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Cylindropuntia multigeniculata (Blue Diamond cholla [Cactaceae]) in habitat at Sloan Canyon National Conservation Area, Nevada. Photo by Alex 
Stosich, USGS
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R E F E R E E D  R ES E A R C H

A BST R ACT

Blue Diamond cholla (Cylindropuntia multigeniculata (Clokey) Blackb. [Cactaceae]) is a rare cac-
tus of the Mojave Desert. We explored whether cultivation from joint cuttings is a viable method 
for supporting threatened populations. Terminal joints were collected from adult plants at the 
type locality and grown in a shade house: We tested whether 2 soil mixes that varied in the ratio 
of inorganic and organic components (50:50 compared to 85:15) and 2 watering frequencies 
(250 ml every 5 d compared to 500 ml every 10 d) promote root growth important to outplant-
ing survival. Plants grown from joint cuttings in the 50:50 soil had greater shoot and root bio-
mass, produced more joint segments, and had higher initial and final survivorship over the 5-mo 
study. Neither soil nor watering treatments shifted biomass allocation to roots as hypothesized, 
but frequent watering produced longer roots, which may benefit reintroduced plants by assist-
ing root access to deep soil moisture. Despite their vigor during collection, freshly cut joints rap-
idly declined in condition, resulting in approximately 50% mortality during the first month of the 
study. Initial mortality was not explained by the identity, condition, or size of the maternal plant. 
Prior-year weather patterns and collection procedures may influence quality and durability of 
joint cuttings and require further study. While larger plants were produced from the 50:50 mix, 
and root length was increased by frequent watering, reintroduction of nursery-grown plants will 
indicate whether such treatments aid establishment in the dry habitat where this species occurs.

Scoles-Sciulla S, Stosich A, DeFalco L. 2023. Soil medium and watering frequency alter growth and allocation 
for Blue Diamond cholla (Cylindropuntia multigeniculata), a rare cactus of the northeast Mojave Desert, USA. 
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alter growth and allocation for Blue 
Diamond cholla (Cylindropuntia 
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Cylindropuntia multigeniculata (Blue Diamond cholla [Cactaceae]) in habitat at Sloan Canyon National Conservation Area, Nevada. Photo by Alex 
Stosich, USGS

CONVERSIONS

1 cm3 = 0.6 in3

1 m = 3.3 ft
1 cm = 0.4 in
1 mm = 0.04 in
1 l = 1.1 qt
1 ml = 0.03 fluid oz
1 kg = 2.2 lb
1 g = 0.04 oz
(°C × 1.8) + 32 = °F
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Blue Diamond cholla (Cylindropuntia multigeniculata 
(Clokey) Blackb. [Cactaceae]) is a rare cholla cac-
tus that grows in the northeastern Mojave Desert in 

southern Nevada and northwestern Arizona (Baker 2016). 
Cylindropuntia multigeniculata grows as a shrubby, densely 
branched cactus up to 0.5 m tall and 1.5 m broad with stems 
composed of 30 to 40 cylindrical segments (Baker 2005). Cylin-
dropuntia multigeniculata occurs in Joshua tree (Yucca jaegeri-
ana (McKelvey) L.W. Lenz [Agavaceae]) woodland and Mojave 
Desert scrubland (Larrea tridentata (DC.) Coville [Zygophyl-
laceae], Ambrosia dumosa (A. Gray) W.W. Payne [Asteraceae], 
Coleogyne ramossisima Torr. [Rosaceae], and Yucca spp. asso-
ciations) on rocky limestone, basalt, granite, and rhyolite soils 
between 1035 m and 1400 m in elevation, primarily on rocky 
slopes where perennial shrub cover is low (approximately 
5–15%) (Baker 2005, 2016). Cylindropuntia multigeniculata 
was a candidate species under the Endangered Species Act in 
1999 but removed from the candidate list in 2001 based on ac-
tive management of lands and the execution of the multispe-
cies conservation plan agreement (formerly C. whipplei var. 
multigeniculata (Engelm. & J.M. Bigelow) Knuth [Cactaceae]) 
(USFWS 1999, 2001). The type locality at Blue Diamond Hill 
in southern Nevada has been threatened by mining, residential 

development, and the proposed building of a hydroelectric 
plant in the past 20 y (Baker 2005). Cylindropuntia multigenic-
ulata is a Bureau of Land Management Special Status Species, 
fully protected in the State of Nevada and covered under Clark 
County’s Multiple Species Habitat Conservation Plan (RECON 
Environmental Inc 2000; Nevada Natural Heritage Program 
2001).

Propagation and reintroduction of rare or endangered plants 
can be an important aspect of mitigation measures and a valu-
able method for supporting wild populations (Maunder 1992). 
Studies that evaluate requirements for survival and growth are 
lacking for rare Cactaceae, and no known propagation stud-
ies have specifically focused on Cylindropuntia multigeniculata. 
Cactus species can be propagated by seed (Rojas-Aréchiga and 
Vázquez-Yanes 2000), but erratic precipitation patterns in des-
ert ecosystems can alter seed set and quality and make seed 
production unreliable (Montiel and Montaña 2003). Cylindro-
puntia species and similar cacti have been successfully propa-
gated via stem cuttings (Fiedler 1991; Kelly 2009; Buhanan 
and Briggs 2011). Cuttings can mimic Cylindropuntia species’ 
ability to vegetatively reproduce when stem segments (joints) 
disperse from the parent plant and produce roots while lying 
in contact with the soil surface (Allen and others 1991; Bobich 
and Nobel 2001; Rebman and Pinkava 2001). For some cactus 
species, joint dispersal may be the primary mode of reproduc-
tion (Allen and others 1991; Bobich and Nobel 2001). A com-
parison among 10 Cylindropuntia and 15 Opuntia species from 
the southwestern US, in which joints were placed in potting 
soil, found that 32% of Cylindropuntia joints produced adventi-
tious roots compared with 71% of Opuntia pads that rooted 
successfully (Evans and others 2004). This rooting difference 
may reflect the large pads of Opuntia species that store more 
water and carbohydrates and can invest more into establish-
ment compared with small joint segments of Cylindropuntia 
species (Flores-Torres and Montaña 2012). Establishment was 
also correlated with the number of joint segments per stem: 
Species with fewer joint or pad segments per longest stem had 
a higher probability of rooting than those with more segments 
(Evans and others 2004). The numerous joint segments per 
stem for C. multigeniculata (mature plants with 30–40 joints 
per stem; A Stosich, personal observation) is comparable to 
Cylindropuntia species that had low rates of establishment from 
joints (range 5–50% for Cylindropuntia compared with 30–90% 
for Opuntia; sensu Evans and others 2004). Species with a low 
number of joint segments per stem and high joint establish-
ment may invest in producing large numbers of offspring by 
shedding joints, in contrast to species that maintain relatively 
persistent stem segments that support reproduction by seed 
(Evans and others 2004). This dynamic of low rooting capac-
ity of Cylindropuntia with many joint segments per stem may 
make propagation of C. multigeniculata from stem segments 

Flower buds on C. multigeniculata propagated at shade house in Boul-
der City, Nevada. Photo by Lesley DeFalco, USGS
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challenging, but this difficulty may be moderated by providing 
necessary resources for segments to take root.

In arid environments, the development of a strong and effi-
cient root system is crucial for outplanting success (Rundel and 
Noble 1991). Propagation techniques can pre-condition plants, 
which can increase survival after reintroduction (Franco and 
others 2010). High root-to-shoot ratios promote water conser-
vation by reducing transpiration rates and allocating solutes 
to the root system to maintain the water gradient necessary 
for absorbing water from the soil (Lynch 1995; Canadell and 
Zedler 1995; Bañon and others 2006). Cylindropuntia species, 
and cacti in general, have fibrous root systems with shallow 
lateral roots that rapidly develop short-lived root hairs in re-
sponse to precipitation. The short-lived root hairs allow the 
plant to uptake shallow soil sources of water during seasonal 
rains and tolerate periods of soil drying (Lynch 1995; Reb-
man and Pinkava 2001; Balandrán-Quintana and others 2018; 
Gdaniec and Grace 2019). Even large arborescent cactus spe-
cies have a majority of roots within 30 cm of the soil surface, 
with an average root depth of 10 cm for many species, allowing 
plants to benefit from small rainfall events (Gibson and Nobel 
1986). Basic root structure can vary, with some Cylindropuntia 
species able to grow deeper and less-differentiated root systems 
when nursery-grown under different watering regimes, soil 
types, and soil volume (Cannon 1913).

Root development and positive moisture status in cacti can 
be encouraged by propagation with soil mixes that have good 
drainage, composed primarily of pumice or perlite with small 
amounts of organic matter, and a watering regime that allows 
periodic drying of the soil (Kelly 2009). In desert ecosystems, 
nitrogen, phosphorus, and potassium are localized and recy-
cled within “islands of fertility” around perennial shrubs, while 
other elements such as calcium, sodium, and magnesium are 
more abundant and evenly distributed in soils (Schlesinger 
and others 1996; Titus and others 2002). Plants can respond 
to low soil nutrients by increasing root growth, which may in-
crease nutrient uptake (Franco and others 2010). Conversely, 
organically rich greenhouse soils with high levels of nitrogen 
and phosphorus can decrease root growth and favor shoot 
growth, yielding low root-to-shoot ratios (Nobel and others 
1989; Bainbridge and others 1995). Some cactus species can 
respond quickly to seasonal resource pulses through increased 
shoot and root growth and root nitrogen concentrations, which 
allows them to add stem segments, potentially increasing veg-
etative dispersal, and to survive in water-limited microsites or 
endure periods when nutrient supply declines (Buhanan and 
Briggs 2011). Certain propagation techniques used in horti-
cultural propagation in general can reduce outplanting mor-
tality under dry and hot conditions (Franco and others 2011). 
However, these techniques may simply produce large plant 
size, thereby improving outplant survival overall. Intermittent 

Cylindropuntia multigeniculata at Blue Diamond Hill type locality. Photo by Alex Stosich, USGS
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watering (that is, more water delivered infrequently, com-
pared with less water delivered more frequently) can produce 
pre-conditioning effects that increase outplant survival. Deep, 
infrequent irrigation during propagation can produce deeper 
rooting, decreased shoot growth, and consequent improved 
drought tolerance (Qian and Fry 1996).

Cactus species optimize water uptake under conditions of 
fluctuating water availability by alternating between growth 
when water is available and a lack of growth under dry condi-
tions (Kelly 2009; Gdaniec and Grace 2019). Cacti have shallow 
root systems that can respond quickly to small rainfall events 
through the formation of rain roots (Rebman and Pinkava 
2001), which may result in increased root biomass under condi-
tions of low-volume, frequent watering. Reducing the amount 
of water given to plants, as opposed to watering less frequently, 
is a well-studied type of pre-conditioning treatment that can al-
ter root structure, increase resource use efficiency, and decrease 
shoot growth, resulting in increased root-to-shoot ratio, and 
thus improved drought tolerance (Snyman 2004; Bañon and 
others 2006; Fernández and others 2006; Franco and others 
2010; Lu and others 2014). A high root-to-shoot ratio in cacti 
that will be outplanted to habitat where resources are variable 
may thereby increase post-planting survival.

We evaluated whether propagating C. multigeniculata from 
joints harvested off adult plants in their habitat and grown in 
an open-sided shade house is a viable technique for propagat-
ing this rare species. We tested 2 soil mixes and 2 watering 
frequencies to determine a suitable combination to produce 
plants with a high root-to-shoot ratio, which we expect to lead 
to greater outplant survival. We hypothesized that growing C. 
multigeniculata joint cuttings in a soil mix containing a high 
proportion of inorganic materials would create plants that have 
a lower root and shoot biomass; growing cuttings in a soil mix 
with a high proportion of inorganic materials and under an in-
frequent watering regimen would produce plants with a larger 
root-to-shoot ratio.

M ETH O DS

Plant Material
Terminal joints (14–61 mm in length) were collected from 

C. multigeniculata plants at the type locality on Blue Diamond 
Hill (36.05361 N, 115.40083 W) directly north of Blue Dia-
mond, Nevada. The collection site has an average (± SD) annual 
precipitation of 239.4 ± 118.8 mm, average annual minimum 
temperature of 9.5 ± 0.7  °C, and average annual maximum 
temperature of 23.4 ± 0.7  °C (PRISM Climate Group 2020). 
Plants were located on steep slopes and rocky ledges composed 
of a mixture of limestone, dolostone, gypsiferous red shale, 
and claystone (Page and others 2005). Cactus joint cuttings are 
typically collected during spring or early summer when plants 
are actively growing (Luna 2009), and we timed collection early 

in the seasonal growth window for C. multigeniculata (Baker 
2005). We collected 4 terminal joints from each of 20 plants 
for a total of 80 joint cuttings on 11 June 2020, selecting plants 
with 50 or more terminal joints to minimize damage to the in-
dividual (Figure 1A). We measured the size of each maternal 
plant (greatest canopy diameter, perpendicular canopy diame-
ter, and height to calculate volume of inverted cone), estimated 
the number of terminal joints, and rated plant condition on 
an ordinal scale (1 = no dead stems, 2 = some stems dead at 

     

 

 

    

      

Figure 1. Terminal joints of C. multigeniculata were collected from adult 
plants on Blue Diamond Hill, Nevada (A), dusted with sulfur (B), and 
dried at the USGS Boulder City, Nevada, shade house for 25 d before 
planting under 2 soil and 2 watering treatments (C). Potted joint cut-
tings were arranged on a bench in the shade house (D) and grew ac-
tively (E) before being removed from pots to assess root and shoot 
growth (F) at the end of the experiment. Photos by Alex Stosich, USGS 
(A, B, E, F); Lesley DeFalco, USGS (C); Todd Esque, USGS (D)
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base, 3 = whole stems dead). Based on Kelly (2009) and Nie-
sen (2001), we removed terminal joints at the nodes using a 
serrated knife, sanitized with 70% isopropyl alcohol between 
cuts, and placed them in plastic containers at ambient tempera-
ture (30 °C) for transport to a shade house (2-h transit time). 
The shade house consisted of an open-sided frame with 40% 
radiation-blocking white and tan shade cloth secured over the 
top. The frame was pitched such that the shade cloth was at 3 m 
height along the center and 2.5 m height along the north and 
south sides, and joints received full sunlight during morning 
and evening hours. After dusting the base of each joint cut-
ting with sulfur, we allowed the cuttings to air-dry in a well-
ventilated shaded area for 25 d to ensure cuts formed a callus 
(Figure  1B). Although only green joints were harvested, the 
condition of the joint cuttings changed during callus formation 
and each joint cutting was rated on an ordinal scale 1 wk after 
collection (1 = entirely green, 2 = some browning at the callus, 
3 = browning throughout the surface of the joint cutting).

Experimental Design
Prior to potting on 6 July, we measured the height (ht, in cm) 

and greatest width (wid, in cm), excluding spines, of each joint 
cutting and used the measurements to calculate initial volume 
approximating a cylinder: volume = π × (wid/2)2 × ht. Each of 
the 4 joint cuttings from a maternal plant were randomly as-
signed to 1 of 4 levels in a 2 (soil mix) × 2 (watering frequency) 
factorial experiment (20 replicate joint cuttings per treatment 
× 4 treatment levels = 80 joint cuttings). Random assignment 
ensured that estimated volume of joint cuttings at the onset of 
the experiment was not different among treatments (one-way 
ANOVA on log-transformed volume, F3,76 = 0.52, P = 0.07).

The 2 soil mixes were composed of an 85:15 or 50:50 ratio 
of inorganic (1/8” pumice; General Pumice Products, Carls-
bad, California) to organic components (coconut fiber; Or-
ganic Growers Potting Mix, Vermont Organics Reclamation, St 

Albans, Vermont). Each joint cutting was situated in the center 
of a 1-gal pot, buried to approximately a third of its height, and 
supported with 3 wooden bamboo skewers (Figure  1C). All 
pots were watered with 500 ml tap water administered 1 to 2 
times per wk during the first mo after potting (4500 ml total 
for each pot during first mo). All pots were maintained on a 
1.2 m × 1.2 m bench at the USGS shade house in Boulder City, 
Nevada (Figure 1D) and experienced approximately the same 
light and temperature conditions throughout the experiment 
(Table 1).

During the initial establishment period when water was de-
livered to all pots at the same frequency and volume, weighing 
before and after water addition confirmed that the 2 soil mixes 
had the same total amount of water added (F1,5 = 2.38, P = 0.20) 
and lost between waterings (F1,5 = 0.58, P = 0.49) (Table 2). The 
total water addition measured by weighing pots over the first 
month of establishment was 16 to 19% lower than the 4500 ml 
total added per pot, reflecting observed drainage during water-
ing.

After 1  mo of establishment in the 2 soil treatments (13 
August), 39 of the original 80 C. multigeniculata joint cut-
tings were still alive (that is, green and not rotting at cutting 
base). At this time, we reassigned several pots to a different 
watering treatment from the original random assignment to 
ensure equal representation of joint cutting condition and 
aboveground volume across the watering treatments (that is, 
2 pots were reassigned from frequent to infrequent watering 
for both 50:50 and 85:15 soil treatments, and 2 pots were reas-
signed from infrequent to frequent watering for the 85:15 soil 
treatment). Reassignment resulted in 9 to 12 joint cuttings per 

TABLE 1

Mean (± SD) monthly temperatures for collection site at Blue Dia-
mond (30-y normal, PRISM Climate Group 2020) and propagation 
site at USGS shade house in Boulder City, Nevada, during study 
period (2020).

Blue Diamond (1067 m elev) 
36.05361 N, 115.40083 W

Boulder City (770 m elev) 
35.97897 N, 114.84136 W

———————————— °C ——————————

June 25.5 ± 0.14 28.3 ± 0.78

July 30.0 ± 0.49 32.0 ± 0.35

August 30.8 ± 1.77 33.2 ± 0.99

September 26.0 ± 1.27 28.9 ± 0.71

October 20.1 ± 1.91 23.9 ± 1.91

November 11.3 ± 0.71 13.8 ± 0.07

TABLE 2

Water dynamics of soil mixes prior to (6 July–13 Aug, 38 d) and 
after (13 Aug–16 Nov, 95 d) watering treatment implementation.

Water added (ml) Water lost (ml) WHC (%)

Pre-watering treatment (6 July–13 Aug)

85:15 soil mix 3647 ± 51 –3090 ± 12 16.83 ± 1.90

50:50 soil mix 3764 ± 56 –3039 ± 66 24.24 ± 4.09

Watering treatment (13 Aug–16 Nov)

85:15 Infrequent 4228 ± 66 Aa –3936 ± 61 Aa n/a

85:15 Frequent 4570 ± 40 Ab –4259 ± 38 Ab n/a

50:50 Infrequent 4431 ± 53 Ba –4051 ± 59 Ba n/a

50:50 Frequent 4638 ± 20 Bb –4563 ± 65 Bb n/a

Notes: A subset of pots was weighted before and after each watering (1 g water 
= 1 ml) to determine mean total water (± SE) added during watering and lost to 
evaporation and transpiration. Water dynamics were not significantly different 
between soil mixes before the watering treatments began. Differences after 
watering treatments were implemented are denoted by different uppercase 
letters (soil mix main effect) and lowercase letters (watering frequency main 
effect). See text for statistical results. The water-holding capacity (WHC) of the 
2 soil mixes was determined by weighing pots filled with oven-dried soil and 
then weighing them again after slowly adding water to pot capacity.
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treatment combination with equal estimated aboveground vol-
ume between the 2 watering treatments (two-factor ANOVA 
on log-transformed joint cutting volume measured 13 August, 
F1,35 = 0.08, P = 0.77). Joint cuttings potted in the 50:50 soil mix 
had 3.4 times the aboveground volume of those in the 85:15 
soil mix at the start of the watering treatment (log-transformed 
volume, F1,35 =28.06, P < 0.01). We initiated watering at 2 dif-
ferent frequencies while holding the total volume of water de-
livered constant: 250 ml of water was administered to each pot 
every 5 d (frequent watering) or 500 ml of water was adminis-
tered every 10 d (infrequent watering) for 5000 ml total to each 
pot over 3 mo. Three pots from each soil × watering treatment 
combination were weighed before and after each watering to 
document water addition and loss from pots for each treatment 
combination through time.

We also delivered the same total volume of water to each pot 
once we started the watering treatments (5000 ml over 3 mo), 
and pots weighed before and after watering again indicated that 
7 to 15% of delivered water drained from the pots during wa-
tering. The frequent watering treatment had 4 to 7% more total 
water delivered to the pots than infrequent watering (F1,11  = 
32.94, P < 0.01) (Table  2), likely attributable to accumulated 
measurement error for the smaller volume of water. Frequent 
watering pots also lost more water to evaporation and transpi-
ration between waterings as plants grew (F1,11 = 54.66, P < 0.01) 
(Table  2). Although the total water-holding capacity was not 
statistically different between soil mixes (F1,5 = 2.70, P = 0.13), 
less water drained from pots with the 50:50 soil mix compared 
to the 85:15 soil mix during watering (F1,11 = 8.03, P = 0.02) 
because of the greater organic component. The 50:50 soil mix 
subsequently lost more water to evaporation and transpiration 
between waterings than did the 85:15 soil mix (F1,11 = 13.82, 
P < 0.01).

Joint cuttings were measured shortly after collection (19 
June), at the onset of watering treatments (13 August), and at 
the end of the study (20 November). Joint cutting height (ht, 
in cm) and greatest width (wid, in cm), excluding spines, were 
used to calculate volume approximating a cylinder: volume = 
π × (wid/2)2 × ht. At the onset of the watering treatment, joint 
cuttings that were still green but rotting at the base were re-
cut, re-dusted with sulfur, and allowed to callus for 1 to 2 wk 
before being repotted. Joint cuttings that were completely tan, 
desiccated, and hardened before the onset of the watering treat-
ments or midway through the study (2 October) were consid-
ered dead and were discarded.

We estimated the water-holding capacity (WHC: the amount 
of water retained and stored in soil after watering and subse-
quent drainage) of the 2 experimental soil mixes by comparing 
the weight of oven-dried soil placed into pots on 6 July with 
the subset of experimental pots weighed on 15 July before joint 
cuttings were actively growing. Subsequent to initial weighing, 
joint cuttings plus 500 ml of water were added to each pot over 

2 d (6 and 8 July), allowing the water to soak into the soil with-
out running off. We calculated WHC as (weight of saturated 
soil + pot – empty pot) / (weight of oven dried soil) ∗ 100%. 

Instead of destructively harvesting plants to determine 
biomass and root-to-shoot ratio, we used a gravimetric water 
displacement approach at the end of the study (20 November) 
to measure root and shoot volume as an indicator of plant 
biomass (Burdett 1979; Harrington and others 1994; Pang 
and others 2011). Whole plants were removed from pots by 
carefully loosening soil from roots to preserve root structure, 
rinsed with water, and patted dry with paper towels (Figures 
1E and 1F). Roots and shoots were separately immersed in a 2 l 
beaker of water set on a 5 kg balance reading to 0.1 g. Weight 
of the displaced water approximates plant tissue volume (1 g 
water  = 1  cm³). We also measured maximum length of the 
roots, counted total number of joint segments, and measured 
the height and width of each joint segment. Joint cuttings that 
were yellow, browning, and not rooted were considered dead 
and were not measured. Live joint cuttings were subsequently 
repotted into original soil mixes after measurements and wa-
tered to pot capacity.

Statistical Analyses
We used an information-theoretic approach (Burnham and 

Anderson 2002) to determine plausible explanations for joint 
cutting mortality during establishment prior to implementing 
the watering treatments (13 July–3 August) and during water-
ing treatments (13 August–20 November). We first compared 
several logistic models using the LOGISTIC procedure (SAS, 
version 9.4, Cary, North Carolina) to determine which factors 
influenced survival during initial establishment. Models in-
cluded intercept only, separate models for initial joint cutting 
volume, joint cutting condition at planting (ordinal scale 1, 2, 
or 3), the soil and watering treatments and their interaction, 
and joint cutting condition or volume as covariates with soil 
and watering treatments and their interaction. Treatment levels 
for the most significant model based on Wald’s χ2 were com-
pared using odds ratios.

We compared survival models after watering treatments 
began by incorporating the same independent variables as 
described for establishment and computing an Akaike infor-
mation criterion with correction for small sample size (AICc) 
value for each model using the LIFEREG procedure in SAS. We 
compared the difference from the model with the lowest AICc 
to obtain ΔAICc: an ΔAICc <2 suggests substantial support 
for the model; ΔAICc between 4 and 7, considerably less sup-
port; and ΔAICc >7 suggests very little support for the model 
(Burnham and Anderson 2002). Prior to model development, 
we selected the most appropriate distribution type (lognormal) 
for the failure model by comparing AICc values of intercept-
only models. Multicollinearity did not occur among variables 
used within the same model based on Pearson’s |r| < 0.75 and 
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variation inflation factors < 10 (Neter and others 1996). The 
importance of each variable (a value ranging from 0 to 1 for 
least to most important) was derived by summing the Akaike 
weights (wis) across all candidate models in which the variable 
occurred (Burnham and Anderson 2002).

We used two-factor ANOVA (soil mix × watering frequency) 
to analyze soil moisture changes and joint cutting growth. Ef-
fects of soil mix and watering frequency were tested on soil 
moisture dynamics by analyzing water addition and water 
loss totaled across the initial establishment and post-watering 
treatment phases. Effects of soil mix and watering frequency 
were tested on plant responses including relative growth rate 
of whole plant (RGR, d-1), final root and shoot volumes (cm3), 
root-to-shoot ratio (R:S, cm3 cm-3), maximum root length 
(cm), and final number of joint segments (R, version 3.6.1, Vi-
enna, Austria or SAS, version 9.4, Cary, North Carolina). RGR 
was calculated based on Blackman (1919): Initial volume was 
derived from water displacement extrapolated to dimensions 
measured on 19 June, and final volume was the actual water 
displacement on 20 November. Assumptions of normality and 
equal variance were verified prior to analysis using D’Agostino-
Pearson Normality test and Levene’s test, respectively. Root 
length and root-to-shoot ratio were log-transformed prior to 
analysis to meet the assumptions of equal variance. Joint seg-
ment count data were analyzed by comparing model fits for 
Poisson and negative binomial models of soil and water ef-
fects and selecting the best model based on deviance statistics 
(GENMOD procedure in SAS).

Three joint cuttings remained green but did not develop 
roots by the end of the experiment (20 November) and were 
therefore excluded from statistical analyses of growth and post-
establishment survival. New growth on one joint cutting was 
eaten by a woodrat (Neotoma lepida Thomas [Muridae]) at the 
beginning of the experiment, but bird netting over the joint 
cuttings and regular live trapping resulted in no further inci-
dents. The damaged joint cutting was included in all growth 
and survival analyses after confirming that exclusion did not 
change the statistical outcome of any analyses.

R E S U LTS

Shade house temperatures were 2 to 3 °C warmer than summer 
and fall temperatures at Blue Diamond Hill where C. multige-
niculata was collected, reflecting the lower elevation of Boul-
der City (Table 1). Maximum daily temperatures (± SD) at the 
shade house were highest in July (40.3 ± 0.6  °C) and August 
(41.1 ± 1.7 °C) and minimum daily temperatures were lowest 
toward the end of the experiment (October, 17.1 ± 1.4 °C; No-
vember, 7.2 ± 0.9 °C). Precipitation at Blue Diamond Hill dur-
ing the 9 mo preceding joint collection was 42 mm lower than 
average and highly variable based on comparison to 30-y nor-
mal precipitation for the same location (PRISM Climate Group 

2020). Monthly precipitation was greater than the 30-y normal 
upper 95% confidence interval (CI) during November 2019 
and March 2020 and was less than the lower 95% CI for Octo-
ber 2019 and January, February, May, and June 2020 (Figure 2).

Plant Survival Prior To and After Watering 
Treatments
Initial survival of joint cuttings before watering treatments 

were implemented (39 of 80 joint cuttings = 49%) was princi-
pally influenced by joint cutting condition (all other models 
with ΔAICc >> 2) (Table 3). Joint cuttings that were initially 
rated as fully green were 19.9 times as likely to survive as those 
rated with some browning of the callus and 147.3 times as likely 
to survive as those rated as fully brown (Wald’s χ2 = 25.30, P < 
0.01). Initial joint cutting condition was not correlated to the 
identity, size, or condition of the maternal plant nor was initial 
joint cutting condition of maternal plants clustered spatially 
within the population (data not shown).

Survival of the remaining joint cuttings after 3 mo of water-
ing treatments was 56% (20 of 36 joint cuttings), and soil mix 
was the most influential factor (wis = 0.9909, summed over all 
candidate models; Wald’s χ2 = 11.337, P < 0.01 in best model). 
Joint cutting survival was 2.1 times higher for individuals in 
the 50:50 soil mix compared with the 85:15 mix (Figure  3). 
Although a model containing both soil mix and watering fre-
quency was well-supported (ΔAICc < 2), soil mix was the most 
explanatory variable in the model (summed wis  = 0.9909), 
while watering frequency had far less support and was not sta-
tistically significant (summed wis = 0.4828; Wald’s χ2 = 1.004, 
P = 0.32). Initial joint cutting condition (summed wis = 0.0873) 
and initial joint cutting volume (summed wis = 0.1012) did not 

Figure  2. Precipitation prior to joint collection at Blue Diamond Hill, 
Nevada. The shaded area represents 95% CI around monthly 30-y nor-
mal precipitation, and the line represents monthly rainfall preceding 
collection in June 2020. Data from PRISM Climate Group.
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appear in any of the most plausible models as explanations for 
survival 4 mo after treatments began (Table 3).

Growth and Biomass Allocation
Joint cuttings grown in the 50:50 soil mix had greater shoot 

volume (F1,16 = 15.98, P < 0.01) and root volume (F1,16 = 6.53, 
P  = 0.02) 4  mo after planting compared with joint cuttings 
grown in the 85:15 mix regardless of watering frequency (Fig-
ure 4). However, root-to-shoot ratio was not significantly dif-
ferent among soil and watering treatments (log-transformed 
R:S; soil, F1,16  = 0.30, P  = 0.59; water, F1,16  = 3.83, P  = 0.07; 
soil × water, F1,16 = 0.19, P = 0.67). Joint cuttings in the fre-
quent watering treatment had significantly increased root 
length (log-transformed root length, F1,16  = 6.00, P  = 0.03) 
compared to joint cuttings grown with infrequent watering, 
regardless of soil mix (Figure 4C). Whole-plant relative growth 
rate was more complex: Joint cuttings in the frequent water-
ing treatment had similar growth rates regardless of soil mix, 
whereas joint cuttings with the infrequent watering treatment 
had significantly lower relative growth rates in the 85:15 soil 

mix than in the 50:50 soil mix (soil mix × watering frequency, 
F1,16 = 6.42, P = 0.02) (Figure 5). The total number of joint seg-
ments per individual was significantly higher for the 50:50 soil 
mix compared to the 85:15 mix (soil effect best fit model, De-
viance = 0.9512, Pearson’s χ2 = 1.0324; Wald’s χ2 = 5.40, P = 
0.02). The average total number of joint segments for individu-
als in 50:50 soil (3.5 joint segments) was 2.3 times the number 
of joint segments for plants in 85:15 soil (1.5 joint segments) 
4 mo after planting.

D I SC U SS I O N

Cylindropuntia multigeniculata can be propagated from joint 
cuttings, but the condition of the collected joints is key to ini-
tial establishment while the soil medium played an important 
role in post-establishment survival and growth. Even though 
we collected green terminal joints during summer when plants 
were active, the surface color of some joint cuttings changed 
from green to brown during development of the callus. Our in-
dex of joint cutting condition demonstrates that during 1 mo of 
initial establishment, the proportion of green tissue explained 
survival better than joint cutting volume or soil mix used. Se-
lection of the most appropriate maternal plants for collection 
is uncertain, however, because joint cutting condition at the 
beginning of the experiment was not correlated to the identity, 
size, or condition of the maternal plant.

Over-collecting terminal joints to overcome the 50% ini-
tial mortality and increase the probability of joint cutting es-
tablishment is not desirable given the protected status of this 
rare Cylindropuntia. Further study is needed to understand 
whether seasonal and interannual precipitation and tempera-
ture patterns impact joint condition so that collection can be 
timed to optimize joint cutting quality and improve nursery 
propagation. Changes in collection and pre-planting practices 

TABLE 3

Comparison of ordinal logistic regression models for survival of 
C. multigeniculata joint cuttings prior to initiating watering treat-
ment (6 July–13 Aug) and comparison of failure-time models for 
survival of joint cuttings during watering treatment (13 Aug–20 
Nov).

Survival prior to watering treatmentz

Model AICc ΔAIC wi

Intercept 112.9053 45.8534 0.0000

CI 67.0518 0.0000 0.8963

CI Soil|Water 71.3648 4.3130 0.1037

Survival during watering treatmenty

Model AICc ΔAIC wi

Intercept 57.316 9.678 0.0040

Soil 47.638 0.000 0.5101

Soil Water 49.191 1.553 0.2347

Soil Water Vol 51.355 3.717 0.0795

Soil Water CI 51.571 3.933 0.0714

Soil|Water 51.894 4.256 0.0607

Notes: Models are ranked by ΔAICc and only those models with some level 
of support (ΔAICc < 7) are presented, along with the intercept model for 
comparison. Akaike weights (wi) are included for comparing the relative 
importance of the initial joint cutting and treatment attributes: Joint cutting 
condition index (CI), joint cutting volume (Vol), soil mix (Soil), and watering 
treatment (Water). Maternal plant did not occur in any of the models with 
ΔAICc < 7.
z Analysis prior to watering treatment implementation (1 mo) included all 80 
C. multigeniculata joint cuttings collected.
y Analysis during watering treatment included the 39 C. multigeniculata joint 
cuttings that remained alive after 1 mo, minus 3 joint cuttings that never rooted 
during the experiment although the shoots remained green and succulent 
(N = 36).

Figure 3. Survival functions for the variable that best explained survival, 
soil mix (highest weight in model with lowest AICc value), for C. mul-
tigeniculata joint cuttings at the greenhouse after watering treatments 
were initiated on 13 August 2020 (N = 36).
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may enhance joint cutting status, such as transporting joint 
cuttings in a cooler to reduce cutting stress (St John and others 
2009) and whole-joint disinfection before callusing to reduce 
fungal infection (Sims and others 2016). We partially buried 
joint cuttings during planting to provide support, but resting 
joint cuttings on the soil surface or supporting them upright 
with the callus in contact with the soil surface has been used 
in successful propagation for other Cylindropuntia species 
(Holthe and Szarek 1985) and may reduce rot by limiting the 
surface area in direct contact with moist soil (Alabaster 1996). 
Although 49% of C. multigeniculata joint cuttings (39 of 80) 
rooted after 1 mo in our study, a shorter period of callusing or 
application of rooting hormones may have improved longer-
term establishment of the joint cuttings by encouraging rooting 
(Alabaster 1996).

We collected joints in June when root development for pot-
ted cacti is favored by nighttime temperatures above 15.6  °C 
(Kelly 2009), consistent with temperatures from May through 
September at the Boulder City shade house (30-y normal, 
PRISM Climate Group 2020). Cactus joint cuttings are typically 

Figure 4. Measurements of C. multigeniculata joint cuttings (lsmean ± SE) 4 mo after planting in the USGS shade house: shoot biomass (A) and root 
biomass (B) by soil mix, and root length (C) by watering schedule. Root length lsmean and SE values are back-transformed for clarity. Statistical 
differences at the P < 0.05 level are denoted by different lowercase letters within each graph.

Figure  5. Relative growth rate (lsmean ± SE) over soil and watering 
treatments for C. multigeniculata joint cuttings at the USGS shade 
house in Boulder City, Nevada, from 6 July through 20 November 
2020. Statistical differences at the P < 0.05 level are denoted by differ-
ent lowercase letters within the graph.
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collected during spring or early summer when plants are ac-
tively growing (Luna 2009), and we timed collection early in the 
late spring to fall growth window for C. multigeniculata (Baker 
2005). Further study could elucidate whether the exact timing 
of collection across the active growing season and whether col-
lecting actively growing versus previous years’ terminal joints 
can improve joint cutting establishment for C. multigeniculata. 
We collected joints in June 2020 following a period of sporadic 
and low rainfall compared with 30-y normals (Figure 2). Lack 
of rainfall in January and February 2020 may have reduced veg-
etative growth for C. multigeniculata, leading to joint cuttings 
with fewer resources needed for survival (Beatley 1974).

We intended to administer the same total volume of water 
across watering treatments and to vary only frequency to dis-
entangle the 2 effects that are sometimes confounded in irri-
gation experiments. Varying watering amount alone may have 
produced different results because a reduction of water dur-
ing propagation has been shown to improve drought tolerance, 
produce more robust root systems, and increase root-to-shoot 
ratios (Bañon and others 2006; Fernández and others 2006; 
Franco and others 2010; Franco and others 2011; Lu and others 
2014). Holding the frequency of watering constant while low-
ering the total amount of water can provide insight into how C. 
multigeniculata allocates biomass during drought conditions.

In contrast to standardized recommendations for propagat-
ing cacti in soils that have a high percentage of inorganic mate-
rial (Alabaster 1996; Neisen 2001), C. multigeniculata cuttings 
had greater survival and increased root and shoot volume in 
soils with a higher percentage of organic matter (50:50). Cyl-
indropuntia multigeniculata joint cuttings that survived initial 
establishment were already an average of 3 times larger after 
1 mo when grown in the high organic soil, and this impact car-
ried through to increased survival and greater aboveground 
and belowground biomass 4 mo after treatments began. Our 
watering and soil treatments, however, did not alter root-to-
shoot ratios of the cuttings.

The greater survival and growth of C. multigeniculata cut-
tings in the 50:50 mix suggests that placing outplants near 
shrubs, where soil organic matter and nutrients are concen-
trated (Schlesinger and others 1996; Titus and others 2002), 
may promote survival and growth of joint cuttings. Seedlings 
of other Cylindropuntia species often establish under nurse 
plants (Cody 1993; Flores-Torres and Montaña 2012) where 
they may benefit from greater water availability (Martínez-
Berdeja and Valverde 2008). Additional explanations have been 
postulated for observed associations of Cylindropuntia species 
seedlings with shrub and perennial grass nurse plants, includ-
ing increased photosynthetic efficiency through amelioration 
of unspecified environmental conditions (Badano and oth-
ers 2016), protection from freezing temperatures (Nobel and 
Bobich 2002), physical trapping of wind-blown fruits (Cody 
1993), increased soil moisture, organic matter and nitrogen 

(Méndez and others 2004), and physical protection from herbi-
vores (Cody 1993; Mandujano and others 1998), although none 
of these studies tested the proposed mechanisms directly. Fac-
tors influencing joint establishment are thought to differ from 
those influencing seedling survival, and joint establishment 
in different microsites varies by species (Flores-Torres and 
Montaña 2012). For example, C. leptocaulis F.M. Knuth joints 
establish exclusively under nurse plants, while C. imbricata 
(Haworth) F.M. Knuth joints establish readily in inter-canopy 
areas (Flores-Torres and Montaña 2012). While we noted dur-
ing joint collection that adult C. multigeniculata occur almost 
entirely outside the canopy of shrubs, no observations of the 
establishment of joints or seedlings have been made in habitat 
for this species.

The relative importance of asexual reproduction versus indi-
vidual longevity and sexual reproduction within the life history 
of C. multigeniculata is not directly known, but C. multigenicu-
lata has 30 to 40 joint segments per stem, similar to other Cylin-
dropuntia species with low levels of joint establishment (Evans 
and others 2004). In contrast to a species such as C. bigelovii 
Engelm. that primarily reproduces asexually, we also observed 
that terminal joints from C. multigeniculata were not easily de-
tached. The 25% establishment and survival of joint cuttings we 
saw 5 mo after collection over all treatments further suggests 
that C. multigeniculata fits with Cylindropuntia species that rely 
mostly on sexual reproduction (sensu Evans and others 2004). 
Dry conditions during the period of the current study meant 
that seeds were not produced, preventing us from studying 
sexual reproduction in direct comparison to asexual reproduc-
tion for C. multigeniculata, and leaving propagation from seed 
as an important contrasting area of study for this rare species.

Although our soil and watering treatments did not increase 
biomass allocation to roots, frequent watering did produce 
longer roots. Thus, infrequent watering appears to produce 
shorter roots in greater density or diameter in contrast to fre-
quent watering producing longer, potentially sparser or thinner 
roots, similar to the shorter, thicker roots produced by decreas-
ing the total amount of water (Bañon and others 2006). The C. 
multigeniculata joint cuttings grown in organic soil mix (50:50) 
with frequent watering had greater root biomass and length, 
but these joint cuttings also had greater shoot biomass, which 
can reduce survival under outplanting conditions (Rundel and 
Nobel 1991). Reintroduction studies will ultimately determine 
whether propagation pre-conditioning treatments improve 
long-term survival in protected desert habitats. Intentional and 
unintentional selection during all stages of propagation have 
the potential to genetically diminish restored plant populations 
(Espeland and others 2017), and these impacts can be espe-
cially concerning for rare species. Practices designed to de-
crease artificial selection, such as spreading out collections in 
time and space and promoting gene flow (Espeland and others 
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2017), are another important focus of future work with C. mul-
tigeniculata.

Cacti may be largely inflexible in the proportional alloca-
tion of root and shoot biomass; they have wide environmental 
tolerance and the ability to take advantage of transient water 
and nutrient resources, allowing for changes in relative growth 
rate with minimal change in root-to-shoot ratios (Martínez-
Berdeja and Valverde 2008). Desert succulents can survive arid 
conditions with relatively low root-to-shoot ratios compared 
with non-succulents because of the water storage capacity of 
their shoots and an ability to produce new roots quickly after 
rain occurs (Jordan and Nobel 1984). In this study, we did note 
an increase in RGR for joint cuttings growing in the high or-
ganic soils (50:50) with infrequent watering compared to joint 
cuttings grown in low organic soil with infrequent watering. 
However, this difference in RGR did not carry over to the fre-
quent watering treatment, and we found no significant change 
in root-to-shoot ratios for all soil and water treatments.

CO N C LU S I O NS

Propagation of C. multigeniculata from joint cuttings provides 
a viable option for conservation of the species with promise for 
reintroduction into protected habitats, especially when unpre-
dictable seed production and viability typical of desert environ-
ments may limit propagation from seed. The challenges of joint 
cutting condition still need to be understood when harvesting 
joints from C. multigeniculata populations. However, the use of 
a 50:50 mix of inorganic:organic components can enhance sur-
vival of nursery stock and promote growth of root and shoot 
tissues. Frequent irrigation using small volumes of water is pre-
ferred over infrequent watering of greater volume as a method 
to enhance rooting depth. Given uncertainty regarding the life 
history of C. multigeniculata, direct comparison of propagation 
from seeds versus cuttings represents an important future av-
enue of study for this rare cactus. With either method of propa-
gation, an understanding of habitat requirements for the spe-
cies in combination with the optimal season for reintroduction 
and the potential benefits of nurse plants will benefit conserva-
tion of the species.

AC K N O W L E D GM E NTS

We thank Stefanie Ferrazzano for supporting our study on 
propagation potential of C. multigeniculata and Todd Esque 
(USGS) for sharing his insights into succulent propagation. We 
also thank Allison McKenna (USGS) for assisting with joint 
collection in the field. We are grateful for Cayenne Engel (Ne-
vada Division of Forestry) and Lara Kobelt (Bureau of Land 
Management, Southern Nevada District Office) for helping us 
acquire permits for working on this sensitive species. We thank 
Elizabeth Powell and two anonymous reviewers for providing 

valuable feedback to improve this manuscript. Any use of 
trade, firm, or product names is for descriptive purposes only 
and does not imply endorsement by the U.S. Government. This 
work was supported by the Clark County Desert Conservation 
Program and funded by Section 10, as project #2019-USGS-
1990A to further implement or develop the Clark County 
Multiple Species Habitat Conservation Plan. Data are available 
upon request from the Clark County Desert Conservation Pro-
gram by e-mailing them at dcp@ClarkCountyNV.gov.

R E F E R E N C E S

Alabaster R. 1996. Beginners’ cacti. British Cactus and Succulent Jour-
nal 14:55–60.

Allen LJS, Allen EJ, Kunst CRG, Sosebee RE. 1991. A diffusion model 
for dispersal of Opuntia imbricata (cholla) on rangeland. Journal of 
Ecology 79:1123–1135.

Badano EI, Samour-Nieva OR, Flores J, Flores-Flores JL, Flores-Cano 
JA, Rodas-Ortíz JP. 2016. Facilitation by nurse plants contributes to 
vegetation recovery in human-disturbed desert ecosystems. Jour-
nal of Plant Ecology 9:485–497.

Bainbridge DA, Fidelibus M, MacAller R. 1995. Appendix G: tech-
niques for plant establishment in arid ecosystems. Restoration and 
Management Notes 13:190–197.

Baker MA. 2005. Current knowledge and conservation of Cylindropun-
tia multigeniculata (Cactaceae), the Blue Diamond cholla. Status re-
port prepared for US Fish and Wildlife Service Nevada State Office. 
Chino Valley (AZ): Southwest Botanical Research. 30 p.

Baker MA. 2016. Morphological and cytological analyses of Cylindro-
puntia (Cactaceae): the taxonomic circumscription of C. echino-
carpa, C. multigeniculata, and C. whipplei. Journal of the Botanical 
Research Institute of Texas 10:325–343.

Balandrán-Quintana RR, González-León A, Islas-Rubio AR, Madera-
Santana TJ, Soto-Valdez H, Mercado-Ruiz JN, Peralta E, Robles-
Osuna LE, Vásquez-Lara F, Carvallo-Ruiz T, Granados-Nevarez MC, 
Martínez-Núñez YY, Montoya-Ballesteros LC. 2018. An overview 
of cholla (Cylindropuntia spp.) from Sonora, Mexico. Journal of the 
Professional Association for Cactus Development 20:162–176.

Bañon S, Ochoa J, Franco JA, Alarcón JJ, Sánchez-Blanco MJ. 2006. 
Hardening of oleander seedlings by deficit irrigation and low air 
humidity. Environmental and Experimental Botany 56:36–43.

Beatley JC. 1974. Phenological events and their environmental trig-
gers in Mojave Desert ecosystems. Ecology 55:856–863.

Blackman VH. 1919. The compound interest law and plant growth. 
Annals of Botany 33:353–360.

Bobich EG, Nobel PS. 2001. Vegetative reproduction as related to bio-
mechanics, morphology, and anatomy of four cholla cactus species 
in the Sonoran Desert. Annals of Botany 87:485–493.

Buhanan ML, Briggs JM. 2011. Phenotypic plasticity in response to 
short term nutrient availability in Cylindropuntia fulgida (Cacta-
ceae). Haseltonia 16:91–100.

Burdett AN. 1979. A nondestructive method for measuring the vol-
ume of intact plant parts. Canadian Journal of Forest Research 
9:120–122.

Burnham KP, Anderson DR. 2002. Model selection and multimodel in-
ference: a practical information-theoretic approach. 2nd ed. New 
York (NY): Springer-Verlag. 488 p.

Canadell J, Zedler PH. 1995. Underground structures of woody plants 
in Mediterranean ecosystems of Australia, California, and Chile. 
In: Kalin‐Arroyo MT, Zedler PH, Fox MD, editors. Ecology and 

by
 g

ue
st

 o
n 

A
ug

us
t 1

1,
 2

02
6.

 C
op

yr
ig

ht
 2

02
3

D
ow

nl
oa

de
d 

fr
om

 

mailto:dcp@ClarkCountyNV.gov


NATIVEPLANTS | 24 | 1 | SPRING 2023� GROWTH AND ALLOCATION OF BLUE DIAMOND CHOLLA

16

biogeography of Mediterranean ecosystems in Chile, California 
and Australia. New York (NY): Springer‐Verlag. p 177–210.

Cannon WA. 1913. Notes on root variation in some desert plants. Plant 
World 16:323–341.

Cody ML. 1993. Do cholla cacti (Opuntia spp., subgenus Cylindropun-
tia) use or need nurse plants in the Mojave Desert? Journal of Arid 
Environments 24:139–154.

Espeland EK, Emery NC, Mercer KL, Woolbright SA, Kettenring KM, 
Gepts P, Etterson JR. 2017. Evolution of plant materials for ecologi-
cal restoration: insights from the applied and basic literature. Jour-
nal of Applied Ecology 54:102–115.

Evans LS, Imson GJ, Kim JE, Kahn-Jetter Z. 2004. Relationships between 
number of stem segments on longest stems, retention of terminal 
stem segments and establishment of detached terminal stem seg-
ments for 25 species of Cylindropuntia and Opuntia (Cactaceae). 
Journal of the Torrey Botanical Society 131:195–203.

Fernández JA, Balenzategui L, Bañon S, Franco JA. 2006. Induction 
of drought tolerance by paclobutrazol and irrigation deficit in 
Phillyrea angustifolia during the nursery period. Scientia Horticul-
turae 107:277–283.

Fiedler PL. 1991. Final report: mitigation-related transplantation, re-
location and reintroduction projects involving endangered and 
threatened, and rare plant species in California. Report prepared 
for California Department of Fish and Game, Endangered Plant 
Program. San Francisco (CA): San Francisco State University. 82 p.

Flores-Torres A, Montaña C. 2012. Recruiting mechanisms of Cylindro-
puntia leptocaulis (Cactaceae) in the southern Chihuahuan Desert. 
Journal of Arid Environments 84:63–70.

Franco JA, Martínez-Sánchez JJ, Fernández JA, Bañon S, Ochoa J, Vi-
cente MJ. 2010. Nursery pre-conditioning of plants for revegeta-
tion, gardening, and landscaping in semi-arid environments. Car
tagena (Spain): Technical University of Cartagena. Technology 
and Knowledge Transfer e-Bulletin 1(2). 5 p.

Franco JA, Bañon S, Vicente MJ, Miralles J, Martínez-Sánchez JJ. 2011. 
Root development in horticultural plants grown under abiotic 
stress conditions – a review. Journal of Horticultural Science and 
Biotechnology 86(6):543–556. 

Gdaniec A, Grace OM. 2019. Curator’s notes on growing cacti, part 2: 
watering, feeding and pH. Cactus and Succulent Journal 91:29–31.

Gibson AC, Nobel PS. 1986. The cactus primer. Cambridge (MA): Har-
vard University Press. 286 p.

Harrington JT, Mexal JG, Fisher JT. 1994. Volume displacement pro-
vides a quick and accurate way to quantify new root production. 
Tree Planters’ Notes 45:121–124.

Holthe PA, Szarek SR. 1985. Physiological potential for survival of prop-
agules of crassulacean acid metabolism species. Plant Physiology 
79:219–224. 

Jordan PW, Nobel PS. 1984. Thermal and water relations of roots of 
desert succulents. Annals of Botany 54:705–717.

Kelly J. 2009. How to propagate agaves and cacti from cuttings and 
seed. Tucson (AZ): College of Agriculture and Life Sciences, Univer-
sity of Arizona. University of Arizona Cooperative Extension Publi-
cation AZ1483. 4 p.

Lu J, Yuan J, Yang J, Yang Z. 2014. Responses of morphology and 
drought tolerance of Sedum lineare to watering regime in green 
roof system: a root perspective. Urban Forestry and Urban Green-
ing 13(4):682–688.

Luna T. 2009. Vegetative propagation. In: Dumroese RK, Luna T, Lan-
dis TD, editors. Nursery manual for native plants: a guide for tribal 
nurseries, Volume 1: nursery management. Washington (DC): 
USDA Forest Service. Agriculture Handbook 730. p 153–175.

Lynch J. 1995. Root architecture and plant productivity. Plant Physiol-
ogy 109:7–13.

Mandujano MC, Montaña C, Méndez I, Golubov J. 1998. The relative 
contributions of sexual reproduction and clonal propagation in 
Opuntia rastrera from two habitats in the Chihuahuan Desert. Jour-
nal of Ecology 86:911–921.

Martínez-Berdeja A, Valverde T. 2008. Growth response of three glo-
bose cacti to radiation and soil moisture: an experimental test of 
the mechanism behind the nurse effect. Journal of Arid Environ-
ments 72:1766–1774.

Maunder M. 1992. Plant reintroduction: an overview. Biodiversity and 
Conservation 1:51–61.

Méndez E, Guevara JC, Estevez OR. 2004. Distribution of cacti in Larrea 
spp. shrublands in Mendoza, Argentina. Journal of Arid Environ-
ments 58:451–462.

Montiel S, Montaña C. 2003. Seed bank dynamics of the desert cactus 
Opuntia rastrera in two habitats from the Chihuahuan Desert. Plant 
Ecology 166:241–248.

Neisen P. 2001. Propagation of cacti and succulents. URL: https://
www.ndsu.edu/pubweb/chiwonlee/plsc368/student/papers01/
pneisen/Propagationofcactiandsucculents/cactuspropagation 
.htm (accessed 12 Jun 2020). Fargo (ND): North Dakota State Uni-
versity.

Neter J, Juter MH, Nachtsheim CJ, Wasserman W. 1996. Applied linear 
statistical models: regression, analysis of variance, and experimen-
tal designs. 4th ed. Chicago (IL): Irwin. 701 p.

Nevada Natural Heritage Program. 2001. Rare plant fact sheet Opuntia 
whipplei Engelmann & Bigelow var. multigeniculata (Clokey) L. Ben-
son Blue Diamond cholla. Carson City (NV): Nevada Department 
of Conservation and Natural Resources. 1 p.

Nobel PS, Bobich EG. 2002. Plant frequency, stem and root character-
istics, and CO2 uptake for Opuntia acanthocarpa: elevational corre-
lates in the northwestern Sonoran Desert. Oecologia 130:165–172.

Nobel PS, Quero E, Linares H. 1989. Root versus shoot biomass: re-
sponses to water, nitrogen, and phosphorus applications for Agave 
lechuguilla. Botanical Gazette 150(4):411–416.

Page WR, Lundstrom SC, Harris AG, Langenheim VE, Workman JB, Ma-
han SA, Paces JB, Dixon GL, Rowley PD, Burchfiel BC, Bell JW, Smith 
EI. 2005. Geologic and geophysical maps of the Las Vegas 30’ × 
60’ quadrangle, Clark and Nye Counties, Nevada, and Inyo County, 
California. URL: https://pubs.usgs.gov/sim/2005/2814/ (accessed 
1 Dec 2020). Reston (VA): USDI U.S. Geological Survey. Scientific 
Investigations Map SIM-2814.

Pang W, Crow WT, Luc JE, McSorley R, Giblin-Davis RM. 2011. Com-
parison of water displacement and WinRHIZO software for plant 
root parameter assessment. American Phytopathological Society 
95:1308–1310.

PRISM Climate Group. 2020. Parameter-elevation regressions on inde-
pendent slopes model (PRISM) time series values for individual lo-
cations. URL: http://prism.oregonstate.edu (accessed 7 Dec 2020). 
Corvallis (OR): Oregon State University.

Qian YL, Fry JD. 1996. Irrigation frequency affects zoysiagrass rooting 
and plant water status. Horticultural Science 31:234–237.

Rebman JP, Pinkava DJ. 2001. Opuntia cacti of North America: an over-
view. Florida Entomologist 84:474–483.

RECON Environmental Inc. 2000. Final Clark County multiple species 
habitat conservation plan and environmental impact statement for 
issuance of a permit to allow incidental take of 79 species in Clark 
County, Nevada. Report prepared for Clark County Department of 
Comprehensive Planning and USDI U.S. Fish and Wildlife Service. 
San Diego (CA): RECON Environmental Inc. 1675 p.

by
 g

ue
st

 o
n 

A
ug

us
t 1

1,
 2

02
6.

 C
op

yr
ig

ht
 2

02
3

D
ow

nl
oa

de
d 

fr
om

 

https://www.ndsu.edu/pubweb/chiwonlee/plsc368/student/papers01/pneisen/Propagationofcactiandsucculents/cactuspropagation.htm
https://www.ndsu.edu/pubweb/chiwonlee/plsc368/student/papers01/pneisen/Propagationofcactiandsucculents/cactuspropagation.htm
https://www.ndsu.edu/pubweb/chiwonlee/plsc368/student/papers01/pneisen/Propagationofcactiandsucculents/cactuspropagation.htm
https://www.ndsu.edu/pubweb/chiwonlee/plsc368/student/papers01/pneisen/Propagationofcactiandsucculents/cactuspropagation.htm
https://pubs.usgs.gov/sim/2005/2814/
http://prism.oregonstate.edu


SARA SCOLES-SCIULLA, ALEXANDER STOSICH, AND LESLEY DEFALCO� NATIVEPLANTS | 24 | 1 | SPRING 2023

17

Rojas-Aréchiga M, Vázquez-Yanes C. 2000. Cactus seed germination: a 
review. Journal of Arid Environments 44:85–104.

Rundel PW, Nobel PS. 1991. Structure and function in desert root sys-
tems. In: Atkinson D, editor. Plant root growth: an ecological per-
spective. Boston (MA): Blackwell Scientific. p 349–378.

Schlesinger WH, Raikes JA, Hartley AE, Cross AF. 1996. On the spatial 
pattern of soil nutrients in desert ecosystems. Ecology 77:364–374.

Sims L, Conforti C, Gordon T, Larssen N, Steinharter M. 2016. Presi-
dio Phytophthora management recommendations. URL: https://
docs.google.com/viewerng/viewer?url=https://nature.berkeley 
.edu/garbelottowp/wp-content/uploads/RetailNurseryUC_IPM_
NewsDec2016-P-tentaculata.pdf&hl=en_US (accessed 29 Dec 
2020). Davis (CA): University of California. 4 p.

Snyman HA. 2004. Effect of various water application strategies on 
root development of Opuntia ficus-indica and O. robusta under 
greenhouse growth conditions. Journal of the Professional Associa-
tion for Cactus Development 6:35–61.

St John L, Ogle DG, Scianna J, Winslow S, Holzworth LK, Hoag C, Til-
ley D. 2009. Plant materials collection guide. Washington (DC): 
USDA Department of Agriculture Natural Resources Conservation 
Service. Plant Materials Technical Note 80. 17 p.

Titus JH, Nowak RS, Smith SD. 2002. Soil resource heterogeneity in the 
Mojave Desert. Journal of Arid Environments 52:269–292.

[USFWS] US Fish and Wildlife Service. 1999. Endangered and threat-
ened wildlife and plants; review of plant and animal taxa that are 
candidates or proposed for listing as Endangered or Threatened; 
annual notice of findings on recycled petitions; annual description 
of progress on listing actions. Federal Register 64(205):57534–
57547.

[USFWS] US Fish and Wildlife Service. 2001. Endangered and threat-
ened wildlife and plants; review of plant and animal species that 
are candidates or proposed for listing as Endangered or Threat-
ened, annual notice of findings on recycled petitions, and an-
nual description of progress on listing actions. Federal Register 
66(210):54808–54832.

AUTHOR INFORMATION

Sara Scoles-Sciulla
Ecologist
ssciulla@usgs.gov

Alexander Stosich
Botany Technician
astosich@usgs.gov

Lesley DeFalco
Research Plant Ecologist
ldefalco@usgs.gov

U.S. Geological Survey
Western Ecological Research Center
500 Date Street
Boulder City, NV 89005

by
 g

ue
st

 o
n 

A
ug

us
t 1

1,
 2

02
6.

 C
op

yr
ig

ht
 2

02
3

D
ow

nl
oa

de
d 

fr
om

 

https://docs.google.com/viewerng/viewer?url=https://nature.berkeley.edu/garbelottowp/wp-content/uploads/RetailNurseryUC_IPM_NewsDec2016-P-tentaculata.pdf&hl=en_US
https://docs.google.com/viewerng/viewer?url=https://nature.berkeley.edu/garbelottowp/wp-content/uploads/RetailNurseryUC_IPM_NewsDec2016-P-tentaculata.pdf&hl=en_US
https://docs.google.com/viewerng/viewer?url=https://nature.berkeley.edu/garbelottowp/wp-content/uploads/RetailNurseryUC_IPM_NewsDec2016-P-tentaculata.pdf&hl=en_US
https://docs.google.com/viewerng/viewer?url=https://nature.berkeley.edu/garbelottowp/wp-content/uploads/RetailNurseryUC_IPM_NewsDec2016-P-tentaculata.pdf&hl=en_US
mailto:ssciulla@usgs.gov
mailto:astosich@usgs.gov
mailto:ldefalco@usgs.gov

