Universiteit
Antwerpen

This item is the archived peer-reviewed author-version of:

Coupled carbon and nitrogen losses in response to seven years of chronic warming in subarctic soils

Reference:
Marafion Jiménez Sara, Penuelas J., Richter A., Sigurdsson B. D., Fuchslueger Lucia, Leblans Niki, Janssens Ivan.- Coupled carbon and nitrogen losses in response

to seven years of chronic w arming in subarctic soils

Soil biology and biochemistry - ISSN 0038-0717 - 134(2019), p. 152-161
Full text (Publisher's DOI): https://doi.org/10.1016/J.SOILBIO.2019.03.028
To cite this reference: https://hdl.handle.net/10067/1602310151162165141

uantwerpen.be

Institutional repository IRUA


https://repository.uantwerpen.be

Accepted Manuscript

Soil Biology &
Biochemistry

Coupled carbon and nitrogen losses in response to seven years of chronic warming in
subarctic soils

S. Marandn-Jiménez, J. Pefuelas, A. Richter, B.D. Sigurdsson, L. Fuchslueger,
N.ILW. Leblans, |.A. Janssens

Pl S0038-0717(19)30103-8
DOI: https://doi.org/10.1016/j.s0ilbio.2019.03.028
Reference: SBB 7456

To appearin:  Soil Biology and Biochemistry

Received Date: 30 July 2018
Revised Date: 27 March 2019
Accepted Date: 28 March 2019

Please cite this article as: Marafién-Jiménez, S., Pefiuelas, J., Richter, A., Sigurdsson, B.D.,
Fuchslueger, L., Leblans, N.I.W., Janssens, |.A., Coupled carbon and nitrogen losses in response to
seven years of chronic warming in subarctic soils, Soil Biology and Biochemistry (2019), doi: https://
doi.org/10.1016/j.s0ilbio.2019.03.028.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


https://doi.org/10.1016/j.soilbio.2019.03.028
https://doi.org/10.1016/j.soilbio.2019.03.028
https://doi.org/10.1016/j.soilbio.2019.03.028

O© 0 N O U1 » W N -

NN NN N NDNDN R R B R B R R | R
N O U R WN R O V0NN U WN RO

Coupled carbon and nitrogen losses in response tev&n years of chronic warming

In subarctic soils

Running title:Coupled losses of C and N from subarctic soils

Marafién-Jiménez 8>3 Pefiuelas 3% Richter A%, Sigurdsson B. 5, Fuchslueger,
L.3, Leblans N.I.W?, Janssens I. A.

'CREAF, Cerdanyola del Vallés, 08193 Barcelona, Spai

CSIC, Global Ecology Unit CREAF-CSIC-UAB, Bellatari08193 Barcelona, Spain
3Centre of Excellence PLECO (Plant and Vegetationidgyy), Department of Biology,
University of Antwerpen, Campus Drie Eiken, Univtaisplein 1, C. 203, BE- 2610,
Wilrijk, Belgium.

“Institut d’Estudis Catalans, 08001 Barcelona, Spain

*Department of Microbiology and Ecosystem Scienceniversity of Vienna,
Althanstral3e 14, 1090 Wien, Austria

®Agricultural University of Iceland, Hvanneyri 31Bprgarnes, Iceland

*Address correspondence to S. Marafién-Jiménez, :.esmaranon@creaf.uab.es

Research Article



28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52

Abstract

Increasing temperatures may alter the stoichiometeémands of soil microbes and
impair their capacity to stabilize carbon (C) arefain nitrogen (N), with critical
consequences for the soil C and N storage at latjtude soils. Geothermally active
areas in Iceland provided wide, continuous andletgiadients of soil temperatures to
test this hypothesis. In order to characterize stoéchiometric demands of microbes
from these subarctic soils, we incubated soils frambient temperatures after the
factorial addition of C, N and P substrates sep@raind in combination. In a second
experiment, soils that had been exposed to diffaresitu warming intensities (+0,
+0.5, +1.8, +3.4, +8.7, +15.9 °C above ambient)stren years were incubated after
the combined addition of C, N and P to evaluatectygacity of soil microbes to store
and immobilize C and N at the different warmingren#s. The seven years of chronic
soil warming triggered large and proportional $diand N losses (4.1 + 0.5 % *®f
the stocks in unwarmed soils) from the upper 10 afirsoil, with a predominant
depletion of the physically accessible organic sabss that were weakly sorbed in soil
minerals up to 8.7 °C warming. Soil microbes met ithicreasing respiratory demands
under conditions of low C accessibility at the enges of a reduction of the standing
biomass in warmer soils. This together with thecstmicrobial C:N stoichiometric
demands also constrained their capacity of N rigtenaind increased the vulnerability
of soil to N losses. Our findings suggest a stroagtrol of microbial physiology and
C:N stoichiometric needs on the retention of sodridl on the resilience of soil C stocks
from high-latitudes to warming, particularly duripgriods of vegetation dormancy and
low C inputs.
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1. Introduction

Global warming is expected to accelerate the decsitipn of soil organic matter
(SOM) more than its production, causing large msaof CQ to the atmosphere and
positive feedbacks to the climatic system (Davidand Janssens et al. 2006, Jenkinson
et al. 1991). Soils at northern latitudes storeertbian half of the surface-soil carbon
(C) (Tarnocai et al. 2009). As their SOM decomposithas been strongly limited by
low temperatures and they are warming more rapitdBy are particularly vulnerable to
temperature driven C losses (Smith et al. 2015W@rer et al. 2016). As such, warming
of northern soils may potentially increase globaheentrations of atmospheric €O
(McGuire et al. 2009). Model predictions for futu€€, emissions and climate change
projections by the Intergovernmental Panel on CGi@n&hange (IPCC) remain,
nonetheless, largely uncertain (Friedlingstein let2806, Todd-Brown et al. 2013),
partly due to the lack of accurate representatibrvegetation and soil microbial
feedbacks (Bardgett et al. 2013, FriedlingsteialeR006) and interactions between C
and nutrient cycles (Bardford et al. 2016, Friegtitein et al. 2006).

The coupling between C and nitrogen (N) biogeochahuycles is especially tight in
northern ecosystems. Low temperatures constrain depolymerization and
mineralization rates of soil organic N and the aske of N-monomers and mineral N,
thus limiting plant productivity (Hobbie et al. 2D0Schimel and Bennett 2004, Todd-
Brown et al. 2013). Rising temperatures are expkict@ccelerate the rates of microbial
N transformations and alleviate the plant N limdas in these ecosystems, thus
increasing plant productivity and C inputs to tlel ¢§Dormann and Woodin 2002,
Natali et al. 2012, Wu et al. 2011). Increases egetation productivity at warmer
temperatures can even offset the soil C lossesciassd with the accelerated SOM
mineralization rates from soil microbes (Melillo &t 2002, Sistla et al. 2013, IPCC
2013). The vulnerability of soil C stocks to warmimill therefore depend on the
capacity of soils to retain nutrients and ultimateh the ability of plants to profit from
the enhanced nutrient availability.

Soil microbial biomass plays a fundamental rolehi@ stabilization of soil C (Liang et
al. 2017, Miltner et al. 2012) and as a short- lbmg)-term N reservoir in soils at high
latitudes (Bardgett et al. 2003, Zogg et al. 20@0)arge fraction of the N pool in these
cold ecosystems is contained in microbial biomasmgsson et al. 1996, Xu et al.
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2013). This large N storage potential and the lownMeralization rates imply that
microbes successfully compete with plants for theting N pools during the growing
season (Dunn et al. 2006, Skouw Haugwitz et al120dut also that microbial turnover
and N release may represent a major pathway fart plauptake during periods of
declining microbial populations (Bardgett et al03D Microbial N retention becomes
even more crucial in ecosystems with a period gfet@ion dormancy or senescence,
such as at high latitudes, when the short photogeand low temperatures prevent
vegetation productivity and N uptake (Bardgett le2805). Microbial immobilization
then becomes a crucial mechanism to minimize paieht losses from the system
during relatively long winter periods (Groffmanadt 2011, Jonasson et al.1996, Kaiser
et al. 2011). Warming can, however, desynchrotiiee intimate seasonal coupling
between microbial N immobilization and vegetatioptake in these ecosystems
(Bardgett et al. 2005, Jaeger et al. 1999, Lipsal.€1999), leading to potential soil N
and C losses.

The physiological response of soil microbes to wartemperatures may elicit shifts in
their resource demands, and cause disequilibriaplamt-microbial interactions.
Although vegetation growth is generally N limitedhagh latitude ecosystems, C has
been found to limit soil microbial growth and biogsaeven at these high latitudes (Wild
et al. 2015). Warmer temperatures may cause pamsishcreases in microbial
respiratory demands and the depletion of the mdsfsipally accessible organic
substrates in soil (Marafién-Jiménez et al. 208)s tompromising the C available to
maintain constant levels of standing biomass. Adiogr to the ecological
stoichiometric theory, soil microbes regulate thed#mental composition by retaining
elements in which they are limited and releasings¢hin excess (Sterner and Elser
2002). This implies a predominance of microbial Menalization to N immobilization

in strongly C-limited microbes. Warming-inducedreases in N mineralization during
periods of inactive plant N uptake and accessiblegtits may consequently lead to
potential losses of soil N by dissimilatory pathwagither by nitrate leaching or
gaseous N fluxes (Turner and Henry 2010). Tempegattiven N losses may account
for the smaller increase in plant productivity cargrl to net N mineralization and soil
respiration rates frequently observed in experiaewarming experiments (Bai et al.
2013, Lu et al. 2013, Rustad et al. 2001), causdingrgences between observed and
predicted soil C losses for high latitudes (Todadwin et al. 2013, McGuire et al. 2018).
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The potential changes in the capacity of subarstits to retain N have not been
explored mechanistically yet, even though this imfation is fundamental to constrain
the climate change projections of productivity aall organic C (SOC) of northern

ecosystems.

Geothermally active areas in Iceland provide statdatinuous and wide gradients of
soil temperature (Sigurdsson et al. 2016) that ewpess the full range of warming
scenarios projected by the IPCC for the northegiore (IPCC, 2013). This allow
testing for non-linear responses to soil warmingl ahe inference of realistic
predictions of soil biogeochemical processes. Bres/studies at the same experimental
plots from these soil temperature gradients foutidemar reduction of 1.28 + 0.16 ton
SOC hé& per °C degree of warming from the upper 10 cm éf(keblans et al. 2016).
Warming increased C losses by accelerating the-s@esfic C mineralization rates of
soil microorganisms (Marafion-Jiménez et al. 2018JRér et al. 2018). Surprisingly,
enhanced N mineralization in these N-limited sdiid not lead to higher vegetation
productivity according to the predictions of mosbgystem models (Todd-Brown et al.
2013). On the contrary, aboveground and belowgraquladt biomass did not change.
Vegetation apparently did not benefit from the Neased at higher temperatures,
probably due to ecosystem N losses. Despite tige kand rapid loss of soil C, soil C:N
stoichiometry indeed remained unaltered (Leblara.e2016), implying a proportional

loss of N.

In order to assess the mechanisms underlying thigpled soil C and N loss, we
incubated soils that had been exposed for sevars yea range of warming intensities
in the field due to geothermal activity (0 - 15@ &bove ambient, hereaftein“situ
temperatures”). In a first set of soil incubatiottse factorial addition of C, N and P
substrates separately and in combination to sala ambient temperatures allowed us
to characterize the stoichiometric demands of therabes from these subarctic soils
(hereafter “experiment of stoichiometric demandarahterization”). In a second set of
soil incubations, the combined addition of C, N &do the warmed soils along the
geothermal gradient allowed us to evaluate the agpaf soil microbes to store and
immobilize C and N as affected by different warmisgenarios, both at ambient
nutrient conditions and when C, N and P are plehtihereafter “experiment of

warming impacts on soil C and N retention”). Regagdthe microbial stoichiometric
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demands from these subarctic soils, we hypotheshztdsoil microbes have strong C
limitation due to the short growing period for veg®n (low C inputs) and the high
clay content of these soils (high physical protagu We also hypothesized that this C
limitation and a restricted C:N stoichiometric pieisy of soil microbes limit the
immobilization of mineralized N. Regarding the wanmm impacts on soil C and N
retention, the total losses of C from these (Leblanal. 2016, Poeplau et al. 2016) and
many other soils (Hicks Pries et al. 2017, Crowtbeal. 2016, Melillo et al. 2017)
exposed to warmer temperatures, and the increasass-specific respiration rates of
soil microbes (Marafidén-Jiménez et al. 2018), ledouBypothesize a depletion of the
most physically accessible substrates in soil. We khypothesized that these C scarcity
conditions in warmer soils impair the C retention imicrobial biomass and the
immobilization of the mineralized N that is reled$eom SOM at warmer temperatures.
These two complementary experiments will therefametribute to elucidate the causes
of the divergences on the soil C losses betwedd Warming experiments and model
predictions at high latitude ecosystems.

2. Methods

2.1. Sudy site

Soils were collected at the ForHot research sith@Hengil geothermal area, 40 km
east of Reykjavik, Iceland (64°@1Q"N, 21°1109"W; 83-168 m a.s.l.), which has been
described in detail by Sigurdsson et al. (2016)aMeannual air temperature, annual
precipitation and wind speed were 5.2 °C, 1460 mmd &.6 m &, respectively
(Synoptic Station, 9 km south of Hveragerdi, IcdianMeteorological Office, 2016).
The mean temperatures of the warmest and coldesthsyoJuly and December, were
12.2 and -0.1 °C, respectively. The growing seasomally starts in late May and ends
in late August. Snow cover is not permanent dusngter due to the mild oceanic
climate, but the soil typically freezes for at lkedwo months during mid-winter. The
main vegetation type is unmanaged grassland, ddéedinby Agrostis capillaris,
Ranunculus acris and Equisetum pratense, all perennial species with short-lived
aboveground parts that regrow each year from undeng stems or rhizomes. Sites
had been grazed by sheep for centuries (low-irtterggazing), but this practice was
ceased in the 1970’s (Sigurdsson et al. 2016).
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The soil in the area has been subjected to warsimge May 2008 due to geothermal
activity, when an earthquake shifted geothermatesys to previously unwarmed soils.
Hot groundwater warmed the underlying bedrock amtased along faults in the soill
crust. Soil temperatures were highest near theasiésfand declined perpendicular to
them. No signs of soil contamination by geothertmgdroducts, such as exchangeable
sulfur, were found (Sigurdsson et al. 2016). Thissare Andosols with a silty-loamy

texture.

2.2. Experimental design and soil sampling

Five replicate transects were established in 28&@h covering six levels af situ soil
warming: 0, 0.5, 1.8, 3.4, 8.7 and 15.9 °C abovéiant (mean annual temperatures in
the upper 10 cm of soil). A 0.5 x 0.5 m plot watabbshed for each warming level for
soil sampling (n = 6n situ temperatures x 5 replicate transects = 30 plots). S
temperature was monitored hourly at 10 cm soil ldesting TidbiT v2 HOBO Data
Loggers (Onset Computer Corporation, Bourne, U3¥spite the seasonal and daily
oscillations of soil temperatures, the temperatoceeases above ambient were rather
constant along the year and vertically down to2z25 cm deptl{Sigurdsson et al.
2016). The mean annual soil temperatures and nmlrparameters are indicated in
Table 1. Plant community composition showed no gkarnn dominant plant species up
to +8.7 °C warming (Gudmundsdottir et al. 2014, Mhietsen 2014). At the most
extreme warming level (15.9 °C above ambient) tegetation community shifted
towards a higher dominance of non-vascular plam®sées) (Leblans, personal

communication).

After seven years of soil warming (August 2015mpkes from the upper 10 cm of
mineral soil were collected from all plots. The meail temperature in unwarmed plots
two weeks prior to sampling was 11.9+0.3 °C. S#&isn each warming level were
sieved to 2 mm, mixed and homogenized to constéwdemposite sample. The samples
were then stored at 5 °C, which is approximately tean annual temperature of the

ambient unwarmed soil, until the analyses and iatiabs.

2.3. Initial soil parameters
Three subsamples @b, 7.5 and 7 g of fresh soil were extracted with 2 M KCI, 0.5 M
NaHCQ; and0.5M K,SQy, respectively, within 24 h of sampling. AmmoniuiH;")
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and nitrate (N@) were determined from the KCI extracts (Bremneat Keeney 1965).
Half of the NaHCQ and K.SO, extract volume was digested at 400 °C wis @, with
selenium as a catalyst. Total phosphorus (P) atad éxtractable N (Thbsog were
determined from the digested NaHC@nd KSO, extracts, respectively. Available
inorganic P (Rorg) Was determined from the undigested NaH@&tracts (Olsen et al.
1954) and dissolved organic C (Dcoy) and NH' from the undigested 6O,
extracts. Organic P ¢R) and dissolved organic N (DQbkos) were determined as the
difference between digested and undigested NadH81@d KSO, extracts, respectively
(Jones and Willett 2006). Two other pools of sadubiganic C were quantified using
extractants of different ionic strengths. For thgp subsamples of 10 g of fresh soll
were extracted with deionized water (D), which is a common measurereédily-
soluble C, and a weak phosphate buffer at 10 m@3(taM KH,PO, and 6.67 mM
Na,HPOy) adjusted to pH 7.0 (DQfxer), Which extracts both the readily-soluble C and
weakly adsorbed C in clay minerals (Nelson et 8b4] Kaiser and Zech 1999). The
lower ionic strength and pH of the buffer solutioompared to the 0.81 K;SO,
solution reduces the flocculation of organic calkiand the re-adsorption of the
solubilized C onto the diffuse double layer surming clay particles (Haney et al.
2001). The relative accessibility of extractablel $ pools (DOGezsos DOGyuates
DOGC,uier) Was calculated as the ratio of D&CSOC pools.

Another set of subsamples of the same mass of fseghwere also extracted as
described above for determining microbial biomasan@ total microbial N and P by
fumigation-extraction (Jenkinson and Powlson 19Microbial biomass C (Gicro),
total microbial N (Nicro) and total microbial P (o) were determined as the
difference in DOGosos TNk2sos and total P between the fumigated and unfumigated
subsamples, respectively. All analyses were peddriyy colorimetric detection with a
Sari” Continuous Flow Analyzer (Skalar Analytical B.\Breda, The Netherlands).
NO3z was determined after reduction to N@nd formation of the diazo complex at 540
nm wavelength (EN-ISO 13395). NHwas determined after reaction with salicylate, a
catalyst and active chlorite solution to form a egrecolored complex at 660 nm
wavelength (ISO 11732). Tdksos andNH," in digested and undigested3O, extracts
respectively, were determined colorimetrically6&® nm wavelength. DQg&Gsos Was
determined after reaction with phenolphthalein 5 Him wavelength (ISO 5667-3).

Pnorg Was determined colorimetrically as phospho-molgbdomplex at 880 nm
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wavelength in both digested and undigested ext@8t3 15681-2). Total soil organic
C and total soil N (SOC and TN, respectively) wadetermined from dry soils by dry
combustion at 850 °C with a Thermo Flash 2000 NC alyser
(Thermo Fisher Scientific, Delft, The Netherlands)organic C is not detectible in
these volcanic soils (Arnalds 2015), so total C lbarconsidered as organic C. Soil pH
was determined by stirring and settling in deiodizeater in a ratio 1:5 (Pansu and
Gautheyrou 2006).

We calculated the stoichiometric C:N imbalance leetw soil organic pools and
microbial biomass following Mooshammer et al. 201#sathe ratio of C:N in the SOM
pools (SOC:TN and DOGsosTNk2sog over microbial biomass C:N (fero-Nmicro)-

The C:N imbalance is then a measure of the divesybetween the C:N stoichiometry
of soil microbes and soil organic substrates, wi&ié imbalance < 1 thus reflects a

lack of C in SOM pools for soil microbes.

2.4. Substrate addition and soil incubation

Subsamples of 40 g (dry equivalent) of fresh saht the unwarmed ambient plots
(hereafter “incubation flasks”) were distributedorflasks within 72 h after sampling. In
order to determine the stoichiometric demands af socroorganisms and their
capacity of C storage and N immobilization (expenimnof stoichiometric demands
characterization), a 1-ml of deionized water solutwith a source of C, N, P or their
combinations (hereafter “addition”) was added tcheflask. We hypothesized that
losses of soil N were associated with a restriceapacity of microbial N
immobilization, so we tested the effect of two lksvef N addition instead of the CP
combination. C was added as glucose (1.73 mg @bgki g dry soil, that is, 0.69 mg
C g%, N was added as NNO; (0.1 mg of NHNO; g?, that is, 34 ug N §for the N
addition levebnd 0.05 mg of NENO; g+, 17 pg N @ for the “half-N” addition level)
and P was added as KPD, (0.101 mg KHPO, g, 23 pg P g). The amount of
substrates added accounted for ca. 1 % of thalisiil C content and 0.7 and 0.35 %
of the initial soil N content for N and “half-N”.espectively (Table 1). Phosphorous
retention is generally >90 % for Icelandic Andos@snalds et al. 1995), so that the P
added was ca. ten times the initial available iaaorg P soil content to ensure that
enough P was accessible to soil microbes. Theser@sof substrates were chosen to

ensure the alleviation of potential C and nutrikmtitations of soil microbes while
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avoiding potential changes in soil pH. The corresig combination of the above C,
N and P concentrations were used for the CN, NPGIH addition levels, equivalent
to a weight ratio of 20:1:0.67 for the CNP additlexel. A set of incubation flasks was
also incubated after the addition of 1 ml of dezewl water without substrate (hereafter

“water-only”).

The response of microbial biomass to soil warming the capacity of the warmed soils
to retain N in presence of available nutrients ékpent of warming impacts on soil C
and N retention) was determined by incubating #maes from eacin situ warming
level with “water-only” and with added C, N and ? dombination (CNP) as a single
addition level, using the same soil mass and safiesttoncentrations as above (see
Marafidon-Jiménez et al. 2018 for further detail®)il Soisture was adjusted to 60 %
water-holding capacity in all incubation flasksdahe soil was mixed to ensure an even

distribution of the solution.

The soils were then incubated at the mean anntialesoperature in the field (8C)
and allowed to equilibrate for 12 h. This time lkapgas determined in a preliminary
assay using the same soils based on the time nézddédain acceptable coefficients of
variability (<20 %) of microbial respiratioMicrobial respiration (i.e. substrate induced
respiration) was then measured in all samples uamgnfrared gas analyzer (EGM-
4/SRC-1, PP-Systems, Hitchin, UK) coupled to aamusmade chamber with a fan and
vent. Incubation flasks were partially closed dgrihe incubation to prevent drying but
allow the gas exchange. The flasks weeatilated with a fan for ca. 2 minutes prior
each respiration measurement to release the acateduCQ in soil pores and in the air
layer closed to the soil surface. Flasks were insettrin a water bath at a constant
temperature of 5 °C to maintain the targeted teaipsr during the respiration
measurements. Temperature was continuously modittweng the measurements and
incubation using TidbiT v2 HOBO Data Loggers (Ongabmputer Corporation,
Bourne, USA). Gravimetric soil moisture stayed d¢ans at 60 % water-holding

capacity throughout the experiment.

The incubation temperature of the soil samples thas increased progressively to 30
°C over 6 days (4.6 °C per day) in an incubatohadjustable temperature, allowing us

to discard any potential limitation of low incubmti temperatures on the microbial
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substrate uptake and growth (Nedwell 1999)¢/6; Nmicro and the remaining DQg&so4,
NH," and DONwxso4in the soil were determined for all incubated sk®m@s described
above six days after the C and nutrient additi@nallow soil microbes to take up the
substrates. We were only interested in relativéedihces among treatments, so the
concentrations in the microbial fraction presertiece were not corrected for extraction

efficiency. All fractions are presented relativestnl dry mass.

2.5. Data analyses

The effect ofin situ soil warming on initial soil and microbial C andtrient contents
and ratios prior to the incubations was testedgusime-way ANOVAs, and differences
among warming levels were further tested by post teets with Tukey correction for
multiple testing. The effects of C, N and P sulistedditions on microbial respiration,
Chicror Nmicror microbial C:N ratios; the remaining DQ§os NH;" and DOM2sos and
the DOGso4 TNkosoas ratio in unwarmed soils (experiment of stoichioneetiemands
characterization) after the incubation were testsihg one-way ANOVAs, and
differences among addition levels were furtheredby post hoc tests with Tukey
correction for multiple testing. The differencesrifr soils without any addition were
also tested using post hoc Dunretests, using the “water-only” unamended soils as
control. The effect of soil warming, substrate &iddi (C, N and P combined) and their
interaction on microbial respiration,fere, Nmicro, the microbial C:N ratio (experiment
of warming impacts on soil C and N retention) wesgted using two-ways ANOVASs,
with “addition” and ‘in situ soil warming” as fixed factors. Differences amangsitu
warming levels were further tested by post hocstesth Tukey correction for multiple
testing. The effect of substrate addition on thevabvariables was also tested for each
warming level separately by one-way ANOVAs. Dataeviegansformed when required
to improve normality and homoscedasticity (Quinn &eough, 2009). Stoichiometric
ratios were calculated on a mass basis. Statigticalyses and model construction were
performed using JMP 13.0 (SAS Institute). All résubre presented as means *

standard errors.

3. Results
3.1. Response of microbial biomass C and respiration of ambient soilsto the addition of
C,Nand P
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Microbial biomass C (non-corrected for extractidficeency) constituted only 0.63 %
of the SOC in this subarctic soil but containedrfomes more C than the DQfsoa

pool (Table 1). Microbial respiration increased ta.h after the C addition (P<0.001),
but N addition and P addition did not cause anyigant changes in the rate of

microbial respiration (Fig. 1a), either alone ocombination with C.

Microbial biomass C responded to the additions &mjlarly to microbial respiration.
It increased 29-47 % approximately six days afier addition of a labile C substrate
(glucose) (Fig. 1b, P<0.001), while it even decegasn response to the N and P
additions alone. Microbial biomass C, however, éased after the combined addition
of N and P either alone or in combination with C.

3.2. Response of microbial N of ambient soils to the addition of C, N and P

The microbial N pool represented ca. three timestttal extractable N in the soil
(Table 1). Most of this extractable soil N (79 %ssMn an organic form, while NH
and NQ' represented only 17 % and 3 % of this pool, respmdy (Table 1). Total
microbial N only increased significantly in resperts the combined addition of C and
N (Fig. 2a, P=0.02), although values also increakatinot significantly, in all the rest
of the addition levels. Consequently, the C addititso caused a depletion of the NH
in soil (Fig. 2b, P<0.001). Circa 82 and 72 % o tNH," initially available was
depleted from the soil when C and N were addedomlgnation in the CN and CNP
addition levels, respectively (Fig. 2b), while age proportion (86, 81 and 111 % for
“half-N”, N and NP, respectively) still remained ihe soil otherwise. In contrast, soll

DONkzsos decreased in response to N-only addition (Fig.R=0.007).

3.3. Response of microbial C:N ratios of ambient soils to the addition of C, N and P

The C:N ratios of KSOy-extractable soil organic substrates decreasedwerlvalues
than in microbial biomass after six days of incutat(C:N imbalance <1, Fig. 3).
Microbial C:N ratios increased significantly in pesmise to the CNP addition and
decreased after the addition of N and P only (F&D0.0

3.4. Response of easily accessible soil C poolsand C:N ratios to warming
Seven years of continuous warming provoked a sotiatadepletion of the pools of
DOC extracted with KSO, and with phosphate buffer (DQfsos and DOGfter,
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respectively, Fig. 4a), while the most readily-dadalie DOC pool (DOGate) did not
show a consistent decreasing pattern with soil &atpresin situ. Moreover, the
relative accessibility of the DQgier pool, calculated as the ratio of DQerto SOC
pools, decreased with the intensity of soil warming to 8.7 °C above ambient
(P<0.001, Fig. 4b), while the relative accessipildf the DOGosos pool was not
substantially affected below this soil warming mg&y. Nonetheless, the non-
extractable C pools (SOC) were depleted in a highgportion at the highest warming
level (15.9 °C above ambient, Table 1), contriblutmincrease the relative accessibility
of both the DO&,sos and DOGuser poOIs. The relative accessibility of the DEer

pool remained however unaffectedibysitu soil warming.

Soil warming also decreased the pools of soil REE, and TNosos proportionally,
without any significant shifts in DOGso4 TNk2so4 ratios along thén situ temperature
gradient (Fig. 4c). Even though the C:N ratios @t srganic matter (SOC:TN) were
2.3 times higher than the C:N ratios of microbimnbass, the imbalance from the C:N
of the extractable fraction of organic substrai®®C«2sos TNk2soq Was initially close
to one (Fig. 4c), since the C:N ratios of the ectlrhle organic pools were much lower
than the ratios of the total organic matter pow&rming did not cause shifts in the
stoichiometric imbalance between the extractablgamic substrates and microbial
biomass, given the coupled and proportional los$&s and N from both biomass and
soil (Fig. 4c).

3.5. Response of soil microbes to warming and to the addition of C, N and P

Despite the depletion of the easily accessible Gogools, microbial respiration only
decreased slightly witim situ warming (P=0.04, Fig. 5a), and this decrease wég 0
significant at unamended samples (“water-only”, B3 In situ soil warming however
decreased substantially both microbial biomass & Mu{P<0.001 for both variables),
with the largest changes between 1.8 and 3.4 °@eabmbient (Fig. 5b, c). Microbial
C:N ratios thus did not change significantly wiithsitu soil warming, although variance

increased at the warmest soils (Fig. 5d, P=0.13).

The addition of a substrate containing a labilersewf C, N and P (CNP) increased

microbial respiration in a similar magnitude acrafisn situ warming levels (P<0.001
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for “addition” effect, P=0.87 for “addition” andri situ soil warming” interactions, Fig.
5a). In contrast, the substrate added increaserblbngd biomass C only in soils from
moderate warming levels <3.4 °C (P<0.001, Fig. Bl it did not increase at higher
warming levels (P<0.001 for “addition” andin“situ soil warming” interactions), even
though the amount of remaining DOC was still higllean in unamended soils
(P<0.01). Microbial N showed very similar respor{Be0.001 for “addition” effects,
Fig. 5c), but the interaction between “addition"datin situ soil warming” was not
significant in this case (P=0.18). Microbial C:Ntiog, however, did not change
substantially in response to the added CNP subs({Rxt0.10, Fig. 5d), although they
tended to increase in response to the addition @tu warming levels<3.4 °C (P=0.05
for “addition” and ‘in situ soil warming” interactions), indicating a proporiglly

higher retention of C than N.

4. Discussion

Nitrogen was lost in the same proportion as C @s¢hsubarctic soils (Table 1, Fig. 4c),
so that the C:N ratios did not change substantialiiyg thein situ soil temperature
gradient. This is in contrast to the increase i@ #vailability of soil mineral N and
vegetation productivity generally observed in figldrming experiments (Dieleman et
al. 2012, Dormann and Woodin 2002, Wu et al. 20The proportional loss of both
elements points to the tight C:N stoichiometric g as a mechanism. Soil C losses
in response to warmer temperatures have frequéety observed, but experimental
results do not always match model predictions fighitatitude ecosystems (Todd-
Brown et al. 2013, McGuire et al. 2018). Overloakithe relevance of the C and N
stoichiometric needs of soil microbes for soilsdtain these elements can be a potential
cause of these divergences. Soil warming provokediepletion of a large fraction of
the easily accessible C pools in these soils #gwhere microbial C limitation was
already strong (Fig. 1), leading to substantialictins in microbial biomass and in the
capacity of N retention of soil microbes. The st@cand N stoichiometric needs of sall
microbes may have determined the coupled losseS ahd N from warmed soils,

accounting for the constant soil C:N ratios.

4.1. C, N and P limitation of microbes in high-latitude soils
Nutrient immobilization by soil microbes can strbngontrol biogeochemical cycling

in ecosystems where temperatures limit the reledseutrients from SOM (Skouw
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Haugwitz et al. 2011). In these subarctic soilsstad the soil N was in organic form
and the microbial N pool represented ca. threedithe total extractable N, pointing to
the high sensitivity of N biogeochemical fluxes aull N storage capacity to changes
in microbial biomass N. The soils in our incubatomave been exposed situ to
constant temperature increases relative to amb@mperatures (Sigurdsson et al.
2016), so an increase in mineralization rates ancklslase to the soil are expected
throughout the year. Litter decomposition and nse=cific mineralization rates of the
microbes from the same study site were accordihgjlger in warmer soils (Leblans et
al. 2016, Marafon-Jiménez et al. 2018). The shiootgperiod and low temperatures,
however, limited vegetation productivity and nuttieiptake during winter dormancy
(Leblans et al. 2017). The role of soil microbes natrient immobilization for
preventing nutrient leaching is therefore cruciarinlg this period, and particularly

during winter thaws (Yano et al. 2015).

Soil microorganisms in these subarctic soils werengly C limited even at ambient
temperatures, indicated by a large and equivatemease in respiration and biomass in
response to C addition (Fig. 1). By contrast, nbabrespiration was not altered by the
N or P additions, and microbial biomass even dee@aafter the addition of these
nutrients alone (Fig 1b). Besides the low vegetatigputs during prolonged winter
periods, the strong C limitation can be also paagociated with the low accessibility
of most organic substrates, which are sorbed bynsiierals of high specific surface
area in these volcanic-ash soils. The large diffegs between SOC and DOC pools
points to a high proportion of non-extractable @msgly occluded (Poeplau et al. 2016).
More than ten times organic C was extracted by piate buffer than by water in the
ambient soils, which also indicates a high proportof soil C weakly adsorbed to
colloidal surfaces (Hayes, 1985). The high adsomptiapacity of the fine-textured soils
may promote a long-lasting microbial C limitatidrat, most likely, aggravate in winter,

when plant C inputs decrease.

The relationship between the C:N stoichiometry ol snicroorganisms and SOM
substrates governs the predominant biogeochemathivays by which microbes meet
their stoichiometric needs using available resair@@ooshammer et al. 2014b).

Accordingly, soil microorganisms retain limited elents and release those in excess
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(Sterner and Elser 2002). The microbial C:N raiothe soils at ambient temperatures
(C:N=5.41+0.15, Fig. 4c) were slightly lower thdmse reported for grassland soils
(C:N=6.6) and global averages (C:N=7.6) (Xu e®8l3). The SOC:TN ratios of SOM
(C:N=11.97+0.07) were also lower than for grasstan@:N=13.3) and globally
(C:N=16.4), and the ratios were even lower in theolpof extractable SOM
(C:N=6.02+0.72 , Fig. 4c). The relatively low mibral C:N ratios in these subarctic
soils and a C:N imbalance in relation to the exaiale organic pools close to one (Fig.
4c) indicate that N immobilization was not requiredlarge amounts to meet their
stoichiometric needs. On the contrary, a net mlizt@gon occurred during the soil
incubation in non-amended soils (Fig. 2b), while tmmobilization of mineral N was
conditioned by the supply of an accessible C padlthe production of new microbial
biomass (Figs. 1b and 2).

Carbon limitation and the strict C:N stoichiometriteeds of soil microbes
(Zeichmeister-Boltenstern et al. 2015) actuallystoained microbial N immobilization.
Only the C addition provoked a significant increaseamicrobial N (Fig. 2a), and N
immobilization was highest when C and N were adiledombination, although the
addition of inorganic N alone also stimulated miad N immobilization slightly. A
86, 81 and 111 % of the total WHnitially available still remained in the soil sdays
after addition for the “half-N”, N and NP additidevels, respectively (Fig. 2b), while
only 18 to 28 % remained when C was also addeth®CN and CNP additions. The
decrease of microbial biomass (Fig. 1b) and the@renant use of DON as C source
when only N was added (Fig. 2c) are further evidsnof C limitation for microbial
growth and N immobilization (Farrell et al. 201&jmilar C constraints of microbial N
demands have been observed in Siberia (Wild &04l5), reminding the need to frame
the concept of C or nutrient limitation to speciéicosystem components or processes
rather than generalizing to entire ecosystems. ssutace soils (>5 cm depth) also
showed no capacity for net retention of increasadputs after 20 years of fertilization
experiment in Alaska, leading to a net C loss (Matkl. 2004). Soils with relatively
low C:N ratios may also present a secondary miatdbilimitation. The addition of P in
these soils may fuel the synthesis of P-rich mRNAgrotein transcription (Elser et al.
1996), enhancing immobilization of soil DON for pgm synthesis up to certain level,
where the N immobilization is again saturated amdtéd by C availability (Hessen et

al. 2007). This limitation was evidenced by the rdase in microbial biomass in
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response to the P addition (Fig. 1b). In contrdmst, simultaneous supply of N and P
needed for protein synthesis may have promotedltbeation of soil organic substrates
for microbial growth, resulting in increases in noigial biomass (Fig. 1b). Soils with
low C:N ratios where the N storage function of guoicrobes is not supported by a

continuous supply of easily accessible C will ber¢fiore vulnerable to N losses.

4.2. Response of microbial cycling to soil warming

Seven years of continuous soil warming led to astuttial loss of total soil C and N
from the upper 10 cm (Table 1), but not all podiS®C were depleted equally. Both
DOCk2s04 and DOGser pools decreased significantly with situ soil warming, while
the DOGuaterpool did not show a consistent decreasing pattéig. @a). In relative
terms, soil warming provoked a predominant dephetibthe DOGser pool in relation
to the total SOC up to +8.7 °C warming (Fig. 4b)dicating a proportional decrease of
the soil organic C adsorbed within the soil miner&Vater-extractable C is known as
the most readily-available C pool for soil micropésit it has also shown a lower
biodegradability compared to the buffer-extractaBlgpool when both pools are fully
accessible to soil microbes (Nelson et al. 1994 g&/and Sollings 2002). Soll
microbes may have resorted on the weakly-adsorbiedc@on, the largest DOC pool in
these soils, as a predominant C source as the-exttactable C pool was depleted at
increasing soil temperatures. Increasing ratesepolymerization and solubilization
from the weakly-adsorbed SOM fraction may have alsaotributed to increase the
water-extractable C inputs, compensating the miatobonsumption of this pool.
Nonetheless, the non-extractable C pools (SOC) alguerienced a predominant
depletion at the most extreme warming level (1&%Bove ambient), probably causing
a decrease in the surface of organic colloidalesed, which contributed to increase the
relative accessibility of both the DQfsosand DOGserpooOIlS. Therefore, soil microbes
may have satisfied their increasing energy dematdsvarmer temperatures by a

proportionally higher solubilization of the C adsed in soil mineral surfaces.

Microbes increased their respiratory demands pdr afnbiomass in warmer soils
(Marafion-Jiménez et al. 2018, Walker et al. 208pbably as a consequence of
increasing energy costs for metabolic maintenance fr the solubilization of

adsorbed organic substrates. Soil warming did, kewenot cause substantial shifts in



559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592

19

the C:N imbalance between SOM and microbial bionfggs 4c) and the response of
respiration to the substrate (C, N and P) addiwi@s also equivalent across warming
levels (Fig. 5a). Rather than increasing their Gnaleds at the ecosystem level,
microbes maintained accelerated rates of C consompinder conditions of low C

accessibility by a reduction of the standing biosn@&alker et al. 2018, Fig. 5b), which
provoked a coupled and equivalent loss of microNiéFig. 5c, d). These results again
highlight the strict C:N stoichiometric needs ofil snicrobes and the tight coupling

between N immobilization and biomass production.rmiag can therefore lead to
proportional soil C and N losses when increased MNeralization rates are not

compensated by rapid plant N uptake and plant-déry inputs to the soil.

5. Conclusions

Seven years of chronic exposure to warmer tempesated to large and proportional
losses of C and N from these high-latitude soilsese findings point to the strict C:N
stoichiometric needs of soil microbes and the tightipling between microbial N
immobilization and biomass production as a key raadm. The continuous exposure
of soil microbes to higher temperatures for seveary increased their respiratory
demands and provoked the depletion of a largeibracif the easily accessible C pools
of these subarctic soils, where microbial C limaatwas already strong. Soil warming
constrained, as a result, the C retention in miatdbomass and the immobilization of
mineralized N. A release of mineral N that is napidly compensated by plant N
uptake is vulnerable to be lost through leachingase of nitrification and gaseous
fluxes in case of denitrification. The loss of Mrstge capacity of microbial biomass
likely provoked a shift from a close to a leakiec)le with a detrimental effect on saill
N availability and C storage capacity. This mechanmay be key in soils where the
low C availability can compromise the maintenand¢emicrobial biomass under a
warmer climate, particularly during periods of Ited plant C inputs and N uptak@ur
results also highlight the need to change the frtjmisconception of the ubiquitous N
limitation in high latitude ecosystems by a beftamed concept of limitation for each
specific process or ecosystem component. Accorgliraglr findings suggest a strong
control of microbial physiology and C:N stoichiometneeds on the retention of soil N
and ultimately on the resilience of high-latituael £ stocks to warming. Overlooking
this may be the cause of the large divergencesdagtvthe predicted response of soil C

stocks from models and observations at high latgud
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Figure captions:

Figure 1: A) Microbial respiration and B) microbielomass C in unwarmed soils in
response to the C, N and P additions. Microbigbiraion was measured 12 h after the
additions at the mean annual soil temperaturdCs Microbial biomass was measured
six days after the substrate additions. Differetters indicate significant differences by
Tukey’s post hoc tests @t0.05.

Figure 2: A) Total microbial N, B) remaining NH4+x@&C) remaining dissolved
organic N in unwarmed soils six days after the Gnd P additions. Triangles indicate
the initial NH4+ concentration in soil prior to tkeil incubation. Different letters
indicate significant differences by Tukey’s post hests ati=0.05.

Figure 3: C:N ratios in A) soil microbes and B)3Qy.extractable organic pools from
unwarmed soils six days after to the C, N and Rtiadd. Different letters indicate
significant differences by Tukey’s post hoc tesis=8.05.

Figure 4: A) Dissolved organic C pools, B) theilateve accessibility and C) C:N ratios
of K,SOyextractable organic pools, microbial biomass amd@iN imbalance between
these at the different intensities of soil warmibgta correspond to the initial values in
soils before the incubation or substrates additidhe relative accessibility of
extractable soil C pools was calculated as thdio t@ the total organic C pool. The
C:N imbalance was calculated as the ratio of C:daf organic pools over microbial
C:N. Different letters indicate significant differees by Tukey's post hoc tests at
a=0.05.

Figure 5: A) Microbial respiration, B) microbialdmass C, C) total microbial N and D)
microbial C:N ratios in response to the C, N aratBition at the different intensities of
soil warming. Microbial respiration was measuredhlafter the additions at the mean
annual soil temperature (). Microbial biomass C and N were measured sixsday
after the additions. Different letters indicate rsiigant differences among the soil
warming intensities according to two-way ANOVAs ahdkey’s post hoc tests. * and
** indicate significant differences between subtgraddition levels within each soil
warming intensity according to one-way ANOVAs: *0<€<0.05, **0.00kP<0.01.



1 Table 1: Main soil parameters along thesitu soil warming levels at the time of
2 sampling. BosPogs range of mean soil temperature values betweerbthand 9%'
3  percentiles; WHC, water holding capacity; SOC, ltetal organic C; TN, total soil N;
4 DONkzsos dissolved organic N in #8Qs; Phorg, available inorganic P in NaHGOPog,
5 organic P in NaHC@) Cyicro, microbial biomass C; Nero, total microbial N; Ricro, total
6 microbial P. Different letters indicate significadifferences among sites (Tukey’'s post
7  hoc tests after one-way ANOVAS). Intervals indicas¢éandard errors.
8
9
. In situ soil warming (°C above ambient)
Soil parameter 0 05 18 34 8.7 159 F P
Mean annual soil T2 5.6+0.1° 6.0+0.1%° 7.3+0.6"° 8.9+0.2° 14.3+1.1° 21.5+0.4°
(o)t 110.99 | <0.0001
(Po.05-Po.os) (0.1-13.0) (0.2-13.4) (0.8-15.9) (2.3-17.1) (5.0-26.2) (11.7-33.8)
WHC (%) 117.0+1.7°° 129.8+3.3° 117.1+4.9%° 112.2+1.7° 111.8+4.5° 109.1+3.3° 4.6080 | 0.0141
SOC (%)t 5.78+0.03" 6.59+0.02° 5.28+0.06° 3.08+0.03° 2.81+0.03° 2.43+0.04 2038.63 | <0.0001
TN (%)t 0.483+0.003" 0.563+0.003% 0.4+0° 0.257+0.003" | 0.237+0.003° | 0.223+0.003" | 1840.80 | <0.0001
SOC:TN 11.97+0.07° 11.7+0.04° 13.21+0.157 12.01+0.12° 11.860.12° 10.87+0.08° 52.11 | <0.0001
T
DONEZSO;‘%Q kg 12.41+1.64%° 15.79+2.01% 10.81+1.35%° 7.69+1.27" 7.70+1.18" 10.12+3.15%° 3.49 | 0.0392
¥ T
NHa (g(‘)?l)'frg dry 2.72+0.86° 6.84+0.36° 9.15+0.48° 3.93+0.16" 2.64+0.04"° 1.43+0.05¢ 50.93 | <0.0001
- T
NOs (Sr:)?l)'frg dry | 0.49040.032° | 0.675:0.043" 1.22140.058% | 0.803+0.026" | 0.301+0.014° | 0.174+0.001° | 206.56 | <0.0001
- T
Pinorg (rzg”l;g dry 2.16+0.18" 2.24+0.11° 2.42+0.04° 2.93+0.09% 2.50+0.02° 2.40+0.03" 9.41 | <0.0001
-1
Porg (r:g”')‘,? dry 10.60+0.26" 14.12+0.35% 9.49+0.41° 5.43+0.22° 3.3040.23¢ 3.83+0.12¢ 171.23 | <0.0001
K -1
Cmu:ro(sngﬁ)l:;g dry | 365.06410.86° | 413.84+12.28° | 305.69425.02° | 153.63+12.10° | 172.72416.73° | 139.15+24.30° | 33.88 | <0.0001
- T
Nm'”“(r:cﬂli‘g dry | 67.5442.572° 82.35+2.66° 66.32+6.16" 34.20+1.16° | 29.07+1.87%% | 17.95+2.74° 62.53 | <0.0001
- T
Pricro (r:c‘;"’”)kg dry 5.45+0.89% 4.34+0.38%° 3.00£0.60°° | 2.80+0.30°%¢ | 1.91+0.32°¢ 0.74+0.31¢ 11.17 | <0.0001
Cricro:PmicroT 67.02+1.99°° 95.43+2.83° 101.87+8.34° 54.90+4.32° 90.39+8.75° | 188.05+32.84% | 17.00 | <0.0001
Nimicro:Pmicro 12.40+0.47° 18.99+0.61%°° 22.10+2.05%P 12.22+0.41° 15.21+0.98"° 24.26+3.70° 7.82 0.0018
pH* 5.55+0.01° 5.48+0.00° 5.70+0.01° 5.96+0.01° 6.14+0.00° 6.20+0.01" 1350.3 | <0.0001
10  fLog-transformed data before ANOVAs
11  *Exponential-transformed data before ANOVAs
12 #Square root-transformed data before ANOVAs
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Warming triggered large and proportional C and N losses from these subarctic soils
Weakly sorbed organic substrates in soil minerals were depleted predominantly
Warmed soils were able to sustain alower microbial biomass

Strict microbial C:N stoichiometric demands also constrained N retention
Thisimpaired soil N storage and increased its vulnerability to C losses



