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Abstract: Temperate typical steppe ecosystems are experiencing prolonged growing seasons and
advanced phenology, leading to an increased risk of spring and autumn frosts. However, the
differential impacts of seasonal frost events on plant physiological indicators remain poorly
understood. To clarify the responses of plant physiological traits to spring and autumn frosts as well
as interspecific differences, we conducted in situ simulation experiments on three dominant species
(Artemisia frigida, Potentilla tanacetifolia, and Stipa krylovii) in the temperate typical steppe of
Inner Mongolia, China to investigate the responses of leaf chlorophyll and total soluble sugar
contents to frost events in different seasons. The results showed that: (1) Autumn frost significantly
induced a 36% increase in total soluble sugar content while chlorophyll remained stable. Conversely,
spring frost in the following year caused declines in chlorophyll and total soluble sugar contents by
42% and 54%. This pattern demonstrates a clear seasonal divergence in plant physiological
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responses to frost stress. (2) The three species differed greatly in frost sensitivity, ranked from high
to low as: Potentilla tanacetifolia > Artemisia frigida > Stipa krylovii. (3) An interaction existed
between the two frost events, which mainly manifested as a synergistic enhancement effect on total
soluble sugar. By contrast, the interaction exerted a relatively weak influence on chlorophyll. (4)
During autumn frost events, the decrease in soil temperature appeared to induce an increase in leaf
total soluble sugar content, whereas in the following spring, the reduction in chlorophyll content
was a potential factor contributing to the decline in total soluble sugar content. This study confirm
that spring and autumn frosts exert contrasting impacts on physiological indicators of dominant
species in temperate steppes, with obvious seasonal variations and interspecific differences. This
study provide important insights into the frost resistance mechanisms of steppe vegetation in this
region.
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treatments (P > 0.05). Data are expressed as mean + standard error. The same below.
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Fig.1 Average cumulative frost days and duration in spring and autumn from 1954 to 2014
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Table 1 Main effect analysis of environmental factors and physiological indicators under different
frost treatments

Z=75 Season =L FE15H] Before frost MR After frost
Index F P F P
Ts 1.092 0.360 3.367 0.061
VWC 1.182 0.334 1.033 0.379
#Z Autumn
TSS 0.333 0.725 5.076 0.024
Chl 0.006 0.994 1.028 0.385
Ts 0.810 0.463 0.535 0.596
) VWC 2.181 0.147 0.657 0.533
#HZ% Spring
TSS 0.536 0.595 4.323 0.042
Chl 1.185 0.329 4.332 0.042

E: T, 310 cm (IR VWC. 13 10 em ARG KE; TSS. BRIETERSE; Chl MR GE.
B AR TEBRREE . .
Note: Ts. Soil temperature at 10 cm depth; VWC. Volumetric water content at 10 cm soil depth; TSS. Total soluble
sugar content; Chl. Chlorophyll content. Bold values indicate significant main effects. The same below.
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HIE, BT KEMREERR ARG (SA) Ja I RS 2 0 FEAC, AR R
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A KERORATE B E A, B, KR ERITE R C. RERZTHE R E & VPR
;D WHEBRBFHREMH RN, C XA, A NKERHLE; S HREFEFHIHLE; SA
NKEHREEERHRLI ., * K8 P<0.05. .
A. Changes in total soluble sugar before and after autumn frost; B. Changes in chlorophyll before and after autumn
frost; C. Changes in total soluble sugar before and after following spring frost; D. Changes in chlorophyll before
and after following spring frost. C denotes Control; A denotes Autumn frost; S denotes Following spring frost; SA
denotes Autumn + Following spring frost. * indicates P < 0.05.The same below.
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Fig. 3 Differences in physiological indicators before and after autumn and following spring frost
treatments
FRN TR, RV N 1R USSR AL B R bR, HATAE SRR =52 .
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AR S, MFRGRE, 50 RS TR VERE & EX R R A BRI By, (R 2, P
=0.026) , MEREEARZIREFEYN (R2, P=0.189) ; HFIFRURHMRESIET
TEPERE LS S 3232 BIRR R R 52 (3R 2, P<0.05) o Wi RINIRFERET R HX
MERER A TR E R (R 2, P<0.001) o FEANETHIRE R AN o IOEH P 1 AR 2T
fRbrAERERW (R2, P>0.05) .
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Table 2 Statistical analysis results of main effects of physiological indicators in three dominant
species under different frost treatments

et FEURAT Before frost  FE{4J5 After frost
=4 Index Yy# Species F P F P
Season
TSS A8 Artemisia frigida 1.153 0.354 1.930 0.185
%2R Potentilla tanacetifolia 0.082 0.922 4.993 0.026
&s W IRE S Stipa krylovii 0.827 0490 3329  0.074
Autumn Chl A8 Artemisia frigida 0.633 0.550 0.162 0.852
%2R Potentilla tanacetifolia 0.524 0.606 1.920 0.189
ve IREFSF Stipa krylovii 1.147 0.389 0.027 0.973
TSS A8 Artemisia frigida 0.052 0.950 1.285 0.323
%2R Potentilla tanacetifolia 0.119 0.889 13.41 0.001
5 W IRES Stipa krylovii 0472 0.634 1500  0.265
Spring Chl A Artemisia frigida 1.307 0.300 17.22 <0.001
%2R Potentilla tanacetifolia 1.360 0.286 5.344 0.026
SLIRERSF Stipa krylovii 1.128 0.354 0.505 0.617

ZENRGERE R, EKERGEE, BHREEH A LB TR TEEESEEE LT
(K 4: A, P<0.05 , HERSEXRAREZEDLH (4. B, P>0.05 ; HEZT,
A8 5 o IREF P R A ERE DL S SR S B AR A B E N (P>0.05) .
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Fig. 4 Differences in physiological indicators of three dominant species after autumn frost

FEREREBRIRIG, MRS S DL SA AFE RS aT RS B2 T H SA T
FEMEE (60.9%) MEKT S (452%) (E5: A, P<0.05) , MHEGESENES FEET
Fe (E15: B, P<0.05 ; XfT#AE, SnliEElEERKERELE (P>0.05 , s
EEAE SA PR R E TR (K 5: B, P<0.05) ; T0IKRES & 18hn & B K52 B 55 A #
MR (P> 0.05) .

006 A Oc s B sa
ok
= 0041 "
H 3 !__‘
BE
= 2 g0l D BD IJ——_|
0.00f |j ; :
s B
4
ﬁ{; 3 * Sk
£z,
| Ly ] %
0 D@

KT TR Porentilla anacerfolia R Artenisiafrigida SEIGH Stipakrylovi
A KEFRFHREG LSRR B, IWFEFEFREREHSRRZNL. ** FR P<0.01; ** &R P<
0.001. .
A. Changes in total soluble sugar after following spring frost; B. Changes in chlorophyll after following spring
frost. ** indicates P < 0.01; *** indicates P < 0.001. The same below.
B 5 REFFFHE 3 MLBDMERBIRNZNL

Fig. 5 Differences in physiological indicators after following spring frost
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Fig. 6 Differences of expected and observed values for physiological indicators under combined

autumn and spring frosts
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Fig. 7 Partial correlation analysis between environmental factors and physiological indicators
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A. Relationship between total soluble sugar and chlorophyll in autumn; B. Relationship between total soluble sugar
and chlorophyll in following spring. R?, is the marginal coefficient of determination in linear mixed-effects models,
representing the proportion of variance explained only by fixed effects.
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Fig. 8 Linear relationship between total soluble sugar and chlorophyll
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