not statistically significant (p = 0.156)
(Figure 4).
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Figure 1. Representative photograph of mock-inoculated (left) and inoculated
(right) Douglas-fir seedling after 15 months of growth in nutrient-poor soil.
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Figure 2. Root and shoot lengths of inoculated and control Douglas-fir seedlings at
harvest. Data are the mean of 12 replicates. Error bars show the standard deviation.
Means designated with different letters are significantly different.
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Figure 3. Root and shoot weights (g) of inoculated and control Douglas-fir seedlings at
harvest. Data are the mean of 12 replicates. Error bars show the standard deviation.
Means designated with different letters are significantly different.
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Figure 4. Total N concentration in the inoculated and control Douglas-fir seedlings
needles at harvest. Data are the mean of 12 replicates. Error bars show the standard
deviation. (p = 0.156).

Our results demonstrate that inoculation with the poplar and willow endophyte consortia
stimulated growth of Douglas-fir seedlings under low nutrient conditions. It was previously
concluded that these endophytes are not host-specific colonizers [39]. Poplar and willow plants are
angiosperms, which diverged from gymnosperms more than 100 million years ago [48]. Remarkably,
the endophytes from poplar and willow plants colonized Douglas-fir, a gymnosperm. It is possible
that the required plant-microbe communication may be ancient, pre-dating the divergence of
angiosperms and gymnosperms. Interestingly, the response of Douglas-fir to inoculation with the
endophytes took more than a year to develop, which suggests that this plant species may require a
period of growth under controlled conditions to facilitate the establishment of the symbiotic
relationship with these endophytes. Parker and Dangerfield [49] also reported a delayed response to
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microbial inoculation in Douglas-fir. In studies done by Chanway et al. [50], rhizospheric bacteria
isolated from perennial rye grass and white clover stimulated the growth of container Douglas-fir
seedlings after 12 weeks of inoculation. More recently, Anand ez al. [31] showed that seedling growth
enhancement in other conifers, lodgepole pine and western red cedar occurred only after 13 months.

To assess other potential mechanisms in addition to N fixation for the improved growth of the
inoculated plants, we investigated the potential of phosphate solubilization by the endophytes. The
majority of the isolates were able to produce a clear zone in minimal medium containing insoluble
phosphorous. As shown in Table 1, the PSI of isolate WP19 was the highest, indicating the high
solubilization capacity of this endophyte compared to the rest of the endophytes. There have been a
number of reports on plant growth promotion by bacteria that have the ability to convert the insoluble
inorganic forms of P into soluble forms through acidification, secretion of organic acids or protons
and exchange reactions [36]. Many symbiotic phosphate-solubilizing microorganisms belonging to
species of the genera Bacillus, Pseudomonas, Rhizobium, Enterobacter and Burkholderia and certain
fungi produce phytase to mineralize organic phosphate [51]. In our study, phosphate solubilization
may be one of the important mechanism through which these endophytes promoted growth of
Douglas-fir seedlings; however, additional studies including phosphorous quantification and mutant
analysis will be necessary to determine what symbiotic factors contribute the most to growth
enhancement. The role of mycorrhizal symbiosis in increasing phosphorous uptake has been studied
in a number of conifer species, with recent studies showing how mycorrhizal effects on seedling
establishment change with soil conditions [52]. In dry Douglas-fir forests, reduced mycorrhizal
diversity and abundance have been associated with reduced survival and growth of newly-planted
conifer seedlings [53,54]. Inoculating nursery seedlings with beneficial endophytes may help offset
some of these disadvantages. Furthermore, endophytes may increase mycorrhizal development by
affecting root colonization, as well as by enhancing N and P uptake.

Rungin et al. [55] recently demonstrated plant growth-enhancing effects by a siderophore-
producing endophytic streptomycete isolated from Thai jasmine rice plants. Significant increases in
total biomass of rice and mung bean plants were observed in the inoculated controls compared to the
untreated controls and siderophore-deficient mutant treatment. Most of the endophytes in our study
produced siderophores, which may have been beneficial in plant growth promotion. However, this
is largely speculative and warrants further research. Siderophore-producing microbes may also have
significant activity against plant pathogens [56,57]. Interestingly, we found that Douglas-fir seeds
inoculated with these endophytes were significantly less affected by Fusarium, a common
Douglas-fir pathogen [58].Therefore, these endophytes merit further investigation, as reducing
mortality by inoculations could prove valuable to tree nurseries.

To evaluate endophytic colonization, Douglas-fir seedlings were inoculated with fluorescent-labelled
strains of WP5 and WP19. As seen from the fluorescent microscope images, mkate-tagged cells of
Acinetobacter strain WP19 were localized in the intercellular spaces of root tissue of the inoculated
seedlings (Figure 5A). In addition, GFP-tagged cells of Rahnella sp. strain WPS5 colonized the
needles (Figure 5B), suggesting that this endophyte is able to move up the plant into aerial parts after
inoculation. Similar colonization zones have been reported for other endophytes [30].
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The enhanced growth in inoculated seedlings seen in this preliminary study merits further research
in larger greenhouse trials and field trials to assess the long-term benefits of endophyte inoculations.

(A) (B)

Figure S. Fluorescence micrographs showing intercellular colonization of mkate-tagged
strain WP19 in the root tissue of the inoculated seedling of Douglas-fir (A) and GFP-
tagged strain WPS5 in the needle of the inoculated Douglas-fir (B). Samples were surface-
sterilized and visualized (1000x) three weeks after inoculation.

4. Conclusions

The results of the present study indicate that inoculation with a diazotrophic endophytic consortia
significantly increased Douglas-fir seedling growth under nutrient-limited conditions. Most
commercial nursery treatments add high rates of fertilizers to maximize seedling shoot and total
growth to increase establishment and success in the field [59] which is not only expensive, but
also suppresses mycorrhiza development of container seedlings [60]. Therefore, endophyte
inoculation of seedlings may be considered as a cost-effective technique to increase growth in the
early stage for the nursery stock, which can lead to later stage successes in transplanting and
establishment after transplanting.
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