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ABSTRACT
●   Under  warming  soil  respiration  was  higher,  but  soil  microbial
biomass was lower.
●   Warming  effect  on  soil  respiration  was  higher  in  soil  from  the
highest elevation.
●   Soil  respiration  was  higher  in  soil  with  higher  soil  carbon
content.
●   Warming  increased  biomass-specific  respiration  and  enzyme
activity.
●   The Q10 did not differ among soils from different elevations.
Global warming is expected to increase the rate of soil  carbon (C)
efflux  through  enhanced  soil  microbial  processes,  mainly  in
systems,  such  as  high  elevation  wetlands,  storing  large  quantities
of  soil  organic  C.  Here,  we  assessed  the  impact  of  experimental
warming on respiration and microbial  communities of high Andean
wetland soils of the Puna region located at three different elevations
(3 793, 3 862, 4 206 m a.s.l.). We incubated soils at 10°C and 25°C
for 68 days and measured the soil respiration rate and its tempera-
ture sensitivity (Q10). Furthermore, we measured biomass and composition and enzymatic activity of soil microbial communities, and initial and
final soil C content. Although warming increased soil respiration rates, with more pronounced effect in soils sampled from 4 206 m a.s.l., Q10 did
not differ between elevations. Soil C content was higher at the highest elevation. Soil microbial biomass, but not enzymatic activity, was lower for
warmed soil samples. However, the biomass-specific respiration and biomass-specific enzymatic activity were higher under warming, and in soil
from the highest elevation wetland. These results suggest that, in the short-term, warming could stimulate resource allocation to respiration rather
than microbial growth, probably related to a reduction in the microbial carbon use efficiency. Simultaneously, soils with higher soil C concentrations
could  release  more  CO2,  despite  the  similar Q10 in  the  different  wetlands.  Overall,  the  soil  of  these  high  Andean  wetlands  could  become  C
sources instead of C sinks, in view of forecasted increasing temperatures, with C-losses at regional scale.
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 1 Introduction

Andean wetlands located at high elevations (i.e., over 3 000
m  a.s.l.)  are  recognised  for  their  capacity  to  store  large
quantities of soil organic carbon (SOC) (Hribljan et al., 2015;
Benavides et al., 2023; Chimner et al., 2023). The accumu-
lation  of  organic  matter  in  these  wetland  soils  results  from
high  primary  productivity  and  low  decomposition  rates  due

to  waterlogging  conditions  and  low  temperatures  (Maldon-
ado-Fonkén,  2014; Chiappero  et  al.,  2021).  The  increased
temperatures driven by climate change might alter biochemi-
cal  cycles  and  the  C  balance  in  these  mountain  wetlands
(IPCC,  2022).  At  present,  our  understanding  of  soil
processes  in  the  Andean  region  in  response  to  climate
change scenarios is limited, making it  crucial  to fill  this gap
to accurately predict the consequences of warmer tempera-
tures in the SOC dynamics of these wetlands.

Most climate scenarios for these high-elevation ecosystems
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predict  a  temperature  increase  by  the  end  of  the  21st
century (Urrutia and Vuille, 2009; IPCC, 2022). In this envi-
ronmental  context,  soil  respiration  rate  could  increase  and
amplify  the  effect  of  climate  change  through  SOC  losses
mediated by microbial decomposition (García-Palacios et al.,
2021).  In  mountains,  the  response  of  soil  respiration  to
warming is influenced by the strong variations in temperature
and C content at different elevations (Hagedorn et al., 2019).
For  example,  soil  respiration  rates  under  warming  have
been  shown  to  increase  along  the  elevation  gradient  as  a
result of larger SOC reservoirs at higher elevations (Wang et
al.,  2013; Li  et  al.,  2018).  However,  the  sensitivity  of  soil
respiration to temperature (Q10), which represents the range
of  increase  in  respiration  rate  for  every  10°C  increase  in
temperature  (Davidson  and  Janssens,  2006),  is  not  mainly
associated with the amount of C itself,  but rather with SOC
quality. In this sense, recalcitrant SOC fractions show higher
Q10 values as compared to labile SOC fractions (Nottingham
et al., 2015). It has also been shown that the increase in the
sensitivity  of  soil  respiration to  warming at  lower  elevations
compared to at higher elevations could be a consequence of
changes  in  the  microbial  community  composition  (Li  et  al.,
2020).  These  changes  in  C  availability  and  microbial
communities  could  eventually  affect,  and  interact  with,
warming effects on C cycling (Bardgett and Caruso, 2020).

In  the  short  term,  warmer  temperatures  usually  stimulate
the enzyme activity  of  microorganisms (Meng et  al.,  2020),
promoting the consumption of C resources and their assign-
ment  to  microbial  growth (Walker  et  al.,  2018; Wang et  al.,
2021).  However,  the  stimulation  of  microbial  activity  due to
an increase in temperature can promote the allocation of C
to  respiration  rather  than  investing  in  growth  biomass,  with
the reduction in the carbon use efficiency affecting microbial
growth (Tian et al., 2023). It has also been shown that Q10 is
a good indicator of the responses of microbial communities
to  changes  in  environmental  factors,  such  as  incubation
temperature,  substrate availability  and microbial  community
composition (Li et al., 2020). Some authors have suggested
that Q10 decreases at higher elevations (i.e., colder temper-
atures)  because  microorganisms  are  adapted  to  a  greater
daily  thermal  amplitude  compared  to  lower  elevations
(Blagodatskaya  et  al.,  2016).  For  soils  belonging  to  cold
environments,  like  those  from  higher  elevations,  constant
warming,  however,  could  also generate  thermal  damage to
microorganisms and cause a  reduction  in  their  biomass (Li
et  al.,  2020).  Consequently,  these  changes  could  affect
microbial  community  composition  (Orwin  et  al.,  2018).
Sensitivity  to  thermal  damage  depends  furthermore  on  the
type of microorganisms involved. According to a global anal-
ysis carried out by Salazar et al. (2020), fungi are less sensi-
tive than bacteria to increasing temperature. Among bacterial
groups, Gram-positive (GP) bacteria are also more resistant
than Gram-negative (GN) bacteria to warming when water is

not  a  limiting  factor  (Yu  et  al.,  2018).  These  changes  in
microbial  communities  caused  by  variations  in  temperature
also  determine  the  magnitude  and  direction  of  C  fluxes,
altering  the  dynamics  of  C  cycling  (de  Vries  and  Shade,
2013).

For  the  Puna  ecoregion  in  the  Andean  mountains,  an
increment in the monthly mean temperature of 0.01−0.04°C
per  decade,  since  the  beginning  of  the  20th  century,  has
been measured (Pabón-Caicedo et  al.,  2020),  along with  a
decrease in precipitations with longer dry seasons (Morales
et  al.,  2023).  In  the  dry  Argentinean  Puna  ecoregion,
wetlands – locally  called vegas – represent  the  primary
source  of  fresh  water  and  food  for  the  fauna  and  human
populations (Izquierdo et al., 2018a, 2018b), but also repre-
sent the main sink of C at a regional scale (Chiappero et al.,
2021). Despite the relevance of these wetlands at local and
regional  scales,  little  is  known  about  how  soil  processes
could be affected by increasing temperature and the possible
consequences  for  the  accumulated  C  in  their  soils.  There-
fore, in this study we carried out a short-term experiment to
assess the response of  soil  respiration to warming of  three
vegas located  at  different  elevations  (3 793, 3 862, 4 206 m
a.s.l.) in the Argentinean Puna. We carried out a soil labora-
tory  incubation  experiment  at  two  temperatures,  control
(10°C)  and  warming  (25°C),  and  evaluated  differences  in
the  soil  respiration,  measured  as  the  CO2 released  and  its
temperature  sensitivity  (Q10).  To  analyse  the  effects  of  the
potential  changes  on  soil  respiration  rates,  we  analysed:
1)  differences  in  the  biomass,  composition  and  enzymatic
activity  of  the  microbial  community  after  the  exposure  to
temperature  treatments,  and initial  and final  soil  C  content,
and 2) the relationship between microbial biomass and initial
soil C content as a proxy to analyze the potential microbial C
assimilation.

 2 Materials and methods

 2.1 Study area

The study area is located in the Puna ecoregion of the Cata-
marca  province,  Argentina  (26.06°  S,  67.39°  W,  Fig.  S1).
The  region  has  an  arid  climate,  with  a  strong  seasonality.
Precipitation  is  concentrated  during  the  austral  summer
(from December to March), and the mean annual precipitation
decreases from 400 to 100 mm along a northeast to south-
west gradient. Thermal amplitude in the Puna region is high,
reaching 15°C of difference between day and night (Navarro,
2020).  The  average  annual  temperature  is  around  10°C
(Cabrera,  1971).  Along the Puna region soils  are  classified
mostly  as  Aridisols  or  Entisols  (Soil  Survey  Staff,  2010).
Within  this  arid  landscape,  wetlands  develop  in  places  that
receive  permanent  inflows  of  groundwater  and  superficial
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water,  which  are  recharged  from  seasonal  rainfall  and
snowmelt.  The  soils  in  these  places  are  classified  as
Histosols  due  to  the  accumulation  of  SOC  (Vargas  Gil,
1990;  Fig.  S1).  The  limited  water  supply  makes  wetlands
vulnerable to small changes in climate (Cooper et al., 2019).

We  selected  three  representative vegas of  high  Andean
wetlands in a similar region with similar floristic composition
and  eco-geographic  characteristics  according  to Izquierdo
et al. (2022), but located at different elevations: 3 793, 3 862,
and 4 206 m a.s.l. (Table 1, Fig. S1). Plant communities are
characterised  by  the  dominance  of Zameioscirpus  ataca-
mensis,  with  the  presence  of Eleocharis  pseudoal-
bibracteata, Lobelia  oligophylla and Phylloscirpus  acaulis,
among  others  (Izquierdo  et  al.,  2022). Distichia  muscoides
and Oxichloe andina are also abundant species which form
a  typical  cushion  and  can  be  associated  with  grasses,  like
Festuca  nardifolia and Deyeuxia  hackelii (Izquierdo  et  al.,
2022).

 2.2 Soil sampling

In  May  2021,  within  each  selected vega,  we  collected  four
composite soil samples within the top 10 cm separated by at
least 30 m from each other. We chose sampling points with
similar  plant  species  composition  and  with  no  superficial
water  courses.  After  collection,  we  transported  the  soil
samples to the laboratory and stored them in sealed plastic
bags in a fridge at  4°C until  processing.  Then, we carefully
sieved  the  soil  samples  (2  mm  mesh)  and  removed  roots
and stones. We separated 30 g of soil from each composite
sample and placed these sub-samples into 100 mL vials and
stored them in a fridge for 48 h at 10°C until the beginning of
incubations, allowing microbial communities to stabilise after
disturbance.  We  measured  soil  C  concentration  (%)  in  the
soil samples prior to incubations (initial C content) and at the
end of the experiment (i.e., final C content), using the Walkley

and  Black  method  (Nelson  and  Sommers,  1996).  We  also
separated another sub-sample of 1 g, of each composite soil
sample, to determine water soil humidity using the gravimetric
method (i.e., oven-dry at 105°C for at least 24 h, Jarrell et al.,
1999).

To characterise each sampled point in the field campaign,
we  measured  the  water  table  in  dipwells  installed  near  the
sampling  point  at  least  24  hours  before  the  measurements
(Navarro,  2020).  We also collected soil  composite  samples
up  to  15  cm  depth  to  determine  in  the  laboratory  soil  pH
(Thomas, 1996) and electrical conductivity (Rhoades, 1996)
using a Hanna DIST 4 conductivity meter.

 2.3 Soil incubation experiment

We  set  up  a  laboratory  incubation  experiment  to  test  the
responses of soil respiration to changes in temperature. We
selected the CO2 alkali trap method, which is a widely used
and  simple  process  for  measuring  soil  respiration  (Haney
et al., 2008). Using a sealed plastic jar (1 000 mL of volume)
to create a closed system, we incubated the 30 g soil  sub-
samples  in  dark  conditions  at  two  temperatures:  control
(10°C)  and  warmed  (25°C).  We  prepared  a  total  of  24
sealed jars: four samples × three elevations × two tempera-
ture treatments. Each sealed plastic jar contained three vials
inside:  one  vial  of  100  mL  size  containing  30  g  of  wet  soil
sample (pre-incubated at 10°C, see above) and two smaller
vials, one with 10 mL water (to maintain moisture level) and
the other with 10 mL of NaOH 1 M (i.e., CO2 alkali trap). We
also  prepared  three  additional  sealed  plastic  jars  used  as
blanks  (without  soil  sample)  for  control  and  warming  treat-
ment,  respectively.  We  measured  the  CO2 released  from
soil samples at 9, 16, 28, 40, 54, and 68 days of incubations.
Before titration,  we added BaCl2 (0.75 M) to precipitate the
CO3

− and  the  excess  NaOH  was  back  titrated  with  HCl
(0.5  M)  (Rice  et  al.,  1996).  We  kept  soil  humidity  constant

   
Table 1    Characterization of the three studied wetlands located at different elevations in the Argentinean Puna.
Characteristics Studied wetlands

Elevation (m a.s.l.) 3 793 3 862 4 206

Latitude (S) 26.691 306 8° 26.016 541 9° 25.989 479 3°

Longitude (W) 67.180 222 8° 67.694 265 0° 67.230 739 6°

Soil

pH† 8.64 (0.04) A 6.94 (0.17) B 6.84 (0.18) B

EC (μS cm-1) † 846.0 (150.60) A 2 517.50 (590.11) A 1 524.25 (420.87) A

Organic carbon (%)‡ 7.77 (0.85) A 7.75 (1.83) A 17.57 (0.87) B

Water content (%)‡ 53.76 (1.62) A 52.73 (6.46) A 61.11 (1.59) A
Water table depth (cm) 7.63 (3.46) A 17.93 (4.76) A 16.38 (4.62) A

Data regarding elevation, geographic coordinates, and the averages (± SE) of soil characteristics (prior to incubations) and water table depth
are given. Different letters, A and B, indicate significant differences between wetlands at P < 0.05, n = 4. EC: electrical conductivity.
†Measured at 15 cm depth. ‡ Measured at 10 cm depth.
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during all the experiment; hence we added water to the soil
after  each  measurement  when  necessary.  We  expressed
soil respiration as mgCO2 g−1 dry soil and mgCO2 g−1 initial
C dry soil.

We  also  calculated  the  temperature  sensitivity  (Q10)  of
cumulative soil respiration (i.e., at the end of the experiment)
using the following equation:
 

Q10 = (RW/RC)[10/(TW−TC)]

where R is the accumulative soil respiration after 68 days of
incubation, T is temperature (°C) and the subscripts W and
C indicate the different temperatures of incubation at warming
(25°C) and control (10°C), respectively.

 2.4 Biomass, composition and enzymatic activity of soil
microbial communities

We quantified the biomass and characterised the composition
of  active  soil  microbial  communities  after  the  short  term
exposure  to  different  temperatures  (i.e.,  at  the  end  of  the
incubation experiment), using phospholipid fatty acid (PLFA)
profiles (Bossio and Scow, 1998; Zelles, 1999). We separated
8 g from each of  the 30 g of  incubated soils  and extracted
PLFA  using  a  mixture  of  chloroform,  methanol,  and  phos-
phate buffer (1:2:0.8 by volume) and with extraction columns
in  solid  phase  (Silicic  acid  Sil350-Sigma).  We  used  a  gas
chromatograph (Perkin-Elmer Clarus 500) equipped with an
Elite-5 Crossbond 5 % diphenyl - 95 % dimethyl-polysiloxane
column.  An  external  standard  (BAME  mix,  SUPELCO,  St.
Louis, USA) was used to identify fatty acids. For the quantifi-
cation  of  peaks,  methyl-nonadecanoate  (19:0)  provided  an
internal standard. We used the sum of 14:0, 15:0, 16:0, 17:0,
18:0 and 20:0 fatty  acids  as  indicators  of  non-specific
bacteria; the sum of a-15:0, i-15:0, i-16:0 and i-17:0 as indi-
cators  of  Gram-positive  (GP)  bacteria; cy17:0, cy19:0, 16:
1ω9c for  Gram-negative  (GN)  bacteria.  All  the  aforemen-
tioned  fatty  acids  were  summed  as  total  bacteria  (B).  As
fungal (F) indicators, we used the sum of 18:2ω9c,12c and
18:1ω9c fatty acids (Willers et al., 2015; Orwin et al., 2018;
Joergensen, 2022). We also calculated the F:B and GP:GN
ratios.  For  each  soil  sample,  total  microbial  biomass  was
calculated  as  the  sum  of  the  abundance  of  the  different
PLFA  markers  based  on  dry  soil  weight  (μg  PLFA  g−1 dry
soil).

Additionally,  we  separated  1  g  of  each  incubated  soil
sample  to  quantify  the  microbial  enzymatic  activity  using
fluorescein di-acetate (FDA) hydrolysis (Adam and Duncan,
2001). We incubated 1 g of air-dry soil with phosphate buffer
(60  mM,  pH=7.6)  and  100  μL  FDA (2  mg  mL−1)  for  2  h  at
25°C.  After  the  incubation,  we  quantified  the  concentration
of fluorescein, which is a coloured end-product released by
the  action  of  microbial  enzymes,  with  a  spectrophotometer
at a wavelength of 490 nm. Microbial enzymatic activity was

expressed as the mass of fluorescein released per hour by
microbes present in the 1 g of dry soil (μg g−1 dry soil h−1).

 2.5 Statistical analysis

Before  running  models,  we  tested  for  normality  of  the  data
but most of the variables, except Q10 values and water table
depth,  were  log-transformed.  Soil  elevation  provenance
(hereafter,  elevation)  and  temperature  treatment  were
considered  as  categorical  factors,  whereas  soil  properties
(pH,  electrical  conductivity,  initial  OC  and  water  content),
water  table  depth,  soil  respiration,  final  OC  concentration,
temperature sensitivity, quantity of PLFA and enzyme activity
were  the  considered  quantitative  variables.  We  considered
soil  humidity  as  a  covariable  due  to  initial  differences  in
water content in the soil samples.

We  fitted  linear  models  (LM)  to  analyse  differences
between the three elevations, and between the temperature
treatments  and  also  the  interaction  between  these  main
factors (elevation x temperature treatment), in means of the
cumulative soil  respiration rate,  soil  C content,  temperature
sensitivity,  biomass  and  activity  of  microorganisms  at  the
end of the experiment. For that, we used the package lme4
in R. To determine differences in means between elevations
we  used  post-hoc  comparisons  with  Tukey’s  test  (α=0.05),
whereas  we  applied  Student’s t-test  (α=0.05)  for  pairwise
comparison between temperature treatments.

We  analysed  the  variations  in  microbial  community
composition at  the end of  the incubation experiment  of  soil
samples  exposure  to  different  temperatures,  from  different
elevations, with a principal component analysis (PCA) using
the factoextra package in R. We considered the abundance
of  the  different  PLFA  markers  measured  (14:0; 15:0; 16:0;
17:0; 18:0; 20:0; a-15:0; i-15:0; i-16:0; i-17:0; cy17:0; cy19:0;
16:1ω9c; 18:2ω9c,12c and 18:1ω9c).

As  a  proxy  of  microbial  C  assimilation,  we  estimated  the
relationship  between  microbial  biomass  (total  PLFAs)  and
initial soil C content. In addition, we calculated the biomass-
specific  soil  respiration  and  biomass-specific  enzymatic
activity rates (i.e., respiration rate and enzymatic activity per
unit  of  microbial  biomass).  We  analysed  these  variables
using LM as described above. All  analyses were done with
R v.4.1.1 (R Core Team, 2019).

 3 Results

 3.1 Initial soil characteristics

Soil  pH ranged between 6.3−8.7 and it  was higher at 3 793
m a.s.l. than at 3 862 m a.s.l. (t value = 7.18, P < 0.001) and
at 4 206 m a.s.l. (t value = −7.69, P < 0.001). The values of
electrical  conductivity  were  highly  variable  within  each
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wetland.  For  all  points  sampled  the  electrical  conductivity
ranged from 541 to 3 531 μS cm-1 and we did not find differ-
ences among elevations (P > 0.05, Table 1).  Initial  soil  OC
concentration ranged between 2.9% and 19.2%, and it was
higher at 4 206 m a.s.l. than at 3 793 m a.s.l. (t value = 3.13,
P <  0.05)  and  at 3 862 m  a.s.l.  (t value  =  3.13, P <  0.05).
The  values  found  for  water  table  depth  ranged  from  0  to
30  cm  and  did  not  differ  between  elevations  (P >  0.05,
Table 1).

 3.2 Cumulative respiration rate and temperature sensitivity

After  68  days  of  incubation,  the  cumulative  respiration  rate
was  significantly  higher  (by  a  factor  of  two)  in  soil  from
4 206 m a.s.l. compared to soils from 3 793 m a.s.l. (t value =
2.82, P < 0.05) and 3 862 m a.s.l. of elevation (t value = 2.51,
P < 0.05) (Fig. 1a). Additionally, the soil subjected to warming
treatment had a threefold larger respiration rate than that of
the  control  (t value  =  −5.68, P <  0.001),  and  we  found  a
positive association with initial  soil  water content.  When we
compared  the  association  of  release  of  CO2 and  the  initial
soil OC content, we found no significant differences between
vegas soils  from  different  elevations  (P >  0.05).  But  we
found that samples subjected to warming treatment released
fourfold more CO2 per soil OC gram than the control treatment
(t value = −10.62, P < 0.000 1) (Fig. 1b). Soil respiration rate
relative to C content was negatively correlated to soil water
content.

At the end of the incubations, values of soil C concentration
ranged between 2.7 and 19.1%, being these values similar
to the C content before the incubations. Soil from 4 206 m a.
s.l. had twofold more C concentration than soil from 3 793 m
a.s.l. (t value = 4.68, P < 0.001) and 3 862 m a.s.l. (t value =
4.82, P < 0.000 1) (Fig. 2). We did not find differences in the
soil C concentration between the control and warming treat-
ments (P > 0.05).  Final  soil  C content was positively corre-

lated with soil water content.
The Q10 values range between 1.68 and 2.83. The variation

range  of  the Q10 at 3 793 m  a.s.l.  was  1.75−2.83,  and
1.68−2.35 at 3 862 m a.s.l.,  while at the highest elevation it
was 2.06−2.36. We did not find significant differences in the
Q10 between elevations (Fig. 3).

 3.3 Biomass, composition and enzymatic activity of soil
microbial communities after exposure to temperature
treatments

Axis  1  and  2  of  the  PCA  analysis  explained  62.5%  of  the
total variance in the composition of PLFA markers of the soil
samples  from vegas located  at  different  elevations  and
subjected  to  different  temperatures  (Fig.  4).  We  found  that
soil samples with higher relative abundance of the unspecific
bacteria  markers 18:0,  were  grouped  to  the  negative
extreme  of  axis  1,  and  they  corresponded  to  soil  samples
from 3 793 and 3 862 m a.s.l.  exposed to control  treatment.
Axis 2 separated soil samples with higher relative abundance
of  fungal  markers  (18:2ω9c,12c and 18:1ω9c markers)
towards  the  negative  extreme,  which  correspond  mainly  to
soil  samples  from  all  elevations  and  subjected  to  warming
treatment;  except  for  two samples from the lower  elevation
that  were  grouped  with  soil  samples  from 4 206 m  a.s.l.
subjected to control treatment at the positive extreme of axis
2, which presented higher relative abundance mainly of GN
bacteria (cy17:0, 16:1ω9c markers) (Fig. 4; Table S1).

We  found  that  soils  from 3 793 and 3 862 m  a.s.l.  had
higher total microbial biomass after being subjected to 10°C
(control  treatment)  compared  to  soils  from  the  same  two
elevations  and  subjected  to  25°C  (warming  treatment).
However,  we  did  not  find  differences  between  temperature
treatments  in  soil  of  the vega from 4 206 m a.s.l.  (Fig.  5a).
The same pattern was found for total bacteria biomass (i.e.,
the  sum of  unspecific  bacteria,  GP  and  GN bacteria  PLFA

 

 
Fig. 1    Cumulative  soil  respiration  rate  after  68 days of  incubation  of  soils  from different  elevations of  the  Argentinean Puna
incubated at two temperatures: C=Control (10°C), W=warmed (25°C). (a) CO2 released per g of dry soil and (b) CO2 released
per g of initial soil C content. The error bars represent ±1 standard error. Different capital letters denote significant differences
between elevations (P < 0.05), and asterisks indicate significant differences between temperature treatments at the same elevation
(P < 0.05). E=elevation; T=temperature treatments; E×T=interaction of elevation and temperature treatment. ns=not significant.
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markers) (Fig. 5b). Nevertheless, we found different patterns
for the different bacterial groups. Independently of tempera-
ture treatment, GP bacteria biomass was higher in soil from
the low elevation (3 793 m a.s.l.) and lower in soil from inter-
mediate elevation (3 862 m a.s.l.), with intermediate biomass
in  soil  from  higher  elevation  (4 206 m  a.s.l.).  Furthermore,
we found higher GP bacteria biomass in soil  samples incu-
bated  under  control  treatment  than  soil  samples  incubated
under warming treatment (Fig. 5c). In soil from 4 206 m a.s.l,
the GN bacteria biomass was higher when incubated at 10°
C than when incubated at 25°C, but  we did not  find similar
differences  between  temperature  treatments  in  soils  from
the  other  two  elevations  (Fig.  5d).  In  the  case  of  fungal
biomass, we found higher values in soil  samples incubated
at 10°C than in soil samples incubated at 25°C, for the three

elevations (Fig. 5e). We found significant interaction effects
of  elevation and temperature  treatment  on F:B and GP:GN
ratios.  F:B  ratio  was  lower  in  soils  from 3 793 and 3 862 m
a.s.l.  incubated at  10°C than in those incubated at  25°C or
in soil  from 4 206 m a.s.l.  (Fig. 5f).  GP:GN ratio was higher
in  soil  from 3 793 m  a.s.l.  incubated  at  10ºC  than  in  soils
from the other two elevations incubated at both temperatures
(Fig. 5g). Finally, microbial enzymatic activity (FDA) showed
higher values in soil from the highest elevation than in soils
from the other two elevations, but we did not find significant
differences between temperature treatments (Fig. 5h). None
of the microbial parameters measured were related to water
content.

 3.4 Metabolic responses of soil microbial communities to
warming

We  found  that  microbial  biomass  per  unit  of  initial  soil  C
content was lower in warmed than control sample soils from
3 793 and 3 862 m a.s.l. However, we did not find differences
between  temperature  treatments  in  soil  from 4 206 m  a.s.l.
(Fig.  6a).  Biomass-specific  soil  respiration  was  tenfold
higher in soil  samples subjected to warming than in control
samples,  and  was  significantly  higher  in  soil  from 4 206 m
a.s.l. than in soils from 3 793 and 3 862 m a.s.l (Fig. 6b). We
also found that biomass-specific enzymatic microbial activity
was higher (fourfold) under warming than control treatment,
and  higher  in  soil  from  the  highest  elevation  compared  to
soils from the other elevations (Fig. 6c).

 4 Discussion

Our  results  showed  that  experimental  short-term  warming
increased  respiration  rate  in  soils  from vegas located  at

 

 
Fig. 2    Soil organic carbon (C) content, of wetland soils from differ-
ent elevations of the Argentinean Puna, at the end of incubation at
two  different  temperatures.  C=Control  (10°C),  W=warmed  (25  °C).
The error bars represent ± 1 standard error. Different capital letters
denote  significant  differences  between  elevations  (P <  0.05)  and
asterisks indicate significant differences between temperature treat-
ments at the same elevation (P < 0.05). E=elevation; T=temperature
treatments;  E×T=  interaction  of  elevation  and  temperature  treat-
ment. ns=not significant.
 

 

 
Fig. 3    Boxplot of temperature sensitivity of soil respiration (Q10) to
warming in wetland soils of the Argentinean Puna located at different
elevations.
 

 

 
Fig. 4    Diagram  of  principal  component  analysis  (PCA)  showing
the  ordination  of  soil  samples  from  wetlands  located  at  different
elevations, based on their soil microbial composition after the labo-
ratory incubation under different temperature treatments. C=Control
(10°C), W=warmed (25°C). The contribution of different PLFA mark-
ers  to  the  ordination  is  shown.  The  percentage  of  variability
explained by each axis is shown in parentheses.
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Fig. 5    Soil  microbial  biomass  and  enzymatic  activity  at  the  end  of  incubation.  (a)  Total  microbial  biomass  (total  PLFA),
(b)  biomarkers  PLFA  for  total  bacteria,  (c)  Gram-positive  (GP)  bacteria,  (d)  Gram-negative  (GN)  bacteria,  (e)  fungi,  (f)  fungi:
bacteria (F:B) ratio, (g) GP:GN ratio and (h) microbial enzymatic activity (FDA). C=Control (10°C), W=warmed (25°C). The error
bars represent ±1 standard error. Different capital letters denote significant differences between elevations (P < 0.05), and asterisks
indicate significant differences between temperature treatments of soil from the same elevation (P < 0.05). When the interaction
of elevation and temperature treatment was significant (P < 0.05), the differences between treatments are indicated with lowercase
letters. E=elevation; T=temperature treatments; E×T= interaction of elevation and temperature treatment. ns =not significant.

 

M. Fernanda Chiappero et al. 7



different  elevations  in  the  Argentinean  Puna.  In  addition,
warming  decreased  total  soil  microbial  biomass,  relative  to
control  treatment,  but  biomass-specific  respiration  and

biomass-enzyme activity were increased. Finally, our findings
showed  that  the  soil  of vegas at  different  elevations  had
similar temperature sensitivity of SOC mineralization. These
results suggest that in the short-term, the soil of vegas could
become C sources instead of C sinks in view of the forecast
increasing temperatures, with the consequence of C-losses
at regional scale.

Several  studies  have  demonstrated  an  increasing  rate  of
soil  respiration with increasing temperature (Eliasson et al.,
2005; Allison  et  al.,  2010; Li  et  al.,  2020),  related  to  the
physical and chemical principles of enzyme kinetics (David-
son  and  Janssens,  2006).  Our  results  are  consistent  with
this,  since rate of  soil  CO2 release was increased threefold
for warmed soils from all elevations. In addition, we showed
that  soil  from 4 206 m  a.s.l  had  respiration  rates  twice  as
high  as  those  of  soils  from  the  other  two  elevations.  Both
quantity  and  quality  of  organic  matter  are  drivers  of  soil
microbial activities (Allison et al., 2010). Hence, a higher soil
respiration  in  soil  from  the vega at 4 206 m  a.s.l.  could  be
related  to  a  larger  SOC  content  at  this  elevation,  as  we
observed this effect for control and for warming treatments.
These  findings  also  agree  with  the  expectation  that  soils
with larger standing C-stocks could release more CO2 under
warmer conditions (Crowther et al., 2016).

Despite  having  differences  in  the  initial  amount  of  soil  C,
all soils from different elevations had similar C mineralization
rates,  for  both  temperature  treatments,  when  we  analysed
the  respiration  rates  as  a  function  of  the  SOC  content.
These results could indicate that the activity of microorgan-
isms  in  these  soils  would  not  be  limited  by  resource  avail-
ability,  which  is  consistent  with  the  similarity  of Q10 values
among elevations (Min et al., 2019). Contrary to our results,
Blagodatskaya  et  al.  (2016) and Li  et  al.  (2020) observed
that  temperature  sensitivity  was  higher  for  soils  at  higher
than  lower  elevations,  probably  due  to  the  larger  soil
temperature  variation  associated  with  a  greater  altitudinal
difference between sites that they selected and/or the differ-
ence between the altitude of the selected sites; our studied
sites  were  located above 3 000 m a.s.l..  Conversely,  in  our
studied vegas,  with  lower  altitudinal  difference  between
them,  preliminary  soil  temperature  measurements  in  the
field showed that they had similar mean annual temperature
(~10°C), as well as daily and seasonal temperature variation
(data  not  shown).  Therefore,  despite  differences  in  the  C
content  between the  three  studied  elevations,  the  similarity
of soil temperature parameters between vegas suggest that
raising temperatures over the Puna region, in the short-term,
could  increase  CO2 emissions  from  wetlands  located  at
similar elevations to those studied here.

The  increase  of  soil  respiration  subjected  to  warming
could  be  associated  with  changes  in  microbial  community
composition in the short term, as well as their activity. In this
sense,  we  found  that,  mainly  in  soils  from  the  two  lower

 

 
Fig. 6    Changes in soil microbial communities at the end of incuba-
tion. (a) microbial biomass per unit soil carbon; (b) biomass-specific
respiration  and  (c)  biomass-specific  enzymatic  activity.  C=Control
(10°C),  W=warmed  (25°C).  The  error  bars  represent  ±1  standard
error. Different capital letters denote significant differences between
elevations (P <  0.05),  and asterisks indicate  significant  differences
between temperature treatments for samples from the same eleva-
tion (P <  0.05).  When the interaction of  elevation and temperature
treatment was significant (P < 0.05), the differences between treat-
ments are indicated with lowercase letters. E=elevation; T=tempera-
ture  treatments;  E×T=  interaction  of  elevation  and  temperature
treatment. ns =not significant.
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elevations, warming caused differences in the soil microbial
communities’ composition  and  significantly  decreased  the
total  biomass  compared  to  findings  for  control  samples.
Although we did not determine the composition of microbial
communities prior  to  the incubations,  it  is  probable that  the
temperature  of  control  treatment  did  not  affect  microorgan-
isms’ communities  due  to  the  similar  temperatures  of  field
conditions. Therefore, we could hypothesize that temperature
treatments  caused  a  reduction  in  the  biomass  of  microor-
ganisms,  which  could  be  associated  with  thermal  stress  in
communities  adapted to  cold  environments  (Li  et  al.,  2020;
Song et  al.,  2021).  The reduction of  microbial  biomass and
the  simultaneous  increase  in  rate  of  microbial  respiration
could  also  be  related  to  a  reduction  in  the  carbon use  effi-
ciency,  which  would  mean  that  increasing  temperature
enhances  resource  allocation  to  respiration  rather  than
microbial growth (Allison et al., 2010; Lehmeier et al., 2013).
We provided two results that are in line with this expectation.
Firstly, we found that microbial biomass per unit soil  C was
lower  in  warmed than in  control  treatment  in  soils  from the
lower  and  intermediate  elevations.  Secondly,  we  observed
an  increased  biomass-specific  respiration  and  biomass-
enzymatic activity in warmed samples as compared to those
in  control  samples.  Total  microbial  activity,  measured  as
FDA  production,  did  not  differ  between  temperature  treat-
ments,  and  this  lack  of  difference  suggests  the  important
role  of  substrate  availability  in  determining  the  response  of
soil enzyme activity in these wetlands (Hartley et al., 2008).
Hence, the higher enzyme activity in soil from 4 206 m a.s.l.
could  be  related  to  a  larger  amount  of  initial  soil  C  at  this
elevation.  These  initial  differences  in  the  soil  C  among
elevations could also explain higher biomass-specific respi-
ration and enzyme activity at 4 206 m a.s.l. than at the other
two  elevations  in  warming  treatment  and  also  in  control
temperature treatment.

Laboratory incubation experiments are useful for disentan-
gling  the  effects  of  raising  temperature  on  soil  processes,
avoiding confounding factors.  Here,  we set  up a short-term
experiment  in  which  we  observed  a  fast  and  positive  soil
respiration  response  to  warming  consistent  with  literature.
However,  it  is  possible  that  under  field  conditions  higher
temperatures  interact  with  other  environmental  factors  (for
example  soil  moisture,  nutrient  availability  and  substrate
concentration)  driving  neutral  or  negative  responses  of  soil
respiration  to  warming  (Carey  et  al.,  2016).  In  the  high
Andean Plateau climate change is thought to increase aridity
conditions over the region (Carilla et al., 2013), which could
reduce the water supply to wetlands and reduce soil humid-
ity,  hence  exerting  a  limiting  factor  on  the  rate  of  soil
processes  (Jing  et  al.,  2014).  In  addition,  in  the  long  term
different mechanisms, such as changes in microbial commu-
nities,  thermal  adaptation  or  changes  in  microorganisms’
use of  C could reduce the effects of  sustained warming on

soils  (Romero-Olivares  et  al.,  2017).  Therefore,  for  a  more
comprehensive understanding on how changes in tempera-
ture will impact the soil functioning and the net balance of C
between  soils  and  the  atmosphere  in  these  wetlands,  it
would be highly valuable to set up long-term warming studies
combining field and laboratory experimental approaches.

 5 Conclusions

In  the soils  of  the Argentinean Puna´s vegas,  experimental
short-term  warming  stimulated  the  efflux  of  CO2 through
increased  soil  microbial  respiration  and  this  effect  was
more  pronounced  for  the  highest  elevation vega studied
(i.e., 4 206 m  a.s.l.),  which  also  contained  more  SOC  than
the  other  two  elevations.  However,  the  SOC mineralization
in all studied vegas’ soils had similar temperature sensitivity
(Q10).  This  suggests  that,  within  the  range  of  elevation
considered here, soils with higher SOC could release more
CO2, although all soils showed similar temperature sensitivity
of  soil  respiration.  Warming  also  affected  soil  microbial
communities, leading to a lower biomass, different composi-
tion,  and  higher  activity  per  unit  microbial  biomass  than  in
the  control  treatment.  These  results  suggest  that,  in  the
short-term, warming stimulates resource allocation to respi-
ration rather than to microbial growth, which could be related
to  a  reduction  in  carbon  use  efficiency  by  microorganisms.
Overall,  these  results  indicate  that,  in  the  short-term,
edaphic  processes  in  these  high  elevation  wetlands  could
be affected by rising temperature over the Puna region with
the consequence of C-losses at regional scale.
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