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Abstract  Invasive clonal species may exhibit dif-
ferent growth strategies than their native clonal 
competitors. In this study, we examined the spatial 
distribution of tiller outgrowth and the bud bank by 
comparing the investment in phalanx versus gue-
rilla growth of a native and invasive perennial grass 
in North America. We also examined the effect of 
altered precipitation frequency, clipping, and compe-
tition on their clonal growth strategies. Investment in 
phalanx and guerilla growth was assessed by examin-
ing live propagule and tiller production from the plant 
crown versus its rhizomes. Although invasive Bromus 
inermis and native Pascopyrum smithii exhibited sim-
ilar clonal growth strategies as young seedlings, their 
clonal growth strategies significantly differed by the 
end of their first growing season. Pascopyrum smithii 
invested in dual phalanx and guerilla tiller outgrowth 
and bud placement, and B. inermis primarily invested 

in phalanx tiller outgrowth and bud placement. Com-
petition rather than intra-annual precipitation vari-
ability and clipping altered the clonal growth strategy 
of these species. Intra- and inter- specific competition 
did not alter tiller outgrowth for either species. How-
ever, inter-specific competition caused both species 
to alter their bud placement. Bromus inermis shifted 
more buds from phalanx to guerilla positions while 
P. smithii shifted in the opposite direction. This may 
enable invasive B. inermis to expand while confining 
native P. smithii to more localized areas in the future. 
Clonal growth strategies appear to be species specific 
and responsive to inter-specific competition. Investi-
gating the belowground bud aspect of clonal growth 
can reveal the mechanism driving the future above-
ground clonal growth strategy of native and invasive 
rhizomatous grasses and help inform the patterns of 
invasion within a plant community.

Keywords  Bromus inermis · Clonal · Guerilla · 
Pascopyrum smithii · Phalanx · Northern Great Plains

Introduction

Clonal plant growth and expansion, especially 
rhizomatous species, can be described along a 
“phalanx-guerilla” clonal growth form contin-
uum (Lovett-Doust 1981a). At the two extremes, 
new ramets can be considered phalanx or guer-
rilla ramets (Lovett-Doust 1981a; Oborny and 
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Cain 1997). Clonal plants with the phalanx 
growth strategy produce a compact structure of 
closely spaced ramets that slowly advance out 
from the parent plant, termed clumping ramets 
or tillers, whereas those with a guerilla growth 
strategy produce a loosely arranged group of 
widely spaced ramets spread far from the par-
ent plant, termed as spreading ramets or tillers 
(Lovett-Doust 1981b; Bernard 1990). Guerrilla 
growth forms are commonly observed in early 
successional stages (Saiz et al. 2016), as well as 
in resource-heterogeneous, resource-poor, and 
disturbed habitats where new ramets are targeted 
to search out limited resources and favorable 
microsites (Lovett-Doust 1981b; Sutherland and 
Stillman 1988; Humphrey and Pyke 1998; Yu 
et  al. 2020). Phalanx growth is more favored in 
late successional stages and in relatively homo-
geneous, resource-rich and less disturbed habi-
tats (Schmid and Harper 1985; Yu et  al. 2020). 
The phalanx growth strategy may enable clonal 
plants to tolerate more stressful conditions, make 
better use of locally abundant resources (monop-
olization strategy) and out-compete other species 
in a favorable microsite (Doust 1981b; Schmid 
and Harper 1985; Humphrey and Pyke 1998). 
Some species, such as Pascopyrum smithii, invest 
in both phalanx and guerilla tiller production in 
their native habitat (Ott and Hartnett 2015).

Perennial grasses can demonstrate plasticity in 
their growth forms under different environmen-
tal conditions (Lovett-Doust 1981b; Garnier and 
Roy 1988; Hutchings and Slade 1988). Perennial 
plants Ranunculus repens and Glechoma hedera-
cea showed a guerrilla growth strategy (exten-
sive foraging) under low-light and low nutrient, 
and a phalanx growth strategy (intensive forag-
ing) under high-light and high nutrient conditions 
(Lovett-Doust 1981b; Slade and Hutchings 1987; 
Hutchings and Slade 1988). When released from 
competition by removing neighboring plants, the 
perennial grass Panicum virgatum experienced a 
>95% increase in radial clone expansion, intra-
conal ramet densities, and ramet population 
growth rates (Hartnett 1993). In Leymus secalinus, 
plants are more phalanx-like under high nutri-
ent supply and more guerilla-like in low nutrient 
conditions (Ye et  al. 2006; Zuo et  al. 2023). In 
tidal wetlands, Elymus repens transitioned from 

a guerilla growth strategy pattern to a phalanx 
growth pattern upon its release from grazing pres-
sure and increased competition from neighboring 
plants (Amiaud et al. 2008).

In the semi-arid mixed-grass prairie in the 
northern Great Plains of North America, the 
dominant perennial grasses are clonal and their 
local ramet population regeneration is primarily 
via vegetative reproduction from belowground 
buds (Benson and Hartnett 2006; Ott et al. 2017). 
These grasslands are dependent on a complex 
disturbance regime, including frequent fire, 
grazing by livestock and native herbivores, and 
strong inter-annual climatic variability (Schrag 
2011). Because of climate change, growing 
season precipitation regimes are predicted to 
become more variable, with larger events and 
longer dry periods resulting in more temporally 
dynamic soil moisture regimes (Koerner et  al. 
2014). Increased climate variability is likely to 
interact with other disturbances, such as grazing, 
which may profoundly impact grassland com-
munity structure and function by affecting com-
petitive dynamics between native and non-native 
invasive species, and potentially undermining the 
effectiveness of restoration activities (Koerner 
et al. 2015; Finch et al. 2021).

The northern Great Plains face the additional 
threat of invasion by introduced C3 perennial 
grasses, such as Bromus inermis Leyss. (smooth 
brome) (Christian and Wilson 1999; Grant et  al. 
2020; Larson et  al. 2001; DeKeyser et  al. 2013). 
Large areas of native grasslands have transformed 
into B. inermis monocultures with reduced native 
plant diversity (Frank and McNaughton 1992; Dil-
lemuth et al. 2009) and habitat use by native ungu-
lates (Trammell and Butler 1995). Bromus inermis 
expansion and success largely depends on its veg-
etative proliferation via belowground buds and rhi-
zomes and its resulting integration among ramets 
(Otfinowski et  al. 2007; Otfinowski and Kenkel 
2008). Clonal integration can favor the successful 
invasion of alien plants into native plant commu-
nities (Wang et  al. 2022). The spatial distribution 
of belowground buds and their varying levels of 
dormancy can drive where future tiller recruit-
ment occurs (Ott et al. 2019). Therefore, it would 
be beneficial to examine how this invasive spe-
cies alters its growth strategy in comparison to the 



Belowground growth strategies of native and invasive rhizomatous perennial grasses in response…

1 3
Vol.: (0123456789)

dominant C3 native species, which has a similar 
rhizomatous growth form, and their responses to 
shifts in competition, predicted climatic changes, 
and grazing.

Comparing the resource investment of native P. 
smithii, and non-native B. inermis to tiller produc-
tion and propagule supply from the plant-crown 
(phalanx) versus rhizome (guerilla) may reveal how 
each species prioritizes current and future guerilla 
versus phalanx growth in response to a change in 
environmental conditions. Tiller recruitment and 
bud placement in the crown places current and 
future growth near parent tillers allowing contin-
ued occupancy with a slow movement away from 
the parent tiller while rhizomes place current and 
future growth away from the parent tiller allowing 
new resource pools to be accessed. Tiller, rhizome, 
and propagule production declined for B. inermis as 
precipitation became more intermittent, while tiller 
and propagule production remained steady across 
multiple levels of precipitation variability, and rhi-
zome production was highest at medium levels of 
precipitation variability for P. smithii (Bam et  al. 
2022). A solitary clipping event had no effect on 
tiller, rhizome, and propagule production (Bam et al. 
2022). Competition reduced tiller and rhizome pro-
duction in both species but only reduced propagule 
production in P. smithii (Bam 2018). Precipitation 
variability, clipping, and competition could also 
alter the location of tillers and propagules within 
the plant showing how these factors could influence 
the growth strategies of these plants. Using data 
from these same two greenhouse studies that exam-
ined tiller, rhizome, and propagule production of 
both species, our main objectives were to compare 
clonal growth strategies between native P. smithii, 
and non-native B. inermis under 1) altered precipita-
tion frequency and simulated grazing, and 2) com-
petition. Because of its invasiveness, we hypothesize 
that non-native B. inermis will invest more into cur-
rent and future guerilla growth strategies under all 
precipitation frequencies, clipping, and competi-
tion conditions than the native P. smithii. We also 
hypothesize that both species will demonstrate plas-
ticity in their growth strategies when encountering 
different environmental conditions and reduce their 
guerilla growth, allocating more to phalanx growth 
when experiencing lower precipitation frequencies, 
clipping, and intra- and inter- specific competition.

Materials and Methods

Species and Seed Source

Pascopyrum smithii (western wheatgrass), and B. 
inermis (smooth bromegrass) are both strongly rhi-
zomatous, perennial C3 grasses that begin flowering 
in late May (the PLANTS database, USDA-NRCS 
2021). Pascopyrum smithii is native to North Amer-
ica and is most abundant in northern mixed grass 
prairie, which usually receives between 254 to 508 
mm of annual precipitation. In contrast, B. inermis 
was introduced to North America from Eurasia in the 
late 1880s for forage activity and has made an exten-
sive impact on the grasslands of North America (Otfi-
nowski et  al. 2007; Palit and DeKeyser 2022). Bro-
mus inermis establishes by invading disturbed prairies 
and through repeated introductions for soil retention 
and livestock grazing (Cully et  al. 2003; DeKeyser 
et al. 2013; Stotz et al. 2019; Grant et al. 2020). In its 
native range in China, B. inermis  is known to occur 
at 400 mm of annual precipitation (Gong et al. 2019).

Bromus inermis and P. smithii seeds were respec-
tively obtained from commercial seed suppliers 
(Dakota’s Best Seed Limited Liability Company, 
Platte, South Dakota, USA; and Golden Willow 
Seeds, Inc., Midland, South Dakota, USA). Before 
each experiment, seeds were germinated in a com-
mercial potting mix soil (Miracle-Gro®) with a tem-
perature regime of 16 °C night/ 22 °C day in a green-
house. Because of their slower germination, P. smithii 
seeds were sown five days earlier than B. inermis to 
obtain the same growth stage at time of transplant.

Experiment 1: Climate Change and Grazing

Treatments

Predicted climate change effects on precipitation 
frequency and their resulting effect on grazed and 
ungrazed seedlings of P. smithii and B. inermis were 
examined in a greenhouse at the South Dakota State 
University Seed Testing Laboratory in 2016. Precipi-
tation frequency treatments began 19 days after seed-
ling transplant and were subsequently applied for 20 
weeks. Pots were watered every 2, 8, or 16 d to simu-
late high, medium, and low precipitation frequencies, 
respectively. Each treatment developed predictable 
volumetric water content (VWC) patterns during the 
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study (Bam et  al. 2022). Total water received was 
the same across treatments and simulated average 
growing season precipitation of 51 mm mo-1 (based 
on 1981–2010 March–August precipitation of Rapid 
City Regional Airport, South Dakota; https://​clima​
te.​sdsta​te.​edu). Therefore, 2-, 8-, or 16-d treatments 
received 72 mL, 288 mL, and 576 mL of water during 
each watering event, respectively.

A one-time clipping treatment was randomly 
assigned to half of the pots for each precipitation 
frequency treatment and species. This treatment 
was applied when seedlings of each species reached 
the three-collar leaf-stage, according to Moore et al. 
(1991), which occurred 20 days after seedling trans-
plant. Seedlings were clipped to a 4-cm stubble height 
to simulate early-season grazing by ungulates.

Experimental Design

One single-leaf seedling was transplanted into each 
pot (16.5 cm dia. X 16.5 cm depth) filled with 600 
g of non-fertilizer potting-soil (PRO-MIX® BX) and 
watered. A total of 480 pots were established (240 per 
species). Pots were watered to container capacity (44 
– 45% VWC; Decagon Devices, Soil Moisture Sen-
sor: Model EC-5 calibrated to the potting soil), and 
seedlings acclimated to their pots for 18 days. One 
week after seedling transplant, each pot received 100 
mL solution (0.343g L-1 of Miracle-Gro® NPK (15-
30-15); 5.8% ammoniacal nitrogen, 9.2% urea nitro-
gen; 30% P2O5; and 15% K2O).

Each treatment combination (species x precipi-
tation frequency x clipping) was applied to 40 pots. 
Due to limited space, pots were randomly divided 
between two adjacent rooms of the greenhouse so 
that each treatment combination (species x clipping 
x precipitation frequency) was evenly represented 
in each room (n = 20). After seedlings acclimated 
to their pots for 20 days, precipitation frequency 
and clipping treatments were applied, and plants 
were grown for 20 additional weeks. The photoper-
iod and temperature regime mimicked mixed-grass 
prairie field conditions during the growing sea-
son (June–October; Bam 2018). As the 20 weeks 
treatment period of the experiment began on July 
1, supplemental light (six 400-watt high-pressure 
sodium lamps) extended the ambient daylength 
between 0.5 and 1.5 hours depending on the month 
(Bam 2018). Due to a greenhouse roof leak altering 

water availability in 42 pots in one room, each 
treatment combination in that room had between 
10 and 20 replicates when these pots were removed 
from the experiment.

Experiment 2: Competition

Treatments

A temperature-controlled competition greenhouse 
experiment was conducted at South Dakota State 
University in the Forestry and Horticulture Green-
house in 2017. Competitive effects of B. inermis and 
P. smithii were tested using three competition treat-
ments, including no competition (single plant without 
neighbor), intraspecific competition (two conspecific 
plants), and interspecific competition (one plant of 
each species). Therefore, the experiment consisted of 
five treatment combinations (Figure 1).

Experimental Design

Two-leaf seedlings were transplanted into pots 
(16.5 cm dia. X 16.5 cm depth) filled with 600 g of 
non-fertilizer potting-soil (PRO-MIX® BX) accord-
ing to their treatment combination. Each treatment 
combination was applied to 30 pots (total of 150 
pots). Pots were watered and fertilized in the same 
manner as Experiment 1. After being transplanted 
into the pots, volumetric water content (VWC) was 
maintained at 44–45% for the first week to assist 
with seedling establishment (Decagon Devices; Soil 
Moisture Sensor: Model 10HS). Soil moistures lev-
els then dropped down to 25–28% VWC two weeks 
post-transplant and were maintained throughout 
the experiment by watering each pot every other 
day with 72 mL of water. Plants were grown for 12 
weeks (June–August) under the same photoperiod 
and temperature regime as Experiment 1.

Data Collection

Plants were destructively harvested and washed free 
of soil at the end of each study (20 weeks for Exp. 1, 
12 weeks for Exp. 2). For each individual plant, all rhi-
zomes and adult tillers were counted. Rhizomes were 
belowground stems at least 0.5 cm in length with elon-
gated internodes. Buds transition to adult tillers when 
they have vertically elongated aboveground past their 

https://climate.sdstate.edu
https://climate.sdstate.edu
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prophyll and had reached 3.6 cm and 4.5 cm in height 
for B. inermis and P. smithii, respectively (following 
Ott et  al. 2017). Three generations of tillers occurred 
during the experiment (Bam et  al. 2022). Therefore, 
tillers and rhizomes were classified by generation fol-
lowing Ott and Hartnett (2015).

A random sub-sample of 3 tillers from each gen-
eration of tillers (primary, secondary, and tertiary), 
and 3 rhizomes from each generation of rhizome 
per individual plant was selected to assess bud pro-
duction and bud development stages. Each tiller/
rhizome was examined using a dissecting scope 
(Olympus® Stereo Microscope) with magnifica-
tion between 6.7x and 45x. Rhizomes, basal/below-
ground buds, and new tillers borne on photosynthe-
sizing tillers were counted and assessed to be living 
or dead and classified by their size (Ott et al. 2017). 
Collectively, all the live buds, small juvenile till-
ers, and large juvenile tillers were called live prop-
agules. For each plant, live propagules per plant was 
calculated by summing the number of propagules 
belonging to each generation of adult tillers or rhi-
zomes. These quantities for each stem type within a 

plant were obtained using the propagule count per 
stem type (e.g., primary rhizome, secondary tiller, 
etc.) multiplied by the total stems of that type. As 
these species have long rhizomes, buds and tillers 
located on rhizomes were categorized as guerilla 
growth while those located on parent tillers (i.e., the 
crown of the plant) were considered phalanx growth 
(Ott and Hartnett 2015). For a conceptual diagram, 
see Figure 6 in Bam et al. 2022 which shows three 
first generation tillers (T1) where two are close to 
the parent tiller (phalanx tillers) and one is placed 
far away from the parent tiller (guerilla). For each 
plant, the proportion of propagules that occur in 
guerilla versus phalanx positions were calculated as 
the number of propagules in the location divided by 
the total propagules. For each plant, total tillers was 
the sum of all adult tillers growing from the crown, 
rhizome node, and rhizome tip. The proportion of 
tillers from each of these types was calculated. Cur-
rent guerilla growth would include tiller outgrowth 
from rhizome nodes and rhizome tips while cur-
rent phalanx growth is from crown tillers. For each 
plant, tillers are considered evidence of current 

Fig. 1   Experimental design 
for the competition study. 
BI = Bromus inermis, PS = 
Pascopyrum smithii 
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guerilla or phalanx growth, while propagules repre-
sent future guerilla or phalanx growth.

Statistical Analysis

Linear mixed models were used to analyze the effect 
of precipitation frequency, clipping, competition, and 
species on the proportion of total live propagules and 
the proportion of total tillers (PROC GLIMMIX; SAS 
Institute 2017). All treatments were applied to the 
experimental unit of plant, except location, which was 
applied to the experimental unit of tiller. Kenward-
Roger’s (KR) method was used to approximate the 
denominator degrees of freedom.

Experiment 1: Climate Change and Grazing

The proportion of total live propagules from all tillers 
per plant was analyzed using a beta distribution in a 
three-way factorial treatment structure with the fixed 
factors of precipitation frequency (three levels), clip-
ping (two levels), and species (two levels) in a rand-
omized complete block design, with the greenhouse 
chamber as the block effect. The proportion of total 
tillers per plant belonging to each location (crown, 
rhizome nodes, and rhizome tips) was analyzed using 
a negative binomial distribution in a four-way facto-
rial treatment structure with the fixed factors of pre-
cipitation frequency (three levels), clipping (two 
levels), species (two levels), and location (three lev-
els) in a split-plot block design, with the greenhouse 
chamber as the block effect.

Experiment 2: Competition

The proportion of total live propagule from tiller per 
plant analyzed using a beta distribution in a two-way 
factorial treatment structure with the factor of com-
petition (three levels), and species (two levels) in a 
randomized complete design. The proportion of total 
tillers per plant belonging to each location (crown, 
rhizome nodes, and rhizome tips) was analyzed using 
a negative binomial distribution in a three-way facto-
rial treatment structure with the factors of competi-
tion (three levels), species (two levels), and location 
(three levels) in a split-plot design.

Results

Experiment 1: Climate Change and Grazing

Current Growth Strategy

Invasive B. inermis predominantly invested in pha-
lanx growth, as 65 to 80% of tillers were borne from 
the crown and 20 to 31% were recruited from the rhi-
zome tip, and less than 3% recruited from rhizome 
nodes. Precipitation frequency significantly affected 
the location of B. inermis tiller recruitment invest-
ment. At a medium precipitation frequency (8 d,) 
tiller recruitment from rhizomes (apical and axillary 
buds) increased by ~10% as compared to high and 
low precipitation frequency treatments (Figure  2A). 
In contrast, native P. smithii primarily invested in 
guerilla growth as 36% of tillers recruited from the 
crown, 27% of tillers recruited from rhizome nodes, 
and 37% recruited from rhizome tips (Figure  2A). 
This dual allocation of current tillers to phalanx and 
guerilla growth was consistent across the three pre-
cipitation frequencies (Figure  2A). Clipping signifi-
cantly increased tiller recruitment from nodes of rhi-
zomes by ~5% of P. smithii, but had no effect on B. 
inermis (Figure 2B).

Future Growth Strategy Investment

As the location of propagules represent the invest-
ment in future plant growth strategies, invasive B. 
inermis predominantly invested in future phalanx 
growth as 68 to 83% live propagules were located 
on parent tillers in the crown and 17% to 32% live 
propagules were produced from nodes and tips of rhi-
zomes (Figure 3A). This is consistent with its current 
growth strategy (i.e., location of tillers). Precipitation 
frequency significantly affected the investment of B. 
inermis on live propagule placement. At a medium 
precipitation frequency (8 d), B. inermis invested in 
more future phalanx growth with more propagules 
from the crown than at the high precipitation fre-
quency (Figure 3A). Pascopyrum smithii maintained 
dual phalanx and guerilla growth as ~50% of live 
propagules were produced from tillers and ~50% from 
rhizomes. This investment did not shift with altera-
tion in precipitation frequency (Figure 3A). Clipping 
did not alter either species’ investment in phalanx and 
guerilla growth (Figure 3B).
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Experiment 2: Competition

Current Growth Strategy

Competition did not significantly alter the tiller 
location, and therefore current growth strategy, of 
either species. Invasive B. inermis investment in 

dual phalanx and guerilla growth was consistent 
across types of competition with intraspecific com-
petition producing 48% of new tillers from nodes 
and tips of rhizomes, and interspecific competition 
producing 38% of new tillers from nodes and tips 
of rhizomes (Figure 4). Native P. smithii prioritized 
phalanx growth (~73%) across all competition 

Fig. 2   Effect of (a) precipitation frequency and (b) clipping 
on proportion of tillers per plant of Bromus inermis and Pas-
copyrum smithii. 2d = watering every 2 days. 8d = watering 
every 8 days. 16d = watering every 16 days. C = clipping. NC 
= no clipping. G = Guerilla. P = Phalanx. Standard errors are 

not shown. Tillers recruited from crown contributed to phalanx 
growth and tillers recruited from nodes and tips of rhizomes 
contributed to guerilla growth. Values were mean proportion 
of tillers per plant. Full statistical results available in Appendix 
Table 1.

Fig. 3   Effect of (a) precipitation frequency and (b) clipping 
on proportion of live propagules per plant of Bromus iner-
mis and Pascopyrum smithii. 2d = watering every 2 days. 8d 
= watering every 8 days. 16d = watering every 16 days. C = 
clipping. NC = no clipping. Values are mean proportion of 
tillers per plant ± SE based upon the statistical model. Signif-
icant differences at p-value < 0.05 indicated by different let-

ters. Interaction results are shown when p-value < 0.05. Full 
statistical results available in Appendix Table 2. The effect of 
clipping was similar for both species. Live propagules included 
live buds, small juvenile, large juvenile tillers, and excluded 
adult tillers. Tillers recruited from crown contributed to pha-
lanx growth and tillers recruited from nodes and tips of rhi-
zomes contributed to guerilla growth.



	 S. Bam et al.

1 3
Vol:. (1234567890)

treatments (Figure  4). Bromus inermis had less, 
and P. smithii had more, guerilla growth in experi-
ment 1 than experiment 2 when comparing similar 
treatments across experiments (2 d, no clip and no 
competition). Experiment 1 was 8 weeks longer 
than experiment 2. Therefore, B. inermis may allo-
cate resources to guerilla growth and P. smithii 
may allocate resources to phalanx growth earlier 
in the growing season that may shift as the plants 
continue to develop.

Future Growth Strategy Investment

For invasive B. inermis, the intraspecific competi-
tion did not affect its live propagule growth invest-
ment strategy compared to no competition by 
maintaining a consistent dominant phalanx growth 
pattern with 80% of live propagules produced from 
tillers and 20% from rhizomes. However, interspe-
cific competition shifted B. inermis from a phalanx 
growth strategy to dual phalanx and guerilla co-
dominated growth strategy with 51% of live prop-
agule produced from tillers and 49% from rhizomes 
(Figure 5). By contrast, native P. smithii responded 
to interspecific competition in an opposite manner 
than B. inermis. Pascopyrum smithii shifted from 
dual phalanx and guerilla with 53% of live prop-
agules produced from tillers and 47% from rhi-
zomes to a morephalanx strategy with 78% of live 

propagules produced from tillers and 22% from 
rhizomes when changing from intraspecific compe-
tition to interspecific competition (Figure  5). Fur-
thermore, the intraspecific competition of P. smithii 
significantly increased investment in guerilla live 
propagules growth, whereas the interspecific com-
petition decreased investment in guerilla live prop-
agule growth when compared to no competition 
(Figure 5). When comparing comparable treatments 
between experiment 1 and 2, both species had lower 
guerilla investment in the shorter-term study indicat-
ing that investment in guerilla growth increases with 
plant development.

Discussion

Both the native and invasive species maintained pha-
lanx and guerilla growth and placed buds in positions 
for future growth from phalanx and guerilla positions 
across precipitation variability, clipping, and compe-
tition treatments. Irrespective of change in precipita-
tion frequency, clipping, and competition, P. smithii 
maintained a dual phalanx and guerilla growth form 
and had notable tiller recruitment from along its rhi-
zomes as well as at its rhizome tips and tiller bases. 
Tiller outgrowth from along rhizomes enables space-
filling between the most guerilla tillers (i.e., rhizome 
tips) and the phalanx tillers. In contrast, B. inermis 

Fig. 4   Effect of competi-
tion treatment on propor-
tion of total tillers based 
on location per plant 
of Bromus inermis and 
Pascopyrum smithii. None 
= no competition. Intra = 
Intra-specific competition. 
Inter = Inter-specific com-
petition. G = Guerilla. P = 
Phalanx. Standard error is 
not shown. Tillers recruited 
from crown contributed to 
phalanx growth and tillers 
recruited from nodes and 
tips of rhizomes contributed 
to guerilla growth. Values 
were mean proportion 
of tillers per plant. Full 
statistical results available 
in Appendix Table 3.



Belowground growth strategies of native and invasive rhizomatous perennial grasses in response…

1 3
Vol.: (0123456789)

primarily maintained a phalanx growth form but 
always had some guerilla tiller recruitment from rhi-
zome tips, especially for the shorter-term experiment 
(i.e., competition experiment). Prioritization of the 
phalanx growth form by non-native B. inermis, irre-
spective of altered precipitation frequency, clipping, 
and competition conditions, may be affiliated with 
overall less rhizome production in B. inermis (Bam 
2018; Bam et al. 2022). Non-native B. inermis tends 
to produce less rhizomes in first season’s growth 
regardless of the soil moisture variability (Dong et al. 
2014). This predominantly phalanx growth form by 
B. inermis might have enabled it to establish from the 
seedling stage and make better use of locally abun-
dant resources (Lovett-Doust 1981b; Schmid and 
Harper 1985; Humphrey and Pyke 1998).

Investment in a dual phalanx and guerilla clonal 
growth form by P. smithii may enable it to employ 
both conservative (phalanx) and foraging (guerilla) 
growth strategies which may facilitate its persistence 
under fluctuating resource availability associated 

with environmental change (Ott and Hartnett 2015). 
This also provides an opportunity to show architec-
tural plasticity in P. smithii by the combination of 
both guerilla and phalanx traits in response to habi-
tat and nutrient conditions (Lovett-Doust 1981b; Ye 
et  al. 2006; Chen et  al. 2011). Pascopyrum smithii 
disproportionately recruited more tillers from both 
rhizome tips and crown buds than from buds along 
the rhizome (Ott and Hartnett 2015). The higher 
density of rhizomes, greater rhizome length, greater 
bud supply and outgrowth also from rhizomes (gue-
rilla growth form) in native P. smithii in comparison 
to non-native B. inermis as well as greater require-
ments to break bud dormancy as seen in wheat-
grass species such as P. smithii and Pseudoroegne-
ria spicata may indicate a disturbance-avoidance 
mechanism (Caldwell et  al. 1981; Bam 2018; Bam 
et  al. 2022). By keeping a large reserve of buds in 
between its growth front and parent plant, P. smithii 
may regrow in interstitial areas if guerilla tillers are 
separated by disturbance from their parent plant.

Fig. 5   Effect of competition treatment on proportion of live 
propagules per plant of Bromus inermis and Pascopyrum 
smithii. None = no competition. Intra = Intra-specific com-
petition. Inter = Inter-specific competition. Values are mean 
± SE based on the statistical model. Significant differences at 
p-value < 0.05 indicated by different letters. Interaction results 

are shown when p-value < 0.05. Live propagules included live 
buds, small juvenile, large juvenile tillers, and excluded adult 
tillers. Tillers recruited from crown contributed to phalanx 
growth and tillers recruited from nodes and tips of rhizomes 
contributed to guerilla growth. Values were mean proportion 
of tillers per plant.
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Examination of the placement of live propagules 
provides an indicator of where future growth will be 
prioritized. Clipping and precipitation variability had 
little impact on the placement of live propagules in gue-
rilla or phalanx positions. Both of these disturbances 
are likely causing the plant to momentarily pause its 
growth during unfavorable periods but resume it when 
favorable conditions return and thus not putting undue 
pressure to shift the future growth strategy. Inter-spe-
cific competition caused the non-native B. inermis to 
shift from primarily prioritizing phalanx growth to a 
combination of the phalanx and guerilla growth. How-
ever, native P. smithii shifted its investment in future 
growth in the opposite direction under inter-specific 
competition and shifted from a combination of pha-
lanx and guerrilla growth to more phalanx growth. 
This shift in bud placement may help us understand 
the mechanism behind the higher competitive ability of 
non-native B. inermis. Non-native B. inermis allocated 
extra effort to produce guerilla propagules when in 
competition with P. smithii. At the same time, P. smithii 
reduced its investment in guerilla tillers. As the compe-
tition continues, this may enable B. inermis to expand 
while confining P. smithii to more localized areas in the 
future. The prairies of the North American Great Plains 
are dominated by clonal perennial grasses that vary 
in architecture along the "phalanx - guerilla" clonal 
growth form continuum (Lovett-Doust 1981b; Harper 
1985). In a study of the clonal perennial grass Panicum 
virgatum, neighborhood competition greatly influenced 
clonal architecture and expansion rates, where removal 
of neighbors resulted in a >95% increase in radial clone 
expansion, intraconal tiller densities, and tiller popula-
tion growth rates (Hartnett 1993). The phalanx growth 
form by native P. smithii under the influence of non-
native B. inermis as neighbor may be the mechanism 
to tolerate competition and make better use of locally 
abundant resources (monopolization strategy) but may 
enable the invasive B. inermis to expand (Lovett-Doust 
1981b; Humphrey and Pyke 1998; Schmid and Harper 
1985). Tiller position and clipping can also influence 
tiller ontogeny (Martínková and Klimešová 2017). 
Therefore, shifts in the spatial allocation of buds and 
disturbances may also lead to shifts in flowering which 
could demonstrate that clonal growth strategy may 
influence both vegetative and generative processes.

Growth strategies may shift with plant age. 
The competition experiment was conducted for a 
12-week period, while the precipitation variability 

and clipping experiments were conducted for 20 
weeks. When comparing these two studies, B. iner-
mis started off with more tiller recruitment from the 
rhizome tip that lessened with age whereas P. smithii 
apparently increased its investment in tiller recruit-
ment from rhizome nodes and rhizome tips with age. 
These shifts could indicate the initial priority of the 
invasive species to expand its occupying space while 
the native species initially aims to establish locally 
before investing in expansion but would require fur-
ther direct experimental testing for verification.

Conclusion

Clonal growth strategies significantly differed 
between species. Pascopyrum smithii invested in dual 
phalanx and guerilla growth, and B. inermis primar-
ily in phalanx growth. Pascopyrum smithii showed a 
lowered apical dominance by rhizome tip apical mer-
istems than B. inermis as more tillers were recruited 
from rhizome buds in P. smithii. This would enable 
tiller recruitment between guerilla and phalanx till-
ers that would not occur as readily by B. inermis. 
Precipitation variability and clipping only had minor 
effects on clonal growth strategies, whereas inter-
specific competition shifted the future placement of 
buds for tiller outgrowth. Pascopyrum smithii shifted 
from a dual to a more phalanx growth strategy, while 
B. inermis transitioned from a more phalanx to a dual 
growth strategy under inter-specific competition. 
This shift in bud location allocation by the native and 
invasive species when they are in competition with 
one another may explain why B. inermis is able to 
successfully invade stands of P. smithii.
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Table 1   Analysis of variance of the effect of precipitation fre-
quency, clipping, and species on proportion of tillers per plant. 
(Bold P-values were presented in Fig. 2)

* Clip = Clipping, Freq = Precipitation frequency, Loc = Loca-
tion (i.e., Rhizome tip, Rhizome node, Crown), Spp. = Species

Source Num df Den df F-value P -value

Clip 1 35 1.7 0.2011
Freq 2 35 20.01 <.0001
Loc 2 35 454.68 <.0001
Spp 1 35 284.97 <.0001
Clip*Freq 2 35 1.79 0.1813
Clip*Loc 2 35 0.17 0.847
Clip*Spp 1 35 2.38 0.1317
Freq*Loc 4 35 15.32 <.0001
Freq*Spp 2 35 19.09 <.0001
Loc*Spp 2 35 372.81 <.0001
Clip*Freq*Loc 4 35 0.93 0.456
Clip*Freq*Spp 2 35 1.94 0.1585
Clip*Loc*Spp 2 35 3.84 0.0311
Freq*Loc *Spp 4 35 10 <.0001
Freq*Clip*Loc*Spp 4 35 1.44 0.2411

Table 2   Analysis of variance of the effect of precipitation fre-
quency, clipping, and species on proportion of live propagules 
per plant. (Bold P-values were presented on Fig. 3)

* Clip = Clipping, Freq = Precipitation frequency, Spp = Species

Source Num df Den df F Value P-value

Spp 1 11.37 64.63 <.0001
Freq 2 11.3 1 0.3968
Freq*Spp 2 11.3 4.63 0.034
Clip 1 11.37 0.07 0.7956
Clip*Spp 1 11.37 0.99 0.3415
Clip*Freq 2 11.3 0.19 0.8312
Clip*Freq*Spp 2 11.3 1.63 0.2387

Table 3   Analysis of variance of the effect of competition, 
location, and species the proportion of total tillers per plant. 
(Bold P-values were presented on Fig. 4)

* Comp = Competition (i.e., no competition, Intro-specific 
competition, inter-specific competition), Loc = Location (i.e., 
Rhizome tip, Rhizome node, Crown), Spp = Species

Source Num df Den df F value P -value

Comp 2 522 1.21 0.2989
Loc 2 522 235.91 <.0001
Spp 1 522 20.74 <.0001
Comp*Loc 4 522 1.05 0.3783
Comp*Spp 2 522 2.76 0.0641
Loc*Spp 2 522 80.69 <.0001
Comp*Loc*Spp 4 522 2.35 0.0533
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Open Access  This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits 
use, sharing, adaptation, distribution and reproduction in any 
medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The 
images or other third party material in this article are included 
in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your 
intended use is not permitted by statutory regulation or exceeds 
the permitted use, you will need to obtain permission directly 
from the copyright holder. To view a copy of this licence, visit 
http://creativecommons.org/licenses/by/4.0/.
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