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Abstract

To understand the main determinants of soil respiration (SR), we investigated the changes of soil
respiration and soil physicochemical properties, including soil carbon (C) and nitrogen (N), root
C and N, litter C and N, soil bulk densities and soil pH at five forest sites, along an
elevation/temperature gradient (404 to 2101 m a.s.l) in Northern Italy, where confounding
factors such as aspect and soil parent material are minimized, but an ample variation in forest
structure and composition is present. Our result indicated that SR rates increased with
temperature in all sites, and about 55% - 76% of SR was explained by temperature. Annual
cumulative SR, ranging between 0.65 and 1.40 kg C m? yr!, declined along the elevation
gradient, while temperature sensitivity (Q10) of SR increased with elevation. However, a high
SR rate (1.27 kg C m? yr'!) and low Q10 were recorded in the old conifer forest stand at 1731 m
a.s.l., characterized by a complex structure and high productivity, introducing nonlinearity in the

relations with elevation and temperature. Reference SR at the temperature of 10°C (SR.f) was
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not related to elevation. A significant linear negative relationship was found for bulk density
with elevation. On the contrary, soil C, soil N, root C, root N, pH and litter mass were better
fitted by nonlinear relations with elevation. However, it was not possible to confirm a significant
correlation of SR with these parameters once the effect of temperature has been removed (SR¢).
These results show how the main factor affecting SR in forest ecosystems along this Alpine
elevation gradient is temperature, but its regulating role can be strongly influenced by site
biological characteristics, particularly vegetation type and structure. This study also confirms
that high elevation sites are rich in C stored in the soil and also more sensitive to climate change,
being prone to high carbon losses as CO,. Conversely, forest ecosystems with a complex

structure, with high SR, and moderate Q10, can be more resilient.

Keywords: Soil respiration; temperature; forests; soil; environmental factors; elevation gradient

Introduction

Soil respiration (SR) is the largest biological carbon (C) flux after photosynthesis in terrestrial
ecosystems [1]. It largely determines the C balance between the terrestrial biosphere and the
atmosphere [2,3,4] and assumes a decisive role in the carbon cycle and terrestrial carbon sink
capacity. The soil is the largest C pool in the terrestrial biosphere and has been increasingly
recognized to play a crucial role in mitigating global warming resulting from climate change [5,
6, 7]. Small changes in soil CO2 efflux or soil organic C stocks could severely impact the global
C cycle [8]. In this regard, SR is one of the fluxes that have received more attention by research
for a longer time. The study by Janssens et al. [9] evidenced the relevant role of forest
productivity in the determination of SR. Since then, other studies have investigated and
quantified the impact of productivity on SR modeling [10, 11]. Apart from productivity, SR is
influenced by different abiotic and biotic factors such as soil temperature, moisture, and
microbial community, introducing a considerable uncertainty in SR estimates [12,13,14]. Among
these factors, the temperature has been the most often studied factor affecting respiratory
processes [15,16]. Predicting the SR response to increasing temperature (temperature sensitivity
of SR) has been one of the main objectives of research for years; therefore different equations
relating soil CO2 efflux with temperature [17,18,19] or with a combination of temperature and

soil humidity have been developed [20]. Nevertheless, the Q10 function [21] using the Q10
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parameter to describe the temperature sensitivity of SR is one of the most widely used models,

still mainly employed to quantify the CO2 efflux from the soil in Earth system models.

On the other hand, the elevation is a key driver of climate properties. It plays an essential role in
the soil organic matter distribution and may dampen the effects of climate change [14,22,23,24,
25]. In general, temperature declines with elevation, thus elevation gradient has been used to
assess soil respiration response to temperature in several studies [12,26,27,28]. These studies
indicate that CO2 exchange between soil and atmosphere varies along climatic gradients and that
temperature sensitivity (Q10) of SR increases with elevation. They also found a positive
relationship between soil organic matter (SOM) and elevation and reported that global soil
organic C stock at high elevation is more sensitive to climate change and is predicted to decrease
in a warming climate [14,23,29,30,31,32]. However, several researchers have reported opposite
trends and found lower SOM and higher SR at a higher elevation [30,33,34]. This variability
may be partially due to confounding factors affecting SR other than temperature. Besides
elevation, mountain landscapes are, in fact, characterized by substantial changes of other site
parameters such as slope and aspect, which can affect microclimatic conditions and, therefore
soil C dynamics [35]. Furthermore, due to the heterogeneity of geological substrates, soils of
mountain regions are highly diverse over short spatial scales and this can generate marked
contrasts in soil biogeochemical functions [36]. Different results have also been found when SR

is related to soil organic carbon [26,37].

Besides, there is evidence that diverse plant biome types can influence SR rate differently.
Therefore, the various plant communities can affect differently, microclimate, soil and litter
composition, and root distribution, therefore affecting soil respiration rate [18, 26,38,39,40].
However, within the same plant biome, there is a high spatial heterogeneity of SR. Some authors
found a possible linkage between the topography, plant community structure (e.g., forest type
and speed of regeneration), and SR within the same forest ecosystems [18,38,39,40]. Further,
forest management can also play a crucial role in SR [41]. For instance, tree removal can directly
influence soil respiration due to the removal itself (i.e., reduction of plant biomass) but even
indirectly changing the soil's physicochemical properties and micrometeorological conditions

[42].
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86  Currently, the temperature dependency of SR and SOC decomposition is a major interest
87  regarding global climate change and the role of terrestrial ecosystems in regulating Earth’s
88 climate [43,44]. Therefore, there is a need to better understand the interactions between
89  temperature and soil CO2 efflux. The general goal of this study is to disentangle the possible
90 multi-effects on SR of soil properties, temperature, SOM, and vegetation structure (tree height in
91 particular) along a plant biome-elevation gradient. In particular, the existing differences in
92  vegetation structure allowed us to investigate the extent to which these biological variables and

93  the induced variation in microclimatology can alter the relation between elevation and SR.

94  Specifically, 1), we tested the hypothesis that SR and SOM accumulation change linearly with
95 elevation. We also hypothesized that the Q10 value increases linearly with elevation as well.
96  Furthermore, ii) we analyzed which are the main factors affecting SR other than temperature. To
97  better isolate the effect of temperature on SR, the study was conducted along an
98 altitudinal/temperature gradient in Italian Alps, in conditions where confounding factors like
99  slope, aspect, and soil parent material are minimized. The differences in vegetation structure
100 allowed us to investigate to which extent these biological variables and the induced variation in

101  microclimatology, can alter the relation between elevation and SR.

102 Material and Methods

103 Study areas

104  Five experimental sites were established between the top of the Rittner Horn mount and the city
105  of Bolzano, Italy, on the southern side of the Alps (Fig 1a). The overall elevation gradient
106  between the highest and the lowest site is 1700 m and the elevation separation between each site
107  is approximately 420 + 60 m. All sites are characterized by a soil evolved upon a glacial till laid
108  on a porphyric bedrock and an SSE slope orientation. Annual precipitation ranges between 800

109  and 1000 mm.
110

111
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112 Fig 1. (a) Map showing the research site locations selected for this study (b) Scheme of the

113 elevation and vegetation gradient present along the studied Alpine slope.

114  Site A was established in shrubland vegetation of Dwarfing Mountain pine (Pinus mugo Turra)
115  near the summit of the Rittnern Horn/Corno del Renon mount (see the scheme in Fig 1b). Site B
116  was established in a Norway spruce stand (Picea abies (L.) Karst.) at the long-term Fluxnet
117  research station of Renon- Mittelgriinwald/Selva Verde (https:// doi.org/10.18140/f1x/1440173;).
118  The site is characterized by an unvenaged distribution of tree diameters, approaching the
119  structure of old-growth forest stands (45,46]. Site C was located near the location of Riggermoos
120  (Oberbozen/Sopra Bolzano), in a low-density Scots pine (Pinus sylvestris L:) stand. Site D was
121  established in a mixed stand of Sessile oak (Quercus petrea (Matt.) Liebl.) and Chestnut
122 (Castanea sativa L.) and the presence of Scots pine near the village of Signat/Signato. Site E
123 was located in a stand dominated by Downy oak (Quercus pubescens Willd.) and Flowering ash
124  (Fraxinus ornus L.) on the hill slope just close to the city of Bolzano (Sankt Magdalena/Santa
125  Maddalena). All sites except site A are managed as high forest mainly for wood harvesting. Site
126 A is managed as natural vegetation with occasional harvesting only at forest margins to avoid
127  expanding the pines in the adjacent pasture areas. Tree age was assessed in 2018 by tree ring
128  count: it was found that site B had the oldest trees, slightly above 200 years, while other stands
129  were in the range of 50-100 years. Tree height was assessed in 2020 with the TruePulse sensor
130  (TruPulse 360 B laser range-finder, Laser Tech, Colorado, USA). Details on tree heights and the

131  main characteristics of the research sites are reported in Table 1.

132 Table 1. General characterization of the study sites.

Characteristics | Site A Site B Site C Site D Site E
Elevation 2101 1731 1354 865 404
(ma.s.l)

Mean annual 4 4 12 11 14
Temperature
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©)
Land use Shrubland Forest Forest Forest Forest
Mean dominant | 1.5 29 18 15 5
tree height (m)
Dominant - Dwarfing | - Norway - Scots pine - Sessile - Downy oak
species in the Mountain spruce (Picea | (Pinus oak (Quercus
overstory pines (Pinus | abies) sylvestris) (Quercus pubescens)
mugo) petrea)
- Swiss stone - Flowering ash
pine (Pinus - Scots Pine | (Fraxinus
cembra) (Pinus ornus)
sylvestris)
- Larch (Larix
decidua) - Chestnut
(Castanea
sativa)
Main species in | - - Rusty leaved | - Heather Understory | - Smoke-bush
the understory | Intervening | alprose (Erica carnea) | almost (Cotinus
grasses (Rhododendron absent coggyria )
(Festuca ferrugineum)
halleri) - Succulent
plants (Opuntia
humifusa)
133

134 Soil respiration measurements

135  To quantify SR, ten iron collars (10 cm height, 20 cm diameter) were inserted in the soil, three

136 weeks before the first measurements at each site. Measurements were performed with an opaque

6
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137  survey chamber (Li-8100-104, LI-COR Biosciences, Nebraska, USA) connected to an LI-8100
138  analyzer (LI-COR Biosciences, Nebraska, USA). On each collar, the measurement period was
139  set to 120 s the first 20 s of the measurement were considered dead-band, so the flux
140  computation was limited to 80 s. See Montagnani et al. [8] for further details about the
141  measurement settings. Starting on July 21, 2017, SR measurements were performed periodically,
142 about once per month, until July 20, 2018, for a total of 17 measurement days. The first 4
143  measurement series were performed every three weeks at all the sites. During the winter period,
144 SR measurements were performed only in the locations at a lower altitude because of snow in the
145  high-elevation locations. The measurement calendar for the different sites is provided in S1.
146 During measurements, the air temperature was measured inside the survey chamber (at 0.1 m
147  above ground, RHT Plus, Skye Instruments, UK). A soil temperature profile was installed at
148  control site B according to ICOS protocol [47]. Specifically, we used the -5 cm soil T data
149  provided by a CS605 probe, Campbell Scientific, USA. We recorded soil temperature
150  continuously at 30 min intervals for the whole experimental period (July 2017 - July 2018). In
151  addition, during the period May-July 2018, we placed at all the sites iButton sensors (Maxim
152  integrated, USA) at 5 cm below the soil surface.

153 Soil sampling and analysis

154 At the end of the last measurement session (July 2018), leaf litter present in each collar was
155  sampled. The soil in each collar was sampled using a 4.8 split-corer (Eijkelkamp, NL), until 20
156  cm depth. In the laboratory, soil samples were weighed and sieved at 2 mm mesh size to separate
157  roots, stones, and coarse organic matter fragments. Collected leaf litter and fine roots (< 2 mm
158  diameter) were weighted after oven-drying at 105 + 5 °C. Soil bulk density was determined by
159  dividing the weight of sieved soil by the core volume. Soil pH was measured using a pH-meter
160 (CRISON pH-Meter Basic 20+Electrod: Hach 50 10T CRISON, Barcelona, Spain) in water.
161  Root, litter, and soil samples were analyzed for organic C and N content using a FlashEA™ 1112

162  Elemental Analyzer (Thermo Fisher Scientific, Waltham, MA, USA).

163 Data elaboration and statistical analysis

164  The mean amount (= SD) of accumulated C and N stock in the soil, root, and litter were

165  computed for each site. Soil and C and N stocks were obtained as follows [48]:
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166 Soil stock (kg dm=3) = €/100 X BDg,; (kgm™3) x 0.2 (m) Eq.1

167  Where C is the mean soil organic C or total N content, BD,,; is the soil bulk density (kg dm™)

168 and 0.2 m is the sampling depth.

169  Root C and N stocks were determined with the same computational approach, using root density
170 (kg dm?) in place of soil BD and root C and N content in place of soil C and N content. Litter C
171 and N amounts were obtained by multiplying the litter mass by C or N content and dividing by

172  the collar area.

173 Soil respiration data collected from each measurement point (collar) were related to chamber air

174  temperature using a logistic model [26]:

175 SR= a Eq.2
(1+b-exp(—k-T,)

176 Where SR is soil respiration, a is the maximum value of SR, b determines the elongation of the
177 SR curve along the x-axis, k is the logistic growth rate or steepness of the SR curve along the x-
178  axis, Ta is air temperature. Furthermore, SR data were also fitted with a Q10 model [49,50]:

(Ta—Tref)j

179 SR:SR,Q,,-QW( 10 Eq.3

180  Where SR is the soil respiration, SR, is the fitted SR at the reference temperature of 10°C (T,
181 Q10 is the temperature sensitivity of SR, defined as the factor by which soil respiration increases

182  with a 10°C temperature increase, and Ta is chamber air temperature.

183  Models were fitted to SR data using the nls package in R software. Model fitness was evaluated
184  based on Akaike’s Information Criterion (AIC), R-squared (R?), Mean Absolute Error (MAE),
185  and Root Mean Squared Error (RMSE). The Q10 model was used to obtain the SR, and the Q10
186  value for every collar. Linear regression was used to compare the air temperature measured
187  continuously in the reference plot (site B) and air temperature inside the chamber during SR
188  measurements for each collar in each site. The obtained linear regression models were then used
189  to predict chamber air temperature for the whole experimental period, for each collar, with a 30

190 min time resolution. Therefore, the predicted chamber air temperature was used to predict SR
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191  values simultaneously for the whole experimental period, based on the logistic models relating
192 SR with chamber temperature. For some collars, it was not possible to obtain a good fitness of
193  the SR data using the logistic model; for these collars, the prediction soil respiration data from
194  temperature was performed using the Q10 model developed for the same collar. Finally, the total

195  cumulative SR for the whole experimental period was determined for each collar at each site.

196  Soil respiration response to biological variables (soil C, root C, litter C, root dry weight, soil N,
197  root N, litter N, litter dry weight) was examined using Spearman’s Correlation Test and linear
198  mixed-effects models (LMMs) fitted by restricted maximum likelihood (REML). Before
199  applying LMMs, to avoid statistical errors, Variance Inflation Factor (VIF) was determined for
200 biological variables, and variables with high VIF values were excluded from the model
201  assessment. LMMs were built using the Ime4 R package [50,51,52]. The models consisted of
202  both fixed and random effects: biological variables were considered as fixed effects, and
203  sampling plots (collars) nested in each site were used in the random-effects formula. R? was used
204  to summarize model goodness-of-fit together with AIC [53,54]. Since computed R?> by LMMs
205 are a pseudo-R? and technically incorrect, the r2glmm R package was used to computing R?
206  [54].To exclude the confounding effect of temperature from LMMs and correlations tests,
207  environmental variables were related to SR,.s instead of SR [20,26,55]. Furthermore, to assess
208  GPP and SR’s correlation, tree height was used as a covariate in LMMs and Spearman test.
209  Statistical comparisons of average soil C and N, root C and N, litter C and N, soil bulk density,
210  soil pH, and soil respiration in the different sites were performed by the Kruskal-Wallis test
211 (Dunn test, p < 0.05) for the non-normally distributed data, and a one-way ANOVA for the
212 normally distributed data (Tukey test, p < 0.05). The normality of the data and homogeneity of
213 variance was checked by the Shapiro—Wilk test and Levene’s test, respectively [56,57]. To check
214  linearity changes of SR, Q10, SOM with elevation, linear and nonlinear polynomial regressions
215  were applied between elevation and environmental variables (soil C and N, root C and N, litter C
216  and N, soil bulk density, soil pH). The linearity changes of these variables with elevation were
217  detected based on the lowest AIC and the highest R2. The association of Q10, soil C and soil N
218  with environmental variables were determined using Spearman’s Correlation Test. All statistical

219  analyses were performed using R version 3.6.0 ([59], www.r-project.org).

220
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221  Results

222 Environmental factors variability along the altitudinal gradient

223 A significant difference in soil C stock was found only between site E (3891 + 2756 g C m™?), at
224  the lowest altitude, where the C stock was smaller in comparison to sites A, B, and C (Fig 2a).
225  No significant differences were found for soil N stock in the different sites (Fig 2e). Root
226 biomass and root C and N stocks in site A were significantly higher than other sites (Fig 2b, d, f)
227  and litter mass in site B was significantly higher than site E (Fig 2h). However, the accumulated
228 C and N in the litter were not significantly different along the altitudinal gradient (Fig 2c, g).
229  Significant differences were found between pH values in the different sites: the lowest value of
230  soil pH was measured in site B (3.8 £ 0.1) and the highest value in site E (5.9 = 0.2, Fig 2i). The
231  highest bulk density value was found in site D (1.01 + 0.27 g cm?, Fig 2i) and the lowest was
232 found in site B (0.26 £ 0.16 g cm™3; Fig 2j).

233

234

235  Fig 2. Stocks of (a), soil C (b,) root C (¢), litter C (d), root dry weight (e,) soil N (f), root N
236 (g), litter N (h), litter dry weight (i), soil pH, and soil bulk density (j), estimated in the
237  different sites (A-E). Different lowercase letters indicate significant differences between
238  sites according to the Kruskal-Wallis or ANOVA tests. Vertical bars represent the

239 standard deviation of the mean for each site.

240  Based on the AIC and R?, the linear relationship with elevation appeared in model selection only
241 for soil bulk density i.e., soil bulk density resulted to be linearly related to elevation (Table 2).
242 On the contrary, soil C, soil N, fine root mass, and root C, root N, pH and litter mass data were
243 fitted better with nonlinear relations with elevation (Table 2; more detail about equations can be
244  found in Table S1; supplementary material). Furthermore, a significant negative correlation was
245  found between soil C and soil N with soil pH, mean dominant tree height, and bulk density
246 (Table 3).

247

10
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Table 2. linear and polynomial regressions between the different parameters tested and
elevation. Asterisks indicate significance levels: * - p < 0.05, **- p < 0.01, and *** - p <
0.001, n.s. — nonsignificant. BD — soil bulk density; Q10 — temperature sensitivity of soil
respiration; SR- cumulated soil respiration; SR, — respiration at the 10°C reference
temperature; Im — linear regression model; Poly-lm — polynomial regression model. The

model selection was based on the lowest AIC and the highest R? (in bold).

Parameters Elevation

Significance Multiple R? AIC

Im Poly-Im | Im Poly-Im | Im Poly-Im
Soil C (g C m?) otk ok 0.28 0.40 764 | 758
Soil N (g N m?) * * 0.15 0.20 510 | 509
SR (kg Cm? yr) oAk oAk 0.33 0.36 34 34
Q10 (kg Cm? yrl) oAk *x 0.28 0.41 77 67
SRper(kg C m?2 yrl) n.s. n.s. <0.01 0.08 139 | 139
Fine root mass (g m2) * ok 0.10 0.24 717 | 712
Root C (g C m?) * koxk 0.39 0.80 199 | 186
Root N (g N m?) n.s. ook 0.28 0.80 102 | 88
Litter mass (g m) n.s. * 0.07 0.12 774 | 772
Litter C (g C m?) n.s. n.s. <0.01 0.04 222 | 223
Litter N (g N m?) n.s. n.s. <0.01 <0.01 112 | 114
pH *x oAk 0.63 0.88 22 8
BD (kg dm) oAk koxk 0.32 0.29 9 11

Table 3. Spearman rank coefficients for the correlations between different variables (RDW
— root dry weight, LDW — litter dry weight, BD — soil bulk density, Q10 — temperature
sensitivity of soil respiration). Asterisks indicate significance levels: * - p < 0.05, **- p <

0.01, and *** - p <0.001; n.s. — nonsignificant.

11
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Variable | Soil | Soil | RD | Root | Root | LD | Litter | Litte | pH | BD | Tree

C N W C N W C rN height
Soil C 1.00 | 0.94 | 0.14 - - 0.02 | -0.17 - - - 0.33
- k% | ns. | 0.11 | 0.07 | n.s. ns. | 0.09 | 0.62 | 0.52 *
n.s. | ns. n.s. * *
Soil N 094 | 1.00 | 0.11 | 0.36 | 0.32 | 0.01 | -0.36 - - - 0.21
. ] n.s. | n.s. | ns. | ns. ns. | 023 ] 0.54 | 0.39 n.s.
n.s. * *
Q10 0.15] 0.13 | 0.06 | 0.37 | 0.46 - 0.01 - - - -0.29

n.s. | n.. n.s. n.s. | n.s. | 0.08 n.s. 044 | 0.29 | 0.23 *

n.s. n.s. n.s. n.s.

Soil respiration

Both logistic and Q10 models confirmed that soil respiration rates increased with temperature in

all sites (Fig 3), and the seasonal pattern of SR was similar to that of air chamber temperature
(S1 Fig).

Fig 3. Rates of soil respiration against chamber air temperature in the different sites along
the elevation gradient (A-E). The regression lines in the plots were built using the mean
values of model parameters (R,.f and Q10 value for the Q10 model and a, b, and k value for

the logistic model) obtained for different replicate collars of each site (n = 10).

A strong linear relationship was found between observed and predicted SR (R? = 0.73; S2 Fig;
supplementary material). Temperature explained between 55 % and 76% of the variance in soil
respiration at the experimental sites (Table 4). The Q10 and SR, values obtained for the
different sites ranged between 1.75 and 2.96, and between 2.17 and 4.49, respectively (Table 4).
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288  The Q10 value recorded in site A (highest elevation) was significantly different from the others

289  (Table 4). A significant linear relationship was identified between Q10 and elevation (Table 2).

290 However, the trend of Q10 against temperature was better described by a nonlinear relation

291  (Table 2). Furthermore, a significant negative correlation was found between Q10 and mean

292  dominant tree height (Table 3). No significant relationship between SR..¢ and altitude was found

293  (Table 2). However, significant differences were found between experimental sites, as the

294  highest SR,.s value was recorded in site B and the lowest values in site A, C, and E (Table 4).

295 Table 4. Mean values of Q10 (temperature sensitivity) and SR, (soil respiration at the

296  temperature of 10°C) for each site; and the mean value of MAE (Mean Absolute Error),

297 Root Mean Squared Error (RMSE), R? (R-square), and AIC (Akaike information

298  criterion) for each model (logistic and Q10). Different letters indicate significant differences

299  between sites. Values are expressed as mean £ SD.

A B C D E

300

Q10

2.96 +£0.72b

1.83 £0.252

1.90 £ 0.242

1.75+0.152

1.75+0.322

SRref

2.17 £0.6072

449 +0.71¢

2.24 £0.582

3.17£1.03b

2.98 £0.412

AIC logistic model

32.95+10.45

34.25+£6.45

3419+ 11.65

48.00 £ 14.55

49.76 + 6.70

AIC Q10 model

30.42 +£13.69

34.07+7.31

3539+ 11.53

48.44 £ 14.13

49.11 + 6.60

R? logistic model

0.76 £ 021

0.75+0.20

0.75+0.16

0.67+0.11

0.58+0.10

R2 Q10 model

0.75+.23

0.71+0.23

0.68 +£0.21

0.61+0.11

0.55+0.11

MAE logistic model

1.06 = 0.65

1.06 = 0.45

0.68 +0.32

1.26 +£0.62

1.29+0.25

MAE Q10 model

1.07 +£0.68

1.14+0.52

0.79 £ 0.36

1.46 £0.76

1.39+0.26

RMSE logistic model

1.36 £ 0.94

1.27 +0.50

0.86 + 0.44

1.70 £ 0.89

1.71 £0.36

RMSE Q10 model

1.38+1.0

1.36 £ 0.55

0.99 + 0.49

1.87+1.02

1.77 £ 0.38
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301  The cumulative SR in site A was significantly lower than in the other sites (Fig 4). The results of
302 the statistical analysis also confirmed a nonlinear relationship between cumulative SR and
303 elevation (Table 2).

304

305

306 Fig 4. Total cumulative soil respiration (kg C m? yr-') calculated for the different sites (A-
307 E). Values are indicated on the bars. Error bars indicate standard deviation. Different
308 letters on the bars indicate significant differences between sites according to the ANOVA

309 test.

310 Soil C, mean dominant tree height, and litter dry weight resulted in the best variables to explain
311 SR (SR at 10 C) in LMMs (VIF<10; Table 5). According to the model, about 0.22 of SR was
312 explained by tree height (R? = 0.22, Table 5). Meanwhile, a positive association between SR and
313  mean dominant tree height and a negative association between SR and root C and N were found

314 by Spearman’s Correlation Test (Fig 5).

315
316  Table 5. Results of linear mixed-effects models testing biological variables impact on the
317 SRy at 10 C. VIF — Variance Inflation Factor. Parameters in bold show significant

318 correlations

Model variables Value VIF p-value R?
Intercept 1.61 0.003 0.34
Soil C <-0.01 1.20 0.92 <0.01
Tree height 0.06 1.28 0.002 0.22
Litter dry weight <0.01 1.07 0.14 0.06
319
320
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321
322
323

324 Fig 5. Relations of reference soil respiration at 10°C (SR,s) and different site properties.

325 Discussion

326 Organic C and N content along the altitudinal gradient

327  Overall, our data confirms an increase of the soil organic C stock in soil with increasing
328 elevation [7,24, 25,27,59,60,61,62]. The low temperature can limit the decomposition of organic
329  matter at high altitudes, as the temperature is the main driver for the loss of the soil organic C.
330 For this reason, altitude could induce a significant increase in SOM [23,59,62,63,63]. However,
331  SOM increment was not linear along the elevation gradient and therefore, our first hypothesis
332 was not confirmed. The Nonlinear relationship of SOM with elevation and the high value of soil
333  Cin site C (with a mean temperature of 12 C) suggests that other factors other than temperature
334  have influenced SOM accumulation. Different microclimatic or micromorphological conditions
335 caused by differences in slope and aspect can influence C storage in soils [33,35,65]. However,
336 in the present study, all the sites are characterized by similar slopes and by the same south or
337 south-east facing; therefore, we tend to exclude an influence of these factors on soil C
338 accumulation in the examined sites. According to recent studies, SOM is not consistently related
339  to variation in climatic conditions along elevation gradients; it is also strongly affected by
340 productivity or by vegetation type/composition [30,33,66,67]. Our data confirms a significant
341  positive correlation between mean dominant tree height and soil C (Table 3). Therefore, the
342  higher amount of soil C found in the present study at intermediate altitude could be explained by
343  higher site productivity in sites B and C in particular, which is also suggested by the mean
344  dominant tree height.

345  Soil pH and bulk density are considered two of the main variables influencing other soil
346  properties, soil microbial activity and soil respiration [68,69]. Generally, at high elevation, the
347  higher precipitation and lower evapotranspiration rate decrease soil pH by increasing the

348 leaching of basic cations [65,70,71,72,73]. This is confirmed by the strong relationship between
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349  elevation and soil pH found in the present study (Table 2, Fig 2). In addition, soil bulk density
350  was significantly diminished by increasing elevation (Fig 2; Table 2). One of the main factors
351 affecting soil bulk density is SOM content [74]. Therefore, the lowest values of soil bulk density
352 at high elevation could be explained by the high amount of soil C, as confirmed by the negative
353  association found between soil C and soil bulk density (Table 3), previously reported in other

354 studies [7, 61,62,75].

355  Factors affecting soil respiration

356  The total SR observed in the sites is within the range reported for similar forests [26,60]. The
357  decrease in SR along the elevation gradient observed in the present study could be explained by
358 the reduction of temperature along elevation. In fact, temperature resulted in the main controlling
359  factor on SR, explaining most of the variability of SR. This result is in agreement with other
360 studies performed along altitudinal gradients, reporting that temperature can explain between
361  55% and 76% of the SR variability [6, 9, 14,27,63, 76]. On the other hand, the annual cumulative
362 SR in site B was 2 times larger than in site A, which has the same mean annual temperature. This
363  finding, together with nonlinear SR concentrations with elevation/temperature, suggests that
364  other environmental factors can have a role in regulating SR [34,60]. For instance, Grand et al.
365 [36] reported that soil and vegetation heterogeneity strongly affect soil carbon efflux in complex
366  geomorphic terrain. In the present study, all five sites were established on relative homogeneity
367  of soil substratum; therefore a high SR rate in site B could not be resulted by the confounding
368 role of the soil parent material. Site B is an uneven-aged dense forest stand, and the mean
369  dominant tree height is approximately 29 m (Table 1). Since tree height can be used as a proxy
370  of gross primary production (GPP), the high SR rate in site B could be attributed to high GPP
371 [9,29,66,77,78,79], which can provide substrates for root and microbial respiration through
372 photosynthesis [66,80]. This finding is confirmed by LMMs and correlation test evidencing a
373  significant positive relation between SR,.r and mean dominated tree height, therefore indicating
374  that, after removing the effect of temperature, productivity results in one of the main factors

375  affecting SR.

376 At a global scale, SR has been related to soil C, litter production and pH, and negatively
377  correlated with soil bulk density; therefore, a high value of soil C and litter accumulation could

378 lead to an increase in soil respiration [20,66,81,82,83]. In the present study, the highest amount
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379  of soil C and dry litter weight were also observed in site B. However, we could not find a

380 significant correlation between SR and soil C and litter dry weight (Fig 5; Table 5).

381  An increase in SR has also been observed as a consequence of increasing soil pH between 4 and
382 7, because of the positive effect of pH on soil microbial activity within this range
383  [1,68,84,85,86]. In contrast, SR and bulk density are generally negatively correlated, as a low SR
384  indicates increasing rates of SOM accumulation and therefore a decrease in bulk density [82].
385  Furthermore, SR declines with increasing bulk density due to the lower soil porosity and oxygen
386 availability for microbial activity in compacted soils [18,59,87]. However, our analysis did not
387  confirm a significant correlation of SR with pH and bulk density (Table 5; Fig 5). Prediction of
388 SR is difficult because of a range of factors such as aspect, slope, and soil types [35,36,60,65]. In
389 the present study, by minimizing the confounding role of these parameters, we conclude that the
390 most important controlling factors on SR along an Alpine elevation gradient were temperature

391  and vegetation type/composition or GPP.
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392  Temperature sensitivity of soil respiration (Q10)

393  The temperature sensitivity of SR is an important ecological model parameter, and according to
394  previous studies, its value is mainly controlled by temperature [14,17,88,89]. The Q10 and SRref
395  values found at site B substantially confirm the values found by Acosta et al. [90] at the same
396  site (2.0 and 4.09, respectively). Although at a smaller spatial scale, Acosta et al. [90] also found
397 an increasing SRref as a function of stand age (and consequently height). The significant trend of
398 Q10 with elevation in this research confirms the results of previous studies and the higher
399  sensitivity of high elevation ecosystems to global warming [14,91,92,93,94]. However, the only
400  significant difference was found between the Q10 value at site A (higher elevation) and the other
401  sites (Table 4). The Q10 value in site A was also significantly higher than site B, characterized
402 by a similar mean temperature. According to different studies, Q10 is negatively related to pH
403  and positively dependent on soil C [55,95]. However, the amount of soil C and pH could not be
404  the reasons for the lower value of Q10 in site B, which is characterized by a lower pH value and
405 by a similar amount of soil C. Temperature sensitivity of SR can also be affected by forest
406  structure [96]. Dense forest stands with a closed canopy can create a specific understory
407  microclimate by providing a cool shelter during heat waves, which can decrease daily maximum
408  air temperature by up to 5.1 °C [97,98]. Therefore, we can hypothesize that the dense forest stand
409  site B, with the highest mean dominant height, is less sensitive to global warming. This feature
410  was also described by Niu et al. [99] for the same site and confirmed by a significant negative
411  correlation between Q10 and mean dominating tree height (Table 3). Whether a sylviculture that
412  maintains high and old forests with a complex structure also achieves a lower sensitivity to
413  climate change by reducing the depletion of C stored in the soil, is a novel research question
414  emerging from this research. If the findings obtained here will be confirmed, it would imply that
415  more conservative forest management can not only maintain current C stocks in the biomass but

416  also leads to a reduced sensitivity to the temperature of the C stored in the soil.

217 Conclusions

418
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419

420 In this study, a significant nonlinear relationship between SR, SOM, Q10, and elevation was
421  detected along the examined Alpine altitudinal gradient, rejecting our initial linearity hypothesis.
422  Our data confirmed a negative trend between SR and elevation. On the contrary, SOM and Q10
423  showed a positive trend with elevation. These results lead us to conclude that temperature is the
424  major controlling factor on the annual soil respiration, Q10, and SOM, but its regulating role
425 may be strongly affected by site biological characteristics, particularly by GPP or vegetation
426  type/composition. The high value of Q10 detected at high elevation confirmed a higher potential
427  vulnerability of high mountain ecosystems to climate change, where small temperature changes
428  can induce stronger increase CO2 emissions. However, the site with the highest tree age and
429  height and more complex structure showed high SRref and moderate Q10, indicating that the
430 length in the life cycle and related changes in forest structure can dampen, to some extent, the
431  effects of climate change on ecosystems and decrease the positive feedback due to soil CO2

432  emissions to the atmosphere.

433
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727  S1 Table. The developed equations by linear and polynomial regressions between the
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