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Abstract. A large population of the fully mycoheterotrophic orchid, Corallorhiza striata var. vreelandii, was monitored for nine years,
2009—2017, in the Santa Catalina Mountains of southeastern Arizona. High elevation slopes were chosen for an unusually high
density of plants. Orchid stems were counted annually, and the
number of flowering stems steadily decreased by 78% during the
first seven years (2009–2015) in drought conditions. Following
a partial return to average rainfall on the seventh through ninth
years, the number of stems dramatically rebounded on the eighth
and ninth years. Overall the total number of flowering stems decreased by 35% during the study. Precipitation from the previous
winter and summer strongly correlated with the number of flowering stems observed. Years of extreme drought, with less than half
of annual averages, resulted in a decline of flowering stems for two
consecutive years, even when the following year had average rainfall. Two years of near average rainfall resulted in an increase on
the second year. Orchid numbers were observed to fluctuate as its
endophyte was dynamically affected by changes in annual precipitation. This study highlights the need for research on the impact
of drought to ectomycorrhizal fungi and affiliated plant species.

Introduction
The Orchidaceae is one of the largest families of flowering
plants with 22,000–28,000 species worldwide (Gebauer et al. 2016;
Christenhusz & Byng 2016). Modern species originate from a
common ancestor in the late Cretaceous, 76–84 Ma (million years
old), and all current subfamilies were present by the end of the
Cretaceous, ~65 Ma (Ramirez et al. 2007). Orchids have evolved
complex flower morphology and fascinating, often deceptive interactions with fungi and insect pollinators (Smith & Read 2008;
Gaskett 2011). All orchids are initial mycoheterotrophs (fungal
parasites), requiring a mycorrhizal infection in the seed to allow
the embryo to begin taking in nutrients to facilitate germination
(Rasmussen et al. 2015). This process is referred to as symbiotic
germination and photosynthesis is not employed during the development of the orchid’s protocorm (Merckx 2013). Most orchids
switch to autotrophy or partial mycoheterotrophy after the protocorm phase, but more than 200 orchid species have evolved into
fully mycoheterotrophic plants. Currently only 400–880 species of
plants worldwide, orchids and others, are known to be fully mycoheterotrophic (Merckx & Freudenstein 2010; Merckx et al. 2013).

Figure 1. A rare yellow color morph of Corallorhiza striata
forma flavida.

Corallorhiza striata is fully mycoheterotrophic and lacks leaves
and roots, relying solely on parasitizing specific fungi to obtain
carbon and presumably all nutrients. Mycoheterotrophs are ideal
research subjects due to their complex ecosystem interconnections
— the mycorrhiza being cheated, the tree and shrub symbionts
of the fungus that are indirectly cheated, and insect herbivory as
it relates to tree genetics and mycorrhizal diversity (Barrett 2010;
Gehring et al. 2014).
Corallorhiza striata is a monophyletic complex comprised of three
recognized varieties and a closely aligned endangered species, C.
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bentleyi. An interesting characteristic of this complex is variation
in flower size across its geographic distribution. Variety striata has
large flowers and is found in Canada and northern U.S. states. Medium-sized flowers are associated with var. vreelandii in the Southwest and into Mexico, and small flowers are found in var. involuta
at higher elevations in central Mexico. Genetic testing shows that
var. involuta is very similar to C. bentleyi (Virginia and West Virginia), and that a highly disjunct population of var. vreelandii in far
eastern Canada shares nearly identical plastid DNA with plants
in the Santa Catalina Mountains. Reasons for these geographically
separated clades and their morphological variation are unknown,
but a possible explanation is that all four genetic clades were widely
distributed across North America and Mexico and that their ranges contracted in response to climate changes. Geographic isolation
apparently gave rise to genetic variation. Another intriguing aspect
of this complex is that eight California populations appear to be
intermediate between var. striata and var. vreelandii (Barrett 2010).
Despite having a broad geographic range, these terrestrial orchids are infrequent and are typically not found in large quantities (Barrett & Freudenstein 2011). Plants grow at 2,103–2,896 m
(6,900–9,500 ft) in the Southwest (Coleman 2002), and occur between 1,966–2,621 m (6,450–8,600 ft) in the Santa Catalina Mountains. Reddoch & Reddoch (1979) reported that large colonies of
rhizomes may cover 18.6 m² and that plants can persist for three
decades or more. Flowering stems are produced every one to five
years from individual nodes on the rhizomes. Stems range in color
from shades of tan, reddish-purple, orange and yellow or a combination thereof — with specific nodes producing consistent color
forms of stems (Reddoch & Reddoch 1979). Flowers come in various colors, reddish-purple to tannish with darker stripes along the
petals, and typically occur during the last week of May and the first
two weeks in June. Corallorhiza striata forma flavida (T.A. Todsen &
Todsen) P.M. Br. has yellow stems and flowers. Yellow plants often
have faintly visible stripes on petals, or rarely no stripes. The coral-like rhizomes are covered in a black or dark brown coating of a
highly specialized ectomycorrhizal (EcM) fungus (Campbell 1970).
Pollination is performed by parasitic ichneumon wasps (Reddoch
& Reddoch 1979; Freudenstein 1997) and geographically isolated populations of C. striata var. vreelandii in eastern Canada have
evolved to self-pollinate (Burzynski 2009).
Mycoheterotrophs form highly specialized relationships with
individual genera or species of fungi (Taylor et al. 2002). The genus Corallorhiza associates with the fungal families Russulaceae and
Thelephoraceae, in the phylum or division Basidiomycota (Taylor 1997). Genetic sequencing verifies that the C. striata complex,
including plants from the Santa Catalina Mountains, specifically
utilizes the Tomentella fuscocinerea (Pers.) Donk complex. However,
T. cinerascens (P. Karst.) Höhn. & Litsch. was shown to be the symbiont of a collection from Gila County, Arizona, and T. cinereoumbrina (Bres.) Stalpers was associated with a voucher from Catron
County, New Mexico. These three members of the T. fuscocinerea
complex are highly similar (Barrett et al. 2010).
Tomentella spp. form EcM networks with associated trees and
sometimes shrubs, often on calcareous substrates (Larsen 1967).
Tree symbionts associated with these fungi are conifers, such as
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Abies, Pinus, and Pseudostuga (Horton & Brun 1998; Wurzburger et
al. 2001; Burke 2005; Cline et al. 2005; Douglas et al. 2005). Tomentella species are also connected with angiosperms, such as Acer, Alnus and Quercus (Aponte et al. 2010; Nouhra 2015; Pacific Northwest Fungi Project, WSU 2016). Tomentelloid fungi are unique
in having melanized cell walls, which may assist with protection
from pathogenic fungi (Koljalg et al. 2000). Leaf litter and quality
encourage higher mycorrhizal diversity, especially with Tomentella
and Russula (Aponte et al. 2010).

Study Area
The study site is located at high elevation in the Santa Catalina
Mountains, Pima County, southeastern Arizona. A mixed-conifer
forest located along slopes just above a stream bed provides ideal
habitat for this unusually rich population of striped coral-root orchids. The area is approximately six hectares and extends along an
elevational gradient at 2,530–2,637 m (8,300–8,650 ft), although
the largest number of microsites and plants occurs between 8,300–
2,530–2,561 m (8,400 ft). These orchids are not abundant within
the Santa Catalina Mountains, making this large population unique.
Dominant trees include bigtooth maple (Acer grandidentatum), white
fir (Abies concolor), Douglas-fir (Pseudostuga menzesii var. glauca) and
to a lesser extent, southwestern white pine (Pinus strobiformis) and
New Mexico maple (Acer glabrum var. neomexicanum). Quaking aspen (Populus tremuloides) is primarily only found at the upper elevation portion of the study area.
The Santa Catalina Mountains have the greatest vascular plant
diversity of any mountain range in southern Arizona. With 1,356
taxa of plants, this unique sky island boasts nearly one third of
the plant diversity in Arizona, while occupying less than half of a
percent of the total area of the state (Verrier 2017). The Catalina’s cover 124,643 hectares, with an elevational gradient of 6,657
ft (2,029 m). It is remarkable that this sky island is home to five
fully mycoheterotrophic plants, i.e., Corallorhiza maculata, C. striata,
C. wisteriana, Monotropa hypopitys, and Pterospora andromedea – representing almost 1.5% of all global mycoheterotrophs.
Climate - Nearly bimodal rainy seasons occur, with the
summer rainy season typically occurring between late June and
September, and winter rains span from November to March.
Previous researchers have documented the annual precipitation
for nearby localities in the Catalina’s at 31–35 inches (787–889
mm)(Shreve 1915; Mallery 1936; Whittaker & Niering 1965).
Temperatures range between extremes of 7°F (-13.9°C) and
93°F (33.9°C). The region has been in a long-term drought for at
least 19 years, starting with the 1998/1999 climate shift event in
the Pacific Ocean (Minobe 2002; Ding et al. 2013; Arizona State
Climate Office 2016).
Geology - The Catalina’s are a metamorphic core complex
that began to take on its modern appearance during mid-Tertiary mylonization (Wagner & Johnson 2009). Granite, gneiss
and quartz-diorite comprise a large majority of the material in
the range (Force 1997). The study area is devoid of calcareous
substrates and calcium resources are located 1.6–4.8 kilometers
from the site.
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Figure 2. A flowering rhizome colony of C. striata growing amongst heavy maple leaf litter.

Methods
Microsites with clusters of flowering stems were identified within the study area. These consisted of an approximate 3 m diameter
area, taking into consideration colony size of rhizomes. This approach is a non-intrusive way of observing colonies without excavating rhizomes, although it provides a less accurate understanding of actual colony size. Flowering stems were counted annually
during the first week of June between 2009 and 2017. Each year
microsites were revisited and the entire area was surveyed looking
for new orchid clusters.
Rainfall years were measured based on the life cycle of the plant
rather than the human calendar. Stems of plants emerge in May
and are finishing flowering typically by the second week of June.
Rainfall years were therefore measured from June of the previous
year through May of the current year. Rain is uncommon during
the first 10 days of June and has only happened four times over
a 17 year period (2001-2017) in the study area. Precipitation data
were obtained from Soller’s Station near the town of Summerhaven, located at 2,377 m (7,800 ft) (Western Regional Climate Center,
2017). This rain station is located less than a mile from the study
area and to the southeast.

Results
A total of 504 flowering stems were observed during the nine
year period, with an average of 56 flowering stems per year. The
greatest number of stems was observed on the first year with
a total of 128. The annual total declined each year during the
first seven years, reaching a low of 28 stems on the seventh year.

The number significantly increased on the eight year with a total
of 59. A majority of the flowering stems were half-size or less
during the eighth year compared with those of previous years.
After three consecutive years of near-average rainfall, the numbers increased to a total of 84 on the ninth year.
Only four flowering stems of C. striata forma flavida were observed. Three different microsites were located with these pure
yellow stems. Two microsites were observed on the first year but
never bloomed again. The third microsite produced a pure yellow
stem on the eighth year and flowered again on the ninth year from
the same rhizome node – three inches from the previous year’s
dried stem. Stripes were absent from the petals of all four yellow
flowering stems. These rare color morphs represented less than
one percent of the total stems observed.
A total of 59 microsites of orchid clusters were located in the
study area. The highest number of microsites, 38, was observed on
the first year of the study. Many microsites disappeared and additional ones were located during the course of the study. Microsites
steadily declined to the lowest number of 11 during the seventh
year (-71%). On the eighth and ninth years the total number of microsites increased to 18 (+164%) and 33 (+183%). During the first
three years a majority of the microsites bloomed on consecutive
years, though with less stems per microsite. After the third year a
dozen sites did not bloom again until five years later on the eighth
year. Overall the total number of blooming microsites decreased
by 13% during the nine years of the study.
A realistic estimate of annual rainfall for this site probably falls
between 28 and 32 inches (711 and 813 mm). Only the fifth year
achieved normal rain with slightly over 28 inches (711 mm). The
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Table 1. Total flowering stems, microsites and annual precipitation.
Table 1: Total flowering stems, microsites and annual precipitation
Study year

Number of orchid
stems

2009

128

2010

76

2011

52

2012

38

2013
2014

Number of
microsites

Rainfall year
(Jun–May)

Annual
precipitation
(inches)

38

2008-2009

24.26

30

2009-2010

17.32

22

2010-2011

14.36

16

2011-2012

13.2

35

14

2012-2013

28.4

32

13

2013-2014

12.02

2015

28

11

2014-2015

26.66

2016

59

19

2015-2016

26.2

2017

84

33

2016-2017

26.72

seventh through ninth years were near-average, with approximately 26 inches (660 mm) annually. Extreme drought conditions were
experienced during the third, fourth, and sixth years of the study
— when total rainfall was less than half of average and ranged
between 12 and 14 inches (305 and 356 mm). After the only normal year of rainfall (fifth year), the number of stems counted still
decreased. After two years of near-average rainfall, the number of
stems doubled on the eighth year. The ninth year again produced
near average rainfall and resulted in another increase of stems.

Discussion
These highly specialized, parasitic orchids are solely dependent
on a single species of mycorrhizal fungi and it is unknown how
long-term drought affects these orchid rhizomes, as their only
source of nutrition ebbs and flows in response to precipitation.
Few studies have investigated the influence of precipitation on orchid rhizome productivity and health (Inghe & Tamm 1988; Wells
et al. 1998; Light & MacConaill 2006; McCormick et al. 2009).
This study is the first to examine the effects of drought on C. striata. McCormick et al. (2009) demonstrated a positive influence of
precipitation on rhizome colonies of a related mycoheterotrophic
orchid, C. odontorhiza. And drought has been shown to increase
orchid mortality due to decreased availability of EcM (McCormick
et al. 2004). A basic question is: do rhizome colonies dynamically abort nodes affected by reduced host ectomycorrhizal fungus
(EcM) biomass and produce new nodes in response to increased
precipitation and fungal biomass? This study provides new information on orchid colony dynamics during extreme drought conditions.
The influence of precipitation and drought profoundly influences EcM biomass and community composition (Shi et al. 2002;
Andrew et al. 2016). Fungal biomass fluctuates with climate annually (Okada et al. 2011), seasonally (Azul et al. 2010; Corcobado et
al. 2015) and monthly (Courty et al. 2008). EcM biomass can be
reduced by 60% during a severe drought year (Valdés et al. 2006),
and fungal diversity was reduced by 40% during a three week
rainfall exclosure experiment on a tropical tree — favoring more

drought tolerant EcM species (Yamashita et al. 2012). Okada et al.
(2011) found that autumn precipitation in a temperate monsoonal
climate had the strongest influence on EcM biomass. Plants that
survive long-term droughts have been shown to have lower EcM
colonization and a shift in species composition (Swaty et al. 2004).
Drought conditions result in reduced EcM species richness (Sthultz 2008), diminished root tips and hyphae (Osono et al. 2003).
Precipitation from the preceding winter and summer correlated
with the number of flowering stems. This is consistent with the
findings of Inghe & Tamm (1988) and Wells et al. (1998), who
reported a significant decrease in the flowering of four terrestrial
orchid species after a year of drought. Microsites were observed
to flower annually or a maximum of five years later, which is consistent with the findings of Reddoch & Reddoch (1979). The long
intervals observed between emergence of flowering stems confirm the orchids ability to parasitize enough nutrition from their
endophytes to survive multi-year changes in EcM biomass. Consistent precipitation induced annual or biennial blooming at microsites, and drought conditions resulted in longer intervals between
blooming.
Extreme drought years, with less than half of average annual
precipitation, induced a rain deficit that affected flowering dynamics in orchid populations for two years. Light & MacConaill (2006)
also described significantly diminished flowering for two years following a severe drought year. This may be explained by reduced
EcM 1biomass as a result of drought conditions.
While extreme precipitation deficits may explain the decrease
in annual flowering or the presumed demise of orchid microsites,
it may be wise to question previous claims by Reddoch & Reddoch (1979) that rhizome colonies can live for many decades. They
conducted the only other long-term bloom study of C. striata (11
years), but did not describe their methods or how they obtained
this data. It is also unclear how they were able to determine that
specific rhizome nodes produced consistent stem colors. In this
study, the only rhizome node that was confidently verified to
bloom with consistent stem color was the fourth yellow stem that
flowered inches from the previous season’s dried stem. Unless potentially damaging rhizome excavation was conducted, they may
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Figure 3: Annual precipitation and total number of flowering stems
# of orchid stems

Annual precipitation (inches)

30

Average precipitation
drought

105

22.5

70

15

Extreme drought
35

0

7.5

2009

2010

2011

2012

2013

2014

Annual precipitation (inches)

Number of flowering stems observed

140

2015

2016

2017

0

Figure 3: Annual Precipitation and total number of flowering stems.

have concluded that repeated blooming in the same location verified rhizome longevity. Whigham et al. (2005) confirmed C. odontorhiza seeds are viable for up to four years, and some North American orchid species retain seed viability for longer than six years.
Perhaps C. striata plants are shorter lived and can reseed years later
in suitable fungal patches that dynamically undulate over time with
precipitation. These orchids have survived multiple megadrought
events during the 14th, 16th and 20th centuries (Stahle et al. 2007),
and it is plausible that seed viability extends well past the known
maximum five year interval between rhizome flowering.

Conclusion
Although the last three years of near-average precipitation has
resulted in a strong recovery of orchid clusters, this study shows
that extreme drought years can have significant impact on rhizome
colony productivity. Years of severe drought resulted in a deficit
that lasted for two years, while consecutive years of average precipitation were needed to renew rhizome activity. While prolonged
drought is presumed to be responsible for orchid fatality at many
observed microsites, plants may be shorter lived than previously
thought and evolutionary success would require longer seed viability than the known maximum five year interval between rhizome
flowering.
These rare fungal parasites are highly susceptible to prolonged,
severe drought. Increasing aridity throughout the southwest, including the sky islands will be especially damaging to vulnerable
species like C. striata. Degrading soil conditions relating to anthropogenic pollution, nitrogen deposition, and climate change could
be devastating to the orchid’s EcM host and tree symbionts.

Acknowledgements
Special thanks to Richard Felger, Ron Coleman, Michael A.
Crimmins, Douglas Ripley, William Peachey, Joe Billings, Frank
Rose, Mac Hudson, Michelle McMahon, the University of Arizona
Herbarium, and Craig Barrett.

Literature Cited

Andrew, C., E. Heegaard, R. Halvorsen, F. Martinez-Peña, S. Egli, P.M. Kirk, C.
Bässler, U. Büntgen, J. Aldea, K. Høiland, L. Boddy, and H. Kauserud.
2016. Climate impacts on fungal community and trait dynamics. Fungal
Ecology, Vol. 22, pp.17-25.
Aponte, C., L.V. Garcia, T. Marañon, and M. Gardes. 2010. Indirect host effect on
ectomycorrhizal fungi: Leaf fall and litter quality explain changes in
fungal communities on the roots of co-occurring Mediterranean
oaks. Soil Biology & Biochemistry, Vol. 42, Issue 5, pp. 788-796.
Arizona State Climate Office, Arizona State University. 2016. Arizona Drought.
Retrieved from http://www.azclimate.asu.edu/drought/
Azul, A.M., J.P. Sousa, R. Agerer, M.P. Martín, and H. Freitas. 2010. Land use practices and ectomycorrhizal fungal communities from oak woodlands
dominated by Quercus suber L. considering drought scenarios. Mycorrhiza,
Vol. 20, pp.73-88.
Barrett, C.F. 2010. Systematics, Phylogeography, Fungal Associations, and Photosynthesis Gene Evolution in the Fully Mycoheterotrophic Corallorhiza
striata Species Complex (Orchidaceae: Epidendroideae). PhD Dissertation,
Ohio State University, Columbus, Ohio.
Barrett, C.F., J.V. Freudenstein, D.L. Taylor, and U. Koljalg. 2010. Rangewide analysis of fungal associations in the fully mycoheterotrophic Corallorhiza
striata complex (Orchidaceae) reveals extreme specificity on ectomycorrhizal Tomentella (Thelephoraceae) across North America. American
Journal of Botany, Vol. 97, Issue 4, (Apr), pp. 628-643.
Barrett, C.F., and J.V. Freudenstein. 2011. An integrative approach to delimiting
species in a rare but widespread mycoheterotrophic orchid. Molecular
Ecology, Vol. 20, Issue 13, pp. 2771-2786.
Burke, D.J., K.J. Martin, P.T. Rygiewicz, and M.A. Topa. 2005. Ectomycorrhizal fungi identification in single and pooled root samples: terminal restriction
fragment length polymorphism (TRFLP) and morphotyping compared.
Soil Biology and Biochemistry, Vol. 37, Issue 9, pp. 1683-1694.
Burzynski, M. 2009. The Status of Vreeland’s Striped Coralroot, Corallorhiza striata
var. vreelandii, in Newfoundland and Labrador. Canada. Government
of Newfoundland and Labrador, Department of Environment and
Conservation. The Species Status Advisory Committee Report No. 20,
March 26, 2009.
Campbell, E.O. 1970. Morphology of the fungal association in three species of
Corallorhiza in Michigan. Michigan Botanist, Vol. 9, pp. 108-113.

8

Desert Plants 33(1)

Christenhusz, M.J.M., and J.W. Byng. 2016. The number of known plant species
in the world and its annual increase. Phytotaxa, Vol. 261, Issue No. 3,
pp. 201-217.
Cline, E.T., J.E. Ammirati, and R.L. Edmonds. 2005. Does Proximity to Mature
Trees Influence Ectomycorrhizal Fungus Communities of Douglas-Fir
Seedlings? The New Phytologist, Vol. 166, No. 3, Functional-Structural
Plant Modelling (Jun.), pp. 993-1009.
Coleman, R.A. 2002. The Wild Orchids of Arizona and New Mexico. Cornell University
Press, Ithica, New York.
Corcobado, T., G. Moreno, A.M. Azul, and A. Solla. 2015. Seasonal variations of
ectomycorrhizal communities in declining Quercus ilex forests: interactions with topography, tree health status and Phytophthora cinnamomi
infections. Forestry, Vol. 88, pp.257-266.
Courty, P. E., A. Franc, J. C. Pierrat, and J. Garbaye. 2008. Temporal Changes in
the Ectomycorrhizal Community in Two Soil Horizons of a Temperate Oak Forest. Applied and Environmental Microbiology, Vol. 74, No. 18,
pp.5792-5801.
Ding, H., R.J. Greatbatch, M. Latif, W. Park, and R. Gerdes. 2013. Hindcast of
the 1976/1977 and 1998/1999 Climate Shifts in the Pacific. Journal of
Climate, Vol. 26, pp. 7650–7661.
Douglas, R.B., V.T. Parker, and K.W. Cullings. 2005. Belowground ectomycorrhizal community structure of mature lodgepole pine and mixed conifer
stands in Yellowstone National Park. Forest Ecology and Management, Vol.
208, pp. 303-317.
Force, E.R. 1997. Geology and Mineral Resources of the Santa Catalina Mountains,
Southeastern Arizona. Center for Mineral Resources, University of Arizona and U.S. Geological Survey. Tucson, Arizona. Sections by D.M.
Unruh and R.J. Kamilli.
Freudenstein, J.V. 1997. A Monograph of Corallorhiza (Orchidaceae). In: G.A.
Romero and O.H. Pfister, eds., Havard Papers in Botany, Vol. 10, pp. 5-52.
Gaskett, A.C. 2011. Orchid pollination by sexual deception: pollinator perspectives.
Biological Reviews, Vol. 86, pp. 33-75.
Gebauer, G., K. Preiss, and A.C. Gebauer. 2016. Partial mycoheterotrophy is more
widespread among orchids than previously assumed. New Phytologist,
Vol. 211, pp. 11-15.
Gehring, C.A., R.C. Mueller, K.E. Haskins, T.K. Rubow, and T.G. Whitham. 2014.
Convergence in mycorrhizal fungal communities due to drought, plant
competition, parasitism, and susceptibility to herbivory: consequences
for fungi and host plants. Frontiers in Microbiology, Vol. 5, Article 306,
pp. 1-9.
Horton, T.R., and T.D. Bruns. 1998. Multiple-host fungi are the most frequent
and abundant ectomycorrhizal types in a mixed stand of Douglas-fir
(Pseudotsuga menziesii) and bishop pine (Pinus muricata). New Phytologist, Vol. 139, pp. 331-339.
Inghe, O., and C.O. Tamm. 1988. Survival and Flowering of Perennial Herbs. V
Patterns of Flowering. Oikos, Vol. 51, No. 2 (Feb.), pp. 203–219.
Koljalg, U., A. Dahlberg, F.S. Taylor, E. Larsson, N. Hallenberg, J. Stenlid, K.-H.
Larsson, P.M. Fransson, O. Karen, and L. Jonsson. 2000. Diversity and
abundance of resupinate thelephoroid fungi as ectomycorrhizal symbionts in Swedish boreal forests. Molecular Ecology, Vol. 9, pp. 1985-1996.
Larsen, M.J. 1967. The Genera Pseudotomentella and Tomentella in North America.
PhD Dissertation, Syracuse University, Syracuse, New York.
Light, M.H.S., and M. MacConaill. 2006. Appearance and Disappearance of a
Weedy Orchid, Epipactis helleborine. Folia Geobotanica,Vol. 41,No. 1,Ecology and Population Dynamics of Terrrestrial Orchids(Mar), pp. 7–93.

October 2017

Mallery, T.D. 1936. Rainfall Records for the Sonoran Desert. Ecology, Vol. 17, No.
1 (Jan.), pp. 110-121.
McCormick, M.K., D.F. Whigham, and J.P. O’Neill. 2004. Mycorrhiza diversity in
photosynthetic terrestrial orchids. New Phytologist, Vol. 163, pp. 425–438.
McCormick, M.K., D.F. Whigham, J.P. O’Neill, J.J. Becker, S. Werner, H.N. Rasmussen, T.D. Bruns and D.L. Taylor. 2009. Abundance and Distribution of
Corallorhiza odontorhiza Reflect Variations in Climate and Ectomycorrhizae. Ecological Monographs, Vol. 79, No. 4 (Nov.), pp. 619-635.
Merckx, V. 2013. Mycoheterotrophy: An Introduction. Pp. 1–18, in V.S.F.T. Merckx
(Editor) Mycoheterotrophy: the biology of plants living on fungi. New York,
NY: Springer.
Merckx, V., and J.V. Freudenstein. 2010. Evolution of Mycoheterotrophy in Plants:
A Phylogenetic Perspective. The New Phytologist, Vol. 185, No. 3 (Feb.),
pp. 605–609.
Merckx, S.F.T., J.V. Freudenstein, J. Kissling, M.J.M. Christenhusz, R.E. Stotler, B.
Crandall-Stotler, N. Wickett, P.J. Rudall, H.Maas-van de Kamer, and
P.J.M. Maas. 2013. Taxonomy and Classification. Pp. 19–101, in V.S.F.T.
Merckx (Editor). Mycoheterotrophy: The Biology of Plants Living on Fungi.
New York, New York: Springer.
Minobe, S. 2002. Interannual to interdecadal changes in the Bering Sea and concurrent 1998/1999 changes over the North Pacific. Progress in Oceanography,
Vol. 55, pp. 45–64.
Nouhra, E., N. Pastor, A. Becerra, E.S. Areitio, and J. Geml. 2015. Greenhouse
Seedlings of Alnus Showed Low Hot Intrageneric Specificity and a
Strong Preference for Some Tomentella Ectomycorrhizal Associates.
Microbial Ecology, Vol. 69, pp. 831-825.
Okada, K., S. Okada, K. Yasue, M. Fukuda, and A. Yamada. 2011. Six-year monitoring of pine ectomycorrhizal biomass under a temperature monsoon
climate indicates significant annual fluctuations in relation to climatic
factors. Ecological Restoration, Vol. 26, pp.411-419.
Osono, T., Y. Ono, and H. Takeda. 2003. Fungal ingrowth on forest floor and
decomposing needle litter of Chamaecyparis obtusa in relation to resource availability and moisture condition. Soil Biology & Biochemistry,
Vol. 35, pp. 1423–1431.
Pacific Northwest Fungi Project, Washington State University. 2016. Pacific Northwest Fungi Database. Retrieved from http://pnwfungi.wsu.edu/programs/searchFungusResult.asp?fungusGenus=Tomentella
Ramirez, S.R., B. Gravendeel, R.B. Singer, C.R. Marshall, and N.E. Pierce. 2007.
Dating the origin of the Orchidaceae from a fossil orchid with its pollinator. Nature, Vol. 448, pp. 1042–1045.
Rasmussen, H.N., K.W. Dixon, J. Jersakova, and T. Tesitelova. 2015. Germination
and seedling establishment in orchids: a complex of requirements. Annals of Botany, Vol. 116, pp. 391-402.
Reddoch, J.M., and A.H. Reddoch. 1997. The orchids in the Ottawa District: floristics, phytogeography, population studies and historical review. Canadian
Field-Naturalist, Vol. 111, No. 1, pp. 1-185.
Shi, L., M. Guttenberrger, I. Kottke, and R. Hampp. 2002. The effect of drought on
mycorrhizas of beech (Fagus sylvatica L.): changes in community structure, and the content of carbohydrates and nitrogen storage bodies of
the fungi. Mycorrhiza, Vol. 12, pp. 303-311.
Shreve, F. 1915. The Vegetation of a Desert Mountain Range as Conditioned by
Climatic Factors. Carnegie Institution of Washington. Publication No.
217. Washington, D.C..
Smith, S.E., and D.J. Read. 2008. Mycorrhizal symbiosis. 3rd Edition. Amsterdam;
Boston; Academic Press.

Verrier A Mycoheterotrophic Orchid, Tomentelloid Fungi, and Drought in an Arizona Sky Island

Stahle, D.W., F.K. Fye, E.R. Cook, and R.D. Griffin. 2007. Tree-ring reconstructed
megadroughts over North America since A.D. 1300. Climatic Change,
Vol. 83, pp. 133–149.
Sthultz, C.M. 2008. Influences of genes, herbivory and drought on mortality and
ectomycorrhizal community of a foundation tree. PhD Dissertation,
Northern Arizona University, Flagstaff, Arizona.
Swaty, R.L., R.J. Deckert, T.G. Whitham, and C.A. Gehring. 2004. Ectomycorrhizal
Abundance and Community Composition Shifts with Drought: Predictions from Tree Rings. Ecology, Vol. 85, No. 4 (Apr.), pp.1072-1084.
Taylor, D.L. 1997. The Evolution of Myco-heterotrophy and Specificity in some
North American Orchids. PhD Dissertation, University of California,
Berkeley, California.
Taylor, D.L., T.D. Bruns, J.R. Leake, and D.J. Read. 2002. Mycorrhizal specificity and
function in myco-heterotrophic plants. In Mycorrhizal Ecology, Edited
by Van der Heijden MGA, Sanders I. Ecological Studies, Vol. 157, pp.
375-413.
Wagner III, F.H., and R.A. Johnson. 2009. Along-strike upper-plate deformation
in response to metamorphic core complex emplacement, SE Arizona.
Techonophysics, Vol. 488, pp. 162–173.
Wells, T.C.E., P. Rothery, R. Cox, and S. Bamford. 1998. Flowering dynamics of Orchis morio L. and Herminium monorchis (L.) R.Br. at two sites in eastern England. Botanical Journal of the Linnean Society, Vol. 126, pp. 39–48.
Western Regional Climate Center. 2017. Sollers Arizona. Retrieved from http://
www.raw.edu/cgi-bin/rawMAIN.pl?azASOL
Whigham, D.F., J.P. O’Neill, H.N. Rasmussen, B.A. Caldwell, and M.K.. McCormick. 2005. Seed longevity in terrestrial orchids — Potential for persistent in situ seed banks. Biological Conservation, Vol. 129, pp. 24–30.
Whittaker, R.H. and W.A. Niering. 1965. Vegetation of the Santa Catalina Mountains, Arizona. II. A gradient analysis of the south slope. Journal of
Ecology, Vol. 46, No. 4 (Jul.), pp. 429–452.
Wurzburger, N., M.I. Bidartondo, and C.S. Bledsoe. 2001. Characterization of Pinus ectomycorrhizas from mixed conifer and pygmy forests using morphotyping and molecular methods. Journal of Canadian Botany, Vol. 79,
pp. 1211-1216.
Valdés, M., H. Asbjornsen, M. Gómez-Cárdenas, M. Juárez, and K.A. Vogt. 2006.
Drought effects on fine-root and ectomycorrhizal-root biomass in
managed Pinus oaxacana Mirov stands in Oaxaca, Mexico. Mycorrhiza,
Vol. 16, pp.117-124.
Verrier, J. 2017. Flora of the Santa Catalina Mountains, Pima & Pinal Counties,
southeastern Arizona. Unpublished.
Yamashita, S., D. Hirose, and T. Nakashizuka. 2012. Effects of Rainfall Exclosure
on the Ectomycorrhizal Fungi of a Canopy Tree in a Tropical Rainforest. Journal of Tropical Forest Science, Vol. 24, No. 3, pp. 322-331.

9

