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At a global scale, all ecosystems are, and will continue to be, im-
pacted by global change, including alterations in temperature and 
precipitation, and more frequent and severe periods of climatic 

extremes (Min et al., 2011; Smith, 2011). The magnitude of climate 
change, and alterations in precipitation and temperature at a re-
gional scale, are reasonably well constrained (Solomon et al., 2007; 
Schoof et al., 2010). However, local ecosystems vary dramatically 
in their response and sensitivity to changes in climate (Smith et al., 
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�0v|u-1|
 �;v|bomĹ�Does climate change affect vegetation and seed bank composition in de-
sert grasslands?
�o1-|bomĹ�";�bѴѴ;|-��-|bom-Ѵ�)bѴ7Ѵb=;�!;=�];ķ��;���;�b1oķ�&"�ĺ
�;|_o7vĹ�(;];|-|bom� -m7� v;;7� 0-mh� vr;1b;v� 1olrovb|bom� �;u;� u;1ou7;7� bm� 0Ѵ-1h�
grama (Bouteloua eriopoda) and blue grama (Bouteloua gracilis) grasslands. At each site, 
two rainfall manipulations and ambient controls were established in 2013 (n = 10). 
$u;-|l;m|v� bm1Ѵ�7;7� ;�|u;l;�7uo�]_|� Őƴѵѵѷ� u-bm=-ѴѴ� u;7�1|bom� 7�ubm]� |_;� ]uo�bm]�
v;-vomő� -m7� 7;Ѵ-�;7� lomvoom� Őru;1brb|-|bom� 1-r|�u;7� 7�ubm]� ��Ѵ�ŋ���]�v|� -m7� u;-
-rrѴb;7� bm� ";r|;l0;uŋ��1|o0;uőĺ� �0o�;Ŋ�]uo�m7� vr;1b;v� 1olrovb|bom��-v� -vv;vv;7ķ�
and composite soil samples were collected in 2017, five years after the experiment 
started. Seed bank was evaluated using the seedling emergence method.
!;v�Ѵ|vĹ�Rainfall treatments increased the above- ground vegetation and seed bank 
richness in the blue grama community, but not in the black grama community. 
(;];|-|bom�1o�;u��-v�u;7�1;7�0��0o|_�u-bm=-ѴѴ�l-mbr�Ѵ-|bomvķ�0�|�v;;7�0-mh�7;mvb|��
bm1u;-v;7�ou�u;l-bm;7�|_;�v-l;�1olr-u;7��b|_�1om|uoѴvĺ��m�-0o�;Ŋ�]uo�m7��;];|-|bomķ�
cover of annual and perennial forbs increased, and dominant perennial grasses de-
1u;-v;7��m7;u�7uo�]_|ĺ��m�|_;�vobѴ�v;;7�0-mhķ�vr;1b;v�1olrovb|bom��-v�vblbѴ-u�-lom]�
all treatments and was dominated by annual and perennial forbs.
�om1Ѵ�vbomvĹ�The seed bank was more resistant to drought than above- ground vege-
|-|bomĺ��;1-�v;�v;;7�0-mhv�1-m�;m_-m1;�Ѵom]Ŋ�|;ul�1oll�mb|��v|-0bѴb|�ķ�|_;bu�7uo�]_|�
resistance plays an important role in maintaining ecosystem processes during and fol-
lowing drought in these grassland communities.

� � + )� !	 "
�Ѵ-1h�]u-l-�ŐBouteloua eriopodaőķ��Ѵ�;�]u-l-�ŐBouteloua gracilis), delayed monsoon, desert 
grassland, extreme drought
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2009; Luo et al., 2011; Maurer et al., 2020) and there is a lack of 
knowledge about how ecosystems will respond to many aspects of 
climate change, including prolonged severe drought and changes in 
precipitation seasonality.

�m�vo�|_�;v|;um��ou|_��l;ub1-ķ�1Ѵbl-|;�lo7;Ѵv�ru;7b1|�-�]Ѵo0-Ѵ�
increase in temperature (Gutzler & Robbins, 2011), whereas the ef-
fects of climate change on precipitation vary regionally and remain 
harder to forecast. Rainfall in this region is dominated by the North 
�l;ub1-m��omvoom�7�ubm]��_b1_�ѵƏѷ�o=�-mm�-Ѵ�u-bm=-ѴѴ�o11�uv�=uol�
July through September following a two- month hyper- arid period 
with high temperatures and low average rainfall (Notaro et al., 2010). 
�m�];m;u-Ѵķ�lo7;Ѵv�ru;7b1|�-m�bm1u;-v;�bm�|_;�=u;t�;m1��o=�;�|u;l;�
events, which is already evident in the climate record (Zhang et al., 
ƑƏƑƐőĺ��=� ]u;-|;u� 1om1;umķ� 1Ѵbl-|;�lo7;Ѵv� bm7b1-|;� -�>ƖƏѷ�ruo0-
ability of decadal scale, severe drought by the end of the century 
Ő�ooh�;|�-Ѵĺķ�ƑƏƐƔőĺ��Ѵ|_o�]_�lo7;Ѵv�=ou;1-v|�Ѵb||Ѵ;�1_-m];�bm�-�;u-
age summer precipitation, a change in the seasonality of the summer 
monsoon is predicted to occur, with decreased precipitation in June 
-m7� ��Ѵ�� -m7�lou;�ru;1brb|-|bom� bm�";r|;l0;u�-m7��1|o0;u�;==;1-
tively extending the hyper- arid period (Solomon et al., 2007; Cook & 
";-];uķ�ƑƏƐƒĸ��ooh�;|�-Ѵĺķ�ƑƏƐƔőĺ

Changes in rainfall event size and lengthening the time between 
rain events may have several impacts on community composition 
-m7�7b�;uvb|��Ő�m-rr�;|�-Ѵĺķ�ƑƏƏƑĸ��bu-m7-�;|�-Ѵĺķ�ƑƏƏƖĸ�$-Ѵlom�;|�-Ѵĺķ�
ƑƏƐƐőĺ� �m� ]u-vvѴ-m7� ;1ov�v|;lvķ� 7uo�]_|v� 1-m� u-rb7Ѵ�� -Ѵ|;u� rѴ-m|�
1oll�mb|�� 1olrovb|bom� Ő
�mm�ş��Ľ�ommouķ� ƑƏƏƏő� -m7� ;1ov�v|;l�
functioning (Wilcox et al., 2020). Drought can decrease the abun-
7-m1;�o=�7olbm-m|�r;u;mmb-Ѵ�]u-vv;v�Ő�࢙;��;|�-Ѵĺķ�ƑƏƐƒőķ�-m7�bm1u;-v;�
the abundance of annual and perennial forbs during the drought 
and after it ends (Milton & Dean, 2000; Hodgkinson & Müller, 
ƑƏƏƔĸ��ou;mvh��;|�-Ѵĺķ�ƑƏƐƒĸ��Ľ�ommouķ�ƑƏƐƔĸ���mvom�;|�-Ѵĺķ�ƑƏƐѵĸ�
Swemmer et al., 2018). However, during drought, composition of 
the soil seed bank can give a more complete idea of how vegetation 
and seed production responds to extreme events (DeMalach et al., 
2021). Seeds of many species have a bet- hedging strategy in unpre-
7b1|-0Ѵ;�;m�buoml;m|v�Ő�;|��;|�-Ѵĺķ�ƑƏƐƏĸ��u;l;u�ş�(;m-0Ѵ;ķ�ƑƏƐƓĸ�
Tomiolo et al., 2020), maintaining a fraction of dormant seeds for fu-
ture germination opportunities as an insurance against reproduction 
=-bѴ�u;�Ő(;m-0Ѵ;ķ�ƑƏƏƕĸ�"--|h-lr�;|�-Ѵĺķ�ƑƏƐƒőĺ�$_;u;=ou;ķ�v;;7�0-mhv�
l-��v;u�;�-v�-�vo�u1;�o=�;1ov�v|;l�u;vbѴb;m1;�Ő�u;l;u�ş�(;m-0Ѵ;ķ�
ƑƏƐƓĸ��-�;|�-Ѵĺķ�ƑƏƑƐőķ��;|� |_;�u;vromv;�o=� |_bv�1olrom;m|�o=� |_;�
plant community to climate change is rarely estimated in perennial- 
dominated dry grasslands.

Many seeds can withstand a much wider range of environmen-
tal conditions than adult plants, especially extremes of drought and 
|;lr;u-|�u;� Ő
;mm;u� ş� $_olrvomķ� ƑƏƏƔĸ��Ѵ-mo� ;|� -Ѵĺķ� ƑƏƐƑĸ� �ob�
et al., 2012). The ability of seeds to persist in a state of diapause 
during long periods gives them the ability to survive persistent pe-
ubo7v�o=��m=-�ou-0Ѵ;�1Ѵbl-|;�1om7b|bomv�Ő(;m-0Ѵ;ķ�ƑƏƏƕőĺ��_-m];v�bm�
above- ground plant species composition can be accelerated or de-
1;Ѵ;u-|;7�0��7u���;-uv�Ő�bl0-ѴѴ�;|�-Ѵĺķ�ƑƏƐƏĸ��o�7b�;|�-Ѵĺķ�ƑƏƐƑĸ�
�mh�
et al., 2018). At the same time the soil seed bank may determine 
resilience of the community once drought ends. Nonetheless, the 

similarity between established vegetation and the soil seed bank is 
usually low (Hopfensperger, 2007). Moreover, seed rain can change 
due to drought since seed production may be reduced for some spe-
cies but not for others (Zeiter et al., 2016) altering the composition of 
the seed bank. Large differences between below-  and above- ground 
vegetation may cause a shift in species composition over the long 
term (Saatkamp et al., 2013). Thus, changes in the soil seed bank in 
response to drought can yield information on how total community 
composition may change following drought and, as a consequence, 
how other ecosystem attributes may change as well.

Many grasslands experience a complex disturbance regime that 
includes grazing, fire and periodic drought (Collins et al., 1998; Smith 
et al., 2016; Ratajczak et al., 2019). This complex disturbance re-
gime partly determines the persistence of soil seed banks (Fenner 
ş�$_olrvomķ�ƑƏƏƔőķ�-m7�]u-vvѴ-m7�vr;1b;v�;�_b0b|�-��b7;�vr;1|u�l�
of seed longevity. How seed bank composition and persistence are 
affected by drought remains relatively unknown since many factors 
may influence seed bank persistence and development. Yet, under-
standing how seed banks are affected by drought is important for 
restoration and community resilience following extreme climatic 
events. Current knowledge indicates the seed banks enhance the 
persistence of plant species particularly in ecosystems with recur-
u;m|�7bv|�u0-m1;v�Ő�Ѵ-mo�;|�-Ѵĺķ�ƑƏƐƑőĺ��m�-ub7�v�v|;lvķ�r�Ѵv;v�o=�u-bm�
ruolo|;�];ulbm-|bom�Ő�oѴl]u;m�;|�-Ѵĺķ�ƑƏƏѵĸ��ob�;|�-Ѵĺķ�ƑƏƏƖőķ�0�|�b=�
follow- up rains are not sufficient, or if high soil temperatures reduce 
humidity, seedling recruitment could fail, depleting the seed bank 
Ő�obķ�ƑƏƐƑőĺ

Although numerous rainfall manipulation experiments have been 
1om7�1|;7�u;1;m|Ѵ��Ő�;b;u�;|�-Ѵĺķ�ƑƏƐƑĸ��_;u-u7b�ş�"-Ѵ-ķ�ƑƏƐƒĸ��m-rr�
et al., 2017), very few have studied how drought affects the soil 
seed bank. The seed bank is an important feature of plant commu-
mb|b;vķ�0�|�v;;7�r;uvbv|;m1;�7;r;m7v�om�v;�;u-Ѵ�=-1|ouvĺ��;uvbv|;m1;�
is often species- specific, and viability will depend on environmental 
conditions (Ma et al., 2020). For example, some seeds germinate rap-
idly following a small moisture pulse (Nenzhelele et al., 2018; Siebert 
et al., 2020), but subsequent dry conditions may reduce their sur-
�b�-Ѵ� Ő�ob� ;|� -Ѵĺķ� ƑƏƏƖőĺ� �m� 1om|u-v|ķ� |_ov;� vr;1b;v��b|_�r;ul-m;m|�
seed banks and with bet- hedging strategies (i.e., with a high propor-
tion of dormant seeds) have increased chances of survival during 
7uo�]_|� Ő(;m-0Ѵ;ķ� ƑƏƏƕőĺ� �omv;t�;m|Ѵ�ķ� v;;7� 0-mh� 1olrovb|bom�
after drought can change, which can affect plant community compo-
sition after the dry period ends. Therefore, understanding how seed 
banks will respond to drought or changes in precipitation seasonality 
is particularly important for community composition and ecosystem 
=�m1|bombm]�bm�7u�Ѵ-m7�;1ov�v|;lvĺ��m�|_;�1om|;�|�o=�1�uu;m|�1Ѵbl-|;�
change, knowing the response of the seed bank in dry environments 
is crucial to predict how these vulnerable ecosystems may respond 
in the future.

�m�|_bv�v|�7�ķ��;��v;7�-�l�Ѵ|bŊ��;-u�=b;Ѵ7�;�r;ubl;m|�bm�|�o�v;lbŊ�
arid grassland ecosystems to determine the effects of drought and 
changes in precipitation seasonality on above- ground vegetation 
and soil seed bank communities. We hypothesized that vegetation 
and seed bank richness and diversity would decline with drought and 
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species composition would change as the abundance of short- lived 
annual species increased with drought.

ƑՊ |Պ��$��	"

ƑĺƐՊ |Պ "|�7��-u;-

This study was conducted at the Sevilleta National Wildlife Refuge 
Ő"�)!őķ�-�ƐƏƏķƏƏƏ�_-�-u;-�Ѵo1-|;7�-Ѵom]�|_;�!bo��u-m7;�(-ѴѴ;��bm�
1;m|u-Ѵ��;���;�b1oķ�&"�ĺ� $_;� -u;-��-v� ]u-�;7� 0�� 7ol;v|b1� 1-|-
tle until 1973. Mean annual temperature at the study site is 13.2°C 
-m7�-�;u-];�-mm�-Ѵ�ru;1brb|-|bom�bv�ƑƑѵĺѶ�ll�ŐƐƖѶƖŋ�ƑƏƐѶőķ�-rruo�b-
l-|;Ѵ��ѵƏѷ�ŐƐƒѵ�llő�o=��_b1_�o11�uv�7�ubm]�|_;�lomvoom�v;-vom�
from June through September (Notaro et al., 2010). Average annual 
ru;1brb|-|bom� 7�ubm]� |_;� ;�r;ubl;m|-Ѵ� 7uo�]_|� ŐƑƏƐƒŋ�ƑƏƐƕő� �-v�
ƑƒƏĺƖ�ll�-m7�-�;u-];�lomvoom�ru;1brb|-|bom��-v�ƐƔƏĺѵ�llĺ�"obѴv�
are highly erodible Typic Haplargids derived from piedmont alluvium. 
Soil texture in the upper 20 cm, where root biomass is concentrated 
Ő��u1�ş�"l-ѴѴķ�ƑƏƏƕőķ�bv�ѵѶѷ�v-m7ķ�ƑƑѷ�vbѴ|ķ�-m7�ƐƏѷ�1Ѵ-�ķ��b|_�Ƒѷ�
1-Ѵ1b�l�1-u0om-|;� Ő�b;=|� ;|� -Ѵĺķ� ƐƖƖѶőĺ�)-|;uŊ�_oѴ7bm]� 1-r-1b|�� -m7�
m�|ub;m|�u;v;u�;v�-u;��;u��Ѵo��Ő,-h�;|�-Ѵĺķ�ƐƖƖƓőĺ

The SNWR is located at the ecotone between Chihuahuan 
	;v;u|� -m7� �u;-|� �Ѵ-bmv� ]u-vvѴ-m7v� -|� -m� ;Ѵ;�-|bom� o=� ~1,600 m. 
$_;��u;-|��Ѵ-bmv�]u-vvѴ-m7� bv�7olbm-|;7�0��0Ѵ�;�]u-l-� ŐBouteloua 
gracilis), whereas the Chihuahuan Desert grassland is dominated by 
black grama (Bouteloua eriopodaő�Ő�uक़;ѴŊ�	�Ѵ-��;|�-Ѵĺķ�ƑƏƏƓőĺ��|�0o|_�
vb|;vķ��;];|-|bom�1o�;uv�-0o�|�ѵƏѷ�o=�|_;�vobѴ�v�u=-1;�Ő�o1hl-m�ş�
Small, 2010) with plant interspaces supporting cyanobacterial crusts 
Ő
;um-m7;v� ;|� -Ѵĺķ� ƑƏƐѶĸ� �-Ѵ7-u;ѴѴb� ;|� -Ѵĺķ� ƑƏƑƐőĺ� $_;� vb|;v� 7b==;u� bm�
plant species richness (76 and 60 species in the above- ground veg-
etation at the blue and black grama sites, respectively), response to 
climate variability (Rudgers et al., 2018), and sensitivity to drought 
Ő�m-rr�;|� -Ѵĺķ� ƑƏƐƔőĺ�(;];|-|bom�7�m-lb1v� -1uovv� |_bv� ;1o|om;�7;-
pend strongly on short-  and long- term fluctuations in precipitation 
Ő��Ѵ7-�bm�;|�-Ѵĺķ�ƑƏƏѶĸ��oѴѴbmv�ş�*b-ķ�ƑƏƐƔĸ���Ѵ_o�v;�;|�-Ѵĺķ�ƑƏƐƕőķ�
and long- term data show that the Chihuahuan Desert species, black 
grama, is expanding at the expense of blue grama as aridity increases 
(Collins et al., 2020). Thus, it is important to determine how predicted 
climate change (chronic drought or changes in seasonality) will affect 
vegetation dynamics across this ecotone in the future.

ƑĺƑՊ |Պ ��r;ubl;m|-Ѵ�7;vb]m

The experiment consisted of two rainfall manipulations and a con-
|uoѴ� Ő-l0b;m|� u-bm=-ѴѴő� bm�0o|_��u;-|��Ѵ-bmv�-m7��_b_�-_�-m�	;v;u|�
grasslands (from now on referred to as blue and black grama sites 
u;vr;1|b�;Ѵ�ĸ�
b]�u;�Ɛőĺ�$_;�|�o�vb|;v�-u;�-rruo�bl-|;Ѵ��Ɣ�hl�-r-u|�
with similar climate and soils (Ladwig et al., 2021). The two rainfall 
manipulations at each site were drought and a delayed monsoon 
|u;-|l;m|ĺ�$_;�7uo�]_|�1omvbv|;7�o=�-�ѵѵѷ�u;7�1|bom�bm�]uo�bm]�v;--
son (April through mid- September) precipitation over five growing 

v;-vomv� ŐƑƏƐƒŋ�ƑƏƐƕő��vbm]�u-bm=-ѴѴ�l-mbr�Ѵ-|bom�v_;Ѵ|;uv� Ő+-_7fb-m�
ş�"-Ѵ-ķ�ƑƏƏƑőĺ�
ou�|_;�7uo�]_|�|u;-|l;m|ķ�ƐƔĺƑƔŊ�1l��b7;�|u-mvr-u-
ent polyethylene slats were arrayed at a spacing that reduced each 
u-bm=-ѴѴ�;�;m|�0��ѵѵѷķ�|_;u;0��l-bm|-bmbm]�|_;�m-|�u-Ѵ�ru;1brb|-|bom�
r-||;um� o=� ;-1_� vb|;� Ő�m-rr� ;|� -Ѵĺķ� ƑƏƐƕőĺ� $_bv��-v� |_;� ;t�b�-Ѵ;m|�
o=�-�1-ĺ�ƔƏѷ�u;7�1|bom�bm�-mm�-Ѵ�ru;1brb|-|bom�0;1-�v;�ѵƏѷŋ�ƕƔѷ�o=�
annual precipitation falls during the growing season. These passive 
v_;Ѵ|;uv�lblb1�u-bm=-ѴѴ�r-||;umv�=o�m7�7�ubm]�-1|�-Ѵ�7uo�]_|v�Ő�m-rr�
;|�-Ѵĺķ�ƑƏƐƔő�-m7�u;=Ѵ;1|�|_;�blr-1|v�o=�l�Ѵ|bŊ��;-u�v;�;u;�7uo�]_|�-v�
ru;7b1|;7�=ou�|_bv�u;]bom�0��1Ѵbl-|;�lo7;Ѵv�Ő�ooh�;|�-Ѵĺķ�ƑƏƐƔőĺ

For the delayed monsoon, complete rainout shelters made of 
transparent polyethylene panels that covered the entire plot were 
deployed and all rain during July and August was captured in gut-
|;uv�-m7�v|ou;7�bm�or-t�;�ƓķƐѵƔŊ�Ѵ��-|;u�|-mhvĺ�$_;�uoo=�v|u�1|�u;v�
were removed 1 September each year and all water captured during 
summer was added onto each plot in several medium and large rain 
;�;m|v� Ő7;r;m7bm]�om�|o|-Ѵ���Ѵ�ŋ���]�v|� u-bm=-ѴѴő�7�ubm]�";r|;l0;u�
-m7� ;-uѴ�� �1|o0;u� �vbm]� -� r�lr� -m7� o�;u_;-7� vrubmhѴ;u� v�v|;l�
�b|_�u-bm7uor�t�-Ѵb|��vrubmhѴ;u�_;-7vĺ��m�ƑƏƐƕ�-�|o|-Ѵ�o=�vb���-|;ubm]�
events ranging in size from 10 to 30 mm were applied in September 
-m7� �1|o0;u� -|� ;-1_� vb|;ĺ� $_�vķ� |_;v;� rѴo|v� u;1;b�;7� |_;� v-l;�
amount of precipitation as ambient rainfall, but under different sea-
sonality simulating a situation in which the summer monsoon occurs 
later in the year, as predicted by models of climate change for this 
region (Cook & Seager, 2013).

�-1_�vb|;�1omvbv|;7�o=�|_bu|��Ɣ�l�×�Ɣ�l�;�r;ubl;m|-Ѵ�-u;-v�Őn = 10 
plots per treatment) plus a 1- m buffer to allow access to the plots 
and minimize edge effects associated with the infrastructure. Each 
experimental site was established in relatively level, homogeneous 


 ��&!� �ƐՊ�;m;u-Ѵ��b;��o=�Ő-ő�|_;�0Ѵ-1h�]u-l-�vb|;�-m7�Ő0ő�|_;�
blue grama site

(a)

(b)
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areas of blue grama and black grama- dominated grassland starting 
bm�ƑƏƐƒ��b|_�ƑƏƐƑ�-v�-�ru;|u;-|l;m|��;-uĺ��Ѵo|v��;u;�-uu-�;7�bm�-�
block design (n =�ƐƏ�0Ѵo1hv�r;u�vb|;ő��b|_�Ɣŋ�ƐƔ�l�0;|�;;m�0Ѵo1hv�
-|�|_;�0Ѵ�;�]u-l-�-m7�Ɣ�l�0;|�;;m�0Ѵo1hv�-|�|_;�0Ѵ-1h�]u-l-�vb|;vĺ�
For each site, all plots within a block (including the control) were 
Ѵo1-|;7�-|�Ѵ;-v|�Ɣ�l�-r-u|ķ�-m7�|u;m1_;7�|o�ƑƏ�1l�-m7�v�uuo�m7;7�0��
an aluminum flashing barrier to hydrologically isolate them from the 
adjacent soil. The most significant environmental artifacts of these 
v_;Ѵ|;uv�-u;�-�ƏĺƓŦ��bm1u;-v;�bm�|;lr;u-|�u;�Ő)_b|m;��;|�-Ѵĺķ�ƑƏƐƖőķ�
-m7�Ɣѷŋ�ƐƏѷ�u;7�1|bom�bm�Ѵb]_|�7�;�|o�|_;�roѴ�1-u0om-|;�uoo=bm]�l--
terial used, which is still above saturating light levels in this system. 
The shelters have up to a ~20- cm edge effect (Yahdjian & Sala, 2002) 
which is well within the range of our 1- m buffer zone.

�m�;-1_�u;rѴb1-|;�rѴo|�1o�;u�o=�-ѴѴ�vr;1b;v��-v��bv�-ѴѴ��-vv;vv;7�
during spring and fall in four permanently marked 1- m2 quadrats, 
two quadrats in the northwest and two in the southeast sections 
of each plot. Highest cover for each species registered during 2017 
Ővrubm]� ou� v�ll;uő� �-v� �v;7ĺ� �m� lb7Ŋ�";r|;l0;u� ƑƏƐƕķ� -=|;u� =b�;�
seasons of experimental treatments, we took soil samples in each 
experimental plot (n = 30 per site). Each soil sample consisted of a 
1olrovb|;�v-lrѴ;�o=�=b�;�vobѴ�1ou;vķ�ѵĺƓƔ�1l2�-m7�ƑĺƔƓ�1l�7;r|_ĺ�
Cores were randomly located at least 1 m apart in each plot ex-
cluding the 1- m2 vegetation quadrats. Thus, each soil sample was 
ѶƐĺƖƓ�1l3. After soil collection, soil seed bank densities and com-
position were evaluated using the seedling emergence method 
(Roberts, 1981). Soil samples were transferred to plastic trays 
(10 cm × 10 cm × 3 cm) and maintained in a climate- controlled 
]u;;m_o�v;� -|� |_;� &mb�;uvb|�� o=� �;���;�b1o� �b|_� -�|ol-|b1� bu-
ub]-|bom� =ou� -� r;ubo7� o=� ƐƏ� �;;hv� ŐƑƏņƐƔŦ�� 7-�ņmb]_|ķ� ƐƑ� _� 7-��
length and irrigation three times a day to keep trays constantly 
moist). Emerged seedlings were identified and removed every 
�;;hĺ� &mb7;m|b=b-0Ѵ;� v;;7Ѵbm]v� �;u;� |u-mv=;uu;7� bm|o� ro|v� -m7�
]uo�m��m|bѴ� b7;m|b=b1-|bom��-v�rovvb0Ѵ;ĺ��m;�vr;1b;v�1o�Ѵ7�mo|�0;�
identified at the end of the study. Raw data are available through 

|_;��m�buoml;m|-Ѵ�	-|-� �mb|b-|b�;� Ő_||rvĹņņ7obĺou]ņƐƏĺѵƏƕƒņr-v|-ņ�
Ə1Ɛ1=�7=ƕƓ=�--;Ɩѵ�77Ɠ7Ɠ�ѶƖ=Ѷ0�ѵ1ƓƖ1ƑƓőĺ

ƑĺƒՊ |Պ "|-|bv|b1-Ѵ�-m-Ѵ�vbv

For all plots we calculated seed density (seeds per square meter) and 
�;];|-|bom�1o�;u�Őѷő�0��vr;1b;v�-m7�Ѵb=;�=oul�Ő]u-vvķ�=ou0vķ�v_u�0v�-m7�
annual or perennial). We also calculated Shannon diversity index (Hனő�
-m7��;u];uŋ��-uh;u�	olbm-m1;�bm7;��ŐD; Avolio et al., 2019) for vegeta-
tion at the plot scale based on average cover values from the four 1- m2 
quadrats and based on seedling emergence data from the soil seed bank. 
Differences in all estimated parameters among treatments within each 
vb|;��;u;�-m-Ѵ��;7��vbm]�0Ѵo1h;7����(��-m7�$�h;�ŝv�rov|Ŋ�_o1�|;v|ĺ

(;];|-|bom�-m7�vobѴ�v;;7�0-mh�1olrovb|bom�-lom]�|u;-|l;m|v��;u;�
analyzed separately using multi- variate analyses. A non- metric multi-
dimensional scaling (NMS) ordination and a permutation multi- variate 
���(��Őr;u����(�ő��;u;�r;u=oul;7�bm�;-1_�vb|;�=ou��;];|-|bom�-m7�
soil seed bank data sets. The NMS was conducted using the Sørensen 
7bv|-m1;�l;-v�u;ķ� -� u-m7ol� v|-u|bm]� 1om=b]�u-|bom� -m7�ƑƔƏ� u�mv��b|_�
u;-Ѵ�7-|-� Ő�1��m;�ş��u-1;ķ�ƑƏƏƑőĺ�$_;�r;u����(���-v�7om;��vbm]�
��1Ѵb7;-m� 7bv|-m1;ĺ� �-buŊ��bv;� 1olr-ubvomv� �b|_� �om=;uuomb� 1ouu;1|bom�
were performed to detect significant differences between treatments. 
�;�|ķ��;��v;7��m7b1-|ou�"r;1b;v��m-Ѵ�vbv�=ou��;];|-|bom�-m7�vobѴ�v;;7�0-mh�
samples to determine which species characterized each treatment using 
omѴ��|_;�7;=bm;7�]uo�rv�|_-|�7b==;u;7�vb]mb=b1-m|Ѵ��0-v;7�om�r;u����(��
(Dufrêne & Legendre, 1997). All multi- variate analyses were made using 
��Ŋ��!	�Ő�;uvbom�ѵĺƏķ�)bѴ7��Ѵ�;0;uu���;7b-����ķ��ou�-ѴѴbvķ�&"�őĺ

ƒՊ |Պ !�"&�$"

�m� ƑƏƐƕķ��;� =o�m7� -� |o|-Ѵ� o=� ƓƏ� rѴ-m|� vr;1b;v� -|� |_;� 0Ѵ-1h� ]u-l-�
site (above- ground richness = 29 and seed bank richness = 23) and 


 ��&!� �ƑՊ$o|-Ѵ�l;-m�vr;1b;v�ub1_m;vv�
(±standard error) in vegetation surveys (a 
and b) and soil seed bank samples (c and 
d) in the different treatments (C: Control, 
DM: delayed monsoon, D: drought) in blue 
and black grama- dominated grasslands. 
Different letters indicate significant 
differences among treatment means 
(n = 10)

https://doi.org/10.6073/pasta/0c1cfdf74faae96dd4d489f8b6c49c24
https://doi.org/10.6073/pasta/0c1cfdf74faae96dd4d489f8b6c49c24
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ѵƓ�vr;1b;v�-|�|_;�0Ѵ�;�]u-l-�vb|;�Ő-0o�;Ŋ�]uo�m7�ub1_m;vv�=�ƔƔ�-m7�
seed bank richness = 27) across all treatments. Twelve and 18 spe-
cies were common to above- ground vegetation and the soil seed 
0-mh�bm�0Ѵ-1h�-m7�0Ѵ�;�]u-l-�vb|;vķ�u;vr;1|b�;Ѵ�ĺ��m�|_;�0Ѵ-1h�]u-l-�
site, across all samples and treatments, most of the species were 
-mm�-Ѵv� ŐƓƏĺƏѷő� ou� v_u�0� ou� v�0v_u�0� vr;1b;v� ŐƒƏĺƏѷőĺ� �;u;mmb-Ѵ�
]u-vv;v� -m7� =ou0v� u;ru;v;m|;7� ƐƔĺƏѷ� -m7� ƐƑĺƔѷ� ;-1_ķ��_bѴ;� omѴ��
om;�-mm�-Ѵ�]u-vv�vr;1b;v�ŐƑĺƔѷő�o11�uu;7�bm�|_;�v-lrѴ;vĺ�"blbѴ-uѴ�ķ�bm�
|_;�0Ѵ�;�]u-l-�vb|;ķ�-mm�-Ѵ�=ou0v��;u;�|_;�lov|�=u;t�;m|�ŐƓƑĺƑѷő�=oѴ-
Ѵo�;7�0��v_u�0v�-m7�v�0v_u�0v�ŐƒƑĺѶѷőĺ��;u;mmb-Ѵ�]u-vv;v�-m7�=ou0v�
u;ru;v;m|;7�ƐƏĺƖѷ�-m7�ƖĺƓѷ�u;vr;1|b�;Ѵ�ķ��_bѴ;�Ɠĺƕѷ��;u;�-mm�-Ѵ�
grasses.

�m� |_;� 0Ѵ-1h� ]u-l-� vb|;ķ� m;b|_;u� 1_uomb1� 7uo�]_|� mou� 7;Ѵ-�;7�
monsoon affected species richness in above- ground vegetation or 
|_;�vobѴ�v;;7�0-mhĺ��m�1om|u-v|ķ� bm�|_;�0Ѵ�;�]u-l-�vb|;�vr;1b;v�ub1_-
ness of vegetation was significantly higher in the drought treatment 
1olr-u;7�|o�|_;�1om|uoѴĺ��m�-77b|bomķ�vr;1b;v�ub1_m;vv�o=�|_;�vobѴ�v;;7�
bank was also significantly higher in the drought treatment as well 
-v�|_;�7;Ѵ-�;7�lomvoom�1olr-u;7�|o�1om|uoѴv� Ő
b]�u;�Ƒőĺ� �m� |;ulv�
of plant cover, the drought treatment reduced species cover at both 
sites, but there were no differences in cover between the control 
and the delayed monsoon treatment. For the soil seed bank, both 
drought and delayed monsoon had higher seed density in the blue 
]u-l-�vb|;�u;Ѵ-|b�;�|o�1om|uoѴvĺ��m�1om|u-v|ķ�mo�vb]mb=b1-m|�7b==;u;m1;v�
in seed density were found among treatments at the black grama 
site (Figure 3).

For above- ground vegetation, Shannon species diversity (Hனő�vb]-
nificantly changed only at the black grama site, where the drought 
treatment resulted in lower diversity than the control or delayed 
lomvoom� |u;-|l;m|vĺ� �m� -77b|bomķ� �;u];uŋ��-uh;u� 7olbm-m1;� �-v�
lower in the drought treatments than in controls and delayed mon-
voom� |u;-|l;m|v� -|� 0o|_� vb|;vĺ� �m� 1om|u-v|ķ� m;b|_;u�7olbm-m1;�mou�
diversity of the soil seed bank differed among treatments at either 
site (Table 1).

�;u;mmb-Ѵ� ]u-vv;v� 7olbm-|;7� �;];|-|bom� 1o�;u� -|� 0o|_� vb|;vĺ�
However, the drought treatment reduced significantly the cover of 
perennial grasses at both sites, while increasing the cover of annual 
vr;1b;v� omѴ�� -|� |_;� 0Ѵ�;� ]u-l-� vb|;ĺ� �m� |_;� o|_;u� _-m7ķ� |_;� vobѴ�
seed bank was dominated by annual species at both sites, and the 
drought and delayed monsoon treatments tended to increase dom-
inance of annuals in the soil seed bank, although differences were 
not significant due to high variability among replicates (Table 2). As 
a result, drought increased forb species cover at both sites (rep-
resented mostly by annual species), while decreasing the cover 
of perennial grasses. The delayed monsoon treatment resulted in 
higher cover of shrub species compared to the other treatments 
only at the black grama site (Table 3). Contrary to changes in above- 
ground vegetation, seed density in the soil did not differ among 
treatments.

At the black grama site, community composition of the above- 
ground vegetation differed significantly among treatments (per-
����(�ķ�F2,16 =�ƓѵĺѵƏķ�p <�ƏĺƏƏƐĸ�
b]�u;�Ɠ-őķ�0�|�mo|�=ou�|_;�vobѴ�
v;;7�0-mh� Őr;u����(�ķ�F2,16 = 1.11, p >�ƏĺƒƏĸ�
b]�u;�Ɠ0őĺ� �m� |_;�
former case, pair- wise comparisons among means showed that 
species composition differed between the drought and the de-
layed monsoon and control treatments (p <�ƏĺƏƔőķ��_;u;-v�|_;�7;-
layed monsoon and control treatments did not differ significantly. 
�m7b1-|ou� vr;1b;v� -m-Ѵ�vbv� v_o�;7� |_-|� v;�;u-Ѵ� vr;1b;v� �;u;� u;-
sponsible for these differences (i.e., control + delayed monsoon vs 
7uo�]_|ĸ�$-0Ѵ;�Ɠőĺ��om|uoѴ�-m7�7;Ѵ-�;7�lomvoom�rѴo|v�-|�|_;�0Ѵ-1h�
grama site were characterized by two perennial grasses, Bouteloua 
eriopoda and Muhlenbergia arenicola, while drought plots were domi-
nated by three forb species: the perennial Astragalus feensis, and the 
annuals Cryptantha crassisepala and Salsola tragus.

Similar differences in community composition also occurred with 
�;];|-|bom�rѴo|v�-|�|_;�0Ѵ�;�]u-l-�vb|;ĺ��-buŊ��bv;�1olr-ubvomv�-lom]�
means showed that the composition of above- ground vegetation dif-
fered between the drought and the delayed monsoon and control 


 ��&!� �ƒՊ$o|-Ѵ�l;-m�Ő±standard 
error) vegetation cover (a and b) and 
soil seed bank densities (c and d) in the 
different treatments (C: Control, DM: 
delayed monsoon, D: drought) in blue 
and black grama- dominated grasslands. 
Different letters indicate significant 
differences among treatment means 
(n = 10)
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treatments (p <� ƏĺƏƔőķ� �_;u;-v� |_;� 7;Ѵ-�;7� lomvoom� -m7� 1om|uoѴ�
|u;-|l;m|v� 7b7� mo|� 7b==;u� vb]mb=b1-m|Ѵ�� Őr;u����(�ķ�F2,16 =� ƐƓĺƒƏķ�
p <�ƏĺƏƏƐĸ�
b]�u;�Ɠ1őĺ��m7b1-|ou�vr;1b;v�-m-Ѵ�vbv�Ő$-0Ѵ;�Ɠő�v_o�;7�|_-|�
control and delayed monsoon plots were dominated by Bouteloua 
gracilis and Bouteloua eriopodaĺ�(;];|-|bom�1o�;u�bm�|_;�7uo�]_|�rѴo|v�
was dominated by several species belonging to different vegetation 
groups. Most of the species were annual forbs (i.e., Salsola tragus, 
Chamaesyce serpyllifolia, Lepidium densiflorum, Euphorbia exstipulata, 
Chamaesyce serrula, Descurainia pinnata and Allionia incarnata), but 
there were other species from different groups: Hymenopappus filifo-
lius (subshrub), Astragalus feensis (perennial forb), Aristida adscensionis 
(annual grass) and Dasychloa pulchella (perennial grass). No differences 

among treatments were found in the composition of the soil seed bank 
-|�|_;�0Ѵ�;�]u-l-�vb|;�Őr;u����(�ķ�F2,16 =�ƑĺƓƑķ�p >�ƏĺƏƔĸ�
b]�u;�Ɠ7őĺ

ƓՊ |Պ	�"�&""���

�m�|_bv�v|�7�ķ��;��v;7�-�l�Ѵ|bŊ��;-u�u-bm=-ѴѴ�l-mbr�Ѵ-|bom�;�r;ubl;m|�
in two semi- arid grasslands to determine the effect of chronic, ex-
treme drought and changes in precipitation seasonality on above- 
ground vegetation and soil seed bank attributes. We hypothesized 
that vegetation and seed bank richness and diversity would decline 
with alterations in precipitation and species composition would 

�Ѵ-1h�]u-l-�vb|; �Ѵ�;�]u-l-�vb|;

� 	� 	 � 	� 	

Hன (;];|-|bom ƏĺƕѶƐ0 ƏĺѶƑƒ0 ƏĺƒƑƑ- 1.100 1.106 1.113

Soil seed bank 1.990 ƑĺƑƓѵ ƑĺƓƏѶ 1.117 ƐĺƓƖƕ ƐĺƒѶƓ

D (;];|-|bom ƏĺƑѶƓ1 ƏĺƐƖѶ0 ƏĺƏƑƒ- ƏĺƑƐƐ0 ƏĺƑƑƕ0 ƏĺƏƔѶ-

Soil seed bank 0.073 ƏĺƏƑƔ 0.068 ƏĺѵѶƓ ƏĺѵƔƒ 0.719

Significant differences among means are marked in bold text and with different letters. 
Abbreviations: C, Control; D, drought; DM, delayed monsoon.

$���� �ƐՊ�;-m��-Ѵ�;�Őn = 10) of 
Shannon diversity index (Hனő�-m7��;u];uŋ�
�-uh;u�	olbm-m1;�bm7;��ŐD) in blue and 
black grama- dominated grasslands for 
vegetation surveys and soil seed bank 
samples

$���� �ƑՊ�0�m7-m1;�o=�-mm�-Ѵ�-m7�r;u;mmb-Ѵ�vr;1b;v�bm�0Ѵ�;�-m7�0Ѵ-1h�]u-l-Ŋ�7olbm-|;7�]u-vvѴ-m7v�=ou��;];|-|bom�v�u�;�v�-m7�vobѴ�v;;7�
bank samples (n = 10)

�Ѵ-1h�]u-l-�vb|; �Ѵ�;�]u-l-�vb|;

� 	� 	 � 	� 	

(;];|-|bom�Ő1o�;uķ�ѷő

Annual 0.9 (±0.2) 0.7 (±0.2) 1.9 (±0.8) Əĺѵ�ŐƼƏĺƑő- ƐĺƑ�ŐƼƏĺƒő- ѶĺƐ�ŐƼƐĺƐő0

�;u;mmb-Ѵ ƒƐĺƕ�ŐƼƑĺѶő0 Ƒѵĺƕ�ŐƼƑĺƔő0 ƑĺƖ�ŐƼƏĺƕő- ƒƓĺƖ�ŐƼƐĺƒő0 ƒƓĺƔ�ŐƼƓĺƔő0 ƐƑĺƑ�ŐƼƐĺƑő-

Soil seed bank (seed density, seeds mƴƑ)

Annual ƐƏƑƔĺƑ�Ő±180.1) ƐƒƔƕĺƕ�Ő±ƐƔƕĺƔő ƐƒƓƑĺƔ�Ő±ƑƔƑĺƑő ƐƔƖѶĺѶ�Ő±ƔѶƕĺƑő ƒƐƓѶĺѶ�Ő±ѵƒƔĺƐő 3283.1 (±ƒƐƔĺƓő
�;u;mmb-Ѵ ƑƔѵĺƒ�Ő±70.3) ƒƏƔĺƐ�Ő±ƕƓĺƖő ƒƔƑĺѵ�Ő±ѶƕĺƓő 170.9 (±ѵƓĺƑő 366.1 (±83.6) ƑƓƓĺƐ�Ő±ƔƓĺƑő

Significant differences among means are marked in bold text and with different letters. Abbreviations: C, Control; D: drought; DM, delayed monsoon.

$���� �ƒՊ�;-m�-0�m7-m1;�Őn = 10) of grass, forb and shrub species in blue-  and black grama- dominated grasslands for vegetation surveys 
and soil seed bank samples

�Ѵ-1h�]u-l-�vb|; �Ѵ�;�]u-l-�vb|;

� 	� 	 � 	� 	

(;];|-|bom�Ő1o�;uķ�ѷő

Grass ƒƏĺƒ�ŐƼƑĺƕő1 ƑƏĺѵ�ŐƼƑĺƏő0 ƏĺƔ�ŐƼƏĺƑő- ƒƑĺƏ�ŐƼƐĺƓő0 ƒƐĺƑ�ŐƼƓĺƔő0 ѶĺƐ�ŐƼƐĺƓő-

Forb ƐĺƓ�ŐƼƏĺƒő- ƐĺƑ�ŐƼƏĺƒő- ƒĺѵ�ŐƼƏĺѶő0 ƑĺƑ�ŐƼƏĺƕő- ƐĺѶ�ŐƼƏĺƓő- Ɩĺѵ�ŐƼƏĺƕő0

Shrub ƏĺƖ�ŐƼƏĺƑő- ƔĺƔ�ŐƼƐĺѶő0 Əĺƕ�ŐƼƏĺƑő- 1.3 (±0.3) 2.7 (±0.7) ƑĺƔ�Ő±ƏĺƔő
Soil seed bank (seed density, seeds mƴƑ)

Grass ƑƏƕĺƔ�Ő±71.9) 170.9 (±ƔƓĺƖő 231.9 (±ƓƓĺѶő 122.0 (±71.8) ƒƓƐĺƕ�Ő±78.6) ƐƔѶĺƕ�Ő±ƓƕĺƑő
Forb ƐƏƒƕĺƓ�Ő±182.2) 1379.1 (±ƐѵƏĺƔő 1379.1 (±ƑƓƑĺѵő ƐƔƖѶĺѶ�Ő±ƔѶƕĺƑő 3112.2 (±627.7) 3283.1 (±310.7)

Shrub 36.6 (±19.7) 109.8 (±ƓƓĺѶő ƓѶĺѶ�Ő±21.0) ƓѶĺѶ�Ő±21.0) 61.0 (±28.8) ѶƔĺƓ�Ő±ƓƒĺƐő

Significant differences among means are marked in bold text and with different letters. Abbreviations: C, Control; D, drought; DM, delayed monsoon.
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1_-m];ķ� bm1u;-vbm]�-mm�-Ѵ�vr;1b;vĽ�-0�m7-m1;ĺ��om|u-u��|o�o�u�;�-
pectations, species richness did not decrease. However, drought, 
but not delayed monsoon, significantly affected above- ground veg-
etation composition. Furthermore, these changes in rainfall regimes 
had no effect on the composition of the seed bank.

�_-m];v�bm�-0o�;Ŋ�]uo�m7��;];|-|bom�bm�vo�|_�;v|;um�&"��-ub7�
and semi- arid grasslands in response to rainfall manipulations have 
0;;m�u;rou|;7�bm�o|_;u�v|�7b;v�Ő�࢙;��;|�-Ѵĺķ�ƑƏƐƒĸ��_;u-u7b�ş�"-Ѵ-ķ�
ƑƏƐƔĸ� �m-rr� ;|� -Ѵĺķ� ƑƏƐƔőķ� �_;u;� vr;1b;v� ub1_m;vv� bm1u;-v;v� -m7�
species composition changes toward annual- dominated grasslands. 
This may be partially explained by a reduction in competition inten-
vb|��=uol�7olbm-m|�]u-vv;v�Ő"�||Ѵ;�;|�-Ѵĺķ�ƑƏƏƕĸ��;|;uv�ş�+-oķ�ƑƏƐƑĸ�
LaForgia et al., 2018). Dry conditions may affect dominant species, 
Ѵbh;� r;u;mmb-Ѵ� ]u-vv;v� Ő�-u7oѴ� ;|� -Ѵĺķ� ƑƏƐƏĸ� �-ubo||;� ;|� -Ѵĺķ� ƑƏƐƒĸ�
�Ľ�ommouķ�ƑƏƐƔĸ�"�;ll;u�;|�-Ѵĺķ�ƑƏƐѶőķ�|_-|�-u;��v�-ѴѴ��bm|oѴ;u-m|�
|o�7uo�]_|�Ő�u;v_;-uv�;|�-Ѵĺķ�ƑƏƏƔĸ���mvom�;|�-Ѵĺķ�ƑƏƐѵĸ�
�mh�;|�-Ѵĺķ�
2019; Griffin- Nolan et al., 2019). This negative impact on dominance 
may benefit subordinate species that are usually less competitive 
|_-m�7olbm-m|�]u-vv;vķ�-v��;ѴѴ�-v�7uo�]_|Ŋ�-7-r|;7�vr;1b;v� Ő�-u7oѴ�
et al., 2010; Liu et al., 2018; Siebert et al., 2020), such as annual 
ou� v_ou|Ŋ�Ѵb�;7� =ou0v� Ő��b|;m�;u=�;|� -Ѵĺķ� ƑƏƐƐĸ���mvom�;|� -Ѵĺķ� ƑƏƐѵĸ�
Swemmer et al., 2018). These changes in above- ground vegetation 
composition occurred in both blue and black grama- dominated 
grasslands, and have also been reported in other studies (Suttle 
;|�-Ѵĺķ�ƑƏƏƕĸ��Ѵou;|�;|�-Ѵĺķ�ƑƏƏƖĸ��࢙;��;|�-Ѵĺķ�ƑƏƐƒőĺ

�m�1om|u-v|ķ�1_uomb1�7uo�]_|�bm1u;-v;7�vr;1b;v�ub1_m;vv�-m7�v;;7�
density in the seed bank at the blue grama site. Neither treatment 
affected the composition and structure of the soil seed bank at the 
0Ѵ-1h�]u-l-�vb|;ĺ��m�0Ѵ�;�]u-l-Ŋ�7olbm-|;7�]u-vvѴ-m7vķ�-mm�-Ѵ�=ou0v�
with high seed production are more frequent than in the black 
grama grassland, where subordinate species are characterized more 
0��r;u;mmb-Ѵ�=ou0v�-m7�v_u�0v�Ő�uक़;ѴŊ�	�Ѵ-��;|�-Ѵĺķ�ƑƏƏƓőĺ�$_;�_b]_;u�
species richness in the blue grama site increases the chances of hav-
ing drought- tolerant or drought- avoidance species within the plots 
(Tilman et al., 2006), increasing species richness and seed density. 
Nonetheless, species composition did not change in either of the 
studied sites, indicating more limited effects of precipitation alter-
ations in the soil seed bank compared to above- ground vegetation. 
The delayed monsoon treatment affected seed density and species 
richness only at the blue grama site. Changes in timing of precipita-
tion instead of rainfall amount have been shown to influence com-
l�mb|��1olrovb|bom�Ő�bl0-ѴѴ�;|�-Ѵĺķ�ƑƏƐƏőĺ�$_bv��-v�mo|�o0v;u�;7�bm�
o�u�1-v;ĺ��m=oul-|bom�-0o�|�|_;�blr-1|�o=�-Ѵ|;u;7�u-bm=-ѴѴ�|blbm]�om�
seed bank composition is limited. Nevertheless, our data suggest 
that seed banks are resistant to these changes, but more studies are 
needed.

�m�];m;u-Ѵķ�vblbѴ-ub|��0;|�;;m��;];|-|bom�-m7�v;;7�0-mh�bv��v�-
ally low in terms of species identity (Hopfensperger, 2007; Ma et al., 
2021), since in many perennial- dominated grasslands seed banks 
_-�;� -� _b]_� -0�m7-m1;� o=� -mm�-Ѵ� -m7� r;u;mmb-Ѵ� =ou0v� Ő�bmѴo1_� ş�


 ��&!� �ƓՊ�omŊ�l;|ub1�
multidimensional scaling ordination 
diagrams for vegetation surveys (a and c) 
and soil seed bank samples (b and d) for 
black (above) and blue (below) grama- 
dominated grasslands
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ub;7;Ѵķ� ƑƏƏƔĸ� �o�7bķ� ƑƏƐƖőĺ� �v� -� 1omv;t�;m1;ķ� r;u;mmb-Ѵ� ]u-vv;v�
comprise a small portion of the seed bank (Hild et al., 2001). This is 
partially explained because annual species tend to produce a large 
number of small seeds (Grime, 2001), increasing their relative abun-
dance in the seed bank. These annual species may also benefit from 
dry conditions. While perennial grasses are reduced during drought, 
Ѵo�;ubm]�|_;bu�v;;7�ruo7�1|bom�Ő�-uom;�ş��oѴķ�ƑƏƑƐőķ�-mm�-Ѵ�vr;1b;v�
are able to grow during periods of soil moisture availability (Levine 
;|�-Ѵĺķ�ƑƏƏѶĸ��-�=b;Ѵ7�;|�-Ѵĺķ�ƑƏƐƓő�7;ub�;7�=uol�r�Ѵv;v�o=�u-bmķ� Ѵbh;�
those that occur during the summer monsoon (Muldavin et al., 2008; 
��Ѵ_o�v;�;|�-Ѵĺķ�ƑƏƐƕőĺ�&m7;u�|_;v;�1om7b|bomv�-mm�-Ѵ�vr;1b;v�1-m�
complete their life cycle during relatively short time periods when 
vobѴ�lobv|�u;�bv�-�-bѴ-0Ѵ;�Ő!�|_�;m����ķ�ƑƏƏƕĸ��;m�_;Ѵ;Ѵ;�;|�-Ѵĺķ�ƑƏƐѶĸ�
Siebert et al., 2020), contributing seeds to the soil seed bank, even 
during relatively dry years.

��u�l;|_o7oѴo]b1-Ѵ�-rruo-1_�Őbĺ;ĺķ�v;;7Ѵbm]�;l;u];m1;�l;|_o7ő�
does not allow us to evaluate dormant seeds, and this method tends 
|o��m7;u;v|bl-|;�v;;7�0-mh�7;mvb|��Ő�uovvķ�ƐƖƖƏĸ��ub1;�;|�-Ѵĺķ�ƑƏƐƏőĺ�
�|� 1o�Ѵ7� 0;� rovvb0Ѵ;� |_-|� |_;� o0v;u�;7� u;v�Ѵ|v� Őbĺ;ĺķ� _b]_;u� vr;1b;v�
richness and seed density in drought and monsoon- delayed treat-
ments) are related with a higher seed input of some species into 
the seed bank (Zeiter et al., 2016) rather than an the effect of the 
drought treatments, per se, since drought typically increases the 
fraction of dormant seeds (Saatkamp et al., 2013). Nonetheless, 

our methods do not allow us to evaluate density of dormant seeds. 
Future work could include a combination of seedling emergence and 
seed extraction methods to assess the density of the dormant seed 
pool (Gonzalez & Ghermandi, 2012).

We found that the composition of the soil seed bank proved 
to be more resistant to changes in response to altered rainfall re-
gimes than above- ground vegetation in both blue grama and black 
grama grassland. For above- ground vegetation, we observed a 
strong decline in the relative abundance of dominant species due 
to drought. However, the effect of drought on seed bank composi-
tion was limited. Seed banks are important for long- term community 
v|-0bѴb|��bm�]u-vvѴ-m7�;1ov�v|;lv�Ő�oorl-mm�;|�-Ѵĺķ�ƑƏƐƕőķ�0�==;ubm]�
year- to- year variability (DeMalach et al., 2021). Therefore, it is ex-
pected that seed banks experience minor long- term changes in com-
position compared to above- ground vegetation (DeMalach et al., 
2021). Nonetheless, the size of the seed bank and the abundance 
of dominant species may vary among years (Hild et al., 2001), but 
functional composition of the seed bank typically remains the same 
(i.e., dominated by annual species). This way, even under altered rain-
fall regimes some ecosystem characteristics (e.g., species richness; 
ruo7�1|b�b|�ő�l-��0;�l-bm|-bm;7�Ő�࢙;��;|�-Ѵĺķ�ƑƏƐƒĸ��||�;|�-Ѵĺķ�ƑƏƐƖĸ�
Muraina et al., 2021).

��;u-ѴѴķ�|_;�vobѴ�v;;7�0-mh�rѴ-�v�-m�blrou|-m|�uoѴ;�bm��;];|--
tion recovery after disturbances, such as prolonged drought (Hild 

"r;1b;v �( p

�o�;u�Őѷő

� 	� 	

�Ѵ-1h�]u-l-�vb|;

Astragalus feensis 76.6 ƏĺƏƐƓ 0.17 ƏĺƏƓ ƏĺƒƔ

Bouteloua eriopoda 98.6 0.001 ƑѶĺѵƕ ƐƖĺƔƑ 0.38

Cryptantha crassisepala 72.3 0.012 0.13 0.06 ƏĺѶƖ

Muhlenbergia arenicola ƔƐĺƕ ƏĺƏƓƓ ƏĺƔƕ Əĺƒƕ 0.01

Salsola tragus 79.3 0.001 0.01 0.01 ƏĺƐƐ

�Ѵ�;�]u-l-�vb|;

Allionia incarnata ƓƓĺƓ 0.010 0.01 0.01 ƏĺѶƓ

Aristida adscensionis 88.9 0.001 0.01 0.02 ƏĺƓѶ

Astragalus feensis 67 0.008 0.01 0.01 ƏĺƐƒ

Bouteloua eriopoda 79.1 0.001 ѶĺƕƔ ѵĺƔƑ 2.21

Bouteloua gracilis 83.6 0.001 ƑƑĺƐƐ ƑƐĺѵƔ 3.67

Chamaesyce serrula ѶƒĺƔ 0.001 0.09 0.11 ƏĺƔƑ

Chamaesyce serpyllifolia 79.3 0.006 0.13 0.60 ƐĺƐƏ

Dasyochloa pulchella ƔƑĺƑ 0.010 0.01 0.01 ƏĺƏƖ

Descurainia pinnata ѵƓĺƐ 0.030 0.01 0.01 ƏĺƐƏ

Euphorbia exstipulata 90.1 0.001 0.02 0.06 ƏĺƑѵ

Hymenopappus filifolius ƕѶĺƔ ƏĺƏƏƓ 0.01 0.07 ƏĺƔƑ

Lepidium densiflorum ƕƔĺƓ 0.006 0.03 0.17 ƏĺƒƑ

Salsola tragus ƖƓĺƕ 0.006 ƏĺƏƔ 0.33 ƓĺƏƓ

Shaded numbers indicate the highest cover value and the treatment characterized by each 
bm7b1-|ou�vr;1b;vĺ��00u;�b-|bomvĹ��ķ��om|uoѴĸ�	ķ�7uo�]_|ĸ�	�ķ�7;Ѵ-�;7�lomvoomĸ��(ķ�bm7b1-|ou��-Ѵ�;ĸ�
p, significance level.

$���� �ƓՊ�m7b1-|ou�vr;1b;v�o=�
vegetation surveys in blue and black 
grama- dominated grasslands
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;|�-Ѵĺķ�ƑƏƏƐĸ��-uom;�ş��oѴķ�ƑƏƑƐőĺ��m�|_;�=�|�u;ķ�7uo�]_|Ŋ�bm7�1;7�
species loss might be compensated by a gain in drought- tolerant 
species that are already present in the seed bank. This might 
generate a shift in species composition for perennial- dominated 
desert grasslands, following observed changes in above- ground 
vegetation. Alternatively, this effect may not be in terms of 
vegetation composition in systems where the dominant spe-
1b;v�u;Ѵ��Ѵ;vv�om�-�r;uvbv|;m|�v;;7�0-mh�Ő�b0vomķ�ƑƏƏƖőĺ���|ķ�|_;�
high abundance of annual species in the seed bank might play 
an important role in ecosystem functioning after the dry period 
is over (e.g., Wilcox et al., 2020). These species develop rapidly 
and can cover and protect the soil, and create favorable niches 
facilitating the recruitment of perennial species. Dominant spe-
cies may take longer to recover (from surviving individuals or 
from seeds) and during this transition, the establishment of new 
individuals from the seed bank will provide safe sites for the 
establishment of longer- lived species as grasslands recover from 
;�|u;l;�1Ѵbl-|;�;�;m|v�Ő"lb|_ķ�ƑƏƐƐőĺ� �m�|_bv��-�ķ�|_;�7uo�]_|Ŋ�
resistant soil seed bank might contribute to vegetation recovery 
after drought.
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