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“The tiny creatures of the undergrowth were the first animals of any kind to colonize the land. They
established the foundations of the land’s ecosystems. [...] If we and the rest of the backboned animals
were to disappear overnight, the rest of the world would get on pretty well. But if THEY were to
disappear, the land’s ecosystems would collapse. [...] These small creatures are within a few inches
of our feet wherever we go on land, but often they’re disregarded. We would do very well to
remember them.”

— Sir David Attenborough
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Summary

Mountain forests play a major role for biodiversity conservation, carbon storage and
hydrological cycling. Therefore, understanding different components of mountain forest
ecosystems is essential to predict potential responses to global climate change. To study such
responses, the investigation of elevational gradients is an important tool as they comprise a
wide range of climatic variables on a small spatial scale. While changes in aboveground
biodiversity along elevational gradients have been studied intensively, information on
belowground systems is scarce. Besides studies focusing on litter decomposition, there is
few comprehensive data available on how food web functioning changes across elevations.
The soil food web is a major component of nutrient cycling within forest systems and thereby
is linked to mineralization rates and tree growth. In this thesis | investigated changes in
microbial resources, trophic changes in microarthropods in general and trophic changes
within the functional Collembola communities along an elevational gradient (800 — 1700 m
asl) of primary forests on Changbai Mountain, China. We established seven sites spaced by
elevational steps of 150 m along an elevational gradient at the northern slope of Changbai
Mountain. The northern slope is characterized by primary forests dominated by Korean pine
with decreasing admixtures of deciduous tree species (<1100 m asl) and dark-bark spruce
(>1100 masl). The sites were sampled in early September 2019, before litter fall began. The
general scope of this thesis is to understand how trophic interactions among different
components of the soil food web change with elevation.

In Chapter 2 we focused on the characterization of microbial community composition and
functioning across elevations as microbes are the major agents of decomposition in forest
systems and form an important food resource for animal decomposers. Microbial
communities in litter and soil were investigated using phospholipid fatty acid (PLFA)
profiles, and microbial biomass and activity were measured using substrate-induced
respiration. Our results suggest that microbial communities on Changbai Mountain are
heavily influenced by elevation. Microbial communities showed strong turnover in the litter
layer, most pronounced in the transition zone between the two major forest types (1100 m —
1250 m asl). While only temperature seasonality significantly structured PLFA profiles in
the litter layer, temperature and precipitation seasonality, resource availability, soil moisture,
Ca concentrations and pH structured microbial communities in soil. Indicators of microbial
stress and microbial biomass were higher in the litter layer at higher elevations, both
correlated negatively with Ca concentrations indicating increased nutritional stress in high
microbial biomass communities at sites with low Ca availability.



In Chapter 3 we report trophic positions of Collembola and Oribatida at group level,
measured by bulk and amino acid stable isotopes, to increase with increasing elevation.
Further, trophic positions of Collembola and Oribatida correlated with microbial stress ratios
and microbial biomass. The energy channels, measured by **C values of amino acids and
neutral lipid fatty acids (NLFA), on the other hand, did not change across elevations
suggesting fungi to be the major resources of both Collembola and Oribatida along the whole
gradient.

In Chapter 4 we targeted trophic changes of Collembola communities across elevations at
species level. Collembola species contributing 80% to the Collembola abundance per
elevation were categorized into life forms and their individual body lengths and bulk stable
isotopes were measured. Abundance weighted mean and minimum AN values as well as
ABC values increased with elevation, while the range of AN values decreased. Isotopic
uniqueness, a measure of isolated trophic niches, increased with elevation. AN values of
Collembola species occurring across all elevations increased with elevation, with this being
most pronounced in the cosmopolitan species Folsomia octoculata. Shifts in mean A™®N with
elevation depended on the life form of Collembola and were most pronounced in litter-
dwelling, hemiedaphic species. We further found changes in AN with body size to depend
on Collembola life form, with A®N increasing with body size in hemiedaphic and euedaphic
species, but not in epedaphic species.

The results reported in Chapter 3 indicate trophic shifts of Collembola and Oribatida
communities towards functioning more as secondary decomposers with increasing elevation.
The results further indicate that these shifts are likely determined by increasing microbial
stress ratios and microbial biomass with elevation, which represent the availability of
microbial resources. In Chapter 4 we indeed found species functioning as primary
decomposers to decrease with increasing elevation as indicated by increasing minimum A®N
values and decreasing range of AN values with elevation. These shifts in (especially)
Collembola trophic niches with increasing elevation are likely linked to increasing
accessibility of microbial resources with decreasing quality of litter, as reported in Chapter
2. Collembola traits, represented by Collembola life forms and body size, likely determine
the capability of Collembola to access these alternative microbial resources along the
elevational gradient as suggested by the results presented in Chapter 4. This thesis is the first
to report detailed data on trophic changes in microarthropods along elevational gradients and
therefore contributes significantly to the understanding of food web functioning in mountain
forest ecosystems.

Like in mountainous ecosystems across the world, annual mean temperatures on Changbai
Mountain increased and annual precipitation decreased over the last decades. According to
the strong dependence on local litter factors, the trophic positions of microarthropods at
higher elevations may decrease in the future as tree species from lower elevations may
expand to higher elevations. There is an urgent need for comparable studies along other



elevational gradients including different seasons to verify implications of our study and to
come up with more general statements. This thesis represents a starting point of such studies.
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Chapter 1: General Introduction

Tianchi Lake at Changbai Mountain, China



General Introduction

1.1 On Mountain Forests

The protection of mountain ecosystems is one of the major tasks in modern societies as
mountains are directly linked to human welfare. Mountain systems are among the greatest
water suppliers for humanity, especially in semiarid and arid regions, where they usually
contribute to more than 50% of the total water discharge (Messerli et al., 2004). Therefore,
mountains play a critical role in food supply also for the lowland area, this is particularly
true for many developing counties (Messerli et al., 2004), indicating upcoming challenges
in the face of global warming. For example, glacial water supports many big Andean cities,
while glaciers vastly retreated all over the Andes in the last decades (Coudrain et al., 2005).
Additionally, mountain areas (especially forests) harbour a major fraction of the world’s
biodiversity. Tropical mountains for example harbour over 70% of the worlds bird diversity
(Quintero & Jetz, 2018). Further, the plant diversity in alpine habitats is higher than expected
from their covered area (Korner, 2004). One of the reasons for high biodiversity in
mountains likely is the rapid change of climatic factors over a small spatial scale (Kdrner,
2004). Additionally, mountain habitats often comprise many species with small-ranged
distributions, which makes them major centres of endemism (Rahbek et al., 2019). In any
case, mountain habitats have an intrinsic value given their natural history and biodiversity.

Even though it is hard to come up with generalised characterization of mountains areas,
researchers agreed on a concept including both elevation and slope (Blyth et al., 2002).
Higher Mountains are usually divided into three elevational belts with each belt sustaining a
different fauna and flora. The montane belt is often considered the lowest belt, it usually
comprises the area below the treeline. It is followed by the alpine belt (mostly tundra) and
the nival belt where snowfall occurs all year around (Korner, 2004). These belts may be
further subdivided due to climatic properties (Korner, 2011). Due to its large plant biomass
(trees) and area (43% of the worldwide mountain area outside of Antarctica), the montane
belt can be considered the most important in regard of carbon storage (Kérner, 2011; Price
et al. 2015). Since mountain forests make up 23% of the worldwide forest cover, this even
holds true from a global point of view (Price et al., 2015). Besides their value as carbon
sinks, mountain forests further play a critical role in maintaining hydrological cycles, erosion
prevention and also timber production, to only name few functions (Price et al. 2015).

Like other mountain ecosystems, mountain forests are strongly affected by climate change.
Matskovsky et al. (2021) predicted climate change to negatively affect tree growth of two
endemic Chilean mountain tree species. Dakhil et al (2021) predicted a decrease in the area
of occupancy for eight montane coniferous tree species endemic to southwestern China, of
which four species were predicted to lose over 90% of their area of occupancy. Further, Kim
et al. (2018) predicted a contraction of coniferous forests by 33 % in the North American
Blue Mountains under climate change. Mountain forests are especially vulnerable to climate
change as dominant tree species in the montane belt often are endemic coniferous species
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General Introduction

with a small spatial distribution. Accordingly, Albrich et al. (2020) predicted a climate
induced transition of coniferous forests towards more broadleaf forests in the European Alps.

Such changes in tree species composition will likely affect the composition and functioning
of animal, plant and microbial communities. Leidinger et al. (2021) found differences in
species numbers in a variety of taxa between beech forests with different admixtures of other
tree species, with the type of the response depending on the respective taxon. Vehvildinen et
al. (2008) found varying responses of predatory arthropod abundances to different types of
forest stands. The investigation of elevational gradients in undisturbed forests may help to
uncover the response of forest dwelling taxa to climate driven forest conversion. Such a
gradient, including the natural transition zone between broadleaf and coniferous forests, is
present on the northern slope of Changbai Mountain, China (Tang et al. 2011).

1.2 Changbai Mountain

The Changbai Mountain area in Northeast China stretches along the borders of the provinces
Jilin and Liaoning with North Korea (42°8°25.4004”N, 128°7°36.2352”E). Changbai
Mountain itself is the highest mountain in the area (2750 m asl). It was formed and shaped
through volcanic activity, besides the formation of a basalt plateau between 20 and 3 mya,
the actual Changbai Mountain shield and its cone were formed between 2.8 and 0.01 mya
(Lietal. 2021). Given the volcanic history, geological groups at the northern slope comprise
mainly stomatal and laminated basalt, alkali pumice, trachyte and tuff, covering the bedrock
consisting mainly of dolomitic marble (Yan et al. 2018). Changbai Mountains climate is
characterized as temperate continental mountain climate influenced by monsoons (Wang et
al. 2020), including warm and wet summers and long winters. The northern slope of
Changbai Mountain is part of the “Changbaishan National Nature Reserve”, founded in 1960
to preserve the unique fauna and flora of the existing primary forests. The primary forests
are characterized by Korean pine (Pinus koraiensis Siebold & Zucc.) intermixed with
deciduous trees which dominate forests between 800 and 1100 m asl. Above 1100 m the
abundance of dark-bark spruce (Picea jezoensis var. komarovii Siebold & Zucc.) increases,
making it the dominant tree species up to 1700 m, further followed by birch forests (Betula
ermanii Cham.) and tundra (Liu 1997).

Several environmental factors change alongside with elevation and forest types across this
elevational gradient. The most obvious being climatic variables which in part define tree
species distribution boundaries. In general, annual mean temperature and temperature
seasonality decrease and precipitation increases alongside with elevation. Whereas
precipitation seasonality is highest at low, but lowest at intermediate elevations (Fig. 1a).
These factors indicate that, even though the higher elevations are colder and have more rain
and snow in general, the lower elevations show stronger fluctuations in both throughout the
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year. Litter related factors also change with elevation (Fig. 1b,c), which is likely linked to
both climate and forest type. There are strong variations in C/N ratio and litter water content
which both peak at 1250 m. The depth of the litter and fermentation layer is slightly higher
at higher elevations (1250 - 1700 m), while the humus layer does not change, which already
indicates alterations in carbon input and/or decomposition processes (Fig. 1b). Chemical
properties of leaf litter can tremendously vary across forest types. On Changbai Mountain
calcium concentrations are high in lower elevation litter as also reflected in the pH of litter.
The strong fluctuations in nutrient content in general indicate differences in litter
stoichiometry along the elevational gradient (Fig. 1c). This is in line with Ricklefs and
Matthew (1982), who found large variations in e.g., calcium, lignin and N content between
34 temperate deciduous tree species, even on a small spatial scale (24 km gradient). Perez-
Harguindeguy et al. (2000), reported variations in litter C/N ratio and physical litter
toughness between tree functional groups such as deciduous and evergreen tree species.

1.3 Implications for Soil Food Web Functioning

Differences in local climate and the structural differences in litter across elevations likely
influence the soil food web, due to its close ties to primary producers. Forest soil food webs
are driven by the input of dead organic matter through primary production. In terrestrial
ecosystems 10-30 % of net primary production (carbon) is released as litter and the same
holds true for organic carbon provided by root exudates (Chapin et al. 2011). It must be
mentioned that root derived resources can be of high importance for soil animals (Pollierer
et al. 2007). Litter, however, typically is considered the most important resource especially
for decomposers. In a greenhouse experiment Eisenhauer and Reich (2012) found the
identity of above ground plant litter input to influence Oribatida abundance and decomposer
performance (carbon use efficiency of microbes) stronger than root litter identity.
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General Introduction

Consequently, differences in physical and chemical properties of litter may directly
influence litter decomposition rates. For example, the contribution of soil mesofauna to
decomposition is higher in nutrient rich compared to more recalcitrant litter (Fujii et al. 2018)
and leaf toughness and C/N ratio can negatively influence litter weight loss through
decomposition (Perez-Harguindeguy et al. 2000). In forests litter decomposition is mainly
driven by microorganisms, especially bacteria and fungi (Bani et al. 2018). Within soil food
webs, decomposers are among the most crucial components of forest growth as they recycle
nutrients and counteract nutrient leaching. Besides microbes, microarthropods also
contribute to litter decomposition and recycling of nutrients (Seastedt, 1984; Kampichler &
Bruckner, 2009). Collembola and Oribatida are the most abundant microarthropod taxa in
forests and therefore influence nutrient cycling (Hattenschwiler et al. 2005; Bani et al. 2018).
Both taxa span a wide range of trophic niches (Scheu and Falca 2000; Schneider et al. 2004;
Chahartaghi et al. 2005), with the majority in forests being primary and secondary
decomposers: Chahartaghi et al (2005) categorized five and eight of the twenty investigated
Collembola taxa from three deciduous forests as primary and secondary decomposers,
respectively. Similarly, Schneider et al (2004) categorized ten and ten out of 26 assigned
oribatid taxa from four forests as primary and secondary decomposers, respectively.

Primary and secondary decomposers are not distinct, rather, they form a continuum with
both feeding on litter at different microbial colonization stages (Scheu and Falca 2000;
Maraun et al. 2023). Even though Collembola and Oribatida species may vary considerably
in their trophic niches (Scheu and Falca 2000; Pollierer et al. 2009), in Collembola habitat-
dependent intraspecific variation in trophic ranges may be almost as high as the interspecific
variation (Korotkevich et al. 2018). Consequently, changes in resource availability due to
altered decomposition processes and litter quality along elevational gradients will likely
cause shifts in trophic position of microarthropod communities and species and thus food
web functioning.

Even though responses of soil food web’s trophic structure along elevational gradients are
likely, they have never been investigated in detail. Most studies on soil food webs along
elevational gradients focus on community composition, including microbes (Shen et al.
2013; Liu et al. 2019), Collembola (Xie et al. 2022) and Oribatida (Pan et al. 2023). There
is urgent need to identify trophic responses of different soil food web compartments to
elevation to predict potential impacts of climate and forest change. In fact, to the best of our
knowledge there has only been one study reporting changes in trophic positions of soil
microarthropods (Oribatida) across an elevational gradient, and the main focus of that study
was not trophic changes with elevation (Fischer et al. 2014).
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1.4 Methodologies

This thesis forms part of the “Changbai Project”, a joint project between the Key Laboratory
of Wetland Ecology and Environment of the Chinese Academy of Sciences, Changchun,
China and the Working Group of Animal Ecology of the University of Gottingen, Germany.
The Project is supported by both, the National Natural Science Foundation of China (NSFC;
No. 31861133006-42071059) and the German Science Foundation (DFG; SCHE/376/42-1)
in the framework of the Sino-German agreement between the DFG and the NSFC.

In this framework we established seven sites with elevational steps of 150 m along an
elevational gradient at the northern slope of Changbai Mountain, China, covering the
primary forest area between 800 and 1700 m asl, as characterized before. At each site we
established eight plots, serving as replicates for the respective measurements. Samples were
taken in early September 2019, before litter fall began (see chapters for sampling methods).

To understand interactions between microbes and microarthropods it is important to
characterize the microbial community and functioning. A well-established approach for
identifying changes in microbial communities is phospholipid fatty acid (PLFA) analysis.
PLFAs form the major component of cell membranes and, by varying among microbial
groups, provide insight into microbial community structure (Bossio and Scow 1997; Moore-
Kucera and Dick 2008; Frostegard et al. 2011). Certain PLFA ratios on the other hand can
serve as indicators of environmental stress and substrate availability (Bossio and Scow 1997;
Moore-Kucera and Dick 2008; Frostegard et al. 2011). Further, microbial basal respiration
and substrate-induced respiration provide insight into gross characteristics of microbial
communities such as microbial biomass and the microbial carbon use efficiency (Anderson
and Domsch 1978; Scheu 1992; Anderson and Domsch 1993). This information is crucial in
terms of soil food web functioning as it provides insight into decomposition processes, but
also gquantifies availability of microorganisms as potential resource for the soil animal food
web.

Investigating trophic relationships in soil food webs is a difficult task, impeded by several
factors. The habitat itself does not allow direct observations and the body size and feeding
mode of focal organisms complicates many established methods such as visual gut content
inspection. An alternative method used is the identification of gut enzymes (Potapov et al.
2021), however, both methods do only allow a temporal snapshot of the diet, a problem
revisited under the more modern approach of molecular gut content analysis. Bulk stable
isotopes of consumers (usually **N and **C) on the other hand can give long-term diet
information (Nielsen et al. 2018). The method of bulk stable isotopes was adopted for soil
food web analyses in 2000 (Ponsard and Arditi 2000; Scheu and Falca 2000), and became
one of the best established methods for the analyses of the trophic structure of soil animals
(Potapov et al. 2019a; Maraun et al. 2023). However, the information about a consumer’s
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basal resource gained from bulk stable isotopes is of low resolution and only allows broad
differentiation of e.g., plant, algae and lichen feeders (Maraun et al. 2023). Compound-
specific *C analysis of amino acids (CSSIA-AA; Larsen et al. 2013, 2016; Pollierer et al.
2019) or biomarker neutral lipids (NLFA) in consumers (‘dictary routing’; Ruess and
Chamberlain 2010) can increase the resolution as they allow to differentiate more resources
(e.g., fungal types and functional bacterial groups). Additionally, both methods are highly
complementary: CSSIA-AA reflects basal resources used for protein synthesis and growth,
whereas NLFA analysis reflects basal resources used for storage lipids, i.e. energy
metabolism.

Bulk stable isotopes (**N) are further used to differentiate trophic positions like primary and
secondary decomposers or predators, however, to estimate trophic positions the correct
estimation of the baseline, the basal resource of the food chain in most cases, is crucial
(Gannes et al. 1997; Martinez Del Rio et al. 2009; Potapov et al. 2019b). °N analysis of
amino acids allows baseline independent estimates of the trophic position of consumers
(Chikaraishi et al. 2007, 2010, 2014) and is therefore well suited to increase reliability of
trophic position estimates.

Consequently, using a combination of different complementary methods for trophic analyses
could be a promising approach to counteract methodical weaknesses and evaluate common
methods.

1.5 Scope of the Thesis

Microbial decomposition and soil microarthropod community functioning may change
strongly with changing environmental factors and this thesis for the first time tackles the
question: “How do trophic interactions among different components of the soil food web
change with elevation?”. In this work we access changes in microbial communities, biomass
and functioning and their major driving factors (Chapter 2), following up we identify how
the overall trophic functions of Collembola and Oribatida change across elevations and how
this is linked to microbial and litter resources (Chapter 3). Further we address the trophic
composition of the Collembola community with a focus on their role as primary
decomposers (Chapter 4) and comprehensively discuss the relation of these results
(Chapter 5).

12
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1.6 Chapter Overview

In the following chapters we investigated three main hypotheses:

1. Microbial community functioning is influenced by elevation, with increasing microbial
biomass and carbon use efficiency with increasing elevation.

2. The role of Collembola and Oribatida as primary decomposers diminishes at higher
elevations, whereas their role as secondary decomposers is strengthened.

3. The trophic range of the Collembola community shrinks towards higher elevations, caused
by a decrease/shift in primary decomposers and an increase in secondary decomposers, but
this varies with Collembola life form and body size.

In Chapter 2 we investigated substrate-induced respiration and phospholipid fatty acids in
litter and two soil layers across the studied elevational gradient. Microbial biomass and
indicators of microbial stress were higher in the litter layer of higher elevations, both
correlated negatively with Ca concentrations indicating increased nutritional stress in high
microbial biomass communities at sites with low Ca availability. PLFA profiles in the litter
layer separated low and high elevation sites, but this was less pronounced in soil. Therefore,
the litter layer likely buffers the impact of climate factors on soil microbial communities.
Annual variations in temperature influenced PLFA profiles in all three layers, while annual
variations in precipitation influenced upper soil microbes only. Furthermore, the availability
of resources, soil moisture, Ca concentrations and pH structured microbial communities.
Pronounced changes in microbial biomass between litter of pine dominated (800 - 1100 m)
and spruce dominated (1250 - 1700 m) forests indicated a shift in the structure and
functioning of microbial communities between forest types along the elevational gradient.
Microbial community structure and functioning strongly depends on elevation, but driving
factors vary between soil layers. Our results suggest that, besides annual variations in
temperature and precipitation, carbon accumulation and nitrogen acquisition shape changes
in microbial communities with elevation on Changbai Mountain.

The study presented in Chapter 3 focused on trophic variations in Collembola and Oribatida
along the studied elevational gradient. We applied three state-of-the-art methods to elucidate
trophic positions and basal resource use of both taxa at community level: Bulk stable isotope
analysis of nitrogen and carbon (Slsuik), compound-specific stable isotope analysis of amino
acids (CSSIA-AA) and dietary routing through neutral lipid fatty acids (NLFA). A®Npuik
and trophic position calculated using CSSIA-AA (TPcssia) both increased with elevation in
both taxa and correlated with each other. Stable isotope mixing models using 3°C of
essential amino acids indicated fungi as most important resource at most elevations for both
taxa. Proportions of marker NLFAs changed little across elevations in both taxa, indicating
strong variations in trophic positions with elevation but conserved energy channels in both
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taxa. Collembola showed higher relative amounts of bacterial markers than Oribatida.
ABCpui did not respond linearly to the elevational gradient and the response depended on
taxon. A strong linear correlation between 8'°N of phenylalanine in consumers and 5'°N of
litter indicated litter as basal resource of their energy channel. Our results indicate changes
in food web functioning with changing forest types along elevational gradients, where
microarthropods might switch from feeding at the base of the food web to feeding at higher
trophic levels. This may potentially compromise their role in litter decomposition and
nutrient cycling.

In Chapter 4, based on the implications from Chapter 3, we examined the effects of
elevation on trophic variations of Collembola at the species level. Collembola species were
categorized into life forms and individual body lengths were measured. Abundance weighted
mean and minimum AN values as well as abundance weighted AC values increased with
increasing elevation, while the range of AN values decreased. Maximum and minimum
values of A'C differed between elevations but showed no linear response. Isotopic
uniqueness linearly increased with elevation. AN values of Collembola species occurring
across all elevations increased with elevation, this shift was strongest in Folsomia
octoculata. Elevational changes in mean AN values also depended on Collembola life form
and were most pronounced in hemiedaphic species. Further, AN values increased with
decreasing body size but only in hemiedaphic and euedaphic species. Linear changes in A3C
values with elevation depended on Collembola life form, with euedaphic species showing
the strongest shift. Overall, the results suggest that Collembola species functioning as
primary decomposers shift towards using more microbial diets and functioning as secondary
decomposers or even living as predators or scavengers at higher elevations. The results
further indicate that the ability to access alternative food resources depends on Collembola
life form and body size, but that this relationship varies between ecosystems. Climate driven
forest conversion may affect the trophic structure of Collembola communities as Collembola
functioning as secondary decomposers in coniferous forests may shift towards functioning
as primary decomposers if species boundaries of broad-leaf tree species at lower elevations
expand towards higher elevations.
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Chapter 2: Changes in  Microbial
Community Structure and Functioning
with Elevation Are Linked to Local Soil
Characteristics as Well as Climatic
Variables
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2.1 Abstract

Mountain forests are important carbon stocks and biodiversity hotspots but are threatened
by increased insect outbreaks and climate driven forest conversion. Soil microorganisms
play an eminent role in nutrient cycling in forest habitats and form the basis of soil food
webs. Uncovering the driving factors shaping microbial communities and functioning at
mountainsides across the world is of eminent importance to better understand their dynamics
at local and global scales. We investigated microbial communities and their climatic and
local soil related drivers along an elevational gradient (800 - 1700 m asl) of primary forests
at Changbai Mountain, China. We analysed substrate-induced respiration and phospholipid
fatty acids (PLFA) in litter and two soil layers at seven sites. Microbial biomass (Cmic)
peaked in the litter layer and increased towards higher elevations. In the litter layer the
increase in Cmic as well as in stress indicator ratios were negatively correlated with Ca
concentrations indicating increased nutritional stress in high microbial biomass communities
at sites with lower Ca availability. PLFA profiles in the litter layer separated low and high
elevations, but this was less pronounced in soil, suggesting that the litter layer functions as
buffer for soil microbial communities. Annual variations in temperature correlated with
PLFA profiles in all three layers, while annual variations in precipitation correlated with
PLFA profiles in upper soil only. Furthermore, the availability of resources, soil moisture,
Ca concentrations and pH structured the microbial communities. Pronounced changes in Cic
and stress indicator ratios in the litter layer between pine dominated (800 - 1100 m) and
spruce dominated (1250 - 1700 m) forests indicated a shift in the structure and functioning
of microbial communities between forest types along the elevational gradient. The study
highlights strong changes in microbial community structure and functioning along
elevational gradients, but also shows that these changes and their driving factors vary
between soil layers. Besides annual variations in temperature and precipitation, carbon
accumulation and nitrogen acquisition shape changes in microbial communities with
elevation at Changbai Mountain.
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2.2 Introduction

Forests store large amounts of carbon, fixed in standing plant (tree) biomass as well as soil
organic matter. Mountain forests contribute significantly to these carbon stocks as 41% of
the worldwide mountain area is covered by forests and mountain forests sum up to 23% of
the worldwide forest cover (Price et al., 2015). Global warming is expected to strongly alter
mountain forests. Albrich et al. (2020) projected changes of coniferous mountain forests
towards broadleaf forests at lower elevations in the European Alps. These changes in
vegetation are likely to affect the structure and functioning of microbial and animal
communities. Although microbial communities along elevational gradients received more
attention in the last years, there is still a lack of knowledge on the factors driving microbial
community composition and functioning along such gradients (Looby & Martin, 2020).
Studies addressing this lack of knowledge are best to be done in mountain areas little affected
by humans allowing to uncover the response of natural communities to global change
factors. The northern slope of Changbai Mountain in Northeast China represents such a
natural forest gradient as these forests have never been logged (Tang et al., 2011). The forests
comprise mainly primary forests with a transition between deciduous and mixed forests at
lower elevations towards pure coniferous and birch forests at higher elevations (Liu, 1997;
Tang et al., 2011).

Litter entering the belowground system is decomposed predominantly by microorganisms,
mainly bacteria and fungi (Bani et al., 2018), and therefore, microorganisms play a critical
role in the mineralisation of carbon and nitrogen (Hobara et al., 2014). Considering that
microbial activity is intricately linked to temperature, mountains provide ideal settings to
investigate the role of temperature and associated changes in forest type on the structure and
functioning of microbial communities. Studying these changes is of particular relevance in
face of global climate change. With decreasing temperature and shorter vegetation periods
at higher elevation, microorganisms may have to concentrate their metabolic activities to the
limited period of high temperature and microbial communities have to adapt to the short
period they can be active. Conform to these assumptions, Massaccesi et al. (2020) found
microbial biomass to increase with increasing elevation in coniferous forests in the European
Apennine indicating higher resource availability at high elevations. Changbai Mountain
forests at high elevations are dominated by spruce (Liu, 1997) and spruce is known to retard
decomposition processes by high concentration of polyphenols in needles contributing to the
accumulation of carbon at high elevation (Gallet & Lebreton, 1995). This is likely to be
associated by distinct microbial communities.

Harsh environmental conditions including climatic as well as soil factors at high elevations
also likely increase physiological stress of microorganisms. Both low temperature and pH
are known to result in alterations in the structure of microbial membranes (Knivett & Cullen,
1965; Guckert et al., 1986; Russel, 2008), with major consequences for microbial
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community composition and functioning. Conform to these considerations, Shen et al (2013)
identified pH as main driver of changes in microbial community composition with elevation
at Changbai Mountain. Effects of low temperature and pH on soil microorganisms, however,
are likely to vary with soil depth due to the buffering of adverse climatic conditions by the
litter layer and typically higher pH in litter than in soil. Further, the decreases in organic
matter with soil depth and associated decline in resource availability (Kramer & Gleixner,
2008; Hobley & Wilson, 2016) may aggravate microbial stress in soil. Therefore, driving
factors of microbial community structure and activity are likely to differ between litter and
soil. As both processes in litter and soil contribute to carbon and nutrient cycling,
understanding the driving factors of microbial community composition and functioning in
both litter and soil is of fundamental importance. However, studies investigating changes in
microbial communities along elevational gradients often only focus on soils and neglect the
litter layer (Chang et al., 2016; Liu et al., 2019).

To investigate changes in microbial communities along environmental gradients
phospholipid fatty acids (PLFAs) are commonly used (Xu et al., 2014; Chang et al., 2016;
Liu et al., 2019). PLFAs form the major component of cell membranes and, by varying
among microbial groups, provide insight into microbial community structure (Bossio &
Scow, 1997; Moore-Kucera & Dick, 2008; Frostegard et al., 2011). Further, PLFA ratios
serve as indicators of environmental stress and substrate availability (Bossio & Scow, 1997;
Moore-Kucera & Dick, 2008; Frostegard et al., 2011). Thereby, PLFAs provide insight into
changes in the structure and functioning of microbial communities along altitudinal
gradients (Liu et al., 2019; Klimek et al., 2020). Similarly, microbial basal respiration and
substrate-induced respiration (SIR) provide insight into gross characteristics of microbial
communities such as microbial biomass and activity as well as the efficiency in the use of
carbon resources by microorganisms (Anderson & Domsch, 1978; Scheu, 1992; Anderson
& Domsch, 1993).

We used PLFAs and SIR to follow changes in microbial community structure and
functioning in litter and soil of forests along an altitudinal transect of Changbai Mountain,
China. We hypothesised (i) microbial biomass and metabolic quotient to increase with
increasing elevation, but to decrease with soil depth; (ii) microbial community composition,
represented by PLFA profiles, to change with elevation and soil depth, with the changes
being less pronounced in soil than in litter; (iii) elevation-related climatic variables and pH
to be the major factors structuring microbial communities in litter, while in soil local soil
characteristics to be most important; and (iv) physiological and nutritional stress indicators
to increase with increasing elevation (due to increased environmental harshness) and soil
depth (due to increased resource shortage).
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2.3 Material and Methods

2.3.1 Study Site and Sampling

Changbai Mountain (42°8°25.4004”N, 128°7°36.2352”E) extends along the border between
the Chinese provinces Jilin and Liaoning and North Korea, with the “Changbaishan” being
the highest mountain (2750 m asl). Samples were taken along the northern slope of the
mountain forming part of the “Changbaishan National Nature Reserve”. The alkaline
geological groups in the sampling area comprise stomatal and laminated basalt, alkali
pumice, trachyte and tuff, reflecting the volcanic history of the mountain (Yan et al., 2018).
The area belongs to the temperate climate regime and is characterized by long winters and
short and warm summers. Between 1959 and 1988 the annual mean temperature ranged from
-7 to 3°C and precipitation ranged from 700 to 1400 mm (Chen et al., 2011). The mountain
vegetation mainly comprises broadleaved and mixed forests with high abundance of Korean
pine (Pinus koraiensis Siebold & Zucc.) at lower elevation (up to 1100 m) and spruce — fir
coniferous forests at higher elevation (up to 1700 m) followed by birch forests and tundra
(Tang et al., 2011; Yu et al., 2013). The current study focuses on the forest area between 800
and 1700 m asl, where seven plots of an elevational difference of 150 m, were sampled.
Every plot was subdivided into four subplots with at least 50 m distance between them
(Appendix Fig. 1). Samples were taken in early September 2019. Three soil cores of a
diameter of 5.5 cm were randomly taken at each subplot, the cores were divided into litter
layer, upper (0 - 5 cm) and lower (5 - 10 cm) soil layer. The three samples per layer were
pooled and considered as one replicate, resulting in four replicates per elevation. Samples
were transported in cooling boxes to the laboratory and frozen at -26°C. Prior to further
analyses thawed litter samples were cut into pieces of ca. 2.5 cm x 2.5 cm by scissors and
thawed soil samples were sieved through 2 mm mesh and thoroughly mixed.

2.3.2 Chemical and Microbial Analyses

Soil and litter pH was measured in 0.01 M CaCl; solution. For carbon and nitrogen analyses
2 g of soil and 1 g of litter were dried at 70°C for 24 h and milled. Aliquots of ca. 1.5 mg
litter and ca. 10 mg of soil were transferred into tin capsules. Carbon and nitrogen content,
and natural C/*2C isotope ratios (Table 1) were measured using an isotopic mass
spectrometer (Delta plus XP, Thermo Electron, Bremen, Germany) coupled via an interface
(Conflo 11, Thermo Eclectron, Bremen, Germany) to an elemental analyser (Flash 2000,
Thermo Fisher Scientific, Cambridge, UK). The abundance of 13C was expressed as & values,
calculated as & (9o) = “empie=tstandard g0 = (e _ 1) 5 103, With Rsample aNd Rstandard being

Rstandard Rstandard
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the 13C/*2C ratio in the sample and standard. Vienna Pee Dee belemnite was the primary
standard for *C. Acetanilide was used as internal standard.

Table 1: Means + se of natural §*3C [%o] values across elevations and soil layers.

layer 800 m 950 m 1100 m 1250 m 1400 m 1550 m 1700 m

litter -27.7 % -28.0 -275% -28.3+ -27.7 % -27.8 % -275%
0.38 0.39 0.36 0.77 0.43 0.61 0.60

0-5 om -26.5+ -26.6 + -26.4 + -26.5+ -25.9+ -25.7+ -25.8
0.18 0.43 0.64 0.65 0.30 0.34 0.32

5-10 cm -25.7+ -26.0 + -25.3 + -25.9 + -25.2 + -25.0+ -25.4 +
0.27 0.24 0.41 0.18 0.05 0.22 0.20

A set of climatic variables retrieved from worldclim2 was ascribed to every elevational plot
and extracted via the “raster” package at 30 s resolution (Fick & Hijmans, 2017; Hijmans,
2021). Precipitation and temperature seasonality were calculated as standard deviation of the
yearly precipitation and temperature (mean of monthly means), respectively.

For measuring the concentrations of eleven elements in litter and soil (aluminium, calcium,
copper, iron, magnesium, manganese, phosphorus, potassium, sodium, sulphur, zinc),
subsamples of the litter layer were dried (60°C, 48 h), milled and digested with 65 % HNO3
at 195°C for 8 h. For soil layers the cation exchange capacity was measured from 2.5 g of
fresh soil. Samples were saturated with 0.2 N BaCl. overnight, followed by a 4 h percolation
phase in which the solved ions were exchanged with Ba?*. Extracted ions were analysed by
ICP-OES (inductively coupled plasma optical emission spectrometry, ICAP 7000 ICP-OES
Analysator, ThermoFisher Scientific, USA).

For measuring microbial respiration and biomass, samples were placed at 4°C for 72 h for
thawing prior to the analyses and then pre-incubated for seven days at room temperature. A
total of 0.8 g of litter and 2 g of each soil layer were used for measuring basal respiration
(BR) and substrate-induced respiration (SIR) following Anderson & Domsch (1978). O>
consumption (ul Oz g* soil dw h't) was measured every 0.5 h at 22.0°C using an automated
respirometer based on electrolytic O> compensation (Scheu, 1992). For BR the mean of
readings between 6-12 h after attachment of the vessels to the respirometer were used. For
measuring SIR, a glucose solution was added with 80 mg g* dry weight added to litter and
8 mg g dry weight to soil. The mean of the lowest three measurements of the glucose-
amended samples was used as maximum initial respiratory response (MIRR; pl O, g dry
weight h). Microbial biomass (Cmic) was calculated as MIRR x 38 x 0.7 (Beck et al.,
1997). The specific respiration (qO2; pl O2 mg? Cmic h™) was calculated as quotient between
BR and Cnmic. To facilitate comparisons between soil layers Cmic was expressed per gram
organic carbon as mg Cmic g™*C.

Phospholipids were extracted using a modified high throughput method based on Buyer &
Sasser (2012). Lipids were separated through silica columns (0.5 g silicic acid, 3 ml; HF
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BOND ELUT-SI, Varian Inc., Darmstadt, Germany). Twenty ul of internal standard (FAME
CRMA47885, C11 to C24; BAME 47080-U, C11 to C20; Sigma-Aldrich, Darmstadt,
Germany) was added before the evaporation at the end of lipid extraction. Samples were
evaporated for 40 min at 50°C and then at 37°C using a vacuum centrifuge. Then, 0.2 ml
transesterification reagent was added and the vials incubated at 37°C for 15 min before
adding 0.4 ml of acetic acid (0.075 M) and 0.4 ml chloroform. The lower phase containing
the phospholipid methyl esters (FAMESs) was transferred into new vials and the separation
step was repeated with another 0.4 ml of chloroform and evaporated at room temperatures.
As dissolvent for FAMEs we used 75 pl isooctane. The resulting fatty acid methyl esters
were analysed in a gas-chromatograph (GC-FID Clarus 500; PerkinElmer Corporation,
Norwalk, USA) equipped with an Elite 5 column (30 m x 0.32 mm inner diameter, film
thickness 0.25 um). The abundance of the lipids was calculated as nmol per gram of dry
material and then transformed to mole percentages (Pollierer et al., 2015).

To further characterise the microbial community, the ratio between fungal (18:216,9) and
bacterial PLFAs (i15:0, a15:0, i16:0, cy17:0, cy19:0) was calculated (fun/bac ratio) (Moore-
Kucera & Dick, 2008). In addition, the ratio between the sum of cyclopropyl acids (cy17:0,
cy19:0) and their monoenoic precursors (16:1w7, 18:1®w7) was calculated (cyclo/pre ratio),
and used as indicator for physiological stress e.g., caused by low pH and low nutrient supply
(Knivett & Cullen, 1965; Guckert et al., 1986; Bossio & Scow, 1997). Furthermore, we
calculated the ratio between saturated (14:0, 15:0, 16:0, 17:0, 18:0) and monounsaturated
PLFAs (16:107, 17:1, 18:1w9, 18:1w7), representing nutritional or substrate-related stress
(Bossio & Scow, 1997; Moore-Kucera & Dick, 2008). Also, the ratio of branched-chain
PLFAs (i15:0, a15:0, i16:0, i17:0), representing Gram* bacteria (except Actinobacteria), and
cyclopropyl and vaccenic type PLFAs (cy17:0, cy19:0, 16:1w7, 18:1w7), representing Gram’
bacteria were calculated (Ratledge & Wilkinson, 1988; Joergensen, 2022).

2.3.3 Statistical Analyses

Statistical analyses were performed in Rv4.0.4 (R Core Team, 2021). To analyse
differences in microbial community composition among elevations and layers Bray-Curtis
distance-based PERMANOVAs were performed using the “adonis” function. The input
matrix included amounts of PLFAs as mole percentages as dependent variables. Elevation,
soil layer and their interaction were included as independent factors. Non-metric
multidimensional scaling (NMDS) was used to display differences in PLFA composition in
2-dimensional space. To identify the PLFAS responsible for most of the variation between
elevations and soil layers, Bray-Curtis distance-based analysis of similarity percentages
(“SIMPER”) was conducted (Oksanen et al., 2020).

To investigate environmental factors structuring the PLFA composition in litter and soil,
redundancy analysis (RDA) was used. The response matrix was the same as for the
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Bray-Curtis distance-based method described above. While the response matrix was left
unscaled, the matrix containing the environmental factors, including local soil factors
(including the eleven elements) as well as climatic factors, was scaled to values between 0
and 1 to secure comparability of effects. RDAs were calculated for all three layers and
predictors were selected after correlation and co-linearity between each other; pH was
included in all RDA models since it has been identified as the main structuring force for
microbial communities at Changbai Mountain (Shen et al., 2013). With this pre-selected set
of explanatory variables, a permutational, P-value-based forward-selection was ran via the
“ordistep” function (Oksanen et al., 2020). The number of permutations was 1000. The
significance of the variation explained by the selected model and its predictors was tested
with the permutational-based “anova.cca” function and their explanatory impact was
analysed via the adjusted R?-values of the model (Oksanen et al., 2020). The RDA model
was displayed as 2-dimensional biplot of “species”-scaled values to focus on the impact of
the factors characterising community composition.

Variations in Cmic and qO2 with elevation and soil layer were inspected using linear mixed
effects models with plot-1D as random term (Bates et al., 2022); if necessary, data were logio
transformed to approximate Gaussian distribution. Independent variables were elevation,
soil layer and their interaction. If the interaction between elevation and soil layer was
significant each layer was analysed separately, using multiple linear models with the
respective dependent variable as mentioned above and elevation as independent factor.
Linear models met the assumption of homoscedasticity and independence. The independent
factor elevation was ordered in all analyses. For visualisation of pairwise differences in
figures, we computed Tukey’s honestly significant difference (HSD) using the “emmeans”
package (Lenth, 2022). Errors presented in text and figures represent the standard error of
the mean (SEM). To gain a better understanding of the observed changes, we correlated
factors varying with elevation (Cmic, qO2, cyclo/pre and mono/sat ratios) with the
environmental factors which were identified by forward-selection in the RDAs to
significantly affect the PLFA patterns (§*3C, C/N, pH, Ca concentration, water content) using
“Spearman rank correlation” to account for non-linear relationships revealed by visual
inspection.
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2.4 Results

2.4.1 Microbial Biomass across Elevations and Layers

To study the expected variations in microbial biomass (Cmic), we tested the influence of
elevation and layer on Cnic and their interaction. Microbial biomass varied strongly among
layers and generally declined from the litter layer (42.08 + 1.84 mg Cmic g C) to 0-5 and
5-10 cm soil by 75 % and 73 %, respectively, but the decline varied with elevation
(significant layer x elevation interaction; x> = 24.65, P = 0.017). Separate analysis of each
layer showed that Cmic only varied significantly with elevation in litter (Fs21 =2.67,
P = 0.044), where it first declined from 800 (38.82 + 3.58 mg Cmic g™ C) to 1100 m by 18 %
and then increased from 1100 m (31.83 + 3.93 mg Cmic g* C) up to 1700 m by 61 % (Fig. 1).
By contrast, in 0-5 and 5-10 cm soil Cmic did not show a clear pattern, but was generally low
at 1100 m and high at 1250 m. In contrast to Cnmic, qO2 varied significantly with elevation
(x> = 13.95, P = 0.03), but not among soil layers; it was generally low at 950 m (overall mean
across layers 549 +0.33 pl Oz mg! Cmic h?) and highest at 1700 m (6.41 +0.30
il O2mg?* Cmic hY), but the variations were generally small (Appendix Fig. 2).

litter 0-5cm 5-10 cm

s«-ab ab a ab ab aI) b

elevation [m]
8 800 & 950 & 1100
B 1250 @ 1400 B 1550
B 1700

20- a a a aaaa a aaaa a a

elevation

Figure 1: Changes in microbial biomass with elevation in litter, 0-5 and 5-10 cm soil depth. The solid line
represents the mean across elevations, the dots represent data points, error bars represent the standard error of
the mean and letters mark significant differences between means (Tukey’s HSD test at P < 0.05). For results of
linear models see text.

microbial biomass (mg Cc g™ C)

o
'

Correlation analysis between Cnic and qO2 and environmental factors showed that in litter
Ca concentration correlated negatively with Cmic and qO2 (p = -0.60, P < 0.001 and p = -0.54,
P =0.003, respectively), while C/N ratio correlated positively with Cmic and qO2 (p = 0.38,
P =0.047 and p = 0.50, P = 0.006, respectively). Also, pH correlated negatively with Cpic in
the litter layer (p =-0.61, P < 0.001), reflecting that it was closely inter-correlated with Ca
(p =0.63, P <0.001). Contrasting the litter, Ca concentrations and pH correlated positively
with Cmic in 0-5cm soil (p=0.38, P=0.045 and p =0.72, P <0.001, respectively). In
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0-5 cm and 5-10 cm soil water content correlated negatively with Cmic (p =-0.39, P =0.038
and p =-0.42, P = 0.026, respectively).

2.4.2 Microbial Community Composition across Elevations and Layers

PLFA profiles as proxy for microbial community composition varied significantly among
layers (F2,63=98.64, P = 0.001) as well as among elevations (Fee3 = 5.05, P = 0.001), with
both interacting significantly (Fi2,63= 2.21, P = 0.006). SIMPER analysis detected the fungal
marker 18:2106,9 as the most important PLFA separating litter and the two soil layers
(Appendix Table 1) decreasing from litter to 0-5 cm by 83 % and to 5-10 cm by 85 %. The
Gram™ bacterial marker 18:1m7 was the PLFA accounting for most of the dissimilarity
between 0-5 cmand 5-10 cm, but it decreased from 0-5 cm to 5-10 cm by only 3 % reflecting
the overall similarity of the PLFA profiles of these two layers.

Due to the significant interaction between layer and elevation, we inspected the layers
separately and displayed the PLFA profiles of individual layers (Fig. 2). In the litter layer
PLFA profiles significantly changed with elevation (Fs21 = 2.49, P = 0.007). The sites at
800, 950 and 1100 m separated from those at 1550 and 1700 m, while the PLFA profiles at
1250 and 1400 m largely overlapped with the other elevations (Fig. 2A). Although PLFA
profilesin 0-5 cm (Fs21=5.66, P <0.001) and 5-10 cm (Fe 21 = 4.81, P < 0.001) also differed
significantly with elevation, the differences were less pronounced compared to litter (Fig.
2B, C). However, as in litter, the sites at 800, 950 and 1100 m clustered close together, and
this also applied to the sites at 1250, 1400, 1550 and 1700 m. In litter, the monounsaturated
PLFAs 18:1w7, 18:109 and 16:1w7 were more abundant at lower elevations, while the
abundance of the saturated fatty acids 14:0, 16:0 and 17:0 peaked at 1550 and 1700 m (Fig.
2A). PLFA 16:0 accounted for most of the dissimilarity between 800 and 1700 m (4.35 %)
and PLFA 18:1w7 accounted for the second most dissimilarity (3.08 %; Appendix Table 2).
In 0-5 cm depth, the PLFA pattern generally resembled that in litter, however, the PLFA
accounting for most of the dissimilarity between 800 and 1700 m was 18:1w7 (2.41 %j;
Appendix Table 2). In 5-10 cm depth, 800 m separated from the higher elevations, being
most dissimilar to 1700 m (group-dissimilarity 10.56 %), with PLFA al15:0 accounting for
most of the dissimilarity (2.34 %, Appendix Table 2). Branched-chain PLFAs al15:0, i16:0
and cyl17:0 were associated with 800, 950 and 1100 m, while the unsaturated PLFAs
18:216,9 and 18:1w7 were most abundant at 1400, 1550 and 1700 m.
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Table 2: F- and P-values for pH, Ca concentrations, C/N ratio, §'°C values, water content, temperature
seasonality and precipitation seasonality as predictors of PLFA patterns in litter, 0-5 and 5-10 cm soil as
analysed by RDA and presented in Fig. 3. Environmental factors were chosen via P-value based forward
selection per layer. All selected factors are displayed, “-* indicates that facors were not chosen for the
respective layer. pH was included in all RDAs due to its importance for microbial community composition
shown in a previous study at Changbai Mountain (Shen et al., 2013).

Predictor Litter layer 0-5cm 5-10 cm
F-value P-value  F-value P-value F-value P-value

pH 0.45 0.66 24.03 <0.001 0.64 0.468

Ca - - 3.56 0.027 - -

C/IN - - 50.38 <0.001 - -

dt3C - - 6.44 0.003 - -
Water content - - - - 8.21 0.007
Temperature seasonality 4.71 0.008 4.87 0.014 5.44 0.019

Precipitation seasonality - - 5.00 0.010 - -
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Figure 2: Biplots of two dimensional NMDS of phospholipid fatty acid (PLFA) profiles across elevations (e 800 m;
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As indicated by RDA, the environmental factors that correlated with certain PLFAs varied
between layers (Table 2, Fig. 3) and this was also true for the variance in PLFA patterns
explained by RDA axes 1 and 2 in litter, 0-5 and 5-10 cm depth (10.4 %, 69.2 % and 30.2 %,
respectively). Temperature seasonality was the only significant environmental variable in
the litter layer and was highest at 800 and 950 m. In the litter layer, the monounsaturated
PLFAs 16:107, 18:1n7 and 18:1w9 increased with temperature seasonality (Fig. 3A). In
0-5cm depth, C/Nratio, pH, Ca concentrations, &3C, precipitation seasonality and
temperature seasonality significantly explained the PLFA distribution (Table 2, Fig. 3B).
PLFA 16:0 increased with C/N ratio and reached a maximum at intermediate elevations
(1250 and 1400 m). Soil pH and Ca concentrations increased towards lower elevations
parallel to PLFA cy17:0. Temperature seasonality and precipitation seasonality increased
parallel to PLFA a15:0 reaching a maximum at 800 m. 5'3C reached a maximum at 1550
and 1700 m. In 5-10 cm depth, soil water content and temperature seasonality significantly
explained the variation in the PLFA distribution (Table 2, Fig. 3C). Temperature seasonality
increased with the PLFAs cy17:0 and i15:0 and the soil water content increased with the
Gram® marker PLFAs i16:0 and i17:0, and PLFA al5:0 being highest at 1250, 950 and
800 m, respectively.
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Figure 3: RDA biplots on the relationship between phospholipid fatty acids and significant environmental factors (pH, temperature seasonality,
precipitation seasonality, 83C of the respective layer and soil water content of the respective layer; identified by P-value based forward selection) in
(A) litter, (B) 0-5 cm and (C) 5-10 cm soil depth. Centroids of elevations are represented by colored dots (
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litter 0-5cm 5-10 cm
1700 ! ! O @ ]
AA>V v | Mv mv “ 1100 OV |
' 1100 6w 800 “
1 1 1
' | soil water content
18:2w6,9 | 1400 “ Ca |
“ [} “ a15:0 “ meo
e “ 161w 18w7] 3R C/N o pH X '
@ |is0 24:0 :%“y.a 170 temp. seas. - 1250 @ 30 2p0 o 18:1w0 H8:206.9 ©@1250
o cy19:0 L;/A,:_ 23 s ha R - P 0,170
N ittt = I ittt STt TR Kl i U et il EATE =" ===
> - ME_KK x 3 & i15:0 ol Lotemp. seas] & . NS
o , < 18:1w7 1o 12:04
m) 20:0 O a 22:0
o 0: 3wl ] @ 1550 160 1 @ e 16:1w7, .
14:0 1 o170 18109 o 1 prec. seas. ! 1700
' 1700 i ' O
<« 1550 | | temp. seas. 1
1 1
! . ! :SO ®
8:1w9 e
" “ a1s0 I 1400
1 ! '@
| " 800 | 1550
1250 ' ! !
1 1 1
1 1 1
RDA1: 9.6 % RDA1: 58.1 % RDA1: 28.4 %

800 m; = 950 m;

beyond the plotted borders of the RDA axes; arrows point in the direction of their position. All coordinates were species-scaled.

1100 m; ® 1250 m;

34



Microbial Community

2.4.3 Indicators of Community Changes and Nutritional Stress

Of the four common PLFA indicator ratios, the fun/bac PLFA ratio significantly decreased
from litter (overall mean 0.8 £0.18) to 0-5 and 5-10 cm depth by 89.2 % and 91.4 %,
respectively (y*= 278.58, P < 0.001; Fig. 4A); it did not vary significantly with elevation.
The cyclo/pre ratio, as a measure of physiological stress, significantly decreased from litter
(overall mean 0.15 £ 0.01) to 0-5 and 5-10 cm by 14.9 % and 5.7 %, respectively (y° = 10.25,
P =0.006; Fig. 4B), however, the decline depended on elevation (significant elevation x
layer interaction; y?>=40.96, P <0.001). As indicated by separately analysing the three
layers, the cyclo/pre ratio only varied significantly with elevation in litter (Fe21=5.86,
P =0.001), where it was high at elevations >1250 m and low at elevations <1100 m.
Variations in the sat/mono ratio, a measure for substrate-induced stress, also depended on
both soil layer and elevation (significant elevation x layer interaction; y° = 25.92, P = 0.011),
and followed a very similar pattern to the cyclo/pre ratio (Fig. 4C). In contrast to the
cyclo/pre ratio, however, the separate analysis of the three layers indicated that the sat/mono
ratio changed significantly with elevation in each of the layers being high at elevations
>1250 m and low at elevations <1100 m in litter (Fe21 = 3.45, P = 0.016), and at a maximum
at 1250 m in 0-5 (Fe21=2.67, P =0.044) and 5-10 cm depth (Fe21=2.93, P =0.031). In
contrast to the other three ratios, the Gram*/Gram- ratio generally increased from litter to O-
5 and 5-10 cm depth by 23.7 % and 63.4 %, respectively (x°= 73.83, P < 0.001; Fig. 4D),
however, again the effect of layer depended on elevation (significant elevation x layer
interaction; y%>=25.92, P = 0.011). As indicated by separately analysing the three layers,
changes with elevation where only significant in litter (Fs 21 = 4.23, P = 0.006) and 5-10 cm
depth (Fs21=10.09, P <0.001), but in trend also in 0-5 cm depth (Fs21 = 2.47, P < 0.058).
In litter the Gram*/Gram" ratio was highest at 1550 m and lowest at 950 and 1250 m, whereas
in 0-5 cm depth it was similarly high at 800, 1250 and 1700 m, and lowest at 1100 m, and
in 5-10 cm depth it was highest at 800 m and again lowest at 1100 m. Subsequent correlation
analysis indicated that in litter Ca concentrations correlated strongly negatively with the
sat/mono and cyclo/pre ratios (p =-0.70, P <0.001 and p =-0.72, P < 0.001, respectively).
As being closely inter-correlated, pH also correlated positively with the sat/mono and
cyclo/pre ratios in litter (p = 0.49, P = 0.008 and p = -0.56, P = 0.002, respectively). Further,
the C/N ratio correlated positively with the cyclo/pre ratio in litter (p = 0.49, P = 0.008), but
negatively with the Gram*/Gram ratio (p = -0.56, P = 0.002). As in litter, Ca concentrations
in 0-5 cm soil depth correlated negatively with the sat/mono and cyclo/pre ratios (p = -0.50,
P =0.007 and p =-0.54, P = 0.003, respectively), and for the sat/mono ratio this was also
true for pH (p =-0.44, P =0.021). Further, the C/N ratio correlated positively with the
sat/mono and cyclo/pre ratios (p = 0.68, P = < 0.001 and p = 0.45, P = 0.015, respectively),
while pH correlated negatively with the Gram*/Gram™ ratio (p = -0.57, P = 0.002). In 5-10
cm soil depth, only Ca content correlated negatively with the cyclo/pre ratio (p =-0.39,
P =0.042).
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2.5 Discussion

Using a combination of respiration-based parameters and PLFA patterns, we identified
variations in microbial community composition and functioning in litter and soil of natural
forests across an elevational gradient at Changbai Mountain. The results showed strong
variations in microbial communities between litter and soil along the studied elevational
gradient. Further, the results indicate that the factors responsible for the changes in the
structure and functioning of microbial communities also differed between layers. Only
temperature seasonality affected the PLFA patterns in a uniform way across soil layers.

Supporting our first hypothesis, Cmic strongly decreased from litter to 0-5 and 5-10 cm soil
depth, presumably reflecting the decrease in resource availability from litter to deeper soil
layers. However, qO2 did not differ significantly between soil layers suggesting that the
efficiency in the use of carbon resources by microorganisms is similar across soil layers (Cao
et al., 2019). Interestingly, Cmic responded differently to the elevational gradient in litter and
soil. In litter Cmic increased with increasing elevation above 1100 m and correlated
negatively with the concentration of Ca along the elvational gradient. Ca is involved in a
number of bacterial processes, one of the most important being the recovery of nitrogen from
urea via urease-reaction (Castanier et al., 1999; Krajewska, 2018). The role of Ca and the
contribution of microorganisms to the cycling of nitrogen has been investigated in detail in
arable soils (Klose & Tabatabai, 2000; Bowles et al., 2014), while its role in forest soils
remains little studied. Klose and Tabatabai (1999) found urease activity to be mainly of
microbial origin in a variety of soils, underlining the potential influence of Ca on the
mobilisation of nitrogen and microbial nitrogen nutrition.

The increases in Cmic and in part of qO, towards higher elevations, and its (strongly) negative
correlation with Ca (and pH) and (moderately) positive correlation with litter C/N ratio may
reflect that nutritional shortage is more pronounced in communities of high Cmic and
microbial activity. In fact, microbial activity can increase with stronger nitrogen limitation
and decrease with the addition of nitrogen (Craine et al., 2007; Averill & Waring, 2018)
following the “microbial nitrogen mining” hypothesis (Moorhead & Sinsabaugh, 2006).
Wild et al. (2017) showed that a short-term input of carbon increases microbial growth as
well as the microbial demand for nitrogen, but does not influence nitrogen mining.
Therefore, high carbon availability at high elevations may also explain the positive
correlation between PLFA stress indicators and litter C/N ratio due to increased nitrogen
demand as well as increased Cmic. In addition, high Ca concentrations at lower elevations
may facilitate microbial nitrogen acquisition and therefore result in lower microbial stress.
Overall, our first hypothesis was only supported in part; in the litter layer Cmic responded as
hypothesised, even though not linear, with the main drivers being variations in the
availability of carbon and nitrogen but also Ca along the elevational gradient, while Cpic in
the two soil layers was rather constant across elevations.
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Supporting our second hypothesis PLFA profiles clearly separated the three layers, and this
was mainly due to the decrease in fungal PLFA markers from the litter to the two soil layers
as well as the decrease in Gram™ bacterial markers from 0-5 to 5-10 cm. This is in line with
results of the study of Snajdr et al. (2008) who documented a rapid decrease in fungal
biomass from the litter to the fermentation layer in forests. Fungi are known to be the major
decomposers of recalcitrant carbon compounds and typically dominate in the litter layer,
while bacteria play a larger role in the decomposition of root exudates thereby dominating
in soil (de Boer et al., 2005). Further, the Gram*/Gram" ratio increased with soil depth, since
Gram- bacteria heavily depend on plant-derived carbon, such as litter, while Gram™ bacteria
preferentially use soil organic matter-derived carbon (Kramer & Gleixner, 2008).

PLFA profiles in the litter layer also varied with elevation, and temperature seasonality was
the only environmental variable studied significantly affecting them, which is in line with
our third hypothesis, even though we expected more climatic variables to influence PLFA
profiles in litter. Temperature seasonality represents the variation in temperature during the
year and litter is more heavily exposed to such fluctuations in temperature than deeper soil
layers. Generally, increasing temperature accelerates the decomposition of litter
(Kirschbaum, 1995) resulting in more shallow organic layers (Raich et al., 2006). Associated
with higher temperature, decomposition rates of forest litter typically increase towards lower
elevations (Salinas et al., 2011). However, in addition to the increase in temperature at lower
elevations, temperature variation within the year also increases at lower elevations, and the
vegetative period starts earlier and lasts longer compared to higher elevations. In spring
decomposition rates of litter strongly increase (Kreyling et al., 2013), but at higher elevations
this is less pronounced resulting in litter accumulation and reduced nutrient mobilisation. At
Changbai Mountain coniferous stands of spruce and fir dominate at elevations between 1100
and 1700 m (Tang et al., 2011; Yu et al., 2013). Coniferous needles contain high amounts of
lignin and polyphenols (Gallet & Lebreton, 1995; Taylor et al., 1989; Parkinson & Parsons,
1989), thereby typically decomposing more slowly than deciduous litter (Prescott, 2010).

Although litter decomposition is hampered during winter it does not stop and may benefit
from snow cover preventing or reducing freezing of litter and soil (Schimel et al., 2004,
2007; Kreyling et al., 2013). Uchida et al. (2005) reported that 26% of the annual mass loss
of litter to occur under snow. Notably, interception of snow by trees is higher and therefore
snow cover is sparser in evergreen coniferous compared to deciduous forests (Vikhamar &
Solberg, 2003; Noguchi & Nishizono, 2010). This reduced snow cover, which is related to
low temperature seasonality, together with low quality needle litter may explain the
accumulation of litter at high elevations, while the opposite may be true at low elevations,
with these differences likely affecting microbial biomass and community structure. Neither
pH nor Ca significantly explained variations in PLFA profiles in litter, but the negative
correlations of PLFA stress ratios with litter pH and concentrations of Ca indicate that
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microbial communities and their functioning is in fact affected by the availability of base
cations.

Changes in microbial parameters in 0-5 and 5-10 cm soil depth were similar and differed
strongly from those in litter. Of the studied environmental factors, only temperature
seasonality structured microbial community composition across layers. In 0-5 cm depth the
C/N ratio of the soil explained a large fraction of the variations in PLFA profiles supporting
our third hypothesis. This is in line with the findings of Liu et al. (2019) that carbon and
nitrogen concentrations strongly affect PLFA patterns at Changbai Mountain, however,
compared to the current study, they only investigated soil layers of a smaller elevational
gradient comprising only pine forests. Notably, the C/N ratio in 0-5 cm depth was much
lower than in the litter layer indicating increased microbial access to nitrogen. Across the
elevational gradient the C/N ratio in 0-5cm depth was highest at 1250 m and this was
associated with an increase in PLFA 15:0 and an increased sat/mono ratio pointing to
nutritional stress at this nitrogen poor site. Additionally, Cmic was high at 1250 m and, as in
the litter layer, this may have aggravated nitrogen limitation (Dubinkina et al., 2019).
Another soil related factor that correlated with microbial community structure in 0-5 cm
depth were &3C values of soil organic matter. §*C increased towards higher elevations
indicating an increasing state of decomposition of organic matter (Melillo et al. 1989;
Potapov et al. 2019), related to high microbial biomass and activity in litter. Other soil factors
driving the PLFA composition in 0-5cm depth were Ca concentrations and pH, which
increased towards lower elevations, indicating again that the effect of pH on microbial
community composition at our study sites is not linked to physiological stress by acidity but
the abundance of base cations. Variations in Ca concentrations rather than pH itself may be
responsible for the widely reported correlation between pH and the structure of microbial
communities (Hogberg et al., 2007; Mannisto et al., 2007; Zhou et al., 2017).

Besides these local soil related factors, temperature seasonality explained a large fraction of
the variation in PLFA profiles in 0-5 and 5-10 cm depth, and in 0-5 cm also precipitation
seasonality, contrasting the litter layer. Changbai Mountain has a rather constant warm
climate during the relatively short vegetative period followed by harsh winters with mean
monthly temperatures below -20°C in January (Yu et al., 2013). Temperature and
precipitation seasonality increase towards lower elevations, reflecting longer and warmer
summers as well as more pronounced seasonality at lower elevations. In particular marker
PLFAs for Gram™ bacteria increased towards lower elevations, especially in 5-10 cm depth,
where the Gram*/Gram" ratio was highest at 800 m. Due to their strong and interlinked
peptidoglycan cell walls, Gram* bacteria are more resistant to temperature and moisture
changes than Gram™ bacteria (Schimel et al. 2007). Interestingly, the Gram*/Gram™ decreased
from 800 to 1100 m and this was most pronounced in 5-10 cm depth. Gram™ bacteria depend
more heavily on labile carbon resources, while Gram™ bacteria can access more recalcitrant
carbon compounds (Kramer & Gleixner, 2008; Fanin et al., 2019). High microbial activity
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and biomass due to high temperatures during the vegetative period may hamper the leaching
of labile carbon compounds into the soil, which is supported by the strong increase in the
Gram*/Gram’ ratio from litter to 0-5 and 5-10 cm soil depth. Notably, we took our samples
in September before the deciduous trees shed their leaves and the litter layer comprised
predominantly leaf litter material of the previous year depleted in labile compounds, which
may have contributed to low availability of labile carbon compounds in soil and therefore to
the increase in Gram™ bacteria in soil at 800 m.

The identified effects of temperature seasonality on the structure and functioning of
microbial community in each of the layers is of special relevance for the response of
decomposer systems and decomposition processes to global warming, which is expected to
be associated with increased seasonal temperature fluctuations (Tian et al., 2015).
Transplantation experiments along elevational gradients showed decomposition to increase
in litter translocated to lower elevations (Salinas et al., 2011), where temperature and
temperature seasonality are higher. Therefore, climate change may affect in particular the
functioning of microbial communities at high elevations with potential detrimental
consequences for carbon sequestration.

Contrasting our fourth hypothesis both stress indicator ratios were highest in the litter layer,
but their response also depended on elevation. The moderate positive correlation of the litter
C/N ratio with the cyclo/pre ratio in the litter indicates an increase in nutritional stress under
high C/N ratios especially at 1250 m and 1400 m. In litter, temperature seasonality correlated
positively with PLFAs 18:107 and 16:1w7 indicating lower microbial stress at lower
elevations with higher temperature seasonality, which is further supported by the increase in
the sat/mono and cyclo/pre ratio. Besides being an indicator of nutritional stress, the
cyclo/pre ratio increased in E. coli with the acidity of the environment (Knivett & Cullen,
1965; Moore-Kucera & Dick, 2008). Conform to these findings, at our study sites the
cyclo/pre ratio in the litter layer was negatively correlated with pH and Ca concentrations.
Both pH and Ca concentrations changed with the transition from pine to spruce forests at
1100 m, potentially explaining the changes in stress indicator ratios likely due to reduced Ca
concentrations as well as increased litter C/N ratio.

2.5.1 Conclusion

Our study aimed at uncovering variations in microbial community composition and
functioning along a natural elevational gradient of forests and identifying the factors
responsible for these variations. We identified temperature and precipitation seasonality as
major climatic factors driving microbial communities in litter and soil, which is likely due
to the pronounced difference between harsh winters and constant warm and wet summers at
Changbai Mountain. Besides climatic factors, the availability of resources played a critical
role in structuring microbial communities in litter and upper soil, as indicated by §*3C values
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reflecting the stage of organic matter decomposition as well as C/N ratio reflecting the
availability of nitrogen. The effect of Ca concentrations and pH on the microbial community
in upper soil might be linked to nitrogen acquisition via urease reaction. This, however,
needs to be proven in future studies measuring both urease activity and Ca concentrations.
Pronounced changes in microbial biomass and stress indicator ratios in the litter layer
between 1100 and 1250 m indicate a prominent shift in the structure and functioning of
microbial communities between pine-dominated and spruce-dominated forests. Montane
forests are increasingly threatened due to global warming and increased infections by
herbivore pest species and therefore, there is the need to better understand their functioning
and regulatory forces including feedbacks between the below- and aboveground system. The
present study forms a starting point for such studies. Future studies need to include other soil
food web components including soil invertebrates and their relationship with tree species
and forest types.
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2.8 Appendix

P

2

Appendix Figure 1: Map of the sampled transect at the northern slope of Changbai Mountain. The enlarged
section displays the subplot structure for one of the elevations. Map data from “OpenTopoMap” (Erhardt et
al. 2022).
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Appendix Figure 2: Changes in microbial specific respiration (qO2) with elevation. Error bars represent
the standard error of the mean, the dots the real data points. Letters mark significant differences between
means (Tukey’s HSD test at P < 0.05). For results of linear mixed effect model see text.
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Appendix Table 1: Pairwise group dissimilarities of PLFA profiles between soil layers. (Dis-)similarity
percentages (SIMPER analysis) between groups representing the contribution of each PLFA to total
dissimilarity (as percentages). The averages of PLFAs of contrasts are given in mole percent. The cumsum
displays the additive contribution of PLFAs to the group dissimilarity as percentage of group-dissimilarity (up

to 70%).
Contrast PLEA group dissimilarity dissimilarity mean a mean b cumsum
[9%] [%] [mole percent]  [mole percent] [%]

0-5vs 5-10 18:1m7 9.55 1.61 23.68 22.90 16.89
18:1m9 1.43 12.95 10.47 31.84

als:0 1.13 6.59 8.41 43.69

16:0 0.66 15.53 16.32 50.55

16:107 0.62 9.03 8.28 57.03

i15:0 0.62 9.79 10.67 63.52

18:206,9 0.49 2.03 1.82 68.68

18:00 0.44 3.65 4.35 73.30

0-5 vs litter 18:206,9 24.52 5.10 2.03 11.94 20.79
18:107 4.25 23.68 15.20 38.13

16:00 4.23 15.53 20.66 55.39

i15:0 1.95 9.79 591 63.32

18:1m9 1.57 12.95 15.16 69.71

al5:0 1.52 6.59 3.55 75.92

5-10 vs litter  18:206,9 26.83 5.19 1.82 11.94 19.35
16:00 3.93 16.32 20.66 33.98

18: 17 3.88 22.90 15.20 48.45

als:0 243 8.41 3.55 57.49

i15:0 2.38 10.67 5.91 66.36

18:1w9 2.35 10.47 15.16 75.13
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Appendix Table 2: Pairwise group dissimilarities of PLFA profiles between 800 and 1700 m in litter, 0-5 and
5-10 cm soil depth. (Dis-)similarity percentages (SIMPER analysis) between groups as percentages.
Dissimilarity represents the contribution in dissimilarity of each PLFA. The averages of PLFAs of 800 m and
1700 m are given in mole percent. The cumsum displays the additive contribution of PLFAs to the group
dissimilarity as percentage of group-dissimilarity (up to 70%).

rou

dissg:milzrity dissimilarity [n'\:'jlae npsefgem] ['\:12?2;;:3:2;3 cumsum

layer PLFA [%0] [%] [%0]
litter 16:0 19.41 435 14.87 2357 2243
18:107 3.08 18.83 12.68 38.28
18:206,9 2,09 11.32 13.98 49.08

18:109 1.48 15.49 13.77 56.71

16:107 1.33 10.63 7.97 63.56

22:0 115 0.43 272 69.47

al5:0 1.03 5.11 3.06 74.76

05cm 18107 1028 241 26.29 21.48 23.41
a15:0 1.83 9.34 5.68 4121

18:109 152 12.08 15.11 55.96

i15:0 0.98 8.66 10.62 65.48

16:107 0.59 7.48 8.66 71.19
510cm  al50 1082 2.29 11.99 7.40 2121
18:107 1.40 19.89 22.68 34.10

18:109 1.00 11.63 9.64 43.32

12:0 0.87 0.00 173 51.32

i16:0 0.72 447 3.03 57.98

22:0 0.72 0.24 1.67 64.59

16:107 0.59 7.23 8.37 70.08
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Chapter 3: Trophic Positions of Soil
Microarthropods In Forests Increase with
Elevation, but Energy Channels Remain
Unchanged

The neanurid Collembola Neanura sp.
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3.1 Abstract

Mountain Mountain forests are at risk as the consequences of climate change will likely lead
to altered tree species boundaries. Characterizing food webs along elevation gradients in
primary forests may help to predict the potential consequences of such changes, for example
with regard to the decomposition of dead organic matter. Here, for the first time, we studied
trophic variations in two species-rich microarthropod taxa, Collembola and Oribatida, along
an elevation gradient of primary forest at Changbai Mountain, China. Samples were taken
at seven elevations of 150 m elevational difference between 800 and 1700 m. At each
elevation, Collembola and Oribatida were extracted from litter samples of eight subplots.
We applied three state-of-the-art methods to elucidate trophic positions and basal resource
use at community level: Bulk stable isotope analysis of nitrogen (A®Npyuk) and carbon
(ACpui), compound-specific stable isotope analysis of amino acids (CSIA-AA), and
dietary routing of neutral lipid fatty acids (NLFAS). Trophic positions calculated using
A®Nbulk and CSIA-AA (TPcsia) in both taxa increased similarly with elevation by about
half and one third of a trophic position, respectively. Stable isotope mixing models and linear
discriminant analysis bootstrapping using 8**C of essential amino acids indicated fungi as
the most important resource at all elevations for both taxa. Also, proportions of marker
NLFAs changed little across elevations in both taxa; overall high proportions of linoleic acid
indicated high fungal contributions, but in Collembola the contribution of bacterial markers
was generally higher than in Oribatida. A¥Cpux did not respond linearly to the elevation
gradient; however, changes in elevation differed between Collembola and Oribatida. A
strong linear relationship between 8'°N of phenylalanine and 6*°N of litter indicated litter as
the basis of energy channels in both taxa. Overall, food web functioning likely changes with
changing forest types along elevation gradients, with microarthropods switching from
feeding closer to the base of the food web at lower elevations to feeding at higher trophic
levels at higher elevations, potentially compromising their role in litter decomposition and
nutrient cycling.

54



Trophic Positions of Soil Microarthropods

3.2 Introduction

Climate change poses a threat to mountain forests; Dakhil et al. (2021) projected range
declines of between 40% and 100% for eight Chinese montane conifer species under climate
change by 2070. Climate change may therefore lead to irreversible shifts in tree species
boundaries in mountain habitats, for example through transitions of coniferous to deciduous
forests (Albrich et al., 2020). Such shifts in forest types are likely to fundamentally alter the
composition and functioning of animal communities. Investigating elevation gradients
representing such forest transition zones may help to uncover responses of forest-dwelling
organisms to climate driven forest conversion.

While changes in community composition along elevation gradients have been investigated
for a variety of taxa (Samson et al., 1997; Blake & Loiselle, 2000; Hodkinson, 2005;
McCain, 2005; Bhardwaj et al., 2011), including litter and soil dwelling animals (Xie et al.,
2022, Pan et al., 2023), data about trophic shifts of soil organisms with elevation are scarce
(Fischer et al., 2014; Maraun et al., 2014). Soil arthropod food webs are compartmentalized
based on traits such as body size, sclerotization or digestive abilities (Pollierer et al., 2009;
Potapov et al., 2019a), and rely either directly on dead or living plants/roots or on microbial
resources such as bacteria and fungi. The relative fluxes of energy and nutrients from these
resources to consumers are assumed to differ between compartments and are influenced by
abiotic conditions such as nutrient availability, moisture and temperature (Berg et al., 1998;
Moore et al., 2005). The fungal energy channel often dominates in systems that are stable
and rather nutrient-poor and is termed ‘slow-cycling’ due to the slower growth of fungi
compared to bacteria, whereas the ‘fast-cycling’ bacterial energy channel is more
pronounced in moist, disturbed and/or nutrient-rich habitats (Moore & Hunt, 1988; Moore,
1994; de Vries et al., 2006).

Trophic niches of soil organisms, and thereby the relative fluxes via different energy
channels, are likely influenced by changing tree species composition with elevation, as litter
chemistry varies considerably between tree species (Hattenschwiler et al., 2008). For
instance, at Changbai Mountain, China, the transition between mixed broadleaf and
coniferous towards pure coniferous tree species with increasing elevation is accompanied by
decreasing calcium content and increasing C/N ratios of litter (Lux et al., 2022).

Although litter decomposition and recycling of nutrients is predominantly driven by
microorganisms, microarthropods also contribute to these processes, albeit the strength and
direction of this interaction remains disputed (Seastedt, 1984; Kampichler & Bruckner,
2009). Collembola and Oribatida are the most abundant microarthropods in forest soils
(Seastedt, 1984) and both taxa occupy a wide range of trophic niches, but predominantly
function as primary and secondary decomposers (Scheu & Falca, 2000; Chahartaghi et al.,
2005; Schneider et al., 2004).
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Fujii et al. (2018) showed that microarthropods contribute less to the decomposition of
recalcitrant compared to nutrient-rich litter. However, microbial stress, which likely
compromises the production of microbial defensive compounds, may counteract effects of
low litter quality on microarthropod nutrition at higher elevations (Lux et al., 2022). Since
fungi form the major food resource for both Collembola and Oribatida (Pollierer & Scheu,
2021, Li et al., 2022), and fungi are the main decomposer microorganisms of low-quality
litter, the diet of microarthropods at higher elevations may shift towards more microbial
food; however, shifts in trophic niches of microarthropods with elevation are little studied
(Fischer et al., 2014; Maraun et al., 2014).

Bulk stable isotope analysis of nitrogen and carbon allows to investigate shifts in trophic
niches of soil invertebrates along environmental gradients (Potapov et al., 2019a; Maraun et
al., 2023). However, delineating trophic positions and food resources of soil invertebrates
using stable isotope analysis of bulk animal tissue has limitations, especially when including
primary and secondary decomposers, as bulk stable isotopes reflect both, trophic positions
as well as isotopic enrichment in dead organic matter itself (Potapov et al., 2019b). These
problems are overcome by using compound-specific stable isotope analysis of amino acids
(CSIA-AA; Chikaraishi et al., 2007, 2010, 2014; Larsen et al., 2013, 2016; Ohkouchi et al.,
2017; Pollierer et al., 2019) or biomarker neutral lipids in consumers (‘dietary routing’;
Ruess & Chamberlain, 2010).

15N/N ratios of amino acids allow baseline independent estimates of the trophic position of
consumers (TPcsia) by using source and trophic amino acids such as phenylalanine (Phe)
and glutamic acid (Glu), respectively. Glu is enriched in °N with each trophic transfer, while
N/“N ratios of Phe change little and thereby reflect the ratio in the basal resource
(Chikaraishi et al., 2009). Further, TPcsia can be used to evaluate the reliability of estimates
of trophic positions based on bulk °N/**N ratios.

Stable isotope ratios of 3C/*>C of amino acids, on the other hand, allow identifying major
basal resources of food chains, such as plants, bacteria and fungi (Larsen et al., 2009,
Pollierer et al., 2019), as these phylogenetically old groups feature some distinct or modified
synthesis pathways for amino acids (Hagelstein et al., 1997; Velasco et al., 2002; Kohlhaw,
2003; Hudson et al., 2005). These distinct 13C patterns can be traced in essential amino acids
(8'3Cenn) of consumers (‘stable isotope fingerprinting’; Larsen et al., 2009), and thereby
allow to quantify energy fluxes via the major energy channels of soil food webs.

Neutral lipid fatty acid (NLFA) analysis complements CSIA-AA by allowing to trace the
origin of lipids and consequently major carbon sources of consumers. Similar to amino acids,
the fatty acid composition of consumers reflects basal resources due to characteristic
pathways of de novo lipid synthesis in e.g., plants, fungi and bacteria. Certain fatty acids are
only synthesized by e.g., bacteria and serve as absolute markers to trace their contribution to
the diet of consumers. Other NLFAs are preferentially synthesized by e.g., fungi and plants
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and thereby serve as relative markers which occur in high concentrations in consumers of
food chains based on these basal resources (Ruess & Chamberlain, 2010; Kuhn et al. 2020).
By providing complementary information on dietary fatty acid and protein uptake, the
combination of NLFA analysis and CSIA-AA may allow more detailed insights into trophic
niches and carbon and nutrient fluxes in soil food webs (Potapov, 2022).

Here we used bulk stable isotope, CSIA-AA and NLFA analysis to investigate changes in
the trophic niches of and the channeling of energy through Collembola and Oribatida as
major soil mesofauna taxa along an elevation gradient from 800 to 1700 m at Changbai
Mountain, China. This gradient represents a continuous forest gradient from primary
deciduous and coniferous mixed forests towards pure coniferous forests at higher elevation
(Liu, 1997; Tang et al., 2011), which is accompanied by changes in local litter characteristics
and microbial decomposers (Lux et al., 2022) likely leading to shifts in trophic niches of
microarthropods. We hypothesized that (i) the trophic position of both Collembola and
Oribatida increases with increasing elevation due to more extensive feeding on
microorganisms (rather than litter at lower elevations), (ii) the trophic positions as measured
by TPcsia and bulk ®N/*N ratios are closely correlated, and (iii) both groups feed
predominantly on fungi and the contribution of fungi to their diet increases with elevation,
which is reflected by §3Ceaa fingerprinting and dietary routing through NLFAs.
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3.3 Material and Methods

3.3.1 Study Site and Sampling

We studied the northern slope of Changbai Mountain (42°8°25.4004”N, 128°7°36.2352”E),
located at the borders of the Chinese provinces Jilin and Liaoning to North Korea (Fig. 1).
With 2750 m asl Changbai Mountain is the highest mountain in the Changbaishan National
Nature Reserve. The geological groups represented at the sampled transect comprise mainly
stomatal and laminated basalt, alkali pumice, trachyte and tuff (Yan et al, 2018). The climate
is characterized by long and cold winters, and warm and wet summers. From 1982 to 2017,
the mean annual temperature ranged from 2 to 5°C and annual precipitation ranged from 600
to 1000 mm (Wang et al., 2020).

-28.5 -28.0 -27.5 -6 -4 -2
s13C 5'SN

Figure 1: Map of the sampled transect at the northern slope of Changbai Mountain, China. The enlarged
section displays the subplot structure for one of the elevations. The right panel displays the natural
abundances of 3C and *N of the litter for each elevation (means + SD). Map data from “OpenTopoMap”
(Erhardt et al., 2022).

The forests at the northern slope of Changbai Mountain are characterized by mixed forests
between 800 and 1100 m dominated by Korean pine (Pinus koraiensis Siebold & Zucc.),
pure coniferous spruce and fir forests dominated by dark-bark spruce (Picea jezoensis var.
komarovii Siebold & Zucc.) between 1100 and 1700 m, followed by birch forests (Betula
ermanii Cham.) at elevations above 1700 m. The forests have not been managed for decades
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or even centuries and therefore comprise mostly primary forest (Tang et al., 2011). We
focused on forests between 800 and 1700 m asl, where we established seven plots of an
elevational difference of 150 m with every plot subdivided into eight subplots (Fig. 1). The
sampling took place in early September 2019. Three litter samples were taken at every
subplot using a 10 x 10 cm frame, one for each type of analysis (bulk stable isotope, CSIA-
AA, NLFA). The samples were transported to the laboratory in cooling boxes. Litter
microarthropods were extracted into 75% ethanol at room temperature using Berlese funnels
equipped with 2 mm mesh for five days. After extraction, animals were stored in 75%
ethanol. For neutral lipid fatty acid (NLFA) analysis animals were transferred into 99.5%
glycerol, following the recommendations of Zieger & Scheu (2018). All animals were stored
at -26°C. Additional litter samples were taken to measure the stable isotope baseline as
described in Lux et al. (2022). In short, three soil cores with a diameter of 5.5 cm were taken
randomly at every second subplot at each elevation, leaf litter (L layer) from the soil cores
was pooled, dried and milled, and aliquots were used for stable isotope measurements.

3.3.2 Bulk Stable Isotopes

Stable isotope ratios of N/“*N and *C/*2C of Collembola, Oribatida and litter were
measured using an isotopic mass spectrometer (Delta XP, Thermo Electron, Bremen,
Germany) coupled via an interface (Conflo IV, Thermo Eclectron, Bremen, Germany) to an
elemental analyzer (Flash EA 1112, Thermo Fisher Scientific, Rodano, Milan, Italy). The
abundance of N and *C was expressed as & values, calculated as & (%o) = ((Rsample —
Rstandard) / Rstandard) X 1000, With Rsample and Rstandara being the N/*N or $3C/*2C ratio in the
sample and standard, respectively. Atmospheric N was the standard for °N, while Vienna
Pee Dee belemnite was the primary standard for *C. Acetanilide (CsHoNO) was used as
internal standard. The calculated 6 values were calibrated using the 6 values of litter from
the respective elevation and subplot as baseline (Fig. 1) and expressed as A™®Npyik and
ABCpuk. Mean stable isotope values of litter from the two closest subplots were used as
baseline for the subplots where litter stable isotope values were not measured.

3.3.3 Stable Isotope Analysis of Amino Acids

Collembola and Oribatida were lyophilized prior to amino acid extraction. Amino acids were
extracted as described in Larsen et al. (2013) and Pollierer et al. (2019). Prior to hydrolysis
and in all subsequent reaction steps, samples were flushed with N2 to avoid oxidation.
Samples were hydrolyzed in 6 N HCl at 110°C for 20 h and cleaned of lipophilic compounds
using 2 ml hexane/dichloromethane solution. The aqueous phase was filtered through heat-
sterilized glass wool (450°C) to remove remaining solid tissue. Fifty pl nor-leucine (5 pmol
ml?) was added as internal standard. A mixture of amino acids with known 8*3C and §*°N
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values was prepared as external standard. The samples and the standard mixture were dried
at 110°C and stored at -18°C prior to derivatization. For derivatization, we followed the
procedure of Corr et al. (2007). Amino acids were methylated with 680 ul of acidified
methanol at 75°C for 1 h. Subsequently, the methanol was evaporated and samples were
acetylated for 10 min at 60°C with a mixture of acetic anhydride, triethylamine and acetone.
Precipitates, salts and remaining water were removed from the samples using ethyl acetate,
NaCl and dichloromethane. Derivatized amino acids were dissolved in 80-100 pl ethyl
acetate.

Amino acid isotopic composition was measured using a ThermoTrace gas-chromatograph
coupled via a GP interface to a DeltaPlus mass spectrometer (Thermo, Bremen, Germany),
equipped with an Agilent J&W VF-35ms GC column (30 m x 0.32 mm; film thickness
1 pm). Samples were measured in triplicate for both §3C and §*°N. N isotope composition
was expressed relative to atmospheric N; measured values were corrected with the slope of
the regression line between amino acid §°N values of measured standard mixtures (vs.
reference gas) and the known 8°N values of standard mixtures (vs. atmospheric N). To
account for the additional C atoms of derivatized amino acids in C isotope analyses we
corrected the measurements as described in O’Brien et al. (2002).

3.3.4 Neutral Lipid Fatty Acids

Animals were transferred to 10 ml reaction vials. To remove remaining glycerol, the vials
were filled up with demineralized water and thoroughly mixed. Samples were then
centrifuged to separate the animals from the storage medium; the water-glycerol mixture
was discarded. Neutral lipids of Collembola and Oribatida were extracted and separated as
described in Haubert et al. (2004) and Zelles (1999). For extraction of lipids, animals were
shaken overnight in 5 ml extraction solvent (chloroform, methanol, 0.05 M, phosphate buffer
at a ratio of 1:2:0.8). The extraction solvent was collected and the step was repeated with
2.5 ml of extraction solvent for 2 h. The lipid-containing phase was transferred to a fresh
vial and 0.8 ml CHCIz and 0.8 ml H>O were added for phase separation. The upper phase
was discarded. The lower phase was transferred to CHCIs conditioned silica columns,
washed with another 5 ml of CHCI3, and the CHCI3 was evaporated. For saponification we
followed the Sherlock Microbial Identification System (MIDI, Newark, USA). In short, 1 ml
of sodium hydroxide/methanol solution was added and samples were incubated for 30 min
at 100°C. Then, 2 ml of HCI-methanol solution was added. NLFAs were methylated at 80°C
for 10 min, methylation was stopped by fast cooling of samples. The resulting fatty acid
methyl esters (FAMESs) were extracted by adding 1.25 ml of 1:1 hexane methyl tert-butyl
ether solution. The hexane phase containing the FAMEs was frozen until measurement.
Samples were measured in a gas-chromatograph (GC-FID Clarus 500; PerkinElmer
Corporation, Norwalk, USA) equipped with an Elite 5 column (30 m x 0.32 mm inner
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diameter, film thickness 0.25 pum, PerkinEImer Corporation, Norwalk, USA), helium was
used as carrier gas. The abundance of lipids was transformed to percentages of total lipids.
NLFAs with percentages <1% were excluded from the analyses. NLFAS serving as relative
and absolute markers were used to estimate the biosynthetic origin of consumer NLFAs
(Table 1). We calculated the oleic (18:1®9) to linoleic acid (18:216,9) ratio in consumers
(plant/funcons); the ratio between these relative markers for plants and fungi is used to
indicate shifts between plant and fungal based diets (Sechi et al., 2014). We further
calculated the ratio of linoleic acid (18:26,9) to specific bacterial markers (i15:0, al5:0,
i16:0, i17:0, cy17:0), henceforth referred to as fun/baccons.

Table 1: Relative and absolute marker neutral lipid fatty acids (NLFASs) that contributed >1% to total NLFAs
of Collembola and Oribatida and their main biosynthetic origin.

NLFA Marker Reference

16:26,9; 16:303,6,9 green algae (Buse et al., 2013)

18:206.9 Fungi (Ruess et al., 2005; Pollierer et al., 2012; Kihn et
al., 2019)

16:107; 18:1w7 general bacteria (Ruess & Chamberlain, 2010)

i15:0, a15:0, i16:0, i17:0  Gram* bacteria (Ruess & Chamberlain, 2010)

cyl7:0 Gram™ bacteria (Ruess & Chamberlain, 2010)

18:1m9 Plants (Ruess & Chamberlain, 2010)

18:306,9,12 Plants (Ruess et al., 2007; Ruess & Chamberlain, 2010)

3.3.5 Environmental Factors

We measured the fungal-to-bacterial PLFA ratio (fun/baciiter), microbial biomass (Cmic), the
cyclopropyl-to-monoenoic precursor PLFA ratio (cyclo/pre) and the C/N ratio in the litter
layer as described in Lux et al. (2022). Environmental factors were measured at every second
subplot and we used the mean of the measured factors of the two closest subplots for the
subplot in between (Fig. 1). For a brief summary of the main results from Lux et al. (2022)
see Appendix S1: Table S1.

3.3.6 Statistical Analyses

Statistical analyses were performed in R v 4.0.4 (R Core Team, 2021). TPcsia was calculated
from &'°N values of Glu and Phe as follows: TPcsia = 1 + (6*°*Naiu - 6*°*Npre + B) / TDFoiu-

phe, With B representing the difference in Glu and Phe in the primary producers, being
8.4% 1.6 %o in terrestrial Cs plants (Chikaraishi et al., 2010, 2014). As TDF (trophic
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discrimination factor) we applied 7.6 £ 1.2 %o as suggested by Chikaraishi et al. (2009, 2014)
and Pollierer et al. (2019). Measurements of °N of Glu and Phe of each sample were
performed in triplicate and the mean of these measurements was used for the TP calculation.
We propagated the error of the equation above as described in Blum et al. (2013) and
Ohkouchi et al. (2017), taking into account the uncertainty of §°Nphe, 8*°Nci, B and the TDF
(see Appendix S1: Table S2).

Linear relationships of A®Npuk, APChuik, TPcsia, 8°Nphe and plant/funcons, as well as
fun/baccons ratios with elevation were analyzed using linear mixed effects models with
elevation (continuous and centered) and taxa as well as their interaction as predictors. Plot
ID was included as random intercept. If no linear relationship was found, we used elevation
as categorical variable to check for general variations across elevations. All linear mixed
effect models were conducted using the “Ime4” package (Bates et al., 2015); if necessary,
data were logio transformed to approximate Gaussian distribution of residuals as indicated
in the results section. Linear models met the assumption of homoscedasticity and Gaussian
distribution of residuals.

To identify the biosynthetic origin of essential amino acids (eAAs) isoleucine (lle), leucine
(Leu), methionine (Met), threonine (Thr) and valine (\Val) in consumer taxa across elevations
we ran a stable isotope mixing model with the §'3C of the five amino acids described above
per taxon using the “simmr” package (Parnell, 2021), with §*3C values of the five eAAs
normalized to the sample mean in both training and consumer data. Phenylalanine was
excluded from the mixing model as the normalized §3C values of consumers did not fall
within the range of the normalized resource values. We ran the models with 10,000 total
iterations and a burn-in of 1000 iterations, we further investigated the model convergence as
suggested by Phillips et al. (2014) using Gelman diagnostic values with a threshold < 1.1.
We used training data from three different resources (plants, fungi, bacteria) (Larsen et al.,
2013, 2016, Pollierer et al., 2020).

Since Manlick and Newsome (2022) showed that different fingerprinting approaches may
yield different results, we also checked for the estimations of the linear discriminant analysis
(LDA) bootstrapping approach as described by Fox et al. (2019) and Manlick & Newsome
(2022). Therefore, LDAs were conducted using the “MASS” package (Venables & Ripley,
2002). To train the model, we used the same dataset as described above (Larsen et al., 2013,
2016; Pollierer et al., 2020). We then used this model to predict group membership of
consumers with LDA bootstrapping. In short, the two-step bootstrapping approach included
10,000 iterations of the training data set via random draws (with replacement), followed by
classification of samples for both taxa.

Besides the origin of amino acids, we investigated variations in marker NLFAs with
elevation and taxa. To analyze differences in the marker NLFA composition, a Bray-Curtis
dissimilarity-based PERMANOVA was performed using the “adonis2” function of the
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“vegan” package (Oksanen et al., 2020) with 10,000 iterations. The input matrix included
relative amounts of marker NLFAs as dependent variable, and elevation, taxa and their
interaction as independent factors. Preceding the PERMANOVA, multivariate variances of
marker NLFA profiles were investigated using the “betadisper” function (Oksanen et al.,
2020). Multivariate variances did not significantly differ between taxa or elevations.
Therefore, significant differences in the PERMANOVA can be interpreted as compositional
differences between groups. This analysis was followed by Bray-Curtis dissimilarity-based
analysis of similarity percentages (“SIMPER”) with 10,000 iterations, to identify the marker
NLFAs responsible for most group dissimilarity (Oksanen et al., 2020).

To further inspect observed changes, we correlated measures which depended on elevation
with the fun/baciiter, Cmic, cyclo/pre and C/N ratios from litter using Spearman rank
correlation to account for non-linear relationships revealed by visual inspection. We also
tested for linear relationships between A®Npuk and TPcsia as well as §°Npne and 51°N of
litter using Pearson correlations.
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3.4 Results

3.4.1 Changes in Trophic Position across Elevations

A®Npuik in Collembola and Oribatida increased significantly from 800 (0.44 + 0.92 %o) to
1700 m (2.27 £ 1.58 %o; ¥ = 14.57, P < 0.001; Fig. 2A). Generally, A®Npui in Oribatida
(overall mean 1.69 + 1.42 %o) was significantly higher than in Collembola (overall mean
1.09 + 1.12 %o; x> = 9.47, P = 0.002). The response of A®Npui to elevation did not depend
on taxon as indicated by non-significant elevation x taxon interaction. A®Npuk in
Collembola correlated positively with the cyclo/pre PLFA ratio in litter (Table 2). A®Npuik
in Oribatida correlated positively with the fun/baciiter and the cyclo/pre PLFA ratios in litter
as well as the litter C/N ratio.
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Figure 2: Linear mixed effect regressions of (A) A15Nbulk and elevation as well as (B) trophic position
(TPCSIA) and elevation. TPCSIA was calculated from the difference in 515N of glutamic acid (Glu) and
phenylalanine (Phe). Dots represent individual data points, triangles the elevational mean for the respective
taxon. Taxa are represented by different colors. Total pseudo R2 values of linear mixed effect regression
models as well as pseudo R2 of fixed effects (see results section) are displayed. Equations correspond to the
respective regression line, with x being one elevational step of 150 m. Colored horizontal lines in (B) represent
trophic levels.
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TPcsia, calculated from 8N of Glu and Phe, followed a similar pattern as A®Npui, as
A¥Npuik and TPcsia of Collembola and Oribatida across elevations also correlated linearly
(p =0.29, P = 0.009): TPcsia of Collembola and Oribatida increased significantly from 800
(2.65+0.18 TPcsia) to 1700 m (2.98 +0.17 TPcsia; ¥*>=8.89, P =0.003; Fig. 2B).
However, there was no significant difference in the TPcsia between the two taxa. Further,
the response of TPcsia to elevation did not depend on taxon as indicated by non-significant
elevation x taxon interaction. TPcsia in both taxa correlated positively with Cmic (Table 2).
Further, in Collembola TPcsia was significantly positively correlated with the cyclo/pre
ratio.

Table 2: Spearman rank correlations between consumer (Collembola, Oribatida) trophic niche parameters
[A®Nbui, trophic position calculated from §'°N values of glutamic acid and phenylalanine (TPcsia), oleic-to-
linoleic acid ratio (plant/funcens), fungal-to-bacterial ratio (fun/baccons), ARChuk, °Npre] and litter
characteristics [cyclopropyl-to-monoenoic (cyclo/pre) PLFA ratios, fungal-to-bacterial PLFA ratios in litter
(fun/baciiwer), litter C/N ratio, microbial biomass (Cmic)] across elevations. Values represent Spearman’s rho,
values given in boldface indicate significant correlations (P < 0.05).

Taxon Parameter cyclo/pre fun/baciiter C/N Chmic
Collembola A"Npuik 0.47 0.05 0.10 0.14
TPcsia 0.40 0.03 0.17 0.37

plant/funcons 0.18 0.13 0.01 0.12

fun/baccons -0.11 0.12 0.15 -0.09

A™Chuik 0.34 0.14 -0.06 -0.29

8" Npne -0.60 0.09 -0.39 -0.30

Oribatida A®Npuik 0.32 0.36 0.50 0.27
TPcsia 0.15 0.03 0.25 0.36

plant/funcons -0.04 -0.05 -0.06 0.20

ABCpuik 0.23 0.08 0.29 0.01

8" Nphe -0.64 -0.23 -0.33 -0.56

3.4.2 Basal Resources

o¥3C fingerprinting of essential amino acids. Fungi were estimated as major source of eAAs
at all elevations, according to both Bayesian mixing models and LDA bootstrapping based
on the training data of Larsen et al. (2013, 2016) and Pollierer et al. (2020) (Fig. 3, Appendix
S1: Fig. S1). For Collembola, the estimated contribution of fungi ranged between 53.2
+21.6 % (1400 m) and 87.3 + 8.0 % (800 m) (Fig. 3A). The contributions of plants ranged
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from 7.0 £ 6.0 % (800 m) to 26.1 + 17.8 % (1400 m) and bacterial contributions ranged from
5.8 £4.9% (800 m) to 19.8 £ 15.5 % (1400 m). For Oribatida, the mean contribution of
fungi ranged between 56.1 + 23.7 % (1400 m) and 85.5 = 8.2 % (1100 m) (Fig. 3B). The
contribution of plants ranged from 7.2 + 5.4 % (1100 m) to 26.9 + 19.7 % (1400 m) and the
contribution of bacteria from 7.3 £ 5.9 % (800 m) and 17.0 + 14.1 % (1400 m).
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Figure 3: Variations in mean proportional resource contribution estimates for (A) Collembola and (B)
Oribatida along an elevational gradient from 800 to 1700 m as indicated by Bayesian mixing models with
813C values of isoleucine, leucine, methionine, threonine and valine, based on training data of plants, fungi
and bacteria (Larsen et al., 2013, 2016, Pollierer et al., 2020). Colored areas represent the posterior
distributions of the estimated proportional resource contribution of the respective resources. Error bars
represent the standard deviation of proportional resource contribution.

Origin of neutral lipids in consumers. Marker NLFA composition differed significantly
between Collembola and Oribatida (PERMANOVA: Pseudo-F1,95 = 126.66, P < 0.001), but
not between elevations, with the interaction between elevation and taxon also being non-
significant (Appendix S1: Fig. S2). 18:206:9 accounted for most dissimilarity between
Collembola and Oribatida, at over 35 %, followed by 18:1®9, at over 31% (“SIMPER”
analysis). Accordingly, the plant/funcons ratio did not significantly differ between elevations,
with the interaction between elevation and taxon also being non-significant. However, the
plant/funcons ratio differed between taxa (x> = 42.77, P = < 0.001, log-transformed), with a
ratio of 1.90 + 0.37 in Collembola and 1.49 + 0.36 in Oribatida (non-transformed means;
Appendix S1: Fig. S3). Similarly, the fun/baccons ratio did not differ between elevations in
Collembola. The fun/baccons ratio could not be calculated for Oribatida, since most Oribatida
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samples did not contain any specific bacterial marker (Appendix S1: Fig. S2). The
plant/funcons ratio in both taxa as well as the fun/baccons ratio in Collemboladid not correlate
significantly with any of the litter characteristics (Table 2).

Shifts in the use of basal resources. A®Cpui values did not respond in a linear way to the
elevation gradient (Fig. 4A). Variations in A™Cpui values with elevation depended on taxon
(significant elevation x taxon interaction; y? = 44.08, P < 0.001), A¥®Cpuk also generally
differed between taxa (y* = 34.97, P < 0.001). A¥Chpui in Collembola was lowest at 1700 m
(3.51 £ 0.70 %o) and highest at 1550 m (4.21 + 0.60 %o), while in Oribatida A**Cpuk was
lowest at 950 m (3.10 + 0.46 %o) and highest at 1250 m (4.36 + 0.92 %o). A®Cpui in
Collembola correlated positively with the cyclo/pre ratio (Table 2). 5°Npne decreased
significantly from 800 (overall mean 2.47+2.00%.) to 1700 m (over all
mean -4.43 + 1.37 %o; x> = 46.30, P < 0.001; Fig. 4), with the slope being slightly larger in
Oribatida (elevation x taxon interaction, x> = 4.28, P = 0.039). However, the average '*Npne
value in Oribatida (-0.67 +3.06 %0) was significantly higher than in Collembola
(-2.39 + 2.68 %o; x* = 22.00, P < 0.001). 5'°Nphe correlated negatively with the cyclo/pre as
well as C/N ratio of litter in both Collembola and Oribatida (Table 2). Additionally, in
Oribatida 8™°Npne correlated negatively with Cmic. Overall, §*°*Npre in both taxa showed a
close linear relationship with bulk 8*°N of litter (p = 0.73, P < 0.001).
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Figure 4: Changes in ABCpukand 8°N values of phenylalanine (5'°Npne) along an elevational gradient from
800 to 1700 m. Dots represent individual data points, triangles the elevational mean for the respective taxon.
Taxa are color coded. Total pseudo R? values of linear mixed effects regression models as well as pseudo R?
values of fixed effects (see result section) are given; equations correspond to the respective regression line,
with x being one elevational step of 150 m. Crosses mark mean §'°N bulk values of litter at the respective

elevation.
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3.5 Discussion

Here, we traced the shift in basal resource use and trophic positions of Collembola and
Oribatida as major mesofauna detritivores along an elevation gradient comprising primary
mixed broadleaf-coniferous and pure coniferous forests. Using a combination of bulk stable
isotope analyses, fatty acid analyses and compound-specific stable isotope analyses of amino
acids, we showed that trophic positions increase with elevation and are related to increases
in microbial biomass and microbial stress. By contrast, the utilization of fungi as main basal
resource did not change significantly along the studied elevation gradient.

3.5.1 Trophic Position

BNpuik as well as TPcsia, calculated from 8*°N of Phe and Glu, both increased from 800 to
1700 m, indicating that the trophic position of both Collembola and Oribatida increases
towards higher elevations. Collembola and Oribatida communities at Changbai Mountain
shifted about one-third of a trophic level in TPcsia, from a mixture of primary and secondary
decomposers at 800 m to secondary decomposers or predators/scavengers at 1700 m. This
is in line with our first hypothesis and is also supported by the increase in A®Npuik values
with elevation. A®Npuk indicated a somewhat higher increase in trophic position across
elevations compared to TPcsia; both taxa increased by 1.9 %o from 800 to 1700 m, which is
equivalent to approximately half a trophic level assuming an enrichment of 3.4 %o per trophic
level (Post, 2002; Potapov et al., 2019c). Shifts in trophic positions of Collembola and
Oribatida may be due to changes in species composition towards more secondary
decomposer or predatory species at higher elevations. In fact, species composition of both
Collembola and Oribatida changes with elevation at Changbai Mountain (Xie et al., 2022;
Pan et al., 2023). For instance, in Collembola the relative abundance of epedaphic
Tomoceridae and Entomobryidae, typically comprising species of low trophic position
(Potapov et al., 2016), decreases from 950 to 1700 m (Xie et al., 2022). In addition, bulk
stable isotopes of Collembola species at Changbai Mountain also indicate that shifts toward
higher trophic positions at higher elevations are also occurring within common species (J.
Lux, unpubl. data). Fischer et al. (2014) reported a similar pattern for Oribatida in the
European Alps, where trophic positions of Oribatida communities also increased along the
studied elevation gradient.

Forests at lower elevations at the northern slope of Changbai Mountain consist mainly of
deciduous and coniferous mixed forests, with increasing abundance of pine towards 1100 m,
while at elevations above 1100 m the abundance of spruce species increases (Liu, 1997).
Decomposition rates of spruce litter are often slower than those of deciduous litter,
potentially due to high polyphenol content in spruce needles (Albers et al., 2004; Berger &
Berger, 2012). Further, calcium content is lower and C/N ratio as well as microbial biomass
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are higher in litter at higher elevations at Changbai Mountain (Lux et al., 2022). Fujii et al.
(2018) found that microarthropods have a greater effect on the decomposition of nutrient-
rich litter. Decreased nutrient availability towards higher elevations and increased Cmic (Lux
et al., 2022) may contribute to the shift in Collembola and Oribatida towards consumption
of more microbial or animal-based resources at higher elevations.

This is further supported by the positive relationship between Cmic and TPcsia across
elevations in both Collembola and Oribatida. Even though A™®Npui followed a similar pattern
as TPcsia along the elevation gradient, the relationship between A®Npyuk and Cmic neither
was significant in Collembola nor in Oribatida; potentially, TPcsia more accurately traces
microbial contributions to the diet of consumers than A®Npuk, which also reflects isotopic
enrichment of organic matter (Steffan et al., 2017, Potapov 2019b). A®Npuias well as TPcsia
in Collembola further correlated positively with the cyclo/pre ratio, indicating trophic
positions of Collembola to increase with increasing nutritional and substrate-based stress in
microorganisms (Guckert et al., 1986; Moore-Kucera & Dick, 2008; Lux et al., 2022).
However, the correlations may also reflect the decline in litter quality with elevation causing
in parallel stress-induced changes in microbial communities as well as dietary and species
shifts in Collembola communities. Extending tree species boundaries due to global warming
may lead to transitions of mountain coniferous to deciduous forests (Albrich et al., 2020).
Climate driven conversion towards more broad-leaved species is likely to be associated with
increased litter quality and therefore decreased trophic positions of Collembola and
Oribatida.

While A®Npuk of Oribatida correlated positively with the fun/baciiter, cyclo/pre and C/N
ratios of litter, TPcsia of Oribatida only positively correlated with Cmic in litter. The
discrepancies between TPcsia and AY®Npyik were stronger in Oribatida than in Collembola.
Assuming that TPcsia provides a more baseline-independent measure of trophic position
compared to A®Npuik, the observed differences may indicate that Oribatida use a somewnhat
different basal resource than Collembola, for which litter seems to be a more suitable
baseline, as also supported by the significantly higher §1°N values of Phe in Oribatida.

Despite these minor mismatches for Oribatida, A®Npuk and TPcsia of both Collembola and
Oribatida correlated positively, indicating that both reflect changes in the trophic position of
species and communities, thereby supporting our second hypothesis. Potapov et al. (2019b)
found a similar relationship between A®Npuk and TPcsia in earthworm species. Assuming
that TPcsia more reliably reflects trophic positions than A®Npui, the enrichment in ®Npui
per trophic level in our study was higher than the typically used 3.4 %o per trophic level
(Post, 2002; Potapov et al., 2019c).

Most studies use leaf litter for normalizing 8*°Npuik Values of consumers (Klarner et al., 2014;
Potapov et al., 2019a; Maraun et al., 2023). Our study, however, demonstrates that §*°N
values of litter may vary considerably even between neighboring forests. In fact, choosing
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the correct baseline is one of the most critical points in bulk stable isotope analysis (Martinez
Del Rio et al., 2009; Potapov et al., 2019a). This problem is overcome by using the ®N/*N
ratios of essential AAs such as Phe allowing to reliably delineate trophic positions of
consumers even though basal resources remain unknown or are variable (Chikaraishi et al.,
2009; 2010; Pollierer et al., 2019). 3'°Nphe closely correlated with §°Niiter, SUppoOrting our
assumption of litter being the major basis of energy channels and therefore the valid baseline
for calculating A®Npui. Further, 8**Npne negatively correlated with Cnic, cyclo/ pre and litter
C/N ratio, again reflecting the close link with litter, as Cmic and the stress indicator ratio
increase along the elevation gradient likely due to increased carbon but lower nitrogen
availability as indicated by increasing C/N ratios (Lux et al., 2022).

Compared to A™Nhuik analysis, measuring TPcsia is more time consuming and needs more
sophisticated machinery. Further, the minimum amount of tissue needed for TPcsia is
considerably higher than in A™Npuk analyses (ca. 500 pg and 10 pg dry weight,
respectively), limiting its use especially when analyzing small invertebrates such as soil
microarthropods. Therefore, as indicated by our study, A®Npuk analyses remains a viable
option to uncover variations in trophic positions, but the results need to be interpreted with
caution.

3.5.2 Basal Resources

Bayesian mixing models as well as LDA bootstrapping identified fungi as the main source
of essential amino acids for both Collembola and Oribatida across all elevations, while plants
and bacteria were of low importance. Generally, our results are in line with earlier studies
which identified fungi, mainly saprotrophic fungi, as major basal resources of both
Collembola and Oribatida especially in forest ecosystems (Pollierer & Scheu, 2021; Li et al.,
2022). High amounts of oleic (18:109) as well as linoleic acid (18:2w6,9) in both taxa also
point to fungi as major basal resource. Even though oleic acid is commonly used as relative
plant marker (Ruess & Chamberlain, 2010), it also accumulates in fungi (Jansa, 1999).
NLFAs of Collembola feeding on fungi therefore may contain large amounts of oleic acid.
Ruess et al. (2005b) found the relative amounts of oleic and linoleic acid to be similar in the
collembolan species Folsomia candida when fed with the fungus Chaetomium globosum. In
our study the relative amounts of oleic acid were higher than the amounts of linoleic acid in
both taxa at all elevations, indicating that plant derived resources may also contribute to
storage lipids in both Collembola and Oribatida. Even though plants may play a larger role
as resource than indicated by amino acids, NLFA analysis generally supports the high
contributions of fungal resources as estimated by mixing models. Potentially, results of
mixing models may be biased when based on non-local resources (Manlick & Newsome,
2022), however, both NLFA analysis as well as a TPcsia close to three support high fungal
contributions to the diet of both taxa.
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Essential amino acids and lipid profiles in both taxa suggest that the high contribution of
fungi to the diet of Collembola and Oribatida remains constant across the studied elevation
gradient. This contradicts our third hypothesis and indicates that the shift in litter quality and
increasing microbial biomass with elevation is not associated with increased consumption
of fungi. Higher trophic positions of Collembola and Oribatida at higher elevations therefore
are likely rather due to an increasing abundance of individuals that feed to a larger extent on
resources of higher trophic position (Lux et al., 2024). In fact, using molecular tools,
Collembola and Oribatida have been found to feed on a wide range of nematodes both dead
and alive (Heidemann et al., 2014a, b). Further, Collembola have been shown to feed on
eggs of other microarthropods including those of other species of Collembola (Longstaff,
1976; Walsh and Bolger, 1993). Both may have contributed to the increase in trophic level
with constant fungal dietary content. However, as microorganisms are trophic analogs of
animals (Steffan et al. 2015), feeding on microorganisms of higher trophic level may also
have contributed to the increase in trophic level in Collembola and Oribatida at higher
elevations.

In contrast to the constant high contribution of fungi to the diet of Collembola and Oribatida,
ABCpui significantly varied with elevation, but the variation depended on taxon, likely
reflecting differences in the use of basal resources. However, the variation in A¥Cpui across
elevations was generally small, indicating only small resource shifts in both Collembola and
Oribatida with elevation as also shown by CSIA-AA and NLFAs.

3.5.3 Differences between Taxa

A®Npuik and 8®Nphe values were significantly higher in Oribatida than in Collembola
suggesting that basal resources of the two taxa differ in their 51°N values. Further, ABCpuik
correlated with the cyclo/pre ratio in litter in Collembola but not in Oribatida, indicating
trophic shifts in Collembola at sites where microorganisms are stressed (Guckert et al., 1986;
Moore-Kucera & Dick 2008).

Although fingerprinting of eAAs indicated little differences in the use of basal resources in
both Collembola and Oribatida, marker NLFAs differed between the two taxa. The relative
abundance of bacterial markers was higher in Collembola, and the relative abundance of
plant and fungal marker NLFAs was higher in Oribatida suggesting that on Changbai
Mountain the contribution of bacteria to the diet of Collembola exceeds that of Oribatida.
Differences between the two methods may generally be due to the fact that fingerprinting of
eAA s reflects basal resources used for protein synthesis and growth, whereas NLFA analysis
reflects basal resources used for storage lipids, i.e. energy metabolism. Higher contribution
of bacteria to the diet of Collembola than to the diet of Oribatida, therefore may reflect that
Collembola more intensively use bacterial lipids for their storage lipids, with Collembola
generally building more storage lipids than Oribatida (J. Lux, unpubl. data). Bacterial marker
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NLFAs in Collembola suggest a preference for Gram™ bacteria since cyclopropyl NLFAs,
representing Gram™ bacteria, were almost absent. Ruess et al. (2007) also reported
preferences for Gram™ over Gram™ bacteria in four Collembola species of German forests.
Compared to Gram™ bacteria, Gram® bacteria are more intensively involved in the
degradation of complex organic compounds (Fanin et al., 2019). Borkott & Insam (1990)
found the Collembola species Folsomia candida to preferentially feed on chitin colonized
by microorganisms compared to sterile chitin, pointing to the exploitation of microbial
enzymes for their own nutrition, but potentially also to the digestion of these microorganisms
themselves.

3.5.4 Conclusions

Collembola and Oribatida as abundant microarthropods involved in litter decomposition live
mostly as secondary decomposers, feeding on microbially colonized resources. Despite a
constantly high contribution of fungi as basal resource, trophic positions increased with
elevation, likely indicating microarthropods to feed on resources of higher trophic position
at higher elevations. These shifts were linked to increased microbial biomass as well as
decreased litter quality with elevation. Overall, the combined analyses of bulk stable
isotopes, CSIA-AA and NLFAs allowed detailed insight into changes in trophic positions
and energy channels of soil microarthropods with elevation. In particular, the combination
of methods provided evidence for differential utilization of basal resources for growth
(protein synthesis) and for energy metabolism (storage lipids). The uniform increase in
trophic positions of Collembola and Oribatida with elevation indicates important functional
shifts of microarthropod communities contributing more directly to decomposition processes
at lower elevation. Future climate change and related vegetational changes therefore may be
associated by increased direct contributions of microarthropods to decomposition processes.
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Table S2: Summary of major results from Lux et al. (2022) on phospholipid fatty acid (PLFA) and substrate
induced respiration (SIR) measurements of litter at the same sampling sites and dates as the present study. For
measurements of soils see Lux et al. (2022).

Study site Sampling Method  Focal factor Results (litter layer) Interpretation

date
Northern  Early Sep PLFA Microbial Clear separation Major changes of
slope at 2019 community between lower (800- microbial communities
Changbai composition 1100 m) and higher likely related to major
Mountain, elevations (1250- forest type transitions
China 1700 m); temperature  across elevations; litter

PLFA

PLFA

SIR

Microbial stress,
indicated by
e.g., cyclo/pre
PLFA ratio

Fungal/bacterial
PLFA ratio

Microbial
biomass

seasonality structures
microbial communities

Increased at higher
elevations (1250-

1700 m), correlated
negatively with
calcium concentrations
and positively with
C/N ratios

No significant
variation with
elevation

Increased at higher
elevations (1250-

1700 m) correlated
negatively with
calcium concentrations
and positively with
C/N ratios

layer most strongly
exposed to climatic
changes

Increased microbial
biomass is
accompanied by an
increased demand for
nitrogen at higher
elevations, elevating
microbial stress;
potential use of urease
reaction for N
acquisition at lower
elevations

Elevation does not
influence proportions
of these two major
microbial decomposer
groups

Increased microbial
biomass due to climate
and forest type related
accumulation of
organic C, even under
N deficiency
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Table S3: Mean trophic positions (TP) of Collembola and Oribatida at different elevations on Changbai
Mountain and their respective standard deviation (c1) as well as the mean of potential uncertainty of TP (c2)
calculated after Blum et al. (2013) and Ohkouchi et al. (2017). N represents the number of replicates.

Taxon Elevation [m] N Mean TP o1 mean o;

Collembola 800 5 2.68 0.10 0.40
950 8 2.76 0.34 0.38
1100 5 2.56 0.04 0.35
1250 7 2.83 0.22 0.38
1400 4 3.18 0.38 0.48
1550 6 2.72 0.10 0.37
1700 5 2.98 0.19 0.45

Oribatida 800 8 2.64 0.22 0.40
950 6 2.76 0.17 0.39
1100 7 2.75 0.21 0.43
1250 7 2.73 0.39 0.41
1400 5 2.92 0.08 0.40
1550 5 2.70 0.15 0.36
1700 6 2.99 0.17 0.42
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Figure S1: Variations in the relative contribution of fungi, plants and bacteria to the diet of Collembola and
Oribatida at different elevations on Changbai Mountain as indicated by LDA bootstrapping of 5'*C values of
isoleucine, leucine, methionine, threonine and valine based on data published by Larsen et al. (2013, 2016) and
Pollierer et al. (2020).
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Figure S2: Variations in absolute and relative marker NLFAs in Collembola and Oribatida at different elevations
on Changbai Mountain. Coloured bars represent the mean percentages (of total NLFAS) of the respective markers

as given in Table 1 per elevation. Error bars represent standard deviations. Note: Bars contain a y-axis break for
visualization purposes.
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Figure S3: Changes in the oleic (18:1®9) to linoleic acid (18:2®6,9) ratio in Collembola (red) and
Oribatida (blue) across elevations on Changbai Mountain. Error bars represent standard
deviations.
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Chapter 4: Trophic Niches of Collembola
Communities Change with Elevation, but
Also with Body Size and Life Form

Tomocerus sp. on deciduous leaf litter
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4.1 Abstract

Climate change will likely increase habitat loss of endemic tree species and drives forest
conversion in mountainous forests. Elevation gradients provide the opportunity to predict
possible consequences of such changes. While species compositions of various taxa have
been investigated along elevation gradients, data on trophic changes in soil-dwelling
organisms are scarce. Here, we investigated trophic changes of the Collembola communities
along the northern slope of Changbai Mountain, China. We sampled Collembola in primary
forests at seven elevations (800-1700 m asl). We measured individual body lengths and bulk
stable isotopes on species level. We further categorized Collembola species into life forms.
The community-weighted means of AN and AC as well as minimum A'°N and isotopic
uniqueness of Collembola communities increased with increasing elevation, while the range
of AN decreased. Maximum and minimum of A*C differed between elevations but showed
no linear trend. Further, AN of Collembola species occurring across all elevations increased
with elevation. Changes in AN with elevation were most pronounced in hemiedaphic
species, while A®C increased strongest with elevation in euedaphic species. A®N increased
with decreasing body size in hemiedaphic and euedaphic species. Overall, the results suggest
that Collembola species functioning as primary decomposers at lower elevations shift
towards functioning as secondary decomposers or even predators or scavengers at higher
elevation forests. The results further indicate that access to alternative food resources
depends on Collembola life form as well as body size and varies between ecosystems.
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4.2 Introduction

Global climate change strongly affects forest systems across the world by accelerating
extreme climate events resulting in increased tree mortality (Kharuk et al. 2017; 2021,
Obladen et al. 2021). Among worldwide forest biomes mountain forest account for 23% of
forest cover (Price et al. 2015). Climate change likely has detrimental consequences for
mountain forests through climate driven forest conversion (Albrich et al. 2020), decreased
tree growth (Matskovsky et al. 2021) and shrinking boundaries of endemic tree species
(Dakhil et al. 2021). Further, Albrich et al. (2020) predicted climate change driven
replacement of coniferous by deciduous forests in the European Alps. Changes in tree
species composition can affect biodiversity in many taxa, the direction of the response,
however, depends on taxon (Leidinger et al. 2021). Investigating elevation gradients in
natural forests may therefore help to predict the response of different forest-dwelling taxa to
changing climate and the resulting change in tree species composition. Changbai Mountain
in North-Eastern China represents such a gradient as it comprises undisturbed montane
forests including the transition between broadleaf-coniferous mixed and pure coniferous
forests (Liu 1997; Tang et al. 2011).

Responses of a variety of plant, animal and microbial taxa across elevation gradients have
been studied (Samson et al. 1997; Blake & Loiselle 2000; Hodkinson 2005; McCain 2005;
Bhardwaj et al. 2011), including belowground animal communities (Fischer et al. 2014;
Maraun et al. 2014; Bokhorst et al. 2018; Xie et al. 2022; Pan et al. 2023a). However, few
studies focus on changes in trophic niches across elevation gradients, where data on
belowground communities are especially scarce. Fischer et al. (2014) as well as Pan et al.
(2023b) found varying responses in trophic niches of oribatid mites with elevation,
indicating changes in soil food web interactions along elevation gradients.

Like oribatid mites, Collembola are among the most abundant soil microarthropods in
temperate forests (Seastedt 1984), where they occupy a wide range of trophic levels (Scheu
& Falca 2000; Chahartaghi et al. 2005). They predominantly feed on litter resources (Rusek
1998) and microorganisms, in particular fungi (Caravaca & Ruess 2014; Pollierer & Scheu
2021), thereby directly and indirectly affecting litter decomposition and nutrient cycling.
The contribution of soil mesofauna to litter decomposition has been found to depend on litter
characteristics, such as nutrient concentrations, which differ between tree species (Fujii et
al. 2018). At Changbai Mountain, litter characteristics such as C/N ratio have been shown to
vary strongly between the lower elevation broadleaf-coniferous mixed forests, where C/N
ratio were rather low, and high elevation pure coniferous forests with higher C/N ratios.
Additionally, microbial biomass increases with increasing elevation at Changbai Mountain
(Lux et al. 2022). Therefore, direct contributions of the Collembola community to
decomposition of litter might be higher at lower elevations, while Collembola may feed more
intensively on the more abundant microbial resources at higher elevations. Collembola in
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forest ecosystems have been found to predominantly rely on saprotrophic fungi (Pollierer &
Scheu 2021, Li et al. 2022); consequently, the trophic positions of Collembola communities
may increase with elevation.

Collembola life forms
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Figure 1. Conceptualized relationship between trophic positions of Collembola communities, life forms and
elevation (Hypotheses 1 & 2), and between trophic positions of life forms and body size (Hypothesis 3).

Resources in forest soil systems are known to vary across microhabitats in the litter/soil
matrix (Erktan et al. 2020). The ability of Collembola to access different resources within
the litter/soil matrix across elevation gradients may mitigate but also aggravate trophic
responses to elevation. Access to resources by Collembola may vary in particular with
Collembola life forms (Gisin 1943; Rusek 2007). While epedaphic (surface-dwelling)
Collembola predominantly colonize the litter surface, hemiedaphic (litter-dwelling) and
euedaphic (soil-dwelling) Collembola can forage deeper in soil (Fujii & Takeda 2012).
Potapov et al. (2016) found the trophic positions of life forms to increase from epedaphic to
hemiedaphic to euedaphic Collembola, reflecting the different foraging strategies in the soil
matrix (Fig. 1). Hemiedaphic Collembola for instance can forage on top of the litter as well
as in deeper layers. This may provide hemiedaphic species access to a larger variety of
resources compared to e.g., epedaphic species and therefore allows increased trophic
plasticity along environmental gradients. Even though body size is among the traits differing
between the three life forms in general (Rusek 2007), within life form body size variations
may further influence foraging strategies. For example, the ability of euedaphic Collembola
species to access smaller soil pores deeper in soil is likely determined by their body size
(Rusek 2007). Stable isotopes are the major method for characterizing trophic niches in soil
food webs (Potapov et al. 2019a; Maraun et al. 2023). Litter-normalized *N/**N ratios
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(A™N) of consumers are commonly used to determine trophic positions, while litter-
normalized *C/*2C ratios (A**C) provide information on the basal resource used by soil
animals (Klarner et al. 2014; Potapov et al. 2019a; Maraun et al. 2023). However, especially
when investigating organisms varying in vertical distribution within the litter/soil matrix,
both AN and A®*C values can provide additional information about the resources used since
organic matter in deeper soil layers is enriched in *N and *3C compared to litter material on
top of the soil (Garten et al. 2000; Ponsard & Arditi 2000, Wallander et al. 2004, Potapov et
al. 2019a), which is likely due to the accumulation of microbial residues.

Bulk stable isotopes of nitrogen and carbon further allow calculation of isotope metrics to
characterize trophic niches of consumer in more detail (Villéger et al. 2008; Cucherousset
& Villéger 2015). In this study we use abundance weighted and unweighted bulk stable
isotope metrics to characterize variations in trophic niches of Collembola communities
(measured at species level) at Changbai Mountain (China). We further investigate changes
in trophic niches of different Collembola life forms and species with elevation. Additionally,
we study variations in trophic niches of Collembola with body size. We hypothesized that
(1) abundance weighted AN values linearly increase with elevation, while A*3C values only
slightly increase with elevation; (2) AN values strongly and AC values slightly differ
among Collembola life forms, being highest in euedaphic and lowest in epedaphic
Collembola, while the changes in A®N values with elevation are strongest in hemiedaphic
Collembola; and (3) smaller Collembola occupy higher trophic positions as reflected in high
AN values and this relationship is most pronounced in hemiedaphic Collembola.
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4.3 Material and Methods

4.3.1 Study Site and Sampling

The study was conducted at the northern slope of Changbai Mountain at the borders of the
Chinese provinces Jilin and Liaoning to North Korea within the boundaries of the
Changbaishan National Nature Reserve (Fig. 2). Mean annual temperature between 1959 to
1988 ranged between -7 and -3°C and mean annual precipitation between 700 and 1400 mm
(Chen et al. 2011). The major geological groups at the sampled transect are alkalic pumice,
trachyte, tuff and stomatal as well as laminated basalt.

-28.5-28.0 -27.5 -6 -4 -2
§13C 15N\
Figure 2: Map of the sampled transect at the northern slope of Changbai Mountain. The enlarged section
displays the subplot structure for one of the elevations. The right panel displays the natural abundances of *3C
and N of the litter for each elevation (means + SD). Map data from “OpenTopoMap” (Erhardt et al. 2022).

The forests at the northern slope of Changbai Mountain have rarely been managed and
therefore comprise mostly primary forest (Tang et al. 2011). Korean pine (Pinus koraiensis
Siebold & Zucc.) intermixed with deciduous trees dominates between 800 and 1100 m.
Above 1100 m up to 1700 m the dominant tree species is dark-bark spruce (Picea jezoensis
var. komarovii Siebold & Zucc.), followed by Erman’s birch (Betula ermanii Cham.) at
higher elevation. We established seven plots of an elevation difference of 150 m between
plots, along this forest transect with every plot subdivided into eight subplots (Fig. 2). The
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sampling took place in early September 2019. From each subplot a 10 x 10 cm? litter sample
was taken, including the L- and F-layer. Microarthropods were extracted at room
temperature using Berlese funnels (2 mm mesh size) for five days. After extraction, animals
were stored in 75% ethanol.

4.3.2 Species Selection and Body Size Measurement

Collembola were determined under the microscope (Axio Al, Zeiss, Oberkochen,
Germany). Specimens that needed further inspection, were either mounted in Hoyer’s
solution or bleached in a 4:1 glycerine-lactic acid solution. Bleached individuals were not
included in bulk stable isotope measurements. Individuals were determined at species or
morpho-species level using relevant literature (Potapov 1991, 2001; Thibaud et al. 2004;
Jordana 2012; Sun & Wu 2012; Yu et al. 2016; Potapov et al. 2018, 2020; Weiner et al.
2019; Sun et al. 2020, 2021; Xie et al. 2019, 2022). Species accounting for the top 80 % of
total abundance per elevation were used for stable isotope analysis resulting in a total of 19
species. These species were assumed to be functional representatives of Collembola
communities at our study sites. Prior to isotope measurements the body size of the specimens
used was measured; if more than 10 specimens were bulked only 10 specimens representing
the variation in body size within the respective bulk sample were measured. However,
bulked specimens were of similar body length. This allowed calculating the mean body size
of the Collembola measured, resulting in multiple measurements of the same species at the
same plot as indicated in Fig. 3. Further, Collembola species were grouped into three life
forms (Bitzer et al. 2005; Song et al. 2016; Xie et al. 2022), i.e. surface dwelling (epedaphic),
litter dwelling (hemiedaphic) and soil dwelling (euedaphic) based on Gisin (1943), Hopkin
(1997), Potapov (2001) and Widenfalk et al (2015). Regardless of their contribution to 80 %
total abundance, bulk stable isotopes of the three species that occurred at each of the seven
elevations (Desoria choi Lee, Folsomia octoculata Handschin, Tomocerina varia Folsom)
were measured to evaluate changes in stable isotope values of individual species with
elevation.

4.3.3 Stable Isotope Measurement

Stable isotope ratios of ®N/*N and 3C/*?C were measured using an isotopic mass
spectrometer (Delta VV Advantage, Thermo Electron, Bremen, Germany) coupled via an
interface (Conflo 111, Thermo Eclectron, Bremen, Germany) to an elemental analyser (Euro
EA 3000, EuroVector S. p. A. Milano, Italy). The relative abundances of N and 3C were
expressed as § (%o) = Zeampie = Rstandard 100 With Rsample aNd Rstandard the ®N/**N or 1*C/*2C ratio

Rstandard

in the sample and standard, respectively. Atmospheric N was used as standard for *°N, while
Vienna Pee Dee belemnite for *C. Acetanilide (CsHsNO) was used as internal standard.
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While stable isotopes of Collembola species were measured at every subplot, stable isotope
values of litter were measured at every second subplot at every elevation; only leaf / needle
litter without visible damage was used. To account for different types of litter we selected a
representative fraction of the litter sample, dried and milled it, then an aliquot of this
homogenized sample was measured. Stable isotope values were normalized to these & values
of litter from the respective elevation and subplot (Fig. 2) and expressed as AN and A®C
values. We used the mean 6 values of litter of the two closest subplots to normalize
Collembola from the subplots where d values were not measured. This considered the high
variability of the baseline among elevations and the (minor) variations between subplots
within elevations (Fig. 2).

4.3.4 Statistical Analysis

All statistical analyses were performed in R v 4.0.4 (R Core Team 2021). Four one-
dimensional metrics were calculated for each A™®N and AC values. Metrics included the
abundance weighted isotopic positions (IPos AN and IPos A*C), the isotopic range
(AN range and AC range) as well as the maximum (AN max and AC max) and
minimum (AN min and A'C min) isotopic values at subplot level. Further, five multi-
dimensional stable isotope metrics were calculated including both AN and A**C values as
described in Cucherousset and Villéger (2015). Prior to calculating multi-dimensional
metrics, AN and A*®C values of Collembola species were abundance weighted as described
above and then scaled between 0 and 1 to equalize contributions of the two isotopes. Five
multidimensional metrics were calculated. (1) Isotopic divergence (IDiv) which approaches
1 if Collembola species with extreme diverging isotopic signatures are abundant and
approaches 0 if they are rare. (2) Isotopic dispersion (IDis) which approaches 1 if abundant
species have diverging isotopic signatures, whereas it approaches 0 if abundant species have
similar isotopic signatures. (3) Isotopic evenness (IEve) which approaches 1 if species are
evenly distributed in the isotopic space, whereas it approaches 0 if species cluster in a small
area of the isotopic space. (4) Isotopic uniqueness (IUni) which approaches 1 if species
occupy unique positions in the isotopic space, whereas it approaches 0 if species share
similar isotopic niches. (5) Isotopic richness (IRic) representing the convex hull area
spanning the total isotopic space of all species; IRic was not weighted by abundance since it
represents functional diversity (Villéger et al. 2008). IRic approaches 1 if the hull area is
large, whereas it approaches 0 if the hull area is small.

Linear relationships of the calculated multi- and one-dimensional metrics with elevation
were analysed using linear models with the respective metric as response variable and
elevation as ordered categorial variable. This way we tested for a linear trend using
polynomial contrasts, if the test indicated a linear relationship elevation was transformed
into a continuous independent variable. Elevation was left categorial if no such trend was
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found to test for general differences between elevations. Metrics were square-root-
transformed, if necessary (indicated in the results section).

Further, “trait flex anovas” (Leps et al. 2011) were calculated for AN and A*C values. In
short, this procedure allows to decompose the variation in community weighted A®N and
ABC values across the elevation gradient explained by species turnover and intraspecific
variation by calculating three linear models with varying response variables: The first
contained the community weighted isotopes per subplot per elevation, henceforth termed
specific averages, as response variable (similar to IPos AN and IPos AC, see above).
Here, variation in the response variable may be caused by species turnover or intraspecific
variability (or both). The second model contained the averages of isotopic averages of
species across elevations weighted by their relative abundances per subplot per elevation,
henceforth termed fixed averages. Here, variations in the response variable are only caused
by species turnover. For the response variable of the third model, the fixed averages were
subtracted from the specific averages. Here, variations in the response variable are only
caused by intraspecific variability. Then, the sum of squares of the three models were
decomposed as described in Léps et al. (2011) to distinguish between the contribution due
to species turnover, intraspecific variability and the covariation between the two.

Spearman Rank correlations of all metrics with six variables measured in the litter layer
potentially linked to Collembola nutrition were tested. The fungal-to-bacterial PLFA ratio
(fun/baciiter), the microbial biomass per gram organic carbon (Cmic), the Gram*-to-Gram"
bacterial PLFA ratio (Gram®/Gram’), the saturated-to-monounsaturated PLFA ratio
(sat/mono) and the cyclic-to-monoenoic precursor PLFA ratio (cyclo/pre) and the C/N ratio
of the litter layer were included. Factors and their measurements are further characterized in
Lux et al. (2022).

Linear mixed effect models were calculated using the “Ime4” package (Bates et al. 2015) to
analyse three common species present across all elevations. Unweighted A®N and AC
values of the respective species were used as response variable and elevation (continuous,
selected as described above), body size and their interaction as independent variables. Body
size and elevation were centred around their mean. To account for multiple measures at the
same sampling location plotID was included as random intercept. Further, the influence of
body size and Collembola life form on the isotopic values across the elevation gradient was
investigated, including unweighted AN and A'®C values as response variable and elevation
(continuous, selected as described above), mean body size, life from and their interaction as
independent variables, again body size and elevation were centred around their mean. To
account for multiple measurements of the same species at the same sampling location, plotiD
and species nested in plotID were included as random intercepts. To evaluate if mean body
size of Collembola varies along the elevation gradient another linear mixed effect model was
fitted, with body size as response variable and elevation (categorial, selected as described
above) and life form as independent variables. The random intercept again included plotID
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and species nested in plotID. Body size (response variable) was log-transformed to increase
homoscedasticity.

Significances of fixed effects were tested using type Il sums of squares in the Anova
function of the “car” package (Fox & Weisberg 2019). Adjusted R? values are given in the
respective regression figures. For linear mixed effect models Pseudo R?of fixed effects (R%.)
and the whole model Pseudo R? including the random effect (R%ow) are given in the
respective regression figures. Values and errors given in text represent the mean * standard
deviation. All linear models met the assumptions of homoscedasticity and Gaussian
distribution of residuals.

4.4 Results

4.4.1 Stable Isotope Metrics along the Elevational Gradient

Three one-dimensional metrics of AN values, calculated from mean species stable isotope
values (Fig.3) at subplot level, differed significantly across the elevation gradient (Fig. 4a).
The abundance weighted 1Pos AN (Fis1=23.32, P<0.001) increased from 800
(0.45 £ 1.21 %o) to 1700 m (1.76 £ 0.76 %o); 57.5% of the total variation explained by
elevation was contributed by intraspecific variability and only 5.9 % by species turnover, the
other 36.7 % were contributed by the covariation between the two. Further, AN min
increased with elevation (F151 = 20.98, P < 0.001), increasing from 800 (-1.70 + 1.66 %o) to
1700 m (0.15 +0.73 %o, respectively). By contrast, AN range decreased (Fis1=5.53,
P =0.023) from 800 (4.61 + 1.56 %o) to 1700 m (3.39 + 1.25 %o) (Fig. 4a). Further, three
one-dimensional metrics of A*C values varied significantly with elevation (Fig. 4b).

The abundance weighted IPos A*C increased significantly (Fis1 = 6.70, P = 0.013) from
800 (3.43 £ 0.47 %o) to 1700 m (3.70 £ 0.72; with values at 1250, 1400 and 1550 m higher
than the value at 1700 m). As in AN, intraspecific variability contributed most to the
variation in A'3C explained by elevation (35.6 %), while species turnover only contributed
16.3 % and the covariation between the two 48.1 %. Additionally, A*C max and ABC min
varied significantly with elevation but the response was not linear (Fe 46 = 2.42, P = 0.041,
Fea46 = 2.57, P =0.031, respectively); both were lowest at 800 m (4.23+0.87 and
2.30 + 0.96 %o, respectively), but AB*C max was highest at 1550 m and A3C min at 1250 m
(5.49 £ 0.78 and 3.52 £ 0.85 %, respectively).
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Figure 3: Stable isotope (A®N and AC) biplots of 19 Collembola species comprising 80% of the total abundance of
Collembola at the respective elevation. Error bars represent standard deviations. Number of isotope measurements of
species at the respective elevations are given in brackets.
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Figure 4: One- dimensional stable isotope metrics of nitrogen (a) and carbon (b), which significantly varied
with elevation. Elevations are color coded; large dots represent the means and error bars standard deviations.
Error bars are only displayed if the metric showed a non-linear response to elevation. Regression line formulas
and adjusted R? values (Adj. R?) are displayed for linear responses to elevation.

Two multidimensional metrics of AN and AC values significantly varied with elevation
(Fig. 5). IRic varied marginally significantly in a non-linear way with elevation (Fs 46 = 2.08,
P =0.074, square-root-transformed data); it was lowest at 1250 m (0.02 £ 0.02; non-
transformed mean) and highest at 1100 m (0.05 £ 0.04; non-transformed mean). 1Uni
showed a linear trend, it increased with elevation from 800 m (0.41 +£0.15) to 1700 m
(0.61 £0.23) (F1,51 = 8.00, P =0.007). A figure including non-significant isotopic metrics is
given in the Appendix (Appendix Fig. 1).

IPos AN and A™®N min correlated significantly positive with the C/N ratio of the litter layer
as well as Cnic, sat/mono and cyclo/pre PLFA ratios (Table 1). AN max on the other hand
only correlated positively to cyclo/pre ratios across the elevation gradient. 1Pos A®C
correlated significantly positive with Cmic, sat/mono and cyclo/pre PLFA ratios. A**C min
and AC max both correlated positively with sat/mono and cyclo/pre ratios. Of the
multidimensional metrics IRic correlated negatively with the litter C/N ratio and 1Uni
correlated negatively with the fun/baciiter across the elevation gradient.
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Figure 5: Multidimensional stable isotope metrics, which significantly varied with elevation. Elevations are
color coded; large dots represent means and error bars standard deviations. Regression line formula and
adjusted R? value (Adj. R?) are displayed for the linear response to elevation. Isotopic richness was square-
root transformed to approximate Gaussian distribution of residuals.

4.4.2 Response of AN and AC Values of Species to Elevation

Underlining the high contribution of intraspecific variability to increased weighted 1Pos
AN with elevation, the unweighted AN values of three species which occurred across the
studied elevation gradient (Desoria choi, Folsomia octoculata and Tomocerina varia)
increased significantly with elevation (y*>=10.19, P =0.001; y?=44.25 P <0.001;
¥2 =22.70, P < 0.001, respectively). A®N values of D. choi, F. octoculata and T. varia
increased from 800 (-0.94 + 1.00 %o, -0.78 £ 1.42 %o and -1.29 + 1.07 %o, respectively) to
1700 m (0.37 £ 0.65 %o, 1.75 £ 1.43 %o and 0.61 + 0.95 %, respectively; Appendix Fig. 2).
AN significantly decreased with body size only in D. choi (x*=10.39, P =0.001), it
decreased by 0.48 %o per 1000 um body size (Appendix Fig. 2). Unweighted AC values of
the three species, on the other hand, showed no linear trend with elevation nor body size.
Even though showing no linear response, A¥*C values generally varied with elevation in
D.choi and F. octoculata (3> = 13.08, P = 0.042; x> = 28.81, P < 0.001, respectively). D. choi
was lowest at 1700 m (2.69 + 0.55 %o) and highest at 800 m (3.41 £ 0.51 %o). F. octoculata
on the other hand was lowest at 1100 m (2.63 +0.60 %0) and highest at 1250 m
(4.15 + 0.67 %o).
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Table 1: Spearman rank correlations between one- as well as multi-dimensional isotope metrics and litter
characteristics [fungal-to-bacterial PLFA ratios in litter (fun/baciiwer), microbial biomass (Cmic), Gram*-to-
Gramr, saturated-to-monounsaturated (sat/mono), and cyclic-to-monoenoic (cyclo/pre) PLFA ratios, C/N ratio]
across elevations. Values represent Spearman’s rho, values given in bold indicate Spearman’s rho to
significantly differ from zero (P < 0.05).

factor C/N Chic fun/baciwe Gram*/Gram  sat/mono  cyclo/pre
Nitrogen metrics ~ IPos AN 0.34 0.46 0.02 0.04 0.44 0.59
A™Nrange  -0.20 -0.15 -0.02 0.07 -0.19 -0.23
ABN min 0.47 0.51 0.07 -0.06 0.46 0.67
AN max 0.20 -0.25 0.09 -0.05 0.16 0.31
Carbon metrics [Pos A3C 0.19 0.30 0.03 -0.09 0.40 0.52
A¥Crange -0.01 0.19 0.00 -0.02 0.00 0.09
ABC min 0.10 0.13 0.15 -0.07 0.36 0.39
ABC max 0.05 0.23 0.08 -0.04 0.27 0.37
Multidimensional Isotopic
. OOPIC T 501 006 0.08 0,04 014 -0.06
metrics diversity
| .
.SOtOpIC -0.32 -0.04 -0.04 0.12 -0.22 -0.24
richness
Isotopic
. p_ -0.10 0.10 -0.11 0.27 <0.01 -0.04
dispersion
Isotopic
-0.10 0.09 -0.21 0.11 0.02 -0.09
evenness
Isotopic
. 0.03 0.23 -0.34 0.25 0.23 0.17
uniqueness

4.4.3 Changes in AN and AC Values of Collembola with Body Size and Life
Form

The unweighted AN values of Collembola significantly increased with elevation
(x> = 32.69, P <0.001), varied with Collembola life form (3> =130.15, P <0.001) and
decreased with mean body size of individuals per sample, henceforth body size (y~ = 30.98,
P < 0.001). Further, the response of AN values to elevation depended on life form
(significant elevation x life from interaction, y? = 28.98, P < 0.001; Fig. 6a). A™°N values
increased strongest between 800 and 1700 m in hemiedaphic Collembola (-0.52 + 1.67 %o
to 1.75 + 1.42 %o, respectively) and the increase was weakest in epedaphic Collembola
(-1.09 + 1.39 %o to 0.41 + 0.70 %o, respectively). The strength of the decrease of AN with
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body size also depended on life form (significant life form x body size interaction,
¥?=17.67, P<0.001; Fig.6a). AN values decreased strongest with body size in
hemiedaphic Collembola by 2.02 %o per 1000 pum body size, while there was no decrease in
epedaphic Collembola with body size (<0.01 %o per 1000 pm body size). Additionally, the
interaction between body size and life form depended on elevation (significant elevation x
life from x body size interaction, x> = 10.74, P = 0.005). Variations in the response of AN
to body size with elevation were most pronounced in hemiedaphic Collembola where AN
decreased by 2.26 %o per 1000 pm body size at 800 m, but only by 0.49 %o per 1000 pm

body size at 1700 m.
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Figure 6: AN (a) and A'®C (b) of different Collembola life forms (epedaphic, hemiedaphic and euedaphic)
across elevations and body size. Colors mark life forms; means (large dots) and individual measurements (small
dots). Pseudo R? values refer to linear mixed effects models including AN or A¥®C as dependent variable,
elevation (continuous), body size and life form as well as their interactions as fixed effects and plot ID as well
as species nested in plotlD as random effect. For significant fixed effects and interactions see text.

Overall, the unweighted A**C values of Collembola significantly varied with Collembola
life form (y® = 57.76, P < 0.001). Further, the linear response of unweighted A**C values to
elevation depended on Collembola life form (significant elevation x life from interaction,
¥?>=8.01, P = 0.018). A®C increased strongest from 3.67 +1.02 %o to 4.41 + 1.01 %o
between 800 and 1700 m in euedaphic Collembola, while there was a slight decrease in
epedaphic Collembola from 800 to 1700 m (3.33 + 0.62 %o to 2.85 + 0.64 %o, respectively;
Fig. 6b). A*C decreased marginally significantly with increasing body size (y? = 3.45,
P =0.063) by 1.04 %o per 1000 um body size. The interaction between life form and body
size further depended on elevation (marginally significant elevation x life form x body size
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interaction, %2 = 5.46, P = 0.065). Variations in the response of A*C to body size with
elevation were most pronounced in hemiedaphic Collembola where AC decreased by 0.65
%o per 1000 pum body size at 800 m, while showing an increase by 1.02 %o per 1000 um
body size at 1700 m.

Generally, body size varied with Collembola life form (x°=207.97, P < 0.001, log-
transformed data); epedaphic Collembola were larger (1452 + 434 pm) than hemiedaphic
(920 £ 237 um) and cuedaphic Collembola (857 £275 um; untransformed means).
Collembola body size varied across elevations followed a non-linear response (x° = 13.19,
P = 0.040). However, differences in body size of life forms varied with elevation (significant
elevation x life from interaction, x> = 32.81, P = 0.001; Appendix Fig. 3). The difference in
body size with life form was highest at 1250 m, where epedaphic Collembola were largest
(1704 £ 210 pum), followed by hemiedaphic (883 + 282 um) and euedaphic Collembola
(570 £ 35 um).
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4.5 Discussion

Here, we investigated trophic shifts of Collembola communities across an elevation gradient
using bulk stable isotope analysis at species level. The results showed that the trophic level
of Collembola communities as well as selected Collembola species increased with elevation
as indicated by IPos AN values. Both life form (epedaphic, hemiedaphic and euedaphic)
and body size influenced A®N and A®C values of Collembola, but their relative influence
varied with elevation. Isotopic metrics including both A™N and A'®C indicated that IRic was
low at high elevation plots (1250-1700 m) and IUni increased with increasing elevation.
Overall, our results indicate a decrease in Collembola acting as primary decomposers
towards higher elevations where microbial resources prevail.

4.5.1 Influence of Elevation on Trophic Niches of Collembola

The trophic position of (functional) Collembola communities increased by about one third
trophic level across the studied elevation gradient from 800 to 1700 m assuming an
enrichment factor of 3.4 %o AN per trophic level (Post 2002, Potapov 2019b), which is in
line with our first hypothesis. This shift is driven predominantly by intraspecific variations
rather than species turnover. Large Collembola, such as Tomocerus laxalamella and
Tomocerina varia, likely feed on litter and this is reflected by their negative AN values at
lower elevations. Negative A®N values of primary decomposers have been reported before
for Collembola, Diplopoda and Oribatida (Scheu & Falca 2000, Pollierer et al. 2009,
Schneider & Maraun 2011, Maraun et al. 2023) and presumably reflect that they feed on
certain litter components depleted in N compared to bulk litter material, as shown for $3C
of e.g., lignin or lipids (Pollierer et al. 2009). Even though lower A®N values may also
indicate algal or lichen feeding (Maraun et al. 2023), NLFA analyses at the same sampling
location and date indicate that algae are negligible as food resource for Collembola at
Changbai Mountain (Lux et al. 2023). Lichen feeders usually have even lower A®N values
as shown by Chahartaghi et al. (2005) who grouped Collembola species with AN values
similar to those of T. laxalamella and T. varia as primary decomposers. As AN values of
these putative primary decomposer species were most negative at lower elevations, the
significant increase in minimum AN values and the decreasing range in AN values
indicate a decrease in primary decomposers along the elevation gradient. Even though
generally low across all elevations, IRic was especially low at higher elevations (1250-
1700 m), which are characterized by pure coniferous forests. Decreases in primary
decomposers consequently led to a smaller isotopic hull area.

IPos AN values and AN min positively correlated with C/N ratio of litter as well as
microbial biomass, indicating that the shift from living predominantly as primary
decomposer at lower elevation to living more as secondary decomposers at higher elevation,
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feeding either on living microorganisms or microbial residues, was driven by lower litter
quality (i.e., higher C/N ratio). The negative correlation between IRic and C/N ratio also
reflects this shift. Conform to this conclusion, Fujii et al. (2018) found the contribution of
soil microarthropods to litter decomposition to be higher in nutrient rich than nutrient poor
litter. By contrast, Ma et al. (2019) concluded the contribution of soil fauna to litter (lignin)
decomposition to be higher in more recalcitrant litter at Changbai Mountain. These
contrasting results may implicate that soil fauna taxa other than Collembola are more
involved in fragmentation of recalcitrant compounds such as lignin at higher elevations. The
contradictory results could also be due to seasonal variations, which were not considered in
our study and may be important for resource availability, especially at lower elevations
where deciduous trees are more prevalent.

Generally, Collembola have been shown to preferentially feed on fungi (Pollierer & Scheu
2021, Li et al. 2022, Lux et al. 2023). However, as indicated by results of our study, a large
fraction of the (functional) Collembola community may also predominantly feed on litter
and only switch to feeding on resources of higher trophic level if nutrient limitation
increases. This is also reflected by the correlation between AN min (as well as IPos A®N)
values of Collembola and the sat/mono and the cyclo/pre PLFA ratio in the litter layer, both
reflecting nutritional and substrate-induced stress of microorganisms (Bossio & Scow 1997,
Moore-Kucera & Dick 2008). Forests at higher elevations at Changbai Mountain are
dominated by dark bark spruce (Liu 1997) and decomposition processes in spruce forests
typically are slower than in deciduous forests (Albers et al. 2004; Berger & Berger 2012).
Slow litter decomposition and associated microbial stress may have promoted the trophic
shift in Collembola towards increased feeding on microbial resources at higher elevations.
In plants it is well documented that increased stress results in increased herbivory (White
1993) and the same may hold true for microorganisms.

In addition to the increase in IPos AN values with elevation, also A®N values of individual
Collembola species, such as Desoria choi, Folsomia octoculata and Tomocerina varia,
increased at higher elevation indicating that both Collembola communities, but also
individual species, shifted their diet towards feeding more on microorganisms, microbial
residues or other isotopic enriched resources at higher elevation. In fact, our study shows
that most of the shift in community weighted trophic positions across elevations is due to
intraspecific variations rather than species turnover. This is likely due to few very abundant
species; for example, the trophic shift was particularly strong in F. octoculata indicating
high trophic plasticity in this species. This is in line with findings of Hishi et al. (2007), who
found this species to colonize different successional stages of litter. At Changbai Mountain,
F. octoculata is among the most dominant Collembola species in forests across the studied
elevation gradient (Xie et al. 2022). Its dominance across elevations likely also reflects its
high trophic plasticity living as primary decomposer at lower elevations and as secondary
decomposer at higher elevations, consuming microbes, microbial residues and/or other
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isotopic enriched resources. In fact, F. octoculata was found to incorporate root-derived
carbon (Fujii et al. 2016) and the higher trophic position at higher elevations therefore may
be related to increased feeding on mycorrhizal fungi.

Besides these variations within species, the reported trophic shifts of Collembola
communities were, at least to a certain extent, also due to species turnover. As shown
recently, Collembola communities at Changbai Mountain are structured by the availability
of food resources as indicated by litter and soil C/N ratios (Xie et al. 2022). Further,
Collembola at high elevations likely occupy more unique trophic positions in the isotopic
space, as indicated by the increases in 1Uni (Cucherousset and Villéger 2015). 1Uni was
negatively correlated with the fun/baciiter indicating that trophic niches additionally show a
larger overlap if fungal resources become more abundant.

Therefore, our results suggest that trophic changes with elevation are driven by resource
availability. The ability of Collembola to access resources in different microhabitats in the
litter/soil matrix might consequently alter their trophic response to elevation (Erktan et al.
2020). The ability of accessing resources in the soil matrix is determined by Collembola life
forms and their respective foraging strategies (Fig. 1). Among Collembola life forms, the
shift in AN values with elevation was strongest in hemiedaphic Collembola (including F.
octoculata), with the values shifting from close to the ones in epedaphic species at 800 m
towards the ones of euedaphic species at 1700 m, which is in line with our second
hypothesis. Hemiedaphic Collembola likely are able to access similar resources as those
used by euedaphic Collembola as body size in both groups was overall similar. Supporting
the overlap in resource use by hemi- and euedaphic species, Fujii & Takeda (2012) found
epedaphic Collembola species to predominantly colonize leaf litter placed on top of the soil
in a coniferous forest, while leaf litter placed into the soils were colonized by both hemi- and
euedaphic Collembola.

Even though Collembola life forms usually differ in their body size (Rusek 2007), body size
variation within life forms likely also plays a role especially for species migrating vertically
(Fig. 1). Accordingly, A™®N values of hemiedaphic and euedaphic, but not in epedaphic
Collembola decreased with body size. Presumably, this reflects that foraging strategies differ
among Collembola life forms supporting our third hypothesis. As stressed repeatedly, traits
of epedaphic Collembola, such as large body size, a long furca and long antennae, hamper
access to deeper soil layers, whereas smaller body size, and shorter (or absent) furca and
shorter antennae of hemi- and euedaphic species allow access to food resources in smaller
soil pores deeper in soil (Hopkin 1997, Erktan et al. 2020). Consequently, hemiedaphic
Collembola may be able to shift resources towards those of euedaphic Collembola if
necessary, i.e. if other food resources are lacking or are of poor food quality. Organic matter
in deeper soil layers typically is enriched in N and *C compared to litter material on top
of the soil and this also likely is true for microorganisms (Wallander et al. 2004, Potapov et
al. 2019a). Consequently, higher AN values in hemi- and euedaphic than in epedaphic
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Collembola may, at least in part, be due to feeding on microorganisms or their residues
deeper in soil (Potapov et al. 2019a). Supporting our conclusion that the switch of
hemiedaphic Collembola to resources deeper in soil is due to poor litter resources at higher
elevation, Xie et al. (2022) found the relative abundance of epedaphic species to decrease
with increasing elevation at Changbai Mountain.

Feeding on litter resources may be facilitated by increased mandible size which is known to
correlate with body size allowing to chew litter materials to get access to litter resources
(Raymond-Léonard et al. 2019). Even though the relationship between body size and
mandible function is more complex, the negative relationship between AN values and
Collembola body size support this inference, reflecting that litter material is more likely
consumed by larger Collembola, while smaller Collembola preferentially consume
microorganisms or microbial residues. However, epedaphic Collembola had low A®N
values irrespective of body size, indicating that body size related variations in litter
consumption are more important in hemi- and euedaphic species. This is also supported by
the fact that A*3C values of epedaphic Collembola were lowest among Collembola life forms
and varied little with body size. However, as indicated by the interaction between body size,
life form and elevation for both AN and A3C, the response of trophic niches of Collembola
to body size in different lifeforms varies between ecosystems, suggesting that it depends on
local habitat conditions.

Interestingly, in some species, such as F. octoculata and T. varia, neither AN nor A¥*C
values significantly varied with body size, indicating that the trophic niche of these species
does not change during development. However, in other species, such as D. choi, AN
values, but not A'3C values, decreased significantly with body size indicating a shift from a
more microbial-based diet in juveniles towards including more litter resources in adults.
However, this shift in AN was small despite the body size of D. choi varied considerably.
Generally, the results indicate that trophic positions within Collembola species vary little
with body size and thus developmental stages.

The increase in IPos A®C, A¥C min and AC max values along the studied elevation
gradient was higher than expected from the increase in trophic position by one third trophic
level (Post et al. 2002) indicating that Collembola at higher elevations use resources more
enriched in 3C. Similar to AN values, AC values of Collembola correlated positively
with microbial biomass supporting the conclusion above that they more intensively consume
microorganisms. In fact, Collembola at Changbai Mountain have been found to
predominantly feed on fungi (Lux et al. 2023) and increased consumption of fungi deeper in
soil by hemiedaphic Collembola may have contributed to the shift in AN and A**C values
of the Collembola community at higher elevation. Additionally, the increase in IPos A**C,
ABC min and AC max values of Collembola with increasing microbial stress underlines
that adverse conditions in the litter layer at higher elevations contributed to the shift in
resource use of Collembola.
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4.5.2 Conclusions

Results of the present study indicate that (functional) Collembola communities, as major
decomposer animals in soil involved in litter decomposition, shift towards more feeding on
microbes, microbial residues or even living as predators or scavengers at higher elevations.
Trophic plastic species occurring at all elevations shifted towards higher trophic position
and decomposing variations in A®N values indicated that the shift in Collembola
communities towards higher trophic positions was mainly due to intraspecific shifts. The
results further showed that the ability to access alternative food resources depends on
Collembola life form and body size. The shift from lower to higher trophic positions with
elevation suggests that global climate change, driving forest conversions, may be associated
by a shift from decomposer soil microarthropods functioning as secondary decomposers
towards functioning as primary decomposers in a warmer future climate, with potentially
pronounced ramifications for decomposition processes, humus formation and carbon
sequestration.
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Trophic Niches of Collembola
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Appendix Figure 1: Non-significant one- and multidimensional metrics across elevation. Elevations are color
coded; large dots represent the means and error bars standard deviations.
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Appendix Figure 2: A®N of Folsomia octoculata, Desoria choi and Tomcerina varia (marked in color) across
the studied elevation gradient. Larger dots represent means, small dots individual measurements. Regression
lines were plotted only for species in which a significant linear relationship was found. The pseudo R? values
refer to linear mixed effects models including A'®N values of the respective species as dependent variable,
elevation (continuous) and body size as fixed effect and subplot nested in elevation as random effect. For

significant fixed effects see main text.
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Appendix Figure 3: Body size [um] of Collembola life forms (epedaphic, hemiedaphic and euedaphic; marked

in color) across the studied elevation gradient. Large dots represent means, error bars standard deviations and

small dots individual measurements. Dotted lines mark the mean body size across elevations for the respective

life form. Note: The Y-axis displays the log-scale.
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General Discussion

The work at hand focused the question of “how do trophic interactions of different
components of the soil food web change with elevation”. In the previous three chapters we
reported strong changes in microbial communities and biomass, trophic positions of
microarthropods in general and trophic changes within the Collembola community along the
elevational gradient in the primary forests of Changbai Mountain, China.

5.1 Soil Food Webs at Changbai Mountain

Our results suggest that the microbial community, as the major primary decomposers in the
soil food web, is heavily influenced by elevation. The microbial community changed
strongest in the litter layer between elevations 1100 m and 1250 m, this was also true for
microbial biomass which was high above 1100 m. The area between 1100 m and 1250 m
represents the transition zone between the pine deciduous mixed forests and spruce
dominated forest (Liu 1997). We identified Ca content of litter to be one of the major drivers
of microbial community composition in upper soil and found a strong relationship between
Ca content and microbial biomass as well as microbial stress in litter. Ca plays a major role
in various plant processes such as the formation of cell walls and membranes as well as
defense mechanism (White 2003). Plant leaves can store Ca in the form of e.g., Ca oxalate
crystals, serving as protection from herbivory but also as Ca reservoir under Ca deficit
conditions (Volk et al. 2002). Therefore, Ca oxalate can be found in the foliage of both
deciduous and coniferous tree species (Minocha et al. 2015). The Ca content of the litter is
likely determined by tree species identity as well as Ca availability within the habitat. Tree
leaves vary considerably in their Ca content between species (Ricklefs and Matthew 1982),
which can explain the strong changes in Ca concentrations in the litter between the two major
forest types investigated. Even though the major geological groups are metamorphic alkaline
rocks, they cover bedrock of dolomitic marble which contains Ca (Yan et al. 2018), it can
be transported through springs and is likely the main source of Ca at Changbai Mountain.

As discussed in detail in Chapter 2 the increased Ca content at lower elevations likely
promotes N uptake by microbes as it allows urease driven transformation of urea towards
the easily processable ammonium (NH4") under Ca mineralization (as calcium carbonate)
(Krajewska 2018). This availability of N is reflected in low microbial stress ratios under high
Ca availability (Fig. 1). However, the high availability of carbon through larger litter
accumulations at higher elevations likely increases microbial biomass. This habitat of high
carbon but low nutrient availability likely led to major differences between the microbial
community compositions at the lower (800 —-1100m) and higher (1250 — 1700 m)
elevations.

This signal is again reflected in both trophic positions of Collembola and Oribatida as
presented in Chapter 3. Microarthropods occupied higher trophic positions at sites of high
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microbial stress and biomass as well as high C/N ratio. In general, there was a shift of
Collembola and Oribatida communities from trophic positions between primary and
secondary decomposers towards more secondary decomposers or predators/scavengers at
higher elevations. The trophic position, however, was calculated from bulk samples
representing the body mass weighted mean of the community. To understand which species
and functional groups are truly responsible for this shift, we further assessed trophic
variations of Collembola at species level. In Chapter 4 we in fact identified, besides minor
changes in energy channels (AC), increasing trophic positions (AN) within Collembola
species acting as primary decomposers at lower elevations. The decrease in the frequency of
Collembola functioning as primary decomposers with elevation is further indicated by the
increased A®Nmin towards 1700 m. Supporting the implications of Chapter 2 & 3, the role
of primary decomposers may in fact be compromised by decreasing litter quality and
increasing microbial stress. A™®Nmin was strongest influenced by the cyclo/pre stress
indicator ratio (Fig. 1), which is an indicator for substrate and nutritional stress in bacteria
(Knivett and Cullen 1965; Guckert et al. 1986; Bossio and Scow 1997). Even though the
cyclo/pre ratio is bacteria specific, it is likely that nutrient shortage also influences the fungal
community. Structural equation modelling indicated that the effect of microbial stress on
A®Nmin of Collembola was stronger than the effect of microbial biomass (Fig. 1), with the
two, however, being closely correlated. As indicated by the results presented in Chapter 3,
soil microarthropods at Changbai Mountain predominantly feed on fungi and bacteria. Like
plants, microbes can produce secondary metabolites against microbivores (predators). Doll
et al. (2013) found an increase in toxic secondary metabolites of Aspergillus nidulans
exposed to Collembola grazing. Under nutritional stress the production of costly defenses
by fungi and bacteria might be limited, leading to more intense grazing by microarthropods
which is consequently displayed in their trophic positions. The fungal to bacterial ratio in
the litter layer increased with elevation and further led to an increase in the isotopic
uniqueness (1Uni) within the Collembola community (Fig. 1). This suggests that the trophic
niches of Collembola species show stronger overlap if fungi are more abundant, which
supports the indications of Chapter 3 that fungi are the preferred resource of soil
microarthropods.
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Figure 1: Structural equation model on direct and indirect effects of elevation and litter related factors [calcium
content, C/N ratio, microbial biomass (Cnmic), microbial stress (cyclo/pre), fungal to bacterial ratio (fun/bac)]
on trophic positions of Collembola and Oribatida (A°N) as well as mean minimum trophic positions (A®Nmin)
and isotopic unigueness (IUni) of Collembola. The numbers represent the standardized path coefficients.
Fisher’s C of 47.37 with P = 0.097 indicates a solid overall model fit.

The results of the study presented in Chapter 4 further indicated that the ability to switch
from living as primary towards living as secondary decomposer along the elevational
gradient is likely linked to Collembola traits. This trophic plasticity was most pronounced in
hemiedaphic species, which possess medium large antennae, pronounced ocelli and body
pigments, but antennae are usually shorter than in the surface dwelling epedaphic species
(Rusek 2007). Therefore, euedaphic species can move between the upper and the lower litter
layer. This is further supported by the steep decline in AN values with body size in
hemiedaphic Collembola, smaller hemiedaphic Collembola will likely access deeper litter
layers (Rusek 2007), where they feed on microbes enriched in °N.

Overall, our studies underline that the availability of nutrients and their influence on
microbial communities along an elevational gradient determines the role of soil
microarthropods within the soil food web. Consequently, it is likely that the trophic roles of
microarthropods changes with forest types and accompanying litter characteristics. On the
other hand, how Collembola communities at Changbai Mountain respond to such resource
changes is influenced by Collembola traits such as life form and body size which allow
access to alternative resources.

Like in many other mountain systems the temperature at Changbai Mountain increased over
the last decades, while the annual precipitation decreased (Wang et al. 2020). Such climatic
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trends will likely facilitate transitions of the coniferous forests at higher elevations as species
boundaries of (deciduous) tree species of lower elevations will extend, as predicted for the
European Alps (Albrich et al. 2020). As repeatedly stressed, altered litter characteristics
between different forest types will likely lead to changes in soil food web functioning. The
direct participation of soil microarthropods to litter decomposition at higher elevations at
Changbai Mountain will likely increase under global climate change. However, since a
somehow similar trend of increasing trophic positions of Oribatida with increasing elevation
was detected before in the European Alps (Fischer et al. 2014), although not being the main
focus of the study, the expected changes in soil food webs may well be a global phenomenon.
Accordingly, there is a call for more studies focusing on changes in the structure and
functioning of soil food webs with elevation in montane forest ecosystems.

5.2 Trophic Analyses of Soil Food Webs

In Chapter 3 we used multiple methods of food web analyses to identify major energy
channels and trophic positions of soil microarthropods. Even though there are studies which
review the advantages and disadvantages of methods for the analysis of food webs (Nielsen
et al. 2018), only few studies combined and compared methods used in soil food webs in a
single experiment (Potapov et al. 2019a, 2021). Our studies underline the complementarity
of compound-specific **C analysis of amino acids (CSSIA-AA, Larsen et al. 2013, 2016;
Pollierer et al. 2019) and biomarker neutral lipids (NLFA) in consumers (Ruess and
Chamberlain  2010). NLFA patterns in consumers indicate, besides large fungal
contributions, bacterial NLFAs to considerably contribute to storage fat in Collembola, with
their relative contribution being higher in Collembola than in Oribatida. CSSIA-AA, on the
other hand, revealed similar contributions of bacteria to the diet of both Collembola and
Oribatida. Therefore, bacteria seem to be more important for Oribatida growth (protein
synthesis) than for short-term energy metabolism (indicated by storage fat), where fungi are
the preferred resource. At this point it may be stressed that by excluding juvenile
microarthropods, as is usually unavoidable at high taxonomic level analyses (as juveniles
often cannot be determined to species), NLFA analyses alone may provide an incomplete
picture of general energy fluxes as it ignores the developmental history of the consumer.
Therefore, we suggest the combination of both methods if a complete picture of basal
resource use is needed.

Further our study indicates that even though both TPcssiaand AN show similar trends, the
more precise method of TPcssia only weakly correlated with AN, supporting the findings
of Potapov et al. (2019). Further, 5'°N of litter varied considerably between our two major
forest types again stressing the importance of correct baseline measurements to produce
reliable results from bulk stable isotope measurements (Gannes et al. 1997; Martinez Del
Rio et al. 2009; Potapov et al. 2019a). Still, considering limitations in time and budget bulk
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stable isotope analysis often is the only option to measure trophic niches of microarthropods
at high taxonomic resolution (species). However, we suggest bulk stable isotope analyses to
be accompanied by TPcssia, as it, even though conducted on lower taxonomic resolution,
helps to verify baseline measurements and ease interpretation of bulk stable isotope analyses.
As shown in Chapter 3, §*°N of phenylalanine can be used to verify the baseline for bulk
stable isotope measurements.

5.3 Outlook

We identified Ca to be one of the major drivers of changes in the microbial community,
which likely is linked to urease activity. However, upcoming studies investigating microbial
communities in forests may consider to directly measure urease-activity within in the
sampled soils to confirm this hypothesis. This relationship may shed new light on often
reported influences of pH on microbial communities and secondary decomposers in forest
systems.

Our study is the first to report in detail trophic changes in soil microarthropods along
elevational gradients. Based on the implications of this study, comparable experiments along
other gradients of montane forests will help to come up with more generalizable statements
on how soil food web structure and functioning change with increasing elevation. Such
studies should also include multiple transects on different facing slopes to account for effects
of exposure. Further, sampling multiple seasons may help to identify season interactions
with focal factors, which may be especially pronounced in deciduous forests.

However, as such studies are based on field samples it is impossible to account for all
environmental factors changing with elevation. This is especially true for climatic variables.
Therefore, manipulative laboratory experiments need to be conducted to explore
consequences of different climate change scenarios on decomposition processes and trophic
interactions in soil. Intact soil cores excavated from different elevations could be
manipulated under different climate scenarios in the laboratory. Based on the example of
Changbai Mountain we suggest focusing at least on one lower (<1100 m) and one higher
elevation (>1100 m). Manipulations should focus on temperature, precipitation, temperature
seasonality and precipitation seasonality as well as CO> levels. This may allow to uncover
the responses of soil food webs to climate change factors in different forest types. Such
experiments are needed to understand and predict how climate change will influence soil
food webs and the functions and services they provide.
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