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ABSTRACT 

 

Spiranthes parksii Correll is a federally listed endangered terrestrial orchid 

endemic of Texas. The species exhibit a very limited geographic distribution and most 

remaining populations are threatened by habitat loss and fragmentation. Development of 

in situ and ex situ conservation strategies is fundamental for the protection and re-

introduction of the species in their natural habitat. In this dissertation the life history, 

symbiotic mycorrhizal fungal associations, and habitat characteristics of S. parksii and 

sympatric congener Spiranthes cernua were investigated by the use of in situ, and ex situ 

methods. The central research objective was to investigate the orchid-fungal relationship 

and its distribution in natural habitats and to provide critical information for 

conservation of the species. 

Population dynamics and reproductive phenology of both species were studied 

from 2007 to 2013.  Demographic parameters, cost of reproduction, and response to 

environmental conditions were analyzed. Results indicate that probability of flowering is 

strongly influenced by vegetative size and environmental conditions in the year 

preceding a flowering event. Reproductive effort resulted in a decrease in plant size, 

reducing the probability of flowering subsequently. Environmental conditions explained 

≥70% of the annual variation in the proportion of flowering plants and inflorescence 

characteristics. Mycorrhizal fungi associations and belowground phenology of both 

species were studied for three growing seasons. Data suggest that both species form 

generalist mycorrhizal associations with fungi tentatively classified, as Epulorrhiza sp., 
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and Ceratobasidium sp. Both orchids sustain mycorrhizal colonization throughout their 

life cycle. However, seasonal changes in mycorrhization reveled a distinctive annual 

cycle of infection and digestion of fungal hyphae. Seed viability, in situ germination, 

seedling development, and mycorrhization were examined in situ by using orchid seed 

baits. Results suggest that S. parksii seeds are short-lived and germination is constrained 

by rapid reduction in seed viability, prevailing environmental conditions, and 

distribution of compatible mycorrhizal fungi. Data indicates a small optimal window for 

recruitment restricted to the first spring after dispersal. Microhabitat characteristics of S. 

parksii were compared to microsites of sympatric S. cernua, historical S. parksii 

microsites and vacant microsites currently not supporting either orchid.  Vegetation, 

edaphic, and environmental parameters were evaluated. The study found that microsites 

currently occupied by S. parksii differ significantly from other types in canopy cover, 

leaf litter, herbaceous cover, and soil pH. Furthermore, woody encroachment may 

significantly affect the availability of suitable microsites not only as a result of altered 

light environments, but also due to changes in community composition, microclimatic, 

and edaphic conditions.  
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CHAPTER I  

INTRODUCTION                                                                                                                   

 

 The family Orchidaceae is the largest of the flowering plant families with 

approximately 25,000 species in over 800 genera (Benzing 1981, Batty et al. 2002, Cribb 

et al. 2003, Dressler 2005, Swarts and Dixon 2009).  This highly diverse family has a 

worldwide distribution with members found in diverse habitats from the tropics to arctic 

regions. Orchid species comprise a diverse range of life history strategies, including 

epiphytic, terrestrial, lithophytic, semi-aquatic, and even absolute subterranean species 

(Arditti and Woolhouse 1980).  

 It is of ecological significance that while orchids are so numerous and 

widespread, many are rare or exhibit limited distribution. Rarity in orchids has been 

linked to particular ecological properties that make them unique among all flowering 

plants, namely: a) specialized interactions with insect pollinators (Waterman and 

Bidartondo 2008, Fay and Chase 2009, Waterman et al. 2011), b) minute seeds produced 

in large numbers (Arditti and Woolhouse 1980, Rasmussen 1995, Arditti and Abdul 

Ghani 2000), c) transient soil seed banks (Batty et al. 2000, Batty et al. 2001, Jersáková 

and Malinová 2007), d) absolute mycoheterotrophic dependence for germination and 

early establishment (Read 1997, Arditti and Abdul Ghani 2000, Rasmussen 2002, 

Whigham et al. 2006, Rasmussen and Rasmussen 2007), e) photo-mycohetetrophic 

modes of nutrition (Smith and Read 1992, Rasmussen and Rasmussen 2007, 2009, 

Selosse and Roy 2009, Girlanda et al. 2011), f) distinctive and highly specific 
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mycorrhizas associations (Burgeff 1959, Arditti et al. 1990, Brundrett 2004, 2007, 

Rasmussen and Rasmussen 2009), g) vegetative dormancy lasting one or more years 

(Brundrett 2007, Shefferson 2009), and h) specialized habitat requirements (Brundrett 

2007, Swarts 2007, Waterman and Bidartondo 2008, Swarts and Dixon 2009).  

 Orchids are recognized for their spectacular floral diversity and intricate 

adaptation to pollinators. More than any other plant family, orchids engage in elaborate 

systems to attract pollinators (Cozzolino and Widmer 2005, Brundrett 2007, Waterman 

and Bidartondo 2008, Swarts and Dixon 2009, Waterman et al. 2011). Mechanisms of 

pollinator attraction in orchids include: nectar/food reward, food deception mimicry by 

resembling other flowering plants, fungus mimicry deception or entrapment 

mechanisms, and sexual deception where orchids mimic female insects by scent and 

shape (Brundrett 2007). It is believed that this level of specialization arose because 

orchids have very small seeds (see below), orchid pollinia contain numerous pollen 

grains that require precise pollination mechanisms, many orchids have specific insect 

pollinators, and both orchids and pollinators may have patchy distributions and separate 

habitat requirements (Brundrett 2007). It has been suggested that specialized pollination 

strategies have contributed significantly to diversification in the family but also have 

rendered orchids especially vulnerable to extinction compared with other plant families 

(Cozzolino and Widmer 2005, Fay and Chase 2009, Waterman et al. 2011).  

 A defining characteristic of orchids is their minute, light, and buoyant seeds, 

which are usually produced in large numbers. Orchid seeds are among the smallest 

known seeds in the plant kingdom, generally, 0.51±0.16 mm in length and 0.13±0.03 
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mm width and weigh less than 1 µg per seed (Rasmussen 1995; Arditti and Ghani 2000). 

Production of large numbers of small seeds maximizes plant fecundity, dispersal, and 

expression of genetic variability across ecological boundaries, while minimizing energy 

investment for seeds (Batty et al. 2002, Zettler et al. 2003). Microspermy has been 

described as a common characteristic in plants that have very specific germination 

requirements, such as plant parasitism or mycotrophy (Rasmussen 1995; Arditti and 

Ghani 2000). Both reduction in seed size and increase in number of seeds ensure 

extensive seed dispersal coverage in areas around the mother plant and wider dispersion 

further away to enhance the opportunity of reaching suitable habitats containing the 

appropriate conditions needed for germination and establishment. The large number of 

seeds produced by orchids also suggests that the mortality of seeds and seedlings is 

extremely high. Although abundant seed is dispersed, few germinate and even fewer 

develop into mature plants. It has been estimated that only between 1 to 45% of orchid 

seeds released germinate in soil and the persistence of viable seeds in soils range from 

less than 1 year to 4 years in most terrestrial orchids (Batty et al. 2002, Brundrett 2007, 

Swarts 2007).  

 The seeds of orchids contain an undifferentiated embryo that lack an endosperm 

and contain limited nutrient reserves.  Under natural conditions, following imbibition, 

seed germination only proceeds when the compatible mycorrhizal fungus penetrates the 

seed testa and invades the embryo through the suspensor region of the seed (Arditti and 

Woolhouse 1980, Clements 1988, Rasmussen 1995). Initial development consists of a 

mycoheterotrophic, achlorophyllous, underground protocorm (seedling) in which the 
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mycorrhizal fungal partner provides exogenous carbon sources, minerals, vitamins, and 

water (Arditti and Woolhouse 1980, Zettler et al. 2003, Rasmussen and Rasmussen 

2007). Due to the significant lack of food reserves, orchid seedlings are completely 

dependent on the fungus for development and growth, particularly because the 

underground achlorophyllous phase may last several years (Rasmussen and Rasmussen 

2009, Shefferson 2009). Once an orchid plant produces photosynthetically-capable 

tissues, the role of the fungus on carbon acquisition becomes less clear.  Most terrestrial 

orchids are green at maturity and hence are presumably fully autotrophic; however, 

orchids may range from green and photosynthetic, to achlorophyllous and absolutely 

mycoheterotrophic (Read 1997). Conversely, recent studies have indicated that some 

green orchids may remain partially parasitic and acquire up to 50% of their carbon 

through fungi in their adult stages (Selosse and Roy 2009, Girlanda et al. 2011, Stöckel 

et al. 2011). This combination of mycotrophy and phototrophy has been termed as 

mixotrophy and evidence suggests that green orchids may continue to rely on fungi as a 

carbon source to supplement or substitute their carbon acquisition from photosynthesis 

through the life-cycle of the plants (Selosse and Roy 2009, Girlanda et al. 2011). 

 Mycorrhizal fungal associations or mycorrhizas are symbiotic associations 

between specialized soil fungi and plants, and are primarily responsible for nutrient 

transfer (Brundrett 2002, Brundrett 2004). Most mycorrhizas are obligate and involve 

members of three fungal phyla (Basidiomycota, Ascomycota and Glomeromycota). Over 

90% of angiosperm species form mycorrhiza associations, including ecologically 

important species. The main types of mycorrhizas associated with land plants are 
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arbuscular mycorrhizas (AM) and ectomycorrhizas (ECM). Mycorrhizas are typically 

considered mutualistic; the plant exchanges photosynthetically derived carbon for fungal 

obtained soil minerals (Smith and Read, 2008). Globally, the mycorrhizal mutualism is 

widespread and essential for the functioning of all terrestrial ecosystems (Read 1991, 

Graham and Miller 2005).  

 

Orchid Mycorrhizal Associations 

 In the case of terrestrial orchids, the mycorrhizal association exhibits 

characteristics that are unique to this family and differ markedly to other types of 

mycorrhizas in several ways:  

 1. Orchids have mycorrhizas that are morphologically and physiologically 

different from other types of mycorrhizas. The fungi form pelotons, intracellular coils or 

dense hyphal aggregates inside the cortical cells of roots, stems, or protocorms (Peterson 

and Farquhar 1994). The peloton is separated from the host cytoplasm by the cell 

membrane, through which carbon-nutrient transfer occurs. This process is better defined 

as tolypophagy and, in essence, describes the infection, proliferation, and digestion 

(lysis) of mycobiont hyphae within the orchid cells and the subsequent uptake of the 

nutrients (Burgeff 1959, Smith and Read 1997, Peterson et al. 2004). Remarkably, at no 

time during the infection or digestion cycle does the orchid harm its mycobiont to the 

point of death (Rasmussen 2002, Zettler et al. 2003).  Hyphal digestion allows 

successive cycles of peloton formation, digestion, and re-infection within the same root 
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cells, an attribute not observed by any other type of mycorrhiza (Rasmussen 1995, 2002, 

Zettler et al. 2003). Digestion of fungal tissue (mycotrophy) is seemingly exclusive to 

the orchid family and may even have contributed to the family’s evolutionary success. 

 2. Orchid mycorrhizas unlike other mycorrhizas are not confined to the roots. 

The fungi known to associate with orchids can infect other plant structures such as 

stems, collar, rhizomes, and protocorms unlike AM or ECM that exclusively infect the 

roots of their host plants (Batty 2001, Brundrett 2007). In addition, different genera of 

terrestrial orchids exhibit distinctive patterns of fungal colonization that can be 

associated with particular types of fungi (Ramsay et al. 1986, Brundrett 2002).  

 3. The orchid mycorrhizal association involves a phylogenetically distinct group 

of soil fungi that unlike other types of mycorrhizas are capable of an existence 

independent of a plant host (Rasmussen 1995, Currah et al. 1997, Smith and Read 1997). 

The fungi that are known to form mycorrhizas in green orchids belong to the phylum 

Basidiomycota, class Basidiomycetes. Most orchid mycobionts are imperfect fungi that 

belong to the form-genus Rhizoctonia (Currah et al. 1997, Roberts 1999, Rasmussen 

2002). Rhizoctonia-like fungi include the anamorphs Cerathoriza, Epulorhiza, and 

Moniliopsis. Orchid mycorrhizal fungi are taxonomically problematic since the majority 

of isolates are sterile in culture and it is difficult to produce isolates in sexual states 

(telomorphs). However, recent advances in molecular techniques have allowed assigning 

orchid mycorrhizal fungi to telomorphic genera including Ceratobasidium, 

Thanatephorus, Tulsanella and Sebacina (Rasmussen 2002, Dearnaley 2007). Little is 

known about the other ecological roles of fungi that associate with terrestrial orchids, 



 

7 

 

yet, most orchid fungi are saprophytes, biotrophs, or plant pathogens which are not 

known to form mycorrhizal symbioses outside of the orchid family  (Roberts 1999, 

Brundrett 2004). Furthermore, many Rhizoctonia-like fungi are necrotrophic parasites 

that likely attack orchids the same way they attack other plants; orchids have evolved 

structural defense and control mechanisms which turn this invasion to their advantage. In 

that way, orchids may be considered necrotrophic parasites of the fungus at least during 

the underground protocorm stage (Roberts 1999, Bayman and Otero 2006, Rasmussen 

and Rasmussen 2009).   

 4. The mycorrhizal association in orchids is not a truly mutualistic relationship 

but rather an exploitative one. In mutualistic mycorrhizal associations, both the plant 

and fungal partners exchange nutrients and resources and the fungi are highly dependent 

on the plant. In the orchid mycorrhizal association, the orchid depends on the fungus to 

support germination, development and annual growth, moreover, the flow of resources is 

from fungus to plant, with little indication that the fungus derives any benefit (Brundrett 

2007; Rasmussen and Rasmussen 2007). Evidence suggesting that orchid mycorrhizal 

associations are predominantly a unilateral relationship includes the following: a) totally 

achlorophyllous individuals that support their entire life cycle by means of 

mycoheterotrophy (Leake 1994, 2005, Merckx et al. 2009); b) the fungi involved in the 

association are capable of a free existence from the orchid and consequently their 

distribution in nature is independent from the host (Warcup and Talbot 1967, Leake 

1994, Perkins and Mcgee 1995, Rasmussen 1995, Roberts 1999, Selosse et al. 2006, 

Merckx et al. 2009); c) vegetative dormancy in adult green orchids lasting one or more 
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years, which also reflect their ability to alternate between autotrophy and 

mycoheterotrophy modes of nutrition (mixotrophy) (Brundrett 2007, Selosse and Roy 

2009, Shefferson 2009, Girlanda et al. 2011);  d) all orchids investigated so far 

regardless of their carbon source utilized as adults, retain their mycorrhizal partnerships 

through their entire life cycle and due to their characteristically poorly developed root 

systems are heavily dependent on mycorrhizal fungi for mineral nutrition, underground 

dormancy, and reproduction (Smith and Read 1997, Rasmussen 2002, Zettler et al. 2003, 

Brundrett 2007, Phillips et al. 2011a); e) there is also convincing evidence that in 

photosynthetic active green orchids photoassimilation and parasitism may supplement 

each  other in response to demanding environmental conditions (Selosse and Roy 2009, 

Girlanda et al. 2011, Stöckel et al. 2011); f) the mycorrhizal association of orchids is 

unstable, although digestion and re-infection of cells is the norm, infrequently, the 

fungus destroys the orchid or the orchid destroy the fungus (Roberts 1999); g) finally, 

considering the entire life cycle of an orchid, their absolute dependence on the 

mycorrhizal fungus for early establishment and development of a photosynthetic system, 

and the independent living ability of the fungi involved in the association, it is clear that 

mycorrhizal associations of orchids differ markedly from a true mutualistic relationship 

and could be better described as an exploitative,  epiparasitic, or mycoheterotrophic 

relationship (Rasmussen 2002, Brundrett 2007, Rasmussen and Rasmussen 2007, 

Selosse and Roy 2009). Regardless of the symbiotic nature of the association (direction 

of carbon flow), the dependence of orchids on fungi (for minerals, vitamins, water, 

hormones, defense to pathogens, etc.) is indisputable throughout their life cycle and 
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orchid mycorrhizal associations are more likely displayed in a continuum from 

mutualism to full exploitation in favor of the orchid (Rasmussen 2002, Brundrett 2007, 

Dearnaley 2007, Rasmussen and Rasmussen 2007, Waterman and Bidartondo 2008, 

Selosse and Roy 2009).  

 5. The diversity of orchid fungi associating with a particular orchid species 

appears to be much lower than for other types of mycorrhizal fungi. The question of 

whether orchids are species specific with regard to fungal symbionts remains an open 

debate that has not been completely resolved (Curtis 1939, Hardley 1970, Warcup 1971, 

Otero et al. 2002, Bidartondo and Read 2008). Previous studies have demonstrated that 

mycorrhizal specificity varies considerably among terrestrial orchids. Some orchids form 

mycorrhizal associations with more than one fungus and some are highly specific, often 

possessing a one-to-one relationship with a particular fungal strain (Curtis 1939, Hardley 

1970, Warcup 1971, Otero et al. 2002, Hollick 2004, Bidartondo and Read 2008, Swarts 

et al. 2010, Girlanda et al. 2011). While, the degree of specificity varies among orchid 

mycorrhizas, narrow orchid specificity towards fungi (and no fungal specificity towards 

orchids) appears to be a common phenomenon (Waterman and Bidartondo 2008). It has 

been suggested that orchids often utilize different fungi at different life stages, in 

particular associating with different fungi during the seedling and adult stages (Zettler et 

al. 2003). Similarly, it is thought that host-fungus specificity is generally higher at the 

time of germination and seedling development than it is in the mature plant (Zelmer and 

Currah 1997, Zettler et al. 2003). This is probably due to the high dependence of 

terrestrial orchid’s seeds and seedlings for appropriate mycobionts as sources of readily 
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available carbon and nutrients to initiate germination and sustain early seedling 

development prior to the production of leaves and photosynthesis. Orchids may be able 

to live in symbiosis with one or several different fungi, but the relative importance of co-

occurring fungi is unknown. It has been suggested that some orchid species may be rare 

because they exhibit narrow mycorrhizal specificity compared to common species 

(Rasmussen, 1995). The greatest implications of high orchid fungus specificity and low 

fungal diversity to orchids would be to restrict orchids to certain habitats where these 

specific fungi occur. This is certainly of great importance in the context of conservation 

as it implies that the degree of mycorrhizal specificity may be a critical factor 

determining the ability of an orchid species to occupy a variety of habitats as well as its 

ability to adapt in a changing or highly fragmented environment (Swarts and Dixon 

2009, Swarts et al. 2010).  

 Terrestrial orchids generally exhibit high ecological specialization. Ecological 

specialization between plants and their interacting partners is influenced both by the 

breadth of the plant niche and adaptive capability to a range of environmental pressures 

and evolutionary processes (Wardle et al. 2004). These abiotic and biotic interactions 

have resulted in a continuum of symbioses from generalist to highly specialized, with 

plants at the specialized end of the scale often rare or vulnerable to extinction (Swarts 

and Dixon 2009).  In orchids, the unique associations with insect pollinators and 

dependence upon mycorrhizal fungi are certainly major factors influencing habitat 

specialization, distribution in the wild, and species rarity (Phillips et al. 2011b). New 

recruitment of orchid seedlings depends upon pollination, seed dispersal and 
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germination, persistence of seed bank, and seedling survival (Batty et al. 2000, Brundrett 

2007, Jersáková and Malinová 2007). The obligate nature of the mycorrhizal fungi 

association in orchids suggests that the presence of suitable fungi at the site strongly 

influences orchid recruitment. However, both fungi and orchids require suitable habitats 

to achieve successful establishment (e.g., plant assemblage, particular substrate, etc.)  

(Rasmussen 2001). It can therefore be expected that recruitment and persistence of 

orchids requires specific habitat conditions that are favorable for both the orchid and 

fungal partner. Indeed, the substrate requirements of an orchid mycobiont may determine 

which habitats allow orchids to growth and what environmental factors are critical for 

orchid recruitment (Cribb et al 2003; Rasmussen 1995).  The distribution of the orchid-

mycorrhizal system is likely correlated with soil factors such as fertility and structure 

and site factors such as climate, vegetation, fire history and disturbance (Batty, Dixon et 

al. 2002; Brundrett 2007).Consequently, understanding the orchid-mycorrhizal system 

ecology and distribution within soil is important for attempts to conserve and re-

introduce orchids to natural habitats. 

 

Integrated Orchid Conservation 

 Habitat is the range of environments or communities over which a species occurs 

and comprises an abstract formulation of this range in terms of environmental variables 

and the species’ limits in relation to them (Whittaker et al. 1973). Plant species exhibit 

various degrees of specialization to the environment in which they are found. 
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Specialization of plants to their environment is regulated by trade-offs. Some generalist 

species are able to occupy a wide range of habitats, but they are usually not able to 

dominate in all of the occupied habitats (MacArthur 1972). Other species are only found 

under a more restricted set of conditions and thus are more limited in their distribution 

along environmental gradients. The extent of the distribution depends on the 

environmental tolerances and resource requirements of the species. These tolerances and 

requirements together form the niche of the species (Hutchinson 1957).  

 For a population of plants to successfully persist in a habitat, the individuals 

should be able to tolerate the prevailing environmental conditions and withstand 

competition from coexisting species; in essence, the abiotic and biotic conditions should 

meet the minimum niche requirements of the species (Hutchinson 1957). Understanding 

species limits of tolerance and responses to these environmental variables is vital to 

understanding how species function and in predicting how they may behave as their 

habitat is altered or fragmented.  

 Major threats to orchid populations include land clearing for agriculture, mining 

and urban development, weed invasion, habitat degradation, grazing, altered 

environmental conditions, habitat fragmentation, climate change and collection of plants. 

However, habitat loss and alteration remains the greatest threat to the integrity of orchid 

populations and species survival (Batty et al. 2002, Koopowitz et al. 2003). The orchid 

family, more than any other plant family, have a larger number of threatened genera with 

the terrestrial perennial orchids representing the most vulnerable. Each orchid population 

may experience threats specific to its own location and the extent of these threats 
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depends on their geographical distribution, habitat specificity, degree of biotic 

dependence, endemism, and population size (Swarts and Dixon 2009). The preservation 

of natural habitats is of foremost importance for orchid conservation. Protection of 

orchid habitats requires a thorough understanding of the distribution of orchid species 

and the recognition of the characteristics that make the habitat unique, particularly when 

related to orchid’s symbiotic associations with mycorrhizal fungi and pollinators. 

Furthermore, the study of orchid conservation ecology requires a multi-dimensional 

approach based on the habitat requirements of organisms in three different kingdoms 

(plant, fungi, and insects) that must all be met for orchids to succeed (Brundrett 2007). 

Effective plant conservation programs involve an approach that allows careful 

consideration of conservation-oriented questions and planned criteria in making difficult 

choices when investing limited resources (Swarts and Dixon 2009). The main weakness 

of many orchid conservation programs is the lack of integration of all relevant aspects of 

orchid conservation biology. This lack of integration often leads to an incomplete orchid 

conservation program. For example, focusing exclusively on the propagation of an 

orchid species could detract from the planning for plant reintroduction or long-term 

management of the species. Likewise, focusing on habitat management without 

knowledge of the species biotic specific requirements (mycorrhizal fungi or pollinators) 

could lead to ineffective conservation decisions. Mycorrhizal fungal ecology often is 

overlooked in orchid conservation projects, but if orchid-fungus relationships are very 

specific, the persistence of a population and/or success of a reintroduction program will 
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be affected greatly by the presence or absence of suitable fungi in the soil, and by the 

habitat’s ability to continuously support these fungi (Batty et al. 2002). 

An integrated orchid conservation approach should center attention on the study 

of interactions among all trophic levels of plant conservation biology: 1) basic ecological 

information -geographic range; habitat abiotic and biotic characteristics, species 

abundance and distribution; 2) population demographics and phenology – life cycle 

history, environmental tolerances, fluctuations in flowering occurrence; 3) mycorrhizal 

fungal interactions – fungal mycobiont identification, specificity, diversity and ecology; 

4) pollination biology, breeding systems, and herbivore interactions; 5) populations 

genetic diversity; 6) in situ conservation – habitat management, restoration and 

preservation; 7) ex situ conservation - symbiotic seed germination, propagation, seed and 

fungal long term storage; 8)  species reintroduction – assisted migration and 

transplanting recovery methods. Integrated conservation strategies vary according to 

which species they are being applied; however, the basic principle remains the same 

(Figure 1.1). (Dixon 1994, Cribb et al. 2003, Brundrett 2007, Swarts and Dixon 2009). 

To successfully recover critically threatened terrestrial orchid species, conservation 

practices should involve experimentation in both in situ ecological contexts and ex situ 

laboratory-based contexts (Batty et al. 2002, Brundrett et al. 2003, Batty et al. 2006). 

Therefore, orchid conservation systems must maintain a balance between the need for 

urgent action to avoid immediate loss of species diversity and long-term landscape- or 

species level actions that yield valuable ecological information (Brundrett 2007). 
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Figure 1.1. Integrated orchid conservation approach. 

Effective conservation and recovery of an endangered orchid requires 
species relevant knowledge on key biological aspects such as population 
dynamics, genetics, pollinator and reproductive biology and mycorrhizal 
associations, as well as, landscape level information regarding habitat 
distribution, characteristics, and management. Based on this information 
two main conservation approaches should be emphasized: in situ 
conservation (habitat preservation and management practices, assisted 
migration and re-introduction programs) and ex situ conservation 
(symbiotic propagation, greenhouse acclimation, and germplasm (seed & 
fungal) long-term storage. This holistic approach promotes the 
recognition of major threats, urgent actions to salvage populations, 
habitat preservation, as well as, long-term conservation and recovery of 
the species. Constructed based on Dixon 1994; Brundrett 2007 and 
Swarts and Dixon 2009 models for orchid conservation. 
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Dissertation Rationale  

 In this dissertation a variety of methods were used to study orchid mycorrhizal 

associations of the endangered terrestrial orchid Spiranthes parksii and sympatric 

congener Spiranthes cernua. In chapter 2, aboveground phenology of both species is 

examined. In addition, a thorough comparison of both species is presented within the 

framework of history, distribution, responses to environment, morphology, phenology, 

floral and seed characteristics, and conservation. To better understand the abiotic and 

biotic factors influencing the natural distribution and potential re-introduction of S. 

parksii populations, in chapter 3, I examined and quantified microhabitat characteristics 

of sites occupied by the S. parksii in terms of vegetation cover and composition, canopy 

structure, and soil characteristics. Ex situ baiting was used to determine the inoculum 

potential of orchid fungi among microhabitats. The microhabitat of S. parksii was 

compared to that of its congener S. cernua, as well as to adjoining habitat and historical 

microhabitats currently not supporting either species.  These efforts were utilized to 

identify the main characteristics that make a microhabitat suitable for S. parksii. In 

chapter 4, the distribution of the fungi in the field and seed bank longevity was examined 

using in situ seed baiting technique. In situ baiting was used to investigate the ecological 

specificity of the orchid mycorrhizal association and endophyte distribution of S. parksii. 

In chapter 5, the mycorrhizal associations and belowground phenology of both species 

and plants in different stages of development were examined. Patterns of mycorrhizal 

fungal infection along the root and seasonality of infection throughout the growing 
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season were evaluated and compared. I also conducted root mycorrhizal fungal isolation 

and morphological characterization of mycobionts to examine the specificity of 

symbiotic relationship. Finally, in chapter 6, an overview of the main findings of this 

dissertation and recommendations for future research and conservation are provided. 
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CHAPTER II  

SPECIES OF INTEREST: SPIRANTHES PARKSII CORRELL AND 

SPIRANTHES CERNUA L. RICHARD LIFE HISTORY AND POPULATION 

DYNAMICS 

 

Introduction 

Spiranthes is a cosmopolitan genus that encompasses about 40 species worldwide. 

The genus reaches its maximum diversity in North America where there are 23 species 

(Pridgeon et al. 2003). Spiranthes species are exclusively terrestrial, living in a variety of 

soil types in habitats ranging from grasslands to woodlands. The species are found from 

sea level to about 3600 m (Correll 1950). In North America, flowering occurs 

throughout the year, but each species has a restricted blooming season (Liggio and 

Liggio 1999). The genus is a morphologically distinctive group easily recognized by its 

spirally arranged inflorescence of small whitish-cream (or pink in S. sinensis) flowers 

born at the top of a spike (Ames 1921). The delimitation of species in Spiranthes has 

often been difficult due to the lack of evident distinctive morphological characters a 

consequence of natural hybridization, introgression, and polyploidy (Luer 1975, 

Aygoren 2011). It has also been postulated that high morphological variation within the 

genus is a reflection of variability in ecological habitat and reproductive biology 

(Sheviak 1992). Spiranthes at extremes of their ranges display a high degree of 

endemism and morphological distinction (Sheviak 1992). Examples include the federally 
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listed, endangered Spiranthes delitescens which is restricted to four small populations in 

the mountains of southeast Arizona (McClaran and Sundt 1992); Spiranthes diluvialis, a 

federally threatened species because of relatively low population numbers and loss of the 

species’ specialized riparian habitat (Arft 1995); Spiranthes floridana, a rare endemic 

species native of pine flatwoods of north-central Florida (Stewart 2007); and Spiranthes 

casei, a local endemic variety restricted to granite rock barrens in Ontario, Canada 

(Reddoch and Reddoch 2009). 

 One of the most fascinating examples of morphological variation within the 

genus is the Spiranthes cernua complex, a facultatively agamospermic polyploidy 

compilospecies composed of many different geographically delimited races that display 

considerable morphological variation, due to unidirectional gene flow from related 

diploids (Sheviak 1992, Dueck and Cameron 2007). The species complex includes S. 

cernua, S. ochroleuca, S. magnicamporum and S. odorata. The complex exhibits a wide 

variety of forms and appears to be the resulting hybridization among members of the 

complex and a pure ancestral form of Spiranthes cernua (Sheviak 1992). Spiranthes 

cernua displays three races that inhabit a wide variety of habitats throughout 

northeastern United States. The major distinction of S. cernua races is their ability to 

produce seeds sexually or asexually. One of the races reproduces exclusively sexually 

through pollinated seeds, while, another race is completely sexually sterile and produces 

seeds vegetatively through apomixis. The third is an intermediate race that produces 

seeds both sexually and asexually (Catling 1982, Sheviak 1992). 



 

20 

 

In Texas there are 15 Spiranthes species (Brown 2008). The unique geography of 

the state has contributed to an outstanding floral diversity and high density of endemic 

and rare plant species (Mills and Schwartz 2005). The location of the state at the 

extremes of many ranges contributes to the tendency of certain plant species to become 

naturally rare by virtue of speciation, narrow habitat availability, small population sizes 

or narrow geographic distribution (Mills and Schwartz 2005).  The various Spiranthes 

species in Texas occupy very distinctive habitats and range from spring to fall bloomers 

(Brown 2008). Spiranthes parksii Correll is one of rarest species. The Texas endemic 

species is exclusively found in ecological regions of the post oak savanna and the pine 

woods region of East Texas (USFWS 1993, Parker 2001). The first specimen was 

collected at the Democrat Bridge along the Navasota River in 1945 by Dr. Parks and 

later described by Donovan Correll in 1947. S. parksii was thought to be extinct after 

efforts to detect it failed in the 1940s (USFWS 1980). In 1978, Catling and McIntosh 

rediscovered the species in two locations and this led to the listing of the species as a 

federally and state endangered species in 1982 under the Endangered Species Act of 

1973 (Catling and McIntosh 1979, USFWS 1982). 

 

Species of Interest 

 S. parksii is an erect, slender stemmed perennial up to 30 cm tall. The leaves are 

mostly basal and usually absent at anthesis. The inflorescence consists of a single spike, 

loosely spiraled in a single rank with 5 to 25 flowers. The stem is slender, glabrous 

below and granular-pubescent above with several tube-shaped acuminate sheaths. 
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Flowers are relatively small (3-6 mm) surrounded by noticeably white tipped bracts; 

petals are obovate whitish to yellow green and occasionally cream white with a 

conspicuous central green stripe. Typically, lateral sepals are up-curved, extending 

outside the lip and dorsal sepal. The lip is oval with ragged margins (Figure 2.1). The 

distinctive morphology of Spiranthes parksii separates it from the close congener, 

Spiranthes cernua (Figure 2.2). Here, I referred to the woodland form of S. cernua, 

which is sympatric with S. parksii; this clarification is pertinent due to greater 

morphological variation in the S. cernua complex and similar characteristics among 

different ecotypes. In the woodland S. cernua, the floral spike consists of a closely 

twisted row of relatively large flowers (5-10 mm) which commonly arrange in three to 

four ranks and are pubescent with dull hairs. Flowers are white, tube-like, and appear 

slightly overblown. The lateral sepals enfold the other floral parts, but do not bend 

backward towards the apex, as much as the dorsal sepal. Petals bend upward and the lip 

is ovate-oblong with a minor contraction near the middle. The floral bract is green 

lanceolate and tapering to a point. Distinctive characteristics of S. parksii and S. cernua 

are shown in Figure 2.3 and Figure 2.4. In the vegetative state, S. cernua and S. parksii 

are indiscernible. Both species produce vegetative rosettes consisting of 2-5 leaves, 

strictly basal, oblanceolate to linear-lanceolate, 5-15 cm long and 0.5-1 cm wide. Leaves 

are relatively stiff, deep or bluish green in color, and with a thick, glossy cuticle. As 

mentioned above, S. cernua in Texas displays several different ecotypes; the more 

singular of these is the cleistogamous peloric (Figure 2.5) which is also sympatric with 

S. parksii and woodland S. cernua. The yellow-green flowers never open and plants 
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reproduce entirely through apomixis. Mature plants naturally produce bulky ovaries on 

all the flowers, a characteristic of autogamic reproduction (Figure 2.5).    

 

Genetic and Taxonomic Status 

The taxonomic status and genetic distinction of Spiranthes parksii has long been 

debated, and it has been hypothesized that S. parksii may be a hybrid or an aberrant form 

of the sympatric species, S. cernua and S. lacera var. gracilis, based on its rarity and 

narrow distribution.  Investigations by Dueck and Cameron (2007) and Aygoren (2011) 

on the genetic relationships of the genus Spiranthes using mitochondrial and nuclear 

markers failed to find genetic distinction between the sympatric congener S. cernua and 

S. parksii, and therefore their studies did not support the classification of S. parksii as a 

different species. Moreover, the scientists proposed that S. parksii should be considered 

as synonym of S. cernua sensu lato (Dueck and Cameron 2007; Aygoren 2011). They 

also suggested that S. parksii may be just a peloric mutant of S. cernua and claimed that 

their molecular data is supported by the fact that both species have the same number of 

chromosomes, similar phenology, and reproduce mainly through agamospermy (Dueck 

and Cameron 2007). However, several reviewers have contested their arguments and 

there is evidence to suggest that their data is not sufficiently comprehensive in scope or 

rigor to support their conclusions (Manhart and Pepper 2007, USFWS 2009). First, the 

species exhibits distinctive flower morphology outside of the S. cernua complex 

(Sheviak 2008). Second, the intricacy of the Spiranthes cernua complex genetic relations 

and its polyphyletic character makes species delimination problematic. This may be 



 

23 

 

further complicated by the fact that S. parksii may have possibly recently speciated. 

Genetic branching within the complex has happened with other species as is the case of 

S. casei which has a geographic range reflecting post-Pleistocene migration and has even 

developed a local endemic variety in part of its range in response to severe 

environmental conditions (Sheviak 2008).  Third, the DNA markers used for analysis 

may have lacked the resolution needed to solve complex phylogenetic relations as they 

scrutinized a very small fraction of the whole genome (Manhart and Pepper 2007). In 

addition, the number of samples analyzed was too small to detect minuscule genetic 

changes at this evolutionary level. With the presently available DNA evidence, it is not 

possible to discern the genetic relation between S. cernua and S. parksii (Clary 

2009).The application of the morphospecies concept is granted as S. parksii clearly 

exhibit floral morphological distinction, high degree of endemism, ecological 

differentiation, and habitat specialization. However, further investigation is essential to 

discriminate between these closely related species and to further evaluate the species 

status.  Even more, a thorough understanding of their biology, habitat requirements, 

genetic diversity, and symbiotic associations could also provide essential information to 

resolve their intricate taxonomic status.  
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Figure 2.1. Spiranthes parksii flower details. Showing the small size flowers (8 mm) 
with characteristic central green stripe. Flowers slanted upwards at approximately 45-
degree angle. The notorious white-tipped bract curved away from the flower. The up-
curved lateral sepals, truncated labellum, and profusely pubescent flowers and bracts.  
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Figure 2.2. Woodland Spiranthes cernua flower details. Showing the relatively longer, 
bright white flowers oriented at an approximately 90-degree angle. The flat oblong, no 
truncated and broad at the apex labellum. Non-curved lateral sepals extending forward 
typically arching above the flower but never exceeding the lip. The green tipped 
vegetative flower bract curving towards the flower.
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Figure 2.3. Flowering plants of Spiranthes parksii. 
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Figure 2.4. Flowering plants of woodland Spiranthes cernua. 
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Figure 2.5. Flowering plants and detail of the flowers of Spiranthes cernua cleistogamous peloric type commonly known as 
“close form”.  
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Distribution and Habitat 

 Spiranthes parksii geographic distribution is restricted to 13 counties in Texas 

with the majority of occurrences in Brazos and Grimes counties (Figure 2.6). Outside of 

the center of distribution a small population was reported in the Angelina National 

Forest; but attempts in the last 5 years to relocate the species have failed. In 2009, it was 

estimated that there are approximately 3207 S. parksii individuals protected in 24 

reserves (USFWS 2009). Over the past 20 years a total of 11,537 individuals have been 

observed, yet some of those individuals have been observed in multiple years and it is 

estimated that the actual number of S. parksii plants may not exceed 3,650 mature plants 

(USFWS 2009). However, the majority of the plants are located in private lands, which 

makes it difficult to determine the actual number of extant individuals (Parker 2001; 

USFWS 2007).  Major threats to isolated populations include urban development, lignite 

mining, land conversion for agriculture, and woody encroachment. Areas occupied by 

the species have been undergoing intensifying commercial development in the last 30 

years since the species was listed and habitat loss poses a real threat to the persistence of 

the species (USFWS 1984; 2009).  

 In the post oak savanna, S. parksii occupies a distinctive niche along the upper 

reaches of drainages between the flood plain and open grasslands. The species occurs in 

naturally disturbed areas of small natural openings within 80 m of drainages. S. parksii is 

commonly found in sandy and sandy-fine soils with shallow claypan, setting on parent 

material derived from alluvial deposits and Tertiary sandstone (USFWS 1993; Parker 

2001; USFWS 2009). It has been suggested that the species is an “edaphic specialist” 



 

30 

 

due to its remarkable tendency to occur in soils of the Burlewash series, arising in 

Manning and Wellborn geological formations (Bai and Smeins 2008).  S. parksii is 

closely associated with the vegetation that is typical of the post oak savanna. Naturally 

abundant woody species include: Quecus stellata, Quecus nigra, Vaccinium arboreum, 

Ilex vomitoria, Callicarpa americana, Ulmus alata, Smilax bona-nox, Forestiera 

ligustrina, Ilex decidua, and Crataegus spathulata. The most common herbaceous 

species associated with S. parksii include: Schizachyrium  scoparium, Chasmanthium 

laxum var. sessiliflorum, Andropogon ternarius, Liatris elegans, Heterotheca 

graminifolia, Drosera annua, Scleria sp., Croton monanthogynus, Panicum aciculare, 

Panicum brachyanthum, Panicum sphaerocarpon, among others (USFWS 1993, Parker 

2001, Hammons 2008). 

 The climate throughout S. parksii’s geographic range is classified as humid 

subtropical. The warmest month (on average) is July at 35 °C, and the coldest month is 

January at 4 °C.  The precipitation pattern is bimodal with peaks in April-May and 

September-October. The mean annual precipitation varies from approximately 91 cm to 

110 cm from west to east (SRCC 2013). The topography is nearly flat to gently rolling 

with elevations ranging from 60 m to 112 m above sea level (NCSS 2013). 
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Figure 2.6. Geographic distribution of S. parksii in Texas. a) Element occurrences of S. 
parksii per county are indicated by blue and red points b) S. parksii geographic range 
showing counties were the species has been reported (NRCS 2012). 
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 Spiranthes cernua distribution in Texas is broader. The species has been reported 

in more than 25 counties in the eastern part of state (Figure 2.7) (NRCS 2012). Outside 

of the state, the species range extends throughout eastern North America (Figure 2.7) 

(Correll 1950). It frequently occurs in sandy soils in dry to open sites and lightly woody 

areas. Common habitats for S. cernua include moist sand prairies, sandy savannas, areas 

adjacent to paths in sandy woodlands, sandy pits, ditches, and abandoned fields. This 

species typically occurs in slightly disturbed areas where plants are usually scattered, 

rather than forming dense clusters (Catling 1983).  In the post oak savanna, S. cernua 

occurs in more shaded areas and its habitat overlaps with that of S. parksii and both 

species commonly co-occur along stream banks and the floodplain of permanent streams 

(Hammons 2008).  

 

General Life Cycle and Phenology 

 Mature Spiranthes parksii plants transition among three life history stages 

annually: flowering stalk, vegetative rosette, and dormant underground stage.  The S. 

cernua life cycle resembles that of S. parksii in timing as well as in life history stages. 

Details of the general annual cycle are shown in Figure 2.8. The flowering stalk appears 

in late September and early October. The time from stalk to anthesis varies between 20-

30 days. Most flowers are fully mature between late October and the beginning of 

November. 
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Figure 2.7. Geographic range of Spiranthes cernua. a) Geographic distribution in North 
America. b) Texas counties were the species has been reported indicated in grey.  
(NRCS 2012) 
 

 

 The flowering stalk produces 5-25 flowers that set fruit by late November and 

early December. A vegetative rosette is usually not present at anthesis but it occasionally 

initiates at the time of fruiting. Non-flowering plants produce a vegetative rosette that 

can appear several weeks after the flowering stalks (November). Wintergreen rosettes 

develop throughout the time of fruit set and seed dispersal, and continues growing for 

another 5 to 7 months.  The maximum rosette size is achieved from late February to  
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early March, finally senescing in May. In wet, cool years, vegetative rosettes can persist 

through July. Conversely, in hot, dry years vegetative rosettes can undergo summer 

dormancy as early as late March and April. In general, all plants undergo summer 

dormancy during the hot months. This phase usually lasts from 3 to 4 months (May 

through late September) until flowering stalks start to reappear again aboveground in 

late September.   

 

Reproductive Biology  

 Mating systems in the genus Spiranthes are highly diversified and range from 

outcrossing (cross-fertilization), autogamy (self-fertilization), apomixis (asexual 

reproduction through seeds without fertilization), and even mixed mating systems, in 

which plants use two or even all three mating systems, are not uncommon (Catling 1982; 

1983). In the Spiranthes cernua complex, inter-specific variation is common and several 

species exhibit both sexual and agamospermic races (Sheviak 1982; Catling 1982). It has 

been hypothesized that agamospermic races occur frequently at the edges of geographic 

ranges as an adaptation to compensate for the limited availability of compatible 

pollinators (Schmidt and Antlfinger 1992).
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Figure 2.8. General annual life cycle of Spiranthes parksii
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  Both Spiranthes cernua and Spiranthes parksii reproduce mostly by 

agamospermy, through adventitious embryony (Walters 2005). As sexual reproduction 

has also been observed, these species are considered facultative agamospermic; both 

species are commonly visited by honeybees and bumblebees (Wilson 2002, Langlitz and 

Smeins 2009). Likewise, through observation of S. parksii flowers, I have confirmed 

geitonogamous pollination by Apis mellifera (honey-bee), demonstrated by detachment 

of pollinia on one flower and adhesion to viscid stigmata in another followed by fruit set 

(Figure 2.9). The bee hangs upside-down on the flower and activates its flight muscles; 

the resulting vibration caused the detachment of the pollinia. This behavior known as 

“buzz pollination” is typical of honey bees (Otero 2012).   

 In both species, fruit set exceeds 90% and approximately 3000-minute seeds are 

produced per capsule (Figure 2.10). The miniature seeds are among the smallest of the 

Orchidaceae family (0.4-0.5 x 0.1 mm) (Figure 2.10). A high proportion of seeds are 

polyembryonic with some reports suggesting up to 90% (Catling and McIntosh 1979). 

The polyembryonic seeds characteristic of agamospermic reproduction contain 2 to 3 

embryos. In a pilot experiment, I examined seeds of randomly selected capsules at the 

time of seed dispersal and found that up to 30% of seeds in a capsule are 

monoembryonic (potentially produced sexually) (Figure 2.10). Therefore, sexual 

reproduction in both species is possible and should be further investigated.  This has 

important implications for the persistence of both species, since agamospermic species 

have a single genotype; basically all individuals in a population are considered clones. 
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This in turn decreases genetic variability, limiting the ability to adapt to changing 

environmental conditions and increasing inbreeding depression (Richards 1997).  

  

 

 

Figure 2.9. Spiranthes parksii visited by Apis mellifera (honey-bee). Note the upside 
down position of the bee. 
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Figure 2.10. Spiranthes parksii fruiting, seed capsules, and polyembryonic and 
monoembryonic seed characteristics. 
 

  

 The seeds contain one or several embryos inside a reticulate testa and surrounded 

by a large volume of air space (Figure 2.10). The testa is impermeable facilitating 

dispersal through water and wind. It also has been suggested that the tiny seeds can be 

endozoochorously dispersed but the frequency of this mode is unknown. Although very 

little is known about the patterns of dispersal in S. parksii, observations of the plants at 

the time of dispersal suggests that most of the seeds land in close proximity to the 

mother plant and this is also evident by the higher amount of seedlings observed within 

centimeters of the mature plants (Figure 2.11). However, long-distance dispersal also 
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seems to occur, and it is apparent by the presence of solitary seedlings and plants several 

meters away from mature plants, especially in down-slope directions suggesting 

dispersal by water.  

  

Seed Germination and Seedling Development 

 This section is based on personal observation of S. parksii and S. cernua 

seedlings found in situ in close proximity to adult plants. As any other orchid, S. parksii 

seeds lack endosperm and depend on an external source of nutrients in order to make the 

undifferentiated embryo develop into a protocorm upon germination (Rasmussen 1995). 

These nutrients are provided by a compatible mycorrhizal fungus, which infects the 

seeds (Rasmussen 1995, Batty et al. 2002). In S. parksii this mycorrhizal colonization 

seems to occur rapidly upon dispersal. Seeds germinate both in underground darkness or 

exposed to partial light near the soil surface depending on where the seed lands after 

dispersal (Figure 2.11). Nevertheless, those seeds that initiate germination at the soil 

surface are usually associated with moss or similar creeping plants as well as in vicinity 

of the mother plant. These safe sites provide newly established seedlings with suitable 

microclimatic conditions for continued growth and survival (Figure 2.11). The first signs 

of germination are observable in early January, protocorms develop rhizoids and leaf 

primoridia are noticeable (Figure 2.12). The small seedlings become photosynthetic 

promptly and the first true leaf is visible by late January and early February (Figure 

2.12). Protocorms triple in size and develop one to three small leaves in the proceeding 

three months (Figure 2.12).  The mycorrhizome grows towards the soil surface until it is 
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completely underground (Figure 2.12; Figure 2.13). By the end of the growing season, 

most of the protocorms that developed leaves have also produced a perennial tuber 

potentially capable of sustaining the seedlings during the hot summer months. The 

perennial tuber still shows vestigial remnants of the mycorrhizome and ranges from to 4 

to 7 mm in size (Figure 2.13). Microscopic inspection of protocorms revealed that they 

are heavily infected by fungus and remained infected even after the development of 

photosynthetic tissue. This corresponds with rates of infection in mature plants, which I 

have found to exhibit higher mycorrhizal infection during the winter and spring months. 

Seedling mortality appears to be quite high; for example out of 60 seedlings of S. parksii 

found in early February only 22 were still alive at the end of the growing season (May, 

2013). Likewise, of 10 seedlings found in 2009, only 5 survived by next fall.  However, 

these five plants reappeared as vegetative rosettes in the following 2 years and were able 

to flower in the third year. Similarly, out of 16 seedlings of S. cernua found in 2010, 

only two survived to the next growing season but these survivors were able to flower in 

the second year.  

 These observations contrast with those in Spiranthes aestivalis. In this species, 

the achlorophyllous protocorm remains underground after germination and the first leaf 

emerges in the second year. Tuber formation does not occur until the third year 

(Summerhayes 2012). In Spiranthes spiralis protocorms can remain underground for up 

to 10 years before the first emergence of leaves aboveground (Jacquemyn and Hutchings 

2010). On the other hand, my observations concur with those of Ames (1921) who 

studied Spiranthes cernua in New England. Ames (1921) indicated that seeds germinate 
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rapidly after dispersal and seedlings appear in early fall. However, the species in 

northern portions of its range exhibit a shorter annual life cycle, appearing as vegetative 

rosettes in May, flowering in August-September and becoming dormant in early winter.  

As suggested by Ames (1921), germination in S. cernua occurs promptly and plants 

produce a slender tuber before the winter, with younger plants able to flower the next 

flowering season.  Along its range of distribution, S. cernua exhibits a great degree of 

variation of its annual cycle depending on the environmental conditions. In Texas, S. 

parksii and S. cernua display a longer annual life cycle (September-May), than S. cernua 

in New England or Nebraska (Ames 1921, Pileri 1998). In Texas, although the winters 

are mild allowing vegetative growth, the hot, dry summer months constrain vegetative 

growth. These species seems to have adapted to these regional conditions by becoming 

dormant in the summer, with a clear separation in their life cycle from flowering and 

vegetative phases (leaves are absent are anthesis), a marked difference from S. cernua 

species in more temperate climates. Similarly, the requirement of germination 

immediately after dispersal may also represent an adaptation to the environmental 

conditions prevailing during the summer months. Viability of seeds is rapidly lost during 

the months after dispersal, with most seeds unviable by the next fall (see Chapter IV). 

This implies that in order to achieve successful recruitment, new recruits have to 

germinate, develop a vegetative rosette and a perennial tuber within a growing season 

before the summer dormancy. 
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Figure 2.11. S.parksii seedlings growing in situ in proximity to adult plants. Red arrows show the adult S. parksii note the old 
flowering stalk still present. White arrows show seedlings found in late January and early February. On the right column, 
magnificantion of seedlings. The lower row shows seedlings after 3-4 months, note that mycorrhizome is totally underground. 
Blue arrow indicates some portion of the mycorhizome still visible aboveground. 
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Figure 2.12. Sequential development of S. parksii seedlings in situ. First row showing protocorms with noticeable leaf 
primordium 1 month after seed dispersal. Second root showing photosynthetic seedlings with two leaves two months after 
dispersal.  
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Figure 2.13. Belowground development of S. parksii seedlings in situ. From left to right, protocorms with mycorrhizome; 
seedling with first tuber and vestigial mycorrhizome. On the right, one-year-old seedling with developed tuber.  
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In the present study, the population dynamics of S. parksii and S. cernua were 

monitored from 2007 to 2013. Phenology, life history, demographic properties (survival, 

life span and half-life), and morphological characteristics of vegetative and flowering 

stages were analyzed from more than 450 individuals. I attempted to identify the factors 

that determine annual demographic and flowering variability in the population by 

addressing questions such as: 1) is there an influence of age and/or size on flowering 

performance? 2) What intrinsic (inherent to the individual plant) and extrinsic 

(environmental conditions) factors influence reproductive success? 3)  Is reproductive 

effort relevant in the species studied, and consequently, how do current flowering events 

affect potential reproductive and vegetative performance? The investigation was made 

within the context of establishing similarities and distinctions between the two species.  

 

Methods 

Study Site 

 The study was conducted at the Twin Oaks Landfill Site (96°8’51.86’’W, 

30°35’47.25’’N) located 2 miles east of the Navasota River on the south side of State 

Highway 30 in Grimes County, Texas. The site has been reported to have the highest 

known population of S. parksii individuals (USFWS 2009). The estimated population of 

S. parksii at the study site exceeds 600 individuals (HDR 2010). At the site there are 13 

restricted areas (56 ha) designated for S. parksii habitat conservation. The vegetation 

community is dominated by Ilex vomitoria, Quercus stellata, and Vaccinium arboretum 



 

46 

 

intermixed with grassland openings dominated by native bunchgrasses and forbs 

primarily Schizachyrium scoparium, Andropogon ternarius, Sorghastrum nutans, 

Tridens flavus, and Chasmanthium sessiliflorum (Hammons 2008). The site receives 

approximately 100 cm of annual precipitation in a bimodal pattern, with peaks in spring 

and fall. The coldest air temperatures usually occur in January (4.32 °C) and increased 

progressively through August (35.6° C), the warmest month (SRCC 2012). Soils are 

primarily loamy fine sands and fine sandy loams of the Burlewash series (NCSS 2009).  

 

Field Methods  

 To investigate plant phenology, seasonal variation, and population dynamics of 

mature S. parksii and S. cernua, 260 S. parksii and 196 S. cernua mature plants were 

permanently marked with numbered aluminum tags and flags. In addition, the location 

of each individual was mapped by GPS coordinates using as Trimble GeoTX system. 

Following this method it was possible to return in subsequent sampling periods and 

relocate individual plants.  It was also possible to revisit plants that had undergone 

dormancy for one or several years (Wells 1967). The number of individuals monitored in 

this study represents approximately 40% of the actual population at the study site. The 

study initiated in the spring of 2009 with two cohorts of each species that were 

previously marked in the fall of 2007, and fall of 2008. A description of cohorts is 

shown in Table 2.1. The study was carried out from February 2009 to May 2013. 

Records from older cohorts were obtained and included for analysis. Plants were 

monitored every 6 to 8 weeks during the vegetative phase (January through May), once 



 

47 

 

during the summer dormancy (July), and every 7 days during the reproductive phase 

(September-January). At each census the life history status (vegetative, reproductive, or 

absent) of all plants was recorded, in order to discern temporal absence from actual 

vegetative dormancy in a given plant year (see below data analysis). 

 Newly discovered flowering plants were included as new cohorts. Since S. 

parksii and S. cernua are indiscernible at the vegetative phase, new vegetative 

individuals in close proximity to adult plants were counted and monitored separately, but 

not included in the experiment except when they flowered and were positively identified 

to belong to one of the species. A similar approach was used with seedlings found within 

a meter square of adult plants; these were considered new recruits of the corresponding 

species, and were monitored to examine their phenology.  

 
 
 

Table 2.1. Description of S. parksii and S. cernua cohorts and their corresponding year 
of first observed flowering event included in the experimental period. 
 

 
Cohort S. parksii S. cernua Year of First 

Flowering 

I 15 15 2007 
II 66 22 2008 
III 96 93 2009 
IV 27 39 2010 
V 56 27 2012 

Total 260 196 456 
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During the vegetative period growth parameters were measured every year in 

January for winter rosettes, and mid-March (peak of growing season) for spring 

vegetative rosettes. For each plant the following parameters were recorded: total number 

of leaves in vegetative rosette, length and diameter of each individual leaf (cm), and 

percent herbivory damage. Leaf surface area was derived with the formula: 0.7854Ld 

where L is the length of the longest leaf axis, and d is the maximum leaf diameter. Total 

rosette leaf area was estimated by the summation of all individual leaf areas in a rosette 

(Pileri 1998). During the reproductive phase plants were monitored every 7 days starting 

in mid-September. Reproductive parameters were measured during the third and fourth 

week of October (peak of flowering season). Characters measured include: height of the 

inflorescence aboveground (cm), the length of spike axis (cm) and the number of flowers 

per inflorescence. In order to evaluate fruit set and later seed dispersal, plants were re-

visited every 7 days from November through January. The number of capsules and the 

percent of inflorescence lost were noted. In addition, in November of 2010, 30 S. parksii 

and 30 S. cernua flower inflorescences were randomly selected to estimate the number 

of seeds per capsule. Six whole capsules were collected per plant. Capsules were 

detached carefully and taken from different positions along the inflorescence (bottom, 

middle and top). The rest of the capsules in the inflorescence were allowed to disperse 

naturally. Capsules were taken to the laboratory and opened with a sterile scalpel. Then 

seeds were released in a petri dish covered with a 1 x 1 cm and counted using a 

dissecting microscope (Nikon SMZ800). 
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Data Analysis 

 Demographic population parameters were estimated annually from 2007 to 2013. 

In accordance with the life cycle of the species, inter-annual transitions are referred to 

here as “plant year” (12-month period from September of the previous calendar year to 

August of the following year).  Total population size for each species was estimated 

based on total plant counts reported at the study site for each year, together with the total 

counts of mature individuals. Annual recruitment was estimated from counts of newly 

detected seedlings and vegetative individuals that were within 1 m2 from the 

permanently marked plants. Mortality was estimated only from older cohorts (2007-

2009) from which complete fate of the plants is known. Mortality rates were calculated 

by summation of confirmed (individuals were found dead) and estimated mortality. 

Estimated mortality is denoted here as the failure of a plant to reappear during the 

remaining of study period, when the time span exceeded 3 years, and was assumed to 

have occurred the first year of disappearance. This estimate was based on previous 

studies in other species within the genus that reported that failure of plants to re-appear 

for periods longer than 3 years indicated mortality (Wells 1981, Hutchings 1987b, 

McClaran and Sundt 1992, Kull 2002, Gregg and Kéry 2006, Jacquemyn et al. 2007, 

Jacquemyn and Hutchings 2010). In order to ascertain that this mortality assumption was 

indeed representative of the species in this study, the prevalence of dormancy and length 

of dormancy periods were also scrutinized (see below).  

  Survival and depletion curves were estimated by survival analysis of individual 

cohorts and depletion curves from combined cohorts (Kalbfleisch and Prentice 1980, 
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Klein and Moeschberger 2003, Rosa-Fuentes and Tremblay 2007). Using the number of 

surviving individuals related to deceased individuals in each plant year, a survival 

estimate was obtained. Survivorship probability for older cohorts and the entire 

population of each species were evaluated by using Kaplan Meier regression (product-

limit regression). This survival analysis is a non-parametric technique for analyzing 

survivorship data that allows designation of failure time (mortality) as the response 

variable with right censoring, meaning that the population persistence time is known to 

be greater than a specified number, but its true value is not known. In this analysis, 

surviving individuals at each time (year) were treated as censor and their persistence 

over time was monitored. The hazard model or survival function is written as 

h(t)=b(t)exp(β) where t is time in years since first observed flowering (cohort time), b is 

the non-parametric baseline hazard function, and coefficient vector β represents unique  

contribution of different cohorts. The underlying assumption is that the number of 

individuals in a cohort rescaled to a common starting point (first observed flowering = 

year 0) should decay overtime. The rate of decay for each cohort is dependent on the 

behavior (annual mortality) within the cohort and their propensity to perish. Half-life 

was calculated for each cohort as the mean survival time for which the survivor function 

was less than or equal to 0.5, meaning the time at which half of the cohort has deceased. 

A separate survival analysis was conducted for each cohort to model the maximum and 

minimum persistence times (life-spans) and to estimate the depletion curves and life 

span for the whole population. Tarone-Ware log rank was used to estimate the chi-
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squared statistic and significance level for each Kaplan Meier regression to test 

differences among cohorts. 

 Demographic parameters (flowering, aboveground emergence, dormancy, 

inflorescence lost) were analyzed with repeated measures categorical analysis using 

binomial distribution to compare changes over time. Marginal Homogeneity Chi-square 

tests were used to test differences in probabilities across the response categories 

(flowering, dormancy, vegetative emergence) among years for each species separately. 

Marascuillo procedures were used for multiple comparisons among annual proportions. 

Differences in demographic parameters between species were tested with Contingency 

Analyses followed by Two-sample tests for proportions.  

 Annual aboveground emergence and dormancy was determined by cross-

tabulation of the 8-10 census dates for each individual plant every year. An individual 

was considered dormant if it was absent in the all the census dates conducted for the 

corresponding plant year, but re-appeared in subsequent plant years. Each species 

population proportions for aboveground emergence and dormancy were estimated per 

each inter-annual transition (plant year) after exclusion of the current and accumulated 

mortality counts. Lack of re-appearance aboveground of an individual for more than 3 

plant years was assumed to be due to death at the beginning of its disappearance. In this 

manner, excluding mortality counts, dormancy and aboveground emergence complement 

each other, the proportion of plants that were not present aboveground that are known to 

be alive are considered dormant (Kery and Gregg 2004, Kéry et al. 2005, Shefferson 

2009). In addition, frequency distribution of flowering events, successive flowering, 
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length of dormancy period for each species and re-flowering among cohorts were also 

analyzed.   

 Assumptions of normality for plant parameters were tested with Shapiro Wilk 

tests and the variances were tested using Levene tests. To analyze within species, plant 

parameters such as height of inflorescence, spike axis length, total rosette leaf area, etc., 

one-way analysis of variance (ANOVA) was used to test differences in plant parameters 

among sampling years. Multiple comparisons tests were conducted using Tukey’s HSD 

test. In cases where the parametric assumptions were not met log transformations and Sb 

Johnson transformations were performed. If, after attempting transformation, the data 

still did not comply with parametric assumptions a Kruskal-Wallis test was used 

followed by a Steel-Dwass all pairs test for multiple comparisons. Between species, 

differences in plant parameters were analyzed using Student’s t-test for parametric data 

and Mann-Whitney U test for non-parametric data.  The significant level used for all 

analyses was alpha ≤ 0.05.  

 The relationships between flowering characteristics and vegetative rosette 

characteristics (total rosette leaf area, individual leaf length and number of leaves) were 

examined to determine the effects of vegetative rosette characteristics in the previous 

year (t-1) in subsequent flowering season (t). Correlations analysis was carried out using 

pairwise Pearson product-moment correlation coefficient. Assumption of bivariate 

normality was tested for each variable using a Shapiro-Wilk test. All tests were set to a ≤ 

0.05 significant alpha. When correlations where not significant at an alpha ≤ 0.05 but 

had significant alpha at ≤ 0.1.they were also reported. 
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 Transition probabilities between life history states (dormant, flowering, and 

vegetative) in a subsequent year (t+1) were calculated as a function of status in the 

previous year (t) for five pairs of plant years (2008-2013). The one-year probabilities of 

transitioning from state to state were estimated from cross- tabulation of the data 

collected every year. These transition probabilities were constructed as a simple fraction: 

counts of moving to other state or remaining in the same state every year and then 

averaged for the entire study period to obtain the mean probability. This form of 

generalized estimating equation accounts for variability among years. Calculations were 

performed separately for each species. Standard error probabilities as well as confidence 

intervals were also calculated. Probabilities among transitions were tested using two-

sided Chi-square test and Marascuillo procedure for multiple comparisons of 

proportions.  

 To evaluate the cost of reproduction in S. parksii and S. cernua three approaches 

were used. First, as suggested by Obeso (2002), indirect cost of reproduction in plants 

can be examined by the influence that a flowering event has on plant performance in the 

subsequent growing season (Obeso 2002). Therefore, indirect cost of reproduction was 

evaluated by comparing all flowering plants against non-flowering individuals with 

respect to their total rosette leaf area (cm2) in the year before flowering (t-1) and the year 

of flowering (+). Second, only flowering individuals were analyzed and a repeated 

measures ANOVA was conducted to test for significant differences in total rosette leaf 

surface area (repeated factor) of the individuals in year before flowering (t-1), year of 

flowering (t) and the year after flowering (t+1). Analysis was only conducted for the 
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year 2010 (t) in flowering plants that emerged aboveground in the three consecutive 

years. Plants that were dormant were not included using this approach. Third, the 

flowering-between-flowering (FBF) value of Inghe and Tamm (1988) was calculated. 

FBF is calculated as the proportion of plants that flowered in year (t) relative to the 

plants that flowered in both the preceding (t-1) and the subsequent (t+1) years. Low FBF 

values indicate a high cost of reproduction, assuming that the amount of resources 

allocated to reproduction weakens the individual to a point that makes flowering less 

likely in the subsequent year (t +1) (Inghe and Tamm 1988).  

 Relationships between environmental variables and plant performance 

parameters were also investigated.  Mean monthly precipitation (cm) and air temperature 

(°C) from September 2008 to May 2013 were included in the analysis. Data from 

September 2008 to February 2009 was collected at the Texas Municipal Power Agency 

(TMPA) approximately 6.4 km from the study site. Data from March 2009 to the end of 

study period was recorded at the study site with a Davis Vantage Pro2 Weather Station 

(Vernon, IL). Soil volumetric water content (%) and soil temperature (°C) were recorded 

at each census date at all S. parksii and S. cernua plants visited during each census. 

Volumetric soil water content was quantified at each sampling date with a Soil Moisture 

MinitraseTM time domain reflectrometry instrument at the topsoil 15 cm. Soil 

temperature at 15 cm was quantified with an Atkins Series 396 Digital Thermometer. 

Both parameters were analyzed by repeated-measures analysis of variance (ANOVA) 

using year as the repeated-measures. Variation in these parameters among years was 

examined for periods of significance in plant performance: flowering season 
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(September-October), winter rosette (January –February), peak of vegetative season 

(March-July), and summer dormancy (July).  Species was introduced as a covariate in all 

models but no significant differences were found for any of the periods examined (p > 

0.05), then data from both species was pooled and only inter-annual variability was 

examined. Sphericity tests were used to check whether the unadjusted univariate F-tests 

were appropriate. Finally, the relationships between several summations of monthly 

precipitation prior to flowering, as well as air temperature, soil moisture, and soil 

temperature and plant flowering parameters were examined using product-momentum 

Pearson correlation coefficient. Assumption of bivariate normality was tested for each 

variable using a Shapiro-Wilk test. All tests were set to a significant alpha ≤ 0.05. When 

correlations had a significant alpha ≤ 0.1 they were also reported. 

 All statistical analyses were performed using the statistical program JMP Pro 

(SAS 2011). Figures and graphical representation of data were drawn with SigmaPlot 

Version 10 (Systat Software, San Jose, CA). Standard errors of the mean and proportion 

standard probability errors are given throughout. Additional details of each analysis are 

given in the results section and accompanying each figure and table. 

 

Results 

Population Demography 

 Over the 6-year study period, 260 S. parksii and 196 S. cernua flowering plants 

were marked and monitored. The number of plants of S. parksii and S. cernua as well as 



 

56 

 

their annual status is shown in Figure 2.14 and Figure 2.15. In general, population-level 

demography varied greatly throughout the study. The number of S. parksii flowering 

plants fluctuated from 72 in 2008 to 137 in 2012.  Most of the plants that flowered in any 

year represented new reproductive individuals with exception of year 2012 when nearly 

50% of flowering plants were from older cohorts. Similar trends were observed in the S. 

cernua plants (Figure 2.15). The number of flowering individuals differed noticeably 

from 27 in 2008 to 119 in 2012. Similar to S. parksii, the majority of S. cernua flowering 

plants in any year were new reproductive individuals except for years 2011 and 2012. 

Although, mortality was higher in S. cernua than in S. parksii, similar trends of mortality 

and recruitment were observed. Yearly variation in mortality rates of mature individuals 

was comparable with recruitment of new vegetative individuals except for the year 2011, 

where a high mortality rate was observed. Combining data from the three older cohorts, 

the mean mortality rate per year in S. parksii was 14.7% and 21.4% in S. cernua. 

Analysis of mean proportion showed that mortality rate is significantly higher for S. 

cernua compared with S. parksii (Chi-square test, X2= 5.56; df= 1, 1666; p= 0.0184). 

 Survivorship curves calculated for S. parksii and S. cernua older cohorts are 

shown in Figure 2.16. Half-life was calculated as the mean survival time for which the 

survivor function was less than or equal to 0.5. Estimates of survival time initiated at the 

time of first observed flowering rather than time elapsed since first year of 

establishment. Nevertheless, this information provides a general overview of the life 

span of mature individuals in reproductive phase. Decline in plant numbers through time 

estimated by Kaplan-Meier Survival analysis indicated cohort specific half-life’s ranging 
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from 4.6 years in the 2007 cohort to 5.2 years in the 2009 cohort for S. parksii and from 

4.4 years in the 2007 cohort to 5.1 years in the 2009 cohort for S. cernua. The depletion 

curve and maximum persistence estimate combining the data from all three older cohorts 

is shown in Figure 2.17. The mean half-life for S. parksii and S. cernua mature 

individuals is 4.9 ± 0.3 and 4.7 ± 0.3 years respectively (Figure 2.17). The expected life 

span calculated in S. parksii ranged between 3.3 to 9.0 years and 2.9 to 8.9 years in S. 

cernua. If the assumption that time elapsed since establishment to first flowering ranged 

from 2 to 3 years (based on observation of five S. parksii seedlings found in 2009 that 

flowered three years after emergence and 2 S. cernua seedlings found in 2010 that 

flowered 2 years after first emergence - see above seedling establishment) is applied, 

longevity for the species may range from 6 to 12 years.  These longevity estimates are in 

accordance with those of Wells (1981) and Jacquemin et al. (2007) who found the 

longevities of established Spiranthes spiralis of different cohorts varied between 1.3 to 

9.2 years.  McClaran and Sundt (1992) suggest a life span ranging of 3 to 5 years in 

Spiranthes delitescens and Reddoch and Reddoch (2009) estimated a life-span of 9 to 11 

years for Spiranthes casei.  

 Analysis of the S. parksii population dynamics revealed that individual plants are 

irregular in their appearance aboveground.  Annual patterns of aboveground emergence 

are shown in Figure 2.18. In S. parksii the annual proportion of emergent plants ranged 

from 52.6 to 82.5 and was significantly different among years (Chi-square test, X2= 36.7; 

df= 4, 835; p <0.0001). In S. cernua, the annual emergent population ranged from 68.9 

to 92.6 and also differed significantly among years (Chi-square test, X2= 97.2; df= 4,  
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Figure 2.14. Population dynamics of Spiranthes parksii from 2007 to 2013.  The total population was estimated based on total 
plant counts reported at the study site for each year. Mortality represents the sum of estimated (failure of a plant to reappear 
during the remaining of study period and was assumed to have occurred the first year of disappearance) and observed mortality 
(plant was found dead).  
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Figure 2.15. Population dynamics of Spiranthes cernua from 2007 to 2013.  The total population was estimated based on total 
plant counts reported at the study site for each year. Mortality represents the sum of estimated (failure of a plant to reappear 
during the remaining of study period and was assumed to have occurred the first year of disappearance) and observed mortality 
(plant was found dead). 
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Figure 2.16. Survivorship curves of cohorts that initiated flowering in 2007-2009. a) S. 
parksii and b) S. cernua. The numbers indicate the half-life (confidence interval) in years 
of the different cohorts. Survival analysis was carried out by the Kaplan-Meier Method. 
Half-life was calculated as the mean survival time for which the survivor function was 
less than or equal to 0.5. Survival time was considered to initiate at the time of first 
observed flowering. 
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Figure 2.17. Depletion curves for S. parksii (N=177) and S. cernua (N=145) derived 
from plant cohorts that initiated flowering in 2007 to 2009. a) Observed survival. b) 
Projected survival and maximum persistence time estimate. Horizontal line indicates 
half-life. Survival analysis was carried out by the Kaplan-Meier regression. Survival 
time was considered to initiate at the time of first observed flowering.  
 

 

567; p <0.0001). In any given year, 62.8% of S. parksii plants produced a vegetative 

rosette whereas 82.4% of S. cernua produced vegetative rosettes. The proportion of 

aboveground emergence differed significantly between species (Chi-square test, X2= 

10.2; df= 1, 1402; p=0.0014). 
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 Vegetative dormancy (failure of a plant to produce aboveground parts in one or 

more growing seasons, followed by reappearance in subsequent years (Shefferson 2009) 

was more prevalent in S. parksii than S. cernua (Figure 2.19). In any year 37.3 % of S. 

parksii plants were dormant while only 17.6% in the S. cernua group (Chi-square test, 

X2= 56.8; df= 1, 1402; p<0.0001).  The proportion of dormant individuals in S. parksii 

differed significantly among years (Chi-square test, X2= 116.6; df= 4, 835; p<0.0001); 

ranging from 17.5 (2008) to 47.4 (2011) (Figure 2.19). In S. cernua the proportion of 

dormant plants ranged from 7.3 (2008) to 33.7 (2012) and was also significantly 

different among years (Chi-square test, X2= 58.2; df= 4, 567; p<0.0001). In both species 

the proportion of dormant plants increased over the study period (Figure 2.19), 

indicating that the probability of dormancy increased with age of the plants.  

 Over the study period, 64% of S. parksii plants experienced dormancy at least 

once. The vegetative dormancy lasted one year in 41% of the plants, two years in 21 % 

of the plants, and only 1.5% of the plants exhibited dormancy lasting 3 years (Figure 

2.20). In the S. cernua group dormancy was less frequent, over the study periods only 

49% of the plants displayed vegetative dormancy. Most of the plants in this group had 

dormancies lasting one year (45.5%) and only 3.5% of the plants showed dormancy 

lasting two years. Longer periods of dormancy in this species were not observed.  
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In both species, most of the plants produced a vegetative rosette after flowering; 

however, in S. parksii nearly 3% of the plants that flowered underwent dormancy on the 

same year without producing vegetative rosette (Figure 2.20). 

 The proportion of flowering plants varied considerably from year to year in both 

species (Chi-square test, S. parksii, X2= 125.9; df= 4, 810; p< 0.0001, and S. cernua, X2= 

117.7; df= 4, 537; p< 0.0001).  The lowest proportion of flowering plants in both 

species was observed in 2011 when an extreme drought occurred in Texas (Figure 2.18). 

On the contrary, the highest proportion of flowering plants was observed in year 2012 

when the amount of rainfall exceeded the norm (see below effects of environmental 

conditions in plant performance).  During the study period, 60% of S. parksii individuals 

flowered once, 28% flowered twice, and only 12% flowered three or more times (Figure 

2.21). In contrast, among the S. cernua plants the proportion of individuals that flowered 

twice or more was 68% while only 30% flowered once (Figure 2.21).   
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Figure 2.18. Annual patterns of S. parksii (a) and S. cernua (b) plants in flowering, 
vegetative and dormant states for each plant year and the mean of 5 years. Dormancy 
was estimated as the complement of emergency aboveground after excluding the 
mortality counts from each year. Dormancy was assumed when a plant failed to emerge 
aboveground during the entire corresponding year but re-appeared in subsequent years.   



 

67 

 

 
 
Figure 2.19. Annual proportion of dormant individuals of S. parksii and S. cernua over 
the period 2008-2013. Data only include plants that were present at the first and last year 
of monitoring.  
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that among S. parksii individuals less than 30% of the plants flowered two or more 

consecutive years (Figure 2.22) and only one plant flowered consecutively 5 times. 

Among S. cernua plants successive flowering was more prevalent, 46% of flowering 

plants flowered in two or more consecutive years (Figure 2.22). 
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Figure 2.20. Frequency of length of dormancy periods of S. parksii and S. cernua 
observed over the period 2008-2013 shown on left axis (bars). The number of plants is 
shown on the right axis (lines). Data only include plants that were present at the first and 
last year of monitoring and exclude plant cohorts found after 2010.   
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Figure 2.21. Frequency of flowering events of S. parksii and S. cernua plants observed 
over the period 2007-2012 shown on left axis (bars) and number of plants in each group 
shown on right axis (lines).  
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of S. cernua successive flowering appeared to be more common (Figure 2.24). Although, 

there was a decrease in the proportion of plants flowering in the second year after first 

flowering, more than 50% of the plants in any cohort were able to re-flower every other 

year. 

 

 

 
Figure 2.22. Frequency of consecutive years of flowering of S. parksii and S. cernua 
over the period 2007-2012 shown in left axis (bars) and number of plants in each group 
shown in right axis (lines).  
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Figure 2.23. Proportion of consecutive flowering in four cohorts of S. parksii over the period 2007-2012.
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Figure 2.24. Proportion of consecutive flowering in four cohorts of S. cernua over the period 2007-2012.  
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Flower Characteristics 

 In S. parksii, the average height of the inflorescence aboveground ranged from 

5.5 to 31.4 cm (Figure 2.25a). A significant difference among years was found (One-way 

ANOVA; F= 78.9; df= 4, 344; p<0.0001). Mean inflorescence height was significantly 

shorter in 2011 (7.8±1.8 cm) followed by 2010 (19.7±3.6 cm) and significantly longest 

in 2012 (25.0±3.7 cm).  In the S. cernua population, the average inflorescence 

aboveground ranged 5.3 to 35.6 cm (Figure 2.25a) Mean inflorescence height differed 

only slightly among years (One-way ANOVA; F= 76.1; df= 4,337; p<0.0001).Similar 

to S. parksii, S. cernua inflorescences were shorter in 2011 (8.8±2.1 cm) (year of 

drought) and significantly longest in 2012 (25.3±3.4 cm) (wettest year). Analysis of 

inflorescence height between species indicated only a significant difference in the year 

2010 (One-way ANOVA; F= 34.6; df=1, 147; p< 0.0001).   

 The average length of the spike axis was only measured in the years 2009 to 

2012. In S. parksii these lengths ranged from 2.0 to 8.6 cm. Similar to the height of the 

entire inflorescence height, a significant difference among years was found (Kruskal-

Wallis test; X2= 116.2; df= 3; p<0.0001). Mean spike axis was significantly shorter in 

2011 (2.0±0.2cm) and longer in 2012 (5.7±1.5) (Figure 2.25b). In S. cernua, length of 

spike axis range from 1.9 to 8.8 cm and differed significantly among years only in 2011 

(Kruskal-Wallis test; X2= 109.9; df= 3; p<0.0001) (Figure 2.25b). Comparisons of spike 

axis length between species indicated that S. cernua had  significant larger spike axes 

compared with S. parksii in years 2010 and 2012 (Mann-Whitney U test; X2= 61.1 and 

63.5; respectively; df= 1; p< 0.0001).  The average number of flowers per inflorescence 
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varied from 2 to 25 in S. parksii and from 2 to 30 in S. cernua (Figure 2.25c). 

Differences among years in S. parksii were found in 2011 (6.0±1.6) and 2012 (16.6±3.6) 

(One-way ANOVA; F= 30.5; df= 4, 344; p<0.0001). In S. cernua number of flowers 

per inflorescence differed significantly in years 2011 and 2012 (Kruskal-Wallis test; X2= 

53.7; df= 4; p<0.0001), where the lowest (5.5±2.4) and highest (16.0±4.4) mean number 

of flowers per inflorescence respectively were observed. Comparison of number of 

flowers per inflorescence between species indicated significant differences in years 2009 

and 2010, when S. cernua had significantly more flowers per inflorescence compared 

with S. parksii (Mann Whitney test; X2= 10.7 and 4.67; respectively; df= 1; p= 0.0011 

and p= 0.030 respectively).    

 Analysis of the flowering characteristics among cohorts over time revealed that 

increased age of the plants did not affect any of the flower characteristics such as height 

of inflorescence, length of spike axis, or number of flowers per inflorescence in both 

species (p> 0.05).  

 A comparison of flower characteristics between species, including all the flowers 

measured during the entire study, showed that species differed significantly in height of 

inflorescence (Mann Whitney Test; X2= 12.8; df= 1; p= 0.0004), but were not 

significantly different in length of spike axis (Mann Whitney Test; X2= 14.1; df= 1; p= 

0.2346), or number of flowers (Mann Whitney Test; X2= 3.43; df= 1; p= 0.0640). When 

year variation was included differences in flowering characteristics between species 

were modest and mainly arose in year 2010. 
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Figure 2.25. Comparison of flower characteristics of S. parksii and S. cernua orchids 
measured at the peak of flowering season (mid-October) from 2008 to 2012. a) total 
inflorescence height (cm); b) length of spike axis (cm); c) number of flowers per 
inflorescence. Bars represent mean (SE). Bars containing the same upper (S. parksii) or 
lower case (S. cernua) letter indicate no significant differences among years  ( p <0.05). 
Asterisks indicate significant differences between species ( p < 0.05).  
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Figure 2.25. Continued.  
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 The annual proportion of plants with flowering stalks that set fruit and persisted 

to disperse seeds is shown in Figure 2.26. In both species approximately 50% of 

flowering stalks were lost before seed dispersal in any given year. Most of the 

inflorescence losses were linked to insect and mammalian herbivory, and drought. The 

highest inflorescence loss was observed in year 2011 which is also when the lowest 

proportion of flowering plants was observed. In this year most of the flowering stalks 

desiccated prior to anthesis. The few plants that attained efflorescence were weak and 

had few flowers.  No significant differences in inflorescence losses were found between 

species (Chi-square test; X2= 0.6559; df= 3, 354; p= 0.3112).   

 The number of seeds per capsule was measured only in 2010 from randomly 

chosen flowering plants of both species. The number of seeds per capsule in S. parksii 

ranged from 2557 to 3925 with an average of 3216±391 (n=90). In the S. cernua group 

the number of seeds per capsule ranged from 2552 to 4041 with an average of 3284±422 

(n=90). There were no significant differences between species in the number of seeds 

per capsule (pooled T-test; t= 0.14; df= 1, 178; p= 0.8916). 
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Figure 2.26. Annual proportion of S. parksii and S. cernua flowering plants that set fruit 
and persisted to disperse seeds. Bars containing the same upper case (S. parksii) or lower 
case (S. cernua) letter indicate no significant differences among years  ( p <0.05). 
Asterisks indicate significant differences between species ( p < 0.05).  
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significantly different in year 2012 (mean leaf length, One-way ANOVA; F= 16.9; df= 

2, 264; p< 0.0001; number of leaves per rosette, Kruskal-Wallis test; X2= 29.8; df= 2; 

p< 0.0001) (Figure 2.27b-c). In this year, rosettes had in average longest leaf length but 

fewer numbers of leaves. Similar trends were observed in S. cernua. There was no 

significant difference in winter mean rosette leaf surface area among years (One-way 

ANOVA; F= 0.0072; df= 2, 195; p= 0.9928) (Figure 2.27a) but there was a significant 

difference in mean leaf length (ANOVA; F= 8.70; df= 2, 195, p= 0.0002) (Figure 

2.27b.),  and rosette number of leaves (Kruskal-Wallis Test; X2= 10.2; df= 2; p= 0.0060) 

(Figure 2.27c) in year 2012. Comparisons between both species indicated significant 

differences in all leaf rosette parameters: rosette leaf surface area (pooled T-test; t= 5.1; 

df= 1, 663; p< 0.0001), mean leaf length (pooled T-test; t=-2.41; df= 1, 663; p= 

0.0163), and mean number of leaves per rosette (Mann Whitney U test; X2= 7.53; df= 1; 

p= 0.0060). Overall, S. parksii leaf rosettes were significantly larger than S. cernua in 

winter months (Figure 2.27).  

 Spring leaf rosette characteristics are shown in Figure 2.28. Measurements were 

taken in mid-March each year from 2009 to 2012. In S. parksii total rosette leaf surface 

area ranged from 2.5 to 10.3 cm2 and individual leaf length ranged from 2 to 5.3 cm. 

Both rosette parameters differed significantly among years (mean rosette leaf surface 

areal One-way ANOVA; F= 95.5; df= 3, 407; p< 0.0001; mean leaf length; Kruskal-

Wallis test; X2= 225.3; df= 3; p< 0.0001); and were lowest in 2011 and greater in 2012 

(Figure 2.28). The mean number of leaves per rosette ranged 1.8 to 2.5 and showed 

significant differences among years (Kruskal-Wallis test; X2= 53.3; df= 3; p< 0.0001) 
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(Figure 2.28c). The differences were found between years 2009-2010 and 2011-2012. 

The later years showed the highest number of leaves per rosette.  

 In the S. cernua population spring total rosette leaf surface area ranged from 1.9 

to 11.9 cm2, mean leaf length ranged from 1.7 to 5.6 cm, and the average number of 

leaves per rosette ranged from 1.8 to 2.9 (Figure 2.28). In this species, total rosette leaf 

surface area (One-way ANOVA; F= 73.8; df= 3, 256; p< 0.0001), and total leaf length 

(Kruskal-Wallis test; X2= 137.2; df= 3; p< 0.0001) varied significantly among years. 

Total leaf length was significantly shorter in 2011 followed by 2010 compared with 

other years. The mean number of leaves per rosette was also significantly different 

among years (Kruskal-Wallis test; X2= 66.2; df= 3; p< 0.0001); fewer leaves per rosette 

were observed in 2011 and the larger number in 2012.    

 Comparison of spring rosette parameters between species showed that the species 

did not differ in rosette leaf surface area (pooled T-test; t= 1.61; df= 1, 663; p= 0.0946) 

but were significantly different in mean individual leaf length (Mann-Whitney U test; 

X2= 5.7; df= 1; p= 0.0168) and rosette number of leaves (Mann-Whitney U test; X2= 

19.2; df= 1; p< 0.0001).  In general, S parksii exhibited longer mean individual leaf 

length and less number of leaves per rosette than S. cernua rosettes. Altogether, 

vegetative parameters varied greatly among years for both species. Differences between 

species in rosette parameters are more noticeable in the winter than in spring months. 

Although, S. parksii exhibited greater rosette leaf surface area and longer individual leaf 

lengths compared to S. cernua, the later displayed a higher number of leaves per rosette.  
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Figure 2.27. Comparison of leaf rosette parameters for S. parksii and S. cernua orchids 
measured every winter (January) from 2010 to 2012 a) Mean rosette leaf area (cm2); b) 
mean leaf length (cm); c) mean number of leaves per rosette.  Bars containing the same 
upper case (S. parksii) or lower case (S. cernua) letter indicate no significant differences 
among years (p < 0.05). Asterisks indicate significant differences between species (p < 
0.05). Error bars represent standard error.  
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Figure 2.27. Continued. 

 

M
ea

n 
L

ea
f L

en
gt

h 
(c

m
)

0.0

0.5

1.0

1.5

2.0

A
A

a a

b

*

*

Year
January 2010 January 2011 January 2012

M
ea

n 
N

um
be

r 
of

 L
ea

ve
s 

pe
r 

R
os

et
te

0.0

0.5

1.0

1.5

2.0

2.5

A

A

B
a a

b

*

*

*

b)

c)

Winter

* A



 

83 

 

 

 
Figure 2.28. Comparison of leaf rosette parameters for S. parksii and S. cernua orchids 
measured every spring (mid-March) from 2009 to 2012 a) Mean rosette leaf area (cm2); 
b) mean leaf length (cm); c) mean number of leaves per rosette.  Bars containing the 
same upper case (S. parksii) or lower case (S. cernua) letter indicate no significant 
differences among years (p < 0.05). Asterisks indicate significant differences between 
species (p < 0.05). Error bars represent standard error. 
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Figure 2.28. Continued. 
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Effects of Vegetative Rosette Characteristics in Subsequent Flowering Season 

 The analysis of the incidence of flowering and flower characteristics in relation 

to vegetative rosette parameters in the preceding growing season are presented in Table 

2.2. In S. parksii mean total rosette leaf surface area and mean individual leaf length 

were significantly positively correlated with the proportion of plants flowering and all 

flower characteristics in the following year (Table 2.2). In contrast, there was a negative 

correlation between these two vegetative parameters and the proportion of non-flowering 

plants in the next year. These findings indicate that the size of the vegetative rosette in 

the previous growing season strongly influences the probability of flowering in S. 

parksii.  

 In the S. cernua plants the proportion of plants flowering and all flower 

characteristics were positively correlated with the number of leaves per rosette in the 

previous growing season (Table 2.2). However, no significant correlations were found in 

this species between mean total rosette leaf surface area or mean individual leaf length 

and the probability of flowering or any of the flower characteristics in the following 

year. Likewise, no significant correlations were found between the proportion of non-

flowering plants and any of the vegetative parameters. When data from both species was 

combined, the probability of flowering in the following year was strongly correlated 

with all rosette parameters in the preceding year (Table 2.2). In addition, mean total 

rosette leaf surface area influenced all flower characteristics in both species. 
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Table 2.2. Correlations between flowering characteristics in a given year and vegetative characteristics in the preceding 
vegetative season. 
 

Variable Species Mean TRLA Mean 
Individual Leaf 

Length 

Mean Number 
of Leaves per 

Rosette 
Proportion of Flowering Plants S. parksii 0.85** 0.81** 0.27 
 S. cernua 0.57 0.63 0.90* 
 Both 0.68* 0.69* 0.63* 
Proportion of Non-Flowering 
Plants 

S. parksii -0.85** -0.87** 0.21 
S. cernua -0.22 -0.06 -0.50 

 Both -0.35 -0.61 0.11 
Mean Inflorescence Height S. parksii 0.87** 0.90** 0.06 
 S. cernua 0.67 0.72 0.94* 
 Both 0.74** 0.81** 0.56 
Mean Spike Axis Length S. parksii 0.89* 0.83** 0.04 
 S. cernua 0.68 0.72 0.84** 
 Both 0.73** 0.80** 0.55 
Mean Number of Flowers per 
Inflorescence 

S. parksii 0.86 0.90* 0.22 
S. cernua 0.60 0.65 0.91* 

 Both 0.69* 0.73** 0.62* 
Vegetative parameters represent the mean of the summation of winter and spring measurements.  
TRLA refers to total rosette leaf surface area 
Significant correlations are shown in bold. 
* Pairwise correlation coefficients are significant at p < 0.10. 
** Pairwise correlation coefficients are significant at p < 0.05. 
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Demographic State Inter-annual Transitions  

 Transition probabilities among life history stages in S. parksii calculated for the 5 

years of study are shown in Figure 2.29. More than 40% of the flowering plants in any 

year were dormant in the next year while 34% become vegetative, and 22% flowered 

again in the following year (Figure 2.29a). Plants that were vegetative in one year had 

the highest probability of flowering in the following year (50%), and differed 

significantly from plants in each of the other stages, vegetative (27%) or dormant (24%) 

(Figure 2.29b).  The probability of dormant plants to remain dormant was significantly 

higher (67%) than to re-appear aboveground as vegetative rosettes (23%) or to flower 

consecutively (10%) the next year (Figure 2.29c). Overall, inter-annual transitions in life 

history stages in S. parksii indicate a high likelihood for sequential transitions in life 

states occurring from flowering to dormancy and from vegetative to flowering. Despite 

the fact that dormant plants tend to remain dormant in the following year, 33% re-

appeared aboveground and at least 10% flowered after vegetative dormancy.  
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Figure 2.29. Transition probabilities to a) flowering, or b) vegetative, c) dormant in 
subsequent year (t+1) of S. parksii as a function of status in the previous year (t). Values 
represent probability (standard error probability) of five pairs of plant years (2008-
2013). Bars with the same lower case letter indicate no significant differences among 
years tested by Marascuillo procedure for multiple comparisons of proportions (p < 
0.05). 
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Figure 2.30. Transition probabilities to a) flowering, or b) vegetative, c) dormant in 
subsequent year (t+1) of S. cernua as a function of status in the previous year (t). Values 
represent probability (standard error probability) of five pairs of plant years (2008-
2013). Bars with the same lower case letter indicate no significant differences among 
years tested by Marascuillo procedure for multiple comparisons of proportions (p < 
0.05). 
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 S. cernua inter-annual transition probabilities among life history states are shown 

in Figure 2.30. In S. cernua flowering plants, the mean probability of becoming 

vegetative (41%) the following year was significantly higher than to re-flower (33%) or 

become dormant (26%)  (Figure 2.30a). Plants that were vegetative in any given year did 

not differ in their probability of transitioning to flowering (44%) or remaining vegetative 

(43%), however they were less likely to become dormant (13%) (Figure 2.30b). Dormant 

plants were more likely to flower (42%) than to remain dormant (31%) or become 

vegetative (27%) in the subsequent year (Figure 2.30c). In general, S. cernua plants that 

flowered in a given year tended to remain aboveground as vegetative rosettes. In 

addition, plants that were vegetative in the preceding year had almost equal probabilities 

of flowering or undergoing dormancy in the following year. The species’ exhibited a 

higher probability of flowering after a year of vegetative dormancy (42%).  

 

Cost of Reproduction 

 To evaluate the potential costs of flowering, changes in total rosette leaf surface 

area were assessed before and after flowering between flowering and non-flowering 

plants (Figure 2.31). In both species, the mean total rosette leaf surface area before a 

flowering event was significantly higher in flowering plants than non-flowering plants 

(Figure 2.31a). In contrast, the total rosette leaf surface area decreased significantly in 

flowering plants compared with non-flowering plants after a flowering event (Figure 

2.31b).  
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 In flowering individuals of both species, differences in total rosette leaf surface 

area were also examined with repeated measures ANOVA in the year they flowered, as 

well as in the years before and after a flowering event (Figure 2.32) for individuals that 

remained aboveground.  The vegetative rosette size conveyed here as total rosette leaf 

surface area, was significantly lower in the year of flowering compared with the 

preceding year (Figure 2.32). There was a trend for total rosette leaf surface area to 

increase in the year after flowering, but this increase was not significantly different in 

either species (Figure 2.32). Cost of reproduction in both species was also assessed by 

the flowering-between-flowering (FBF) value of Inghe and Tamm (1988). The FBF 

considers the life history stage in the year of flowering (t) for plants that also flowered in 

the preceding year (t-1) and the year after (t+1) flowering. Values above 50% denote 

lower reproductive effort whereas values below 50% indicate greater reproductive effort. 

The calculated FBF values for S. parksii and S. cernua were 33% and 40% respectively. 
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Figure 2.31. Mean total rosette leaf surface area (cm2) of S. parksii and S. cernua 
flowering and non-flowering individuals a) before and b) after a flowering event. Values 
represent the means (SE) of four pairs of years (2008-2012). Year t represent year of 
current flowering Means with the same upper (S. parksii) or lower case (S. cernua) letter 
indicate no significant differences among years (p < 0.05). 
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Figure 2.32. Mean total rosette leaf surface area (cm2) of S. parksii (N= 84) and S. 
cernua (N=54) in the year previous to flowering (t-1,), in the year of flowering (t), and 
one year after flowering (t+1). Values represent the means (SE). Year t represent the 
plant year 2010-2011. Means with the same upper (S. parksii) or lower case (S. cernua) 
letter indicate no significant differences among years (p < 0.05). 
 

  

 These values indicate that there is a high cost of reproduction in both species. 

Altogether, application of both approaches to estimate reproductive effort (influence of 

vegetative performance in flowering and FBF) provides strong evidence that flowering 

involves a substantial cost for both species. 
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Effects of Environmental Variables on Plant Performance 

 Mean monthly precipitation (cm) and air temperature (°C) during study period is 

shown in Figure 2.33. There was substantial variability among years, with considerable 

contrasts in precipitation and air temperature ranging from normal to extremes. 

Environmental variables were more pronounced in the year 2011 when there was an 

extreme drought period and in the year 2012 when the amount of precipitation exceed 

the norm. Similar trends were observed in percent of soil moisture and soil temperature 

(Figure 2.34), the seasonality and year variation of these parameters was consistent with 

the patterns observed in precipitation and air temperature. 

 Soil moisture and soil temperature were analyzed by repeated-measures analysis 

of variance (ANOVA) using year as the repeated-measures. Fluctuations in these two 

parameters among years were evaluated for periods of importance in plant performance: 

flowering season (September-October), winter rosette (January –February), peak of 

vegetative season (March-July), and summer dormancy (July).  Species was introduced 

as a covariate in all models but no significant differences were found for any of the 

periods examined (p > 0.05), so data from both species were pooled and only inter-

annual variability was examined. Soil moisture varied significantly among seasons in all 

four years, but the pattern of variation differed between years (p <0.001 for all 

comparisons), reflecting both the extremely dry year of 2011 and the record-breaking 

wet year of 2012 (Figure 2.34). Comparable patterns were found in soil temperature. 

Highest temperatures were recorded in 2011 when all relevant seasons differed 

significantly from other years (p <0.001 for all comparisons).   



 

95 

 

 Correlations between environmental factors and plant performance 

characteristics are shown in Table 2.3. Results of the analysis of the sum of precipitation 

from January to September months prior to flowering revealed a significant correlation 

with most flower characteristics (Table 2.3). All relationships between precipitation 

(January-September) and flower characteristics were positively correlated (high 

precipitation translates into increased number of flowering plants and enhanced flower 

characteristics). The percent of flowering plants, mean height of the inflorescence, mean 

spike axis length, and number of flowers per inflorescence were also positively 

correlated with the sum of precipitation  (August-September), mean summer soil 

moisture (July), mean soil moisture (September-October), and negatively correlated with 

mean soil temperature (July)  (Figure 2.34). These findings support the conclusion that 

environmental factors, particularly precipitation and soil moisture, strongly influence the 

probability of flowering and flower characteristics for both species.  

 The remarkably dry environmental conditions observed in the year 2011 

negatively influenced all plant performance parameters in both species. Overall, the lack 

of soil moisture and higher soil temperatures restricted growth resulting in vegetative 

rosettes being significantly smaller compared with other years. In addition, the lack of 

soil moisture and increased soil temperatures reduced the vegetative growing season as 

evidenced by all plants undergoing summer dormancy earlier than usual (early-April). 

This also affected reproductive performance, reducing considerably the number of 

flowering plants, altering flower characteristics, and reducing or preventing fruit set.
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Figure 2.33. Mean monthly precipitation (cm) and air temperature (°C) from September 2008 to May 2013. Data from 
September 2008 to February 2009 was collected at the Texas Municipal Power Agency (TMPA) approximately 6.4 km from 
the study site. Data from March 2009 to the end of study period was recorded at the study site with a Davis Vantage Pro2 
Weather Station.  
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Figure 2.34. Mean volumetric soil moisture (%) and mean soil temperature (°C) of the top 10 cm soil layer from March 2009 
to February 2013. Each point represents a mean (SE) of all S. parksii and S. cernua plants visited during each census. N= 145-
456. 
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Table 2.3. Correlations between environmental factors and flowering performance.  
 

Variable Species Σ  rainfall 
Jan-Sept 

Σ  rainfall 
Aug-Sept 

Mean 
Summer SM 

Mean 
Summer ST 

Mean Fall 
SM 

Proportion of Flowering Plants S. parksii 0.60 0.66 0.70 -0.76 0.32 
 S. cernua 0.76 0.77 0.96** -0.70 0.92* 
 Both 0.65** 0.69** 0.82** -0.73** 0.66* 
Mean Inflorescence Height S. parksii 0.92** 0.63 0.95** -0.81 0.95** 
 S. cernua 0.90** 0.54 0.89** -0.87 0.96** 
 Both 0.90** 0.58* 0.90** -0.84** 0.95** 
Mean Spike Axis Length S. parksii 0.87* 0.69 0.96** -0.89 0.93* 
 S. cernua 0.91** 0.53 0.89** -0.87 0.96** 
 Both 0.88** 0.61* 0.89** -0.84** 0.93** 
Mean Number of Flowers per 
Inflorescence 

S. parksii 0.97** 0.38 0.82* -0.92* 0.98** 
S. cernua 0.85* 0.56 0.86* -0.83 0.93* 

 Both 0.90** 0.47 0.80** -0.87** 0.95** 
Results are presented only for environmental parameters when there was at least one significant correlation with flowering performance.  
Significant correlations are shown in bold. 
* Correlation coefficients are significant at p < 0.1. 
** Correlation coefficients are significant at p < 0.05. 
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Discussion 

 Studies in population ecology and reproductive biology of orchid populations are 

essential for a better understanding of the requirements necessary for their long-term 

persistence. This knowledge is also fundamental to formulating suitable restoration and 

conservation strategies.  In this study, population dynamics and reproductive biology of 

S. parksii and S. cernua were investigated in an attempt to understand the dynamics of 

these species in their natural habitat, and also to provide a thorough comparison of the 

similarities and differences between these species that could help better elucidate their 

taxonomic status.  

 Population size in terrestrial orchids has long been believed to be highly variable 

over time (Tamm 1972, Willems and Melser 1998, Shefferson 2002, Jacquemyn et al. 

2007, Jacquemyn and Hutchings 2010). This considerable variation in population size 

has been attributed to the phenomenon of periodic vegetative dormancy (Hutchings et al. 

1998; Shefferson 2002).  In temperate orchid species, periods of dormancy (i.e. 

individuals failing to appear aboveground during one or more entire growing seasons, 

but re-emerge in subsequent years) seem to be a common pattern of behavior in orchid 

populations (Wells and Cox 1991, Lesica and Steele 1994, Shefferson 2009, Shefferson 

et al. 2012). The presence of belowground dormant plants has implications for the 

monitoring of populations, due to the difficulty of accounting for unseen individuals 

based on annual counts, which results in an inherent bias in assessments of population 

dynamics and consequently in estimates of the true population size. As suggested by 
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Hutchings (1991),  Sanger and Waite (1998) and Tremblay and Hutchings (2003) annual 

census data may significantly underestimate the actual size of the population, and thus 

plants in a population should be monitored frequently during the entire growing season 

and over multiple consecutive years in order to distinguish absence from true vegetative 

dormancy (Hutchings 1991, Sanger and Waite 1998, Tremblay and Hutchings 2003). In 

this study, an attempt was made to determine the incidence of vegetative dormancy in 

both species studied. Plants were monitored frequently (8-10 times) each growing season 

in order to established true dormancy and to account for early and late emergent plants. 

Plants were considered dormant during the corresponding plant year if they failed to 

appear aboveground in all of the census dates of the corresponding plant year. The 

majority of S. cernua and S. parksii plants exhibit irregular patterns of appearance 

aboveground and dormancy was a common habit. The most common duration of 

dormancy was regularly observed to occur for a one-year interval in both species. 

However, in S. parksii up to 20% had a two-year dormancy interval. Dormancy in S. 

parksii appears to be a prevailing behavior given that more that 64% of the plants 

experienced dormancy over the study period while in S. cernua dormancy occurred only 

in 50% of the individuals. In addition, the proportion of dormant plants increased over 

time in both species indicating that the probability of dormancy increases with age of the 

plants. Even more, in S. parksii older plants tended to exhibit longer dormancy periods 

(2 years) compared with younger cohorts. Accordingly, appearance of plants as 

vegetative rosettes aboveground decreased over time.  At any given year less than 60% 

of the plants were present aboveground in contrast to S. cernua individuals, where more 
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than 80% of the plants were present aboveground in any year. The degree of dormancy 

in any year also appeared to be highly influenced by environmental conditions and 

flowering history. In S. parksii at least 5% of plants that flowered undergo dormancy 

immediately after flowering and more than 50% underwent dormancy in the following 

year. Higher prevalence of dormancy after flowering with increased age of the plant in S. 

parksii suggests that flowering reduces the probability of subsequent appearance 

aboveground and dormancy periods potentially help to invigorate the plant, enabling re-

emergence and future flowering events. Moreover, up to 10% of S. parksii plants were 

able to flower the year after dormancy. In S. cernua dormancy immediately after 

flowering was not observed. However, less than 25% of flowering plants became 

dormant in the following year.  In this species, most flowering plants develop vegetative 

rosettes in the year after flowering. However, dormancy also seems to reinvigorate this 

species considering that up to 40% of S. cernua plants that were dormant in a given year 

were able to flower the subsequent year. It is largely recognized that dormancy in plants 

represents an adaptive trait that is commonly associated with high costs to survival, 

reproduction (Lesica and Steele 1994, Shefferson 2006, Lesica and Crone 2007, Herrick 

and Fox 2012, Shefferson et al. 2012), and response to environmental stress (Shefferson 

et al. 2003, Shefferson et al. 2005, Reintal et al. 2010). The findings of this study suggest 

that the species requires a resting period between flowering events that could either be 

by  means of belowground dormancy or continuing aboveground as a vegetative rosette.  

Although the overall morphological distinction between the flowers of S. cernua 

and S. parksii is unquestionable, this study demonstrated some similarities between the 
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species that were previously unrecognized. Comparisons of inflorescence characteristics 

revealed that mean height of the inflorescences was significantly different between 

species, while other characters such as number of flowers per inflorescence and length of 

spike axis were comparable. Despite the fact that S. parksii and S. cernua are 

indistinguishable at the vegetative rosette stage; some minor differences were detected in 

this study.  Most variation between species was observed in winter rosettes compared 

with spring rosettes. While, in spring rosettes there were not significant differences in 

total rosette leaf surface area, individual leaf length and number of leaves were 

significantly different between species. In general, S. parksii vegetative spring rosettes 

exhibit lengthier leaves while S. cernua usually have more leaves per rosette; 

nevertheless these differences may be inconsequential as both species exhibit 

comparable rosette leaf surface area.  In contrast, analysis of winter rosettes showed 

significant differences between species in all rosette parameters denoting that S. parksii 

produced larger rosettes in the winter than S. cernua. This difference also suggests that 

S. parksii initiates its vegetative growth phase earlier than S. cernua which resulted in 

the flowering and vegetative stages frequently overlapping for S. parksii individuals. 

Likewise, non-flowering S. parksii plants frequently appeared as vegetative rosettes 

during the traditional flowering season while S. cernua plants remained belowground. 

Within species analysis of vegetative rosette characteristics showed a significant 

variation among years in both species indicating that size of vegetative plants is highly 

influenced by prevailing environmental conditions. 
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Flowering was an irregular event for the S. parksii plants. Although, an increase 

in flowering plants was observed during the study period, most plants flowering in any 

given year represented new flowering plants. Likewise, flowering plants had a strong 

tendency not to flower the year after flowering. Indeed up to 50% of the plants that 

flowered in a given year became dormant in the subsequent year, 30% produced a 

vegetative rosette, and only 20% were able to flower again. Three or more consecutive 

flowering events were observed in less than 5% of the plants monitored. Analysis of 

consecutive flowering in older cohorts suggests that reproduction in S. parksii is 

influenced by the age of the plant, as a plant aged the probability of flowering decreased 

and longer periods between flowerings were required for successful reproduction. 

However, flower characteristics such as height of inflorescence, number of flowers or 

length of spike axis were not affected by age of the plants. In S. cernua, there was also 

irregularity in flowering habit but overall individuals flowered more frequently than S. 

parksii. Up to 35% of the plants exhibited two-year successive flowering and in older 

cohorts most plants were able to flower every other year when environmental conditions 

were appropriate. The most likely explanation for this irregularity in flowering of S. 

parksii and S. cernua would be a higher reproductive cost, due to a relatively higher 

investment of resources on each flowering event (Obeso 2002). This is supported by the 

significant difference in the mean total rosette surface leaf area of vegetative individuals 

before and after flowering and the low FBF (flowering-between- flowering) values in 

both species studied here. As suggested by many studies of orchids, plants must reach a 

critical size to achieve flowering (Wells 1981, Hutchings 1987a, b, Wells and Cox 1991, 
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Willems and Melser 1998, Willems and Dorland 2000, Brzosko 2003, Pfeifer et al. 

2006). It is largely accepted that high reproductive effort of plants occurs if individual 

plant performances or reproduction are negatively affected after flowering (Willems and 

Dorland 2000; Obeso 2002), and this is manifested by a decrease in plant size after 

flowering and a tendency for flowering individuals to remain vegetative or to become 

dormant the following year (Whigham and O'Neill 1991, Whigham and Wilems 2003). 

Nonetheless, flowering is not only influenced by intrinsic plant factors but also by 

environmental conditions (Kull 2002, Pfeifer et al. 2006). This implies that the number 

of plants that may be able to flower in a given year may be constrained by both suitable 

environmental conditions and demographic life history stages. These dynamics were 

observed in both species studied here. In unfavorable years (e.g., the extreme drought of 

2011) most plants were unable to flower regardless of the plant’s age and no new plants 

were found. In contrast, in 2012 environmental conditions were very favorable (annual 

rainfall exceeded normal averages) and many older plants as well as new plants 

flowered. Furthermore, significant positive correlations were found between proportion 

of flowering plants and preceding rainfall and current soil moisture. This dynamic 

combination of intrinsic (cost of reproduction and vegetative size threshold) and 

extrinsic (environmental conditions) factors may be an explanation for the remarkable 

variation in annual flowering observed in orchids including S. cernua and S. parksii. 

These findings agree with the general postulate that environmental conditions and soil 

moisture highly influence the size of the plants and the probability of flowering in a 
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given year if sufficient carbon assimilates had been accumulated to sustain reproductive 

effort (Kull 2002; Obeso 2002; Pfeifer et al. 2006). 

The erratic flowering observed in this study also agreed with previous 

observations of S. parksii (USFWS 1993; Hammons 2008). In a previous study, two 

cohorts of S. parksii were monitored for 5 years, and results indicated that most plants 

flowered once or twice over the study period. Although, most plants produced a 

vegetative rosette immediately after flowering, very few flowered in subsequent years 

and there was a progressive decline in vegetative appearance (USFWS 1993). Similarly, 

Hammons (2008) reported that in most years, only a small percentage of S. parksii 

individuals flower. He also suggests that rainfall during the month of August (versus 

other time frames) has the greatest correlation with the numbers of flowering S. parksii 

plants at his study sites (Hammons 2008). In S. cernua Antlfinger and Wendel (1997) 

found that inflorescence production did not affect mean leaf area 1 and 2 years after 

reproduction nor reduced the likelihood of flowering in consecutive years. The authors 

suggest that mean leaf area after flowering is not noticeably affected because a 

significant proportion of the total energy expended in reproduction is supplied by 

belowground structures (Antlfinger and Wendel 1997). This contrast with the results of 

the present study, the total rosette leaf surface area of S. cernua individuals was 

significantly lower 1 and 2 years after flowering suggesting that the cost of reproduction 

affected the whole plant size.   

As stated by Kindlmann and Balounová (2001) the irregular flowering patterns in 

terrestrial orchids are more likely the result of the interaction of complex of biotic and 
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abiotic factors, which can act in both directions and are highly dependent on the species. 

The authors suggest based on an extensive literature review that critical factors include: 

1) vegetative size threshold; 2) cost of reproduction, which varies substantially among 

species; 3) environmental conditions; 4) herbivory and grazing; and 5) habitat 

management and deterioration (Kindlmann and Balounová 2001).  These factors also 

seem to play a pivotal role in the reproductive behavior of S. parksii and S. cernua and 

may also help to explain the significant variation in appearance aboveground and 

dormancy patterns. In S. parksii and S. cernua the main factors influencing reproductive 

success appear to be the critical size threshold and favorable environmental conditions. 

In both species, significant positive correlations were found between vegetative rosette 

characteristics and flowering behavior. Likewise, the probability of flowering was highly 

influenced by the environmental conditions prevailing prior to and during the flowering 

season. Suitable environmental conditions also had a significant impact on flower 

characteristics. Overall, inflorescences were significantly larger and had more flowers in 

years when precipitation and soil moisture were abundant.  

Knowledge of the lifespan of orchid species is of crucial importance for 

determining the probability of survival of populations (Tremblay 2000). Understanding 

demographic traits such as survival, life expectancy and life span are a critical 

component of management of threatened and endangered species and for the design of 

suitable restoration and conservation programs (Rosa-Fuentes and Tremblay 2007).  

Furthermore, evaluation of half-life or mean lifespan is fundamental for any population 

viability analysis given the direct relation between lifespan and effective population size 
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and reproductive success (Tremblay and Ackerman 2001, Tremblay and Hutchings 

2003, Rosa-Fuentes and Tremblay 2007).  Results from this study indicate that in 

general the mean lifespans of mature S. parksii and S. cernua are approximately 4.9 and 

4.7 years respectively, denoting that most of the plants in older cohorts (2007 and 2008) 

had died over the 6 year study period. Moreover, the two 2009 cohorts approximate the 

mean half-life indicating that after four years more than 40% of plants in this cohort 

have deceased. The depletion curves for mature individuals of both species shows that 

the life history curve is a typical type two curve suggesting a roughly constant mortality 

rate of plants after reaching maturity. Notwithstanding, the mortality rate of protocorms 

and seedlings is clearly different from that of established plants, suggesting that younger 

individuals tend to have low survivorship and high mortality before reaching maturity. 

The projected persistence time estimate for the older cohorts also suggests that 

reproductive individuals of both species exhibit a life expectancy ranging from 2.9 to 9 

years. Based on monitoring of seedlings in situ, I have observed that seedlings attain 

maturity between 2 and 3 years after establishment, if the time for establishment is added 

then it could be reasonable to estimate that the maximum life span of these species may 

be 12 years.  Assuming constant mortality of 15% for S. parksii and 21% for S. cernua 

mature individuals, as indicated by the depletion curve and the observed annual survival, 

it is expected that 10% of mature individuals survive 9.0 and 7.2 years respectively. This 

estimate is also supported by the mean half-life estimate of approximately 5 years and 

the fact that no significant differences were found in mean half-life among cohorts for 

either species that indicated that approximately 50% of the plants have a life-span of 6 to 
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7 years since establishment. To my knowledge, this is one of the first reports of these 

critical demographic traits in S. parksii and S. cernua in Texas. Although, these data 

come from the biggest population of S. parksii, it exemplifies a single population and 

additional comparative studies on demographic traits from more populations to needed 

to determine how these parameters differ among populations and site-specific 

characteristics. Nevertheless, the information provided here represents an important 

baseline for the formulation of applicable monitoring programs based on routine 

observations of plant cohorts to establish population performance and to predict 

responses of both species to different management regimes. 

The taxonomic status of S. parksii and its genetic relation with S. cernua has long 

been debated. The results of this study indicate that besides their unquestionable 

distinction in flower morphology, there exist some differences between these species in 

their demographic characteristics and population dynamics. Dissimilarities are more 

noticeable in their reproductive stage and the species respond differently to flowering 

events. While S. parksii exhibit a substantial tendency for dormancy after a flowering 

event, S. cernua tended to become vegetative. Likewise, S. parksii exhibits longer 

intervals between flowering events and fewer flowering events per individual than S. 

cernua. The more likely explanation for this difference would be a higher reproductive 

effort in S. parksii compared with S. cernua. Population performance differences are also 

manifested in lower mortality rates in S. parksii compared with S. cernua. It is possible 

that because S. parksii exhibit a prevalent tendency to become dormant, the species is 

able to evade environmental constraints thereby benefitting its survival.  
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Despite the fact that these species are indiscernible in the morphology of 

vegetative rosettes, there are significant differences in the size and arrangement of 

rosettes. The vegetative rosettes of S. parksii tend to have longer, but fewer leaves 

compared with S. cernua, which have more leaves per rosette but they tend to be shorter. 

This may be related to the differences in habitat preferences between both species. S. 

cernua occupies more open or very lightly shaded habitats whereas S. parksii 

preferentially occupies more partial to shaded habitats along driplines and underneath 

woody plants (see Chapter III). Longer leaves of S. parksii may be an adaptive response 

to the partial to shade environments typical of the post oak savanna, favoring the capture 

of light underneath dense canopies. Likewise, S. parksii seems to initiate vegetative 

phase earlier than S. cernua (non-flowering plants emerge as rosettes during the 

flowering season) when most woody plants are tequisous. This is also evident by the 

higher total rosette surface leaf area of vegetative S. parksii individuals during winter 

compared with those of S. cernua. Finally, the S. cernua ecotype (woodland S. cernua) 

studied here displays significant phenological and population performance differences 

compared with ecotypes in northern portions of the geographic range. The unique 

characteristics of the post oak savanna and the geographic location of Texas at the 

extreme of a range may have expedited the adaptation of the species to specific 

environmental conditions and may be also contributing to species delimitation.  The 

differences between both species observed in this study merit further research to 

discriminate the genetic distinction and key ecological traits of both species to clarify 

their taxonomic status.    
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Successful conservation of rare plants species must be based on sound 

knowledge of their ecology (Sanger and Waite 1998). An essential component of this 

knowledge is the population reproductive biology of the species and the dynamics of the 

populations of concern. This study has documented and analyzed population behavior of 

S. parksii and S. cernua over a six-year period, contributing essential information 

regarding life history and reproductive biology of both species from which monitoring 

and conservation strategies can be developed.  
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CHAPTER III 

MICROHABITAT PREFERENCES OF SPIRANTHES PARKSII CORRELL AND 

SPIRANTHES CERNUA L. RICHARD 

 

Introduction 

 Understanding habitat characteristics is crucial for conserving and restoring 

populations of rare plant species.  Habitat is the range of environments or communities 

over which a species occurs and comprises an abstract formulation of this range in terms 

of environmental variables and the species’ limits in relation to them (Whittaker et al. 

1973). Understanding species limits of tolerance and response to the environmental is 

vital to recognize species habitat preferences and in predicting how they may behave in a 

changing environment (Bougoure et al. 2008). Most terrestrial orchids exhibit patchy 

and clustered distributions. This spatial pattern may be related to limited habitat 

availability, restricted dispersal, competition, herbivory, and ecological specialization 

(Swarts and Dixon, 2009). This particular distribution may also result in high 

susceptibility to environmental and anthropogenic stochasticity. Rare species are often 

absent from apparently suitable habitats due to lack of adaptability to vacant microsites 

for establishment, growth, and reproduction (Hedderson 1992, Thompson et al. 2006). 

This is especially significant in endemic and rare species with a high degree of habitat 

specialization.  



 

 

112 

 

 A key factor in understanding habitat specialization depends not only on the 

mechanisms associated with the species distribution but also on the identification of the 

scale at which these mechanisms operate (Levin 1992). While habitat characteristics and 

geographic distribution can be defined at larger scales and important attributes such as 

dominant plant forms and environmental and physical characteristics can be recognized, 

more frequent than not, focus on the larger scale neglects significant factors operating a 

smaller scales (Menges 1999). Within a habitat, combinations of abiotic and biotic 

factors generate high heterogeneity. Consequently, small-scale differences in habitat 

quality can be expected to strongly influence individual occurrences and performance. In 

the case of rare plants, these combinations of attributes may regulate the distribution of a 

species within its potential habitat (Schemske et al. 1994). The microhabitat scale refers 

to the immediate localized environment of an organism and comprises a unique set of 

ecological conditions within a larger habitat (Morris 1987). Therefore, examination of 

microhabitat characteristics allows for the elucidation of the underlying mechanisms that 

regulate habitat utilization and specialization.   

Microhabitat specialization is especially pronounced in organisms that sustain 

specific biotic interactions (Bazzaz 1991). In orchids, habitat specialization is largely 

linked to their particular relationships with pollinators and mycorrhizal fungi (Taylor and 

Bruns 1999, Shefferson et al. 2007, Waterman and Bidartondo 2008). It has long been 

known that orchid’s seeds rely on appropriate mycorrhizal fungi as a source of 

carbohydrates and nutrients to initiate germination, sustain seedling development and 

promote annual growth (Rasmussen 1995). The common hypothesis states that orchid 
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distribution may be determined by the availability of compatible orchid mycobionts 

(Batty et al. 2002). There is very limited knowledge on the distribution of orchid 

mycorrhizal fungi in soils; however, most research suggests that orchid mycorrhizal 

fungi, like other types of mycorrhizae, have irregular distributions that are influenced by 

particular soil properties (Brundrett and Abbott 1995). One of these key properties may 

be organic matter which is erratically distributed in soil and tends to concentrate in 

discrete zones (Batty et al. 2002). In addition, the presence of orchid compatible 

mycobionts may exhibit considerable temporal variability linked to availability of 

resources (Brundrett 2004). If indeed, the distribution of orchid mycobionts impacts the 

distribution of some orchids, the habitat occupied by an orchid species would correspond 

with that of its mycobionts and could explain their aggregate and irregular distribution. 

This is of great importance in the context of orchid conservation as it implies that 

protection of suitable habitats requires a thorough understanding of the factors that make 

a habitat suitable for the orchids and its corresponding mycobionts.  

 Spiranthes parksii Correll (Navasota Ladies’-tresses) is a terrestrial orchid 

endemic to Central East Texas and is currently listed as federally endangered (USFWS 

2009). The distribution of the species is restricted to thirteen counties in Texas. The 

majority of known populations are located in Brazos and Grimes Counties, in the post 

oak savanna uplands associated with the Navasota and Brazos Rivers (USFWS 2009). 

The species is found in sandy soils often along the naturally eroded slopes of the upper 

reaches of drainages and ephemeral streams, or occasionally near the margins of swales 

(USFWS 1984, 1993).  Like most orchids, S. parksii has a patchy distribution possibly 
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due to its fugitive habitat, ecological specialization, and the spatial heterogeneity of the 

environment. It is believed that the species occupies a transitional niche, as it does not 

occupy areas of well-developed forest, nor is it present in predominately open, natural 

grasslands (USFWS 1984, 1993). The species seems to occupy transient habitats within 

the post oak savanna that are maintained by natural disturbances such as fire and 

grazing. Nevertheless, S. parksii does not appear to colonize artificially disturbed sites, 

such as road sides or recently clear fields (USFWS 1984, Parker 2001). Throughout its 

geographic range, Spiranthes parksii is found in association with the congener species 

Spiranthes cernua (L. Richard). S. cernua is widely distributed in eastern and central 

North America (NRCS 2012). Unlike S. parksii, S. cernua is fairly common, occupying 

a wide variety of habitats including wet to dry open fields, prairies, sandy savannas, 

roadsides, areas adjacent to paths in lightly wooded areas, pine flatwoods, among others. 

S. cernua is considered an early successional species and is usually found in areas that 

have been disturbed (Correll 1950, Catling 1980).  

 Relatively little is known about the edaphic and biotic limiting factors and/or 

requirements of S. parksii establishment and growth.  To date, some baseline data on soil 

characteristics and vegetation composition of S. parksii habitat have been determined 

(Hammons 2008). However, the range of soil physical and chemical characteristics the 

species can tolerate and if particular vegetation types can limit populations remain 

unknown. In addition, there is limited information on the ecology and distribution of 

mycorrhizal fungi that associates with the orchid. This is particularly important as 
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scarcity of compatible fungi may act to limit recruitment, population survival, and 

availability of suitable microsites (Brundrett 2007).  

 The need for conservation of S. parksii populations and restoration of 

surrounding habitat has become increasingly evident.  Current pressures to the species 

include small population sizes, limited capability for recruitment due to habitat 

fragmentation, woody encroachment, and urban development (Hammons 2008, Wonkka 

et al. 2012). As the species becomes increasingly rare it is critical to determine what 

factors favor the establishment of new populations and maintenance of existing ones. 

Characterization of S. parksii microsite requirements \is necessary to help elucidate the 

major factors controlling the distribution and persistence of the species. Furthermore, 

comparisons with the close congener Spiranthes cernua may also provide insight into 

the relative importance of ecological factors controlling habitat utilization. This is 

particularly pertinent because the congener is sympatric and occupies a wider variety of 

habitats. In addition, an assessment of historical microsites and unoccupied microsites 

not currently utilized by S parksii may provide practical information in determining the 

prerequisites and best management practices to maintain the species.  

 The aim of this study was to evaluate and describe the range of microhabitat 

conditions at which Spiranthes parksii naturally occurs and to compare environmental, 

edaphic, and vegetation parameters between microhabitats that support S. parksii orchids 

and microhabitats that did not. A comparison was made with microsites of the closest 

sympatric congener, S. cernua, historical S. parksii microsites and vacant microsites 

currently not supporting either orchid. This information will help to identify the major 
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factors influencing S. parksii distribution and successful establishment to formulate 

appropriate habitat restoration and conservation strategies.  

 

Methods 

 This study was conducted at the Twin Oaks (Brazos Valley Solid Waste 

Management Agency) landfill, a 246 ha site located in Grimes County, Texas 

(96°8’51.86”W, 30°35’47.25”N). The site is located within the Subtropical Humid zone 

of Texas. The climate is characterized by hot dry summers and mild cold winters. 

Annual precipitation averages 1000 mm, with a bimodal distribution pattern, peaking in 

April-May and September-October. Annual temperature ranges from 4.3°C in January to 

a maximum of 36.7°C in August (SRCC 2012). The plant community is composed of 

Quercus stellata, Ulmus alata, Ilex vomitoria, Callicarpa americana, and understory 

vegetation dominated by Schizachyrium scoparium, Sorghastrum nutans, Panicum 

anceps, Tridens flavus, Andropogon gerardii, and Paspalum plicatulum (Hammons 

2008). The soils are predominantly fine sandy loams of the Burlewash series (NCSS 

2009). The United States Fish and Wildlife Service have identified the site as containing 

the largest population of Spiranthes parksii orchids in the United States (USFWS 2009). 

As part of a mitigation plan for the construction of the landfill, 56 ha had been reserved 

for the conservation of the species of which 45 ha are purported to be suitable habitat. 

Extensive field surveys conducted in 2000 and 2001 reported over 750 flowering 

individuals at the site (HDR 2002).  However, annual surveys conducted since 2006 
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have repeatedly reported a markedly lower number of reproductive individuals 

(Hammons 2008).   

 In March 2010, four microhabitat types were evaluated as shown in Table 3.1. A 

total of 360 individual microhabitats were examined.  Ninety S. parksii (savanna S. 

parksii) and ninety S. cernua (savanna S. cernua) microhabitats containing at least one 

adult plant were selected randomly from individuals that flowered the previous fall 

(Table 3.1).  Historical unoccupied microsites (savanna historical) were selected 

randomly from a database of 298 flowering S. parksii points collected in 2001, and 

vacant microsites also were selected randomly in areas in proximity to S. parksii 

microsites but currently not supporting orchids (savanna unoccupied). Vacant points in 

all cases were located ≥3 meters from the nearest known S. parksii or S. cernua. 

Intensive field surveys were conducted the previous flowering season (October-

November 2009), and at the time of field sampling (peak of rosette season March 2010) 

to ensure the presence of orchids or their absence in the corresponding microsites.   
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Table 3.1. Sampling strategy and microhabitat types 
 

Microhabitat type Description 

Savanna S. parksii  Microhabitat containing at least one S. parksii  

Savanna S. cernua Microhabitat containing at least one S. cernua 

Savanna Non-orchid  Microhabitat not currently supporting S. parksii or S. 

cernua orchids but located in areas that have exhibited 

high orchid density in the past 4 years.  

Savanna historical S. 

parksii  

Microhabitat not currently supporting S. parksii plants 

but located in areas where S. parksii plants were found 

10 years ago. 

 

 

Vegetation and Microsite Characterization 

 Microhabitat characteristics were evaluated at each location using a 1 m2 quadrat. 

Percent cover was visually estimated in 1 of 6 cover classes (Table 3.2) following the 

methods of (Daubenmire 1959).  Variables examined include: total plant cover, total 

herbaceous cover, total woody plant cover, leaf litter, bare ground, and leaf litter depth. 

The depth of the leaf litter layer was estimated with a metric rod at four points within 

each quadrant.  In addition, dominant grass and woody plant species composition were 

recorded at the beginning of the flowering season (September 2010) in each quadrat. 
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Table 3.2. Cover classes used to estimate ground and vegetation cover percentages 
(Daubenmire 1959).   
 

Cover Classes Percentages 

1 0-5% 

2 6-25% 

3 26-50% 

4 51-75% 

5 76-95% 

6 96-100% 

 

 

 Soil water availability was quantified with a Soil Moisture MinitraseTM time 

domain reflectrometry instrument at surface soil 15 cm deep. Soil water availability was 

recorded approximately every 4 months for a year to account for seasonal variation. 

Sampling dates were: March 15, 2010, August 3, 2010, October 15, 2010 and February 

10, 2011.  

 Canopy cover and light availability at each microsite was quantified by 

hemispherical photography, a technique for exploring canopy structure and understory 

light conditions (Jennings et al. 1999). The range of light conditions at each microhabitat 

type was estimated using leaf area index (LAI) as an estimate of canopy cover.  Canopy 

cover is a measure of the fraction of the landscape covered by vegetation (Jennings et al. 

1999). Canopy cover, like LAI is an important factor determining the amount of light 

intercepted or absorbed by the canopy (Pekin and Macfarlane 2009). Canopy cover also  
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determines how much rainfall is intercepted at the microsite level (Ryu et al. 2010). Sky 

gap fraction (proportion of visible sky) and sun gap (proportion of sun light penetrating 

the canopy and reaching the ground) fractions were used to estimate the percent of 

canopy openness and light penetration in the understory at each microsite (Jennings et al. 

1999). Photographs were taken at the peak of the rosette season (March 2010) to account 

for the maximum canopy cover at each microsite. All photographs were taken at the 

center of each quadrant 1 m above ground level using a horizontally leveled digital 

camera with a fish-eye lens (FCE8, Nikon). All photographs were taken under overcast 

conditions to ensure a homogeneous illumination of the overstory canopy and a correct 

contrast between the canopy and the sky. The resulting images were analyzed for percent 

canopy openness, percent visible sky, and leaf area index using Hemiview Canopy 

Analysis System Software, Version 2.1. (Delta T Devices Ltd.) 

 

Characterization of Edaphic Factors 

 Soil samples were collected for physical, chemical and biological 

characterization. In May 2011 a subset containing of 25 soil samples per microhabitat 

type were collected. Three soil cores of 10 cm depth were taken at each microsite by 

carefully removing the leaf litter from the surface of the soil and then pooled and mixed. 

Soil pH, soil particle size distribution, soil water retention, soil moisture content, and 

percent organic matter were evaluated for each combined sample (Table 3.3).  In 

addition, two soil samples were collected in each microsite for bulk density 

determination using a thin-walled metal cylinder with a volume of 100 cm3. 
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Table 3.3. Soil properties analysis and corresponding methods.  
 

Analyses Methods 

Physical  
Soil texture Bouyoucos Modified Hydrometer Method 
Water holding capacity  Gravimetric Method 
Bulk density Sieved Soil Method 
Soil moisture content Gravimetric Method 
Chemical  
Soil pH Glass Electrode in Soil-water Suspension 
Soil organic matter Walkley-Black Method  
Biological  
Mycorrhizae inoculum potential Ex Situ Baiting Method 

 

 

 Particle size distribution was determined using a modified version of the standard 

hydrometer method described by Bouyoucos (1962); 5 ml of 1 N sodium 

hexametaphosphate was used as a dispersing agent rather than sodium silicate.  For five 

minutes, fifty grams of air dried, 2 mm-sieved soils were mixed in a blender with 750 ml 

of distilled water and 5 ml of 1 N sodium hexametaphosphate. The mix was allowed to 

stand for 10 minutes, and then the mix was blended again for 5 minutes. Sand content 

was determined using hydrometer readings taken at 40 seconds. To obtain the percentage 

of clay, hydrometer readings were taken after 1 hour. Subtracting the sand plus clay 

from the total, soil silt contents were obtained (Bouyoucos 1962). 

 Water-holding capacity was determined gravimetrically. Duplicate 20 g field-

moist soil samples were placed in a funnel and filter paper and mounted on a suitable, 
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pre-weighed collecting flask. One hundred grams of distilled water was added and then 

allowed to stand overnight while covering the funnel with aluminum foil. Water holding 

capacity was calculated as follows: % water-holding capacity = [(100 - Wp) + Wi] / dwt 

x 100.  Where: Wp is the weight of the percolated water in grams; Wi is the initial 

amount of water in grams contained in the sample; and dwt is the soil dry weight in 

grams (Foster 1995). Determination of soil water content was estimated after drying at 

105°C for 24 hours. 

 Soil pH was quantified using a pH meter and a glass electrode in soil-water 

suspensions at 1:2.5 ratio. Ten grams of air-dried soil were equilibrated in 25 ml of 

boiled distilled water. The suspension was stirred intermittently for 1 hour in an orbital 

shaker and then the pH measurements were taken (Foster 1995, Pansu and Gautheyrou 

2006).   

 Following the Walkey-Black method, total soil organic carbon was determined 

by wet oxidation with potassium dichromate (K2Cr2O7) in sulfuric acid (H2SO4). In this 

procedure, 10 ml of K2Cr2O7 and 20 ml of H2SO4 were added to 0.5 grams of soil. The 

solution was swirled and requires standing for 30 minutes prior to adding 170 ml of 

water to halt the reaction. After the oxidation stage, the solution was supplemented with 

10 grams of concentrated phosphoric acid, 0.2 grams of sodium fluoride, and 30 drops of 

diphenylamine indicator. The solution was then back titrated with ferrous ammonium 

sulfate, and the organic carbon was calculated by difference (Pansu and Gautheyrou 

2006).  
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Ex Situ Seed Germination  

 Ex situ seed baiting was carried out following the method described by Brundrett 

et al. (2003). S. parksii seeds were collected in the fall of 2009 at the Twin Oaks site. 

Mature capsules were collected and dried at ambient temperature for 2 weeks before 

refrigeration in vials at 5°C. At the time of experimentation, seeds from capsules were 

pooled together and viability was tested with 2,3,5,-triphenyl tetrazolium chloride. Seed 

viability exceeded 80%. Ex situ baiting involves taking a soil sample, organic matter 

fractionation of the sample, and baiting with orchid seeds under laboratory conditions. 

Briefly, soil samples were dried and sieved through 2.4 mm to produce a coarse organic 

matter fraction. Seed baiting plates were prepared by layering 30 g of soil into a 100 mm 

square Petri dish (germination plate) and covered with 30 ml sterile fine sand. A layer of 

nylon mesh (50 µm) was placed over the soil (Figure 3.1). Plates were saturated and left 

overnight to absorb water. Seeds of S. parksii were sprinkled over 9 x 9 mm squares of 

membrane filter paper. These squares were arranged in rows on the nylon mesh in 

germination plates. Plates were sealed with Parafilm and stored at 20 ◦C in the dark. A 

total of 300 microcosms were made: 4 soil sampling locations (microsite type) x 25 soil 

samples x 3 replicates of each combination. All microcosms were inspected and scored 

at 2, 6, and 12 weeks after sowing. Percent germination was calculated by dividing the 

number of germinated seeds by the total number of viable seeds counted in the sample. 
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Figure 3.1. Setup of ex situ baits containing soil organic matter collected from field sites 
as the source of fungal inoculum for seed germination.  
 

 

Statistical Analysis 

 Assumptions of normality were tested with Shapiro-Wilk W Test and 

homogeneity of the variances was tested using Bartlett Test. Canopy cover, ground, 

vegetation and soil moisture parameters did not meet the requirements for parametric 

analysis despite efforts to transform the data and eliminate extreme outliers. The 

majority of edaphic characteristics conformed to parametric assumptions except for bulk 

density and water holding capacity. One-way analysis of variance (ANOVA) was used 

to examine differences among microhabitat types for all variables that met parametric 
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assumptions. Multiple comparison procedures were conducted with Tukey-Kramer HSD 

Test.  Non-parametric variables were tested with Kruskal-Wallis Test and Steel-Dwass 

All Pairs Method was the multiple comparison procedure used. This test was selected as 

it represents the non-parametric version of the all pairs Tukey-Kramer HSD.   The 

frequency of dominant herbaceous and woody plant species associated with each 

microhabitat type was analyzed using Chi-square test for association. To visualize 

overall association patterns, correspondence analysis for microhabitat types and 

dominant plant species was applied to differentiate associations. Alpha was set 0.05 for 

all tests.   

 In order to distinguish the microhabitat parameters that best describe suitable 

macrohabitats for S. parksii a multinomial logistic regression analysis was implemented. 

Multinomial logistic regression is used to describe relationships between a dependent 

nominal variable and one or more categorical or continuous variables. The logistic 

model does not make assumptions of normality, linearity, and homogeneity of variances 

for the independent variables and in such it provides an alternative to multiple regression 

or discriminant analysis when the data does not satisfy these assumptions. This analysis 

is able to use the entire distribution of the observed data rather than just the means to 

identify variables that contribute significantly to the observed outcome. To determine the 

variables to be included in the model a Spearman’s correlation matrix was used to select 

only one pair of highly correlated variables (>0.80). A forward stepwise multinomial 

logistic regression was performed, likelihood ratio was used for variable selection and 

Akeike’s Information Criterion (AIC) was used for determining the best fitted model.  
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Model predicted probabilities were cross-validated with the actual outcome and tested 

with Gamma and C-statistic measures of association. The main objective with the 

logistic analysis was not to accurately predict microhabitats for S. parksii but to 

determine which characteristics at the microsite level highly contribute to the species 

presence. JMP 10 PRO (SAS Institute Inc. 2012) statistical package was used to perform 

all analyses. 

 

Results 

Canopy Cover 

In March 2010 the peak of rosette abundance, leaf area index was significantly 

different among microhabitat types (Figure 3.2). S. cernua microhabitats exhibited the 

lowest leaf area index (1.2) followed by S. parksii (1.6) and non-orchid (1.9) 

microhabitats while historical microhabitats exhibited the highest leaf area index (2.1). 

Canopy openness and light penetration percentages significantly differed among 

microhabitat types (Figure 3.3). Canopy openness ranged from 24% in the historical 

microsites to 58% in the S. cernua microsites. Likewise, the percent of light penetration 

ranged from 14% in the historical microsites to 37% in S. cernua microsites. S. parksii 

microhabitats exhibited intermediate canopy cover parameters and differed significantly 

from other microhabitat types except for leaf area index. 
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Microhabitat Type

S. cernua S. parksii Non-Orchid Historical

L
ea

f A
re

a 
In

de
x 

(m
2 /m

2 )

0.0

0.5

1.0

1.5

2.0

2.5

3.0

a

b

bc
c

 

Figure 3.2. Microhabitat types mean leaf area index (m2/m2). Values represent means ± 
SD. N = 90 for each microhabitat type. Kruskal-Wallis was used to test mean differences 
(df=3, Chi-square = 62.9, p < 0.0001). Steel-Dwass Test was used for mean 
comparisons; Bars not connected by same letter are significantly different at p < 0.05. 
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Microhabitat Type
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Figure 3.3. Microhabitat types percent canopy openness and light penetration. Values 
represent means ± SD. N= 90 for each microhabitat type. Kruskal-Wallis was used to 
test mean differences in canopy openness (df =3, Chi-square =118.3, p <0.0001) and 
light penetration (df =3, Chi-square =127.0, p <0.0001). Steel-Dwass Test was used for 
mean comparisons; bars not connected by same letter are significantly different at p < 
0.05.  
 

 

Vegetation and Ground Cover 

 S. parksii microsites differed from other microhabitat types in most variables 

measured (Table 3.4). Bare ground did not exceed 30% among any microhabitat types 

(Table 3.4). The greatest variation in bare ground was observed in the S. cernua (24.2) 

and non-orchid (22.1) microhabitat types and differed significantly from S. parksii (17.3) 



 

 

129 

 

and historical (7.0) microhabitats. Similarly, total leaf litter cover was significantly 

lower in the S. cernua (73.9) microhabitat types followed by non-orchid (76.9) and S. 

parksii (84.2) microsites. Historical microhabitat had the highest leaf litter cover percent 

(91.9), and was significantly different from all other microhabitat types (Table 3.4.). 

Leaf litter depth was significantly lower in S. parksii (0.3 cm) and S. cernua (0.5 cm) 

microhabitat types compared with non-orchid (2.1) and historical (2.2) microsites.  

 Percent cover of herbaceous vegetation differed significantly among microhabitat 

types. Total herbaceous cover increased gradually from 11.9% in the historical 

microsites to 40.1% in the S. cernua microsites (Figure 3.4; Table 3.4). In contrast, total 

woody cover decreased significantly from 40.6% in the historical to 14.7% in S. parksii 

and 12.1% in the S. cernua microhabitats (Figure 3.4; Table 3.4). No significant 

differences were found between S. cernua and S. parksii microhabitats for total woody 

plant cover (Table 3.4). No significant differences in total percent plant cover were 

found among microhabitat types, however microhabitats currently supporting both S. 

parksii and S. cernua orchids had almost double the herbaceous plant cover of 

unoccupied microsites. On the contrary, the majority of plant cover in unoccupied 

microsites was represented by woody plants species (Table 3.4). 
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Table 3.4. Microhabitat types vegetation cover parameters below one meter. Values represent means ± SD. N = 90 for each 
microhabitat type. Kruskal-Wallis was used to test mean differences (df=3). Steel-Dwass Test was used for mean 
comparisons; columns not connected by same letter are significantly different at p < 0.05.  

 

 S. parksii S. cernua Non-Orchid Historical Chi-square P-value 

Bare ground (%) 17.3 ± 21.4 a 24.2 ± 15.6 b 22.1 ± 18.5 ab 7.1 ± 10.5 c 92.2 < 0.0001 

Total Leaf Litter Cover (%) 84.2 ± 7.3 a 73.9 ± 10.4 b 76.9 ± 18.5 ab 91.9 ± 10.4 c 120.5 < 0.0001 

Leaf Litter Depth (cm) 0.4 ± 0.5 a 0.5 ± 0.9 a 2.0 ± 0.9 b 2.2 ± 0.8 b 222.6 < 0.0001 

Total Plant Cover (%) 47.5 ± 19.6 a 52.2 ± 16.1 a 47.2 ± 18.7 a 52.5 ± 16.5 a 7.1 0.0700 

Total Herbaceous Cover (%) 32.8 ± 16.0 a 40.1 ± 14.1 b 19.6 ± 18.6 c 11.9 ± 10.2 d 141.7 < 0.0001 

Total Woody Cover (%) 14.8 ± 8.1 a 12.1 ± 7.1 a 28.3 ± 6.0 b 41.0 ± 11.6 c 247.9 < .0.001 
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Figure 3.4. Microhabitat types percent total herbaceous plant cover (a) and total woody 
plant cover (b) 0 to 1 meter. Values represent means ± SD. N= 90 each microhabitat 
type. Kruskal-Wallis was used to test mean differences in herbaceous cover (df =3, Chi-
square =141.7, p <0.0001) and woody plant cover penetration (df =3, Chi-square =247.8, 
p <0.0001). Steel-Dwass Test was used for mean comparisons; bars not connected by 
same letter are significantly different at p < 0.05.  



 

 

 

 

132 

Dominant Vegetation 

 Twelve species of herbaceous plants were observed as being dominant within all 

microhabitats evaluated. Because of the low frequency of some of the herbaceous plant 

species recorded in all sampling units, only the five most frequently occurring 

herbaceous plant species were analyzed (Figure 3.5). Pearson chi-square test and 

correspondence analysis were used to determine the association between dominant 

herbaceous plant species with a specific microhabitat type.   The results of Pearson chi-

square test showed a strong association between microhabitat type and the corresponding 

herbaceous plant species (F=119.3; p <0.0001). Application of correspondence analysis 

showed that 98.8%  of the variation in herbaceous plant dominance among microhabitats 

type is explained by the two dimension plots (Figure 3.6).   

The correspondence analysis revealed clusters in herbaceous assemblages among 

microhabitat types. Generally, S. cernua and S. parksii microhabitats fall along the first 

dimension of the ordination with positive value on the first axis. These microhabitat 

types associated more frequently with herbaceous plants such as Schizachyrium 

scoparium, Chasmantium laxum var. sessiliflorum, and Andropogon ternarius that 

occupy open to medium shade habitats.  Other herbaceous species were found on the 

second axis with negative values, historical and non-orchid microsites cluster together 

with Carex spp, less frequent herbaceous plants or total absence of herbaceous species. 

The most common associated herbaceous species was Schizachyrium scoparium but its 

frequency decreased significantly in non-orchid and historical microsites. Even more, 
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these two microhabitat types were more frequently dominated by woody species with 

nearly nonexistent herbaceous layer (Figure 3.5).    

  

   

 
 
Figure 3.5. Frequency of dominant herbaceous plant species associated with each 
microhabitat type.  
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Figure 3.6. Symmetric two dimensional correspondence analysis of frequency of 
associated herbaceous plant species in microhabitat types. The percent of inertia (overall 
chi-square) explained is 98.8%.  AND: Andropogon ternarius, SCHI: Schizachyrium  
scoparium; DICH: Dichanthelium acuminatum; CHAS: Chasmanthium laxum var. 
sessiliflorum; CAREX: Carex spp. 
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Dominant woody plant species are shown in Figure 3.7. The results of a Pearson 

chi-square test showed a strong association between microhabitat type and related 

woody plant species (F = 71.0; p <0.0001). Correspondence analysis separated 

microhabitat types and species along an axis that approximated a gradient of increased 

canopy cover and reduction in light penetration. Microhabitats were distributed along 

axis 1 in ascending order revealing three clusters: S. cernua, S. parksii, and a cluster of 

non-orchid and historical microhabitats (Figure 3.8). S. cernua microhabitats 

distinctively had the least association with any of woody plant species. S. parksii 

microhabitats segregated into an intermediate assemblage predominantly dominated by 

Vaccinium arborerum and Quercus stellata. Although, Ilex vomitoria was the most 

common woody plant species among all microhabitat types its frequency increased 

considerably in non-orchid and historical microsites (Figure 3.7).  
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Figure 3.7. Frequency of dominant woody plant species associated with each 
microhabitat type.   
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Figure 3.8. Symmetric two dimensional correspondence analysis of frequency of 
associated woody plant species in microhabitat types. The percent of inertia (overall chi-
square value) explained is 96.9%.  YP: Ilex vomitoria; PO: Quercus stellata; FR: 
Vaccinium arborerum; ERC: Juniperus virginiana; ABB: Callicarpa americana; NoTR: 
no dominant woody plant present.  
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Edaphic Characteristics 

 Soil texture from all microhabitat types was predominantly sandy loam. S. 

parksii and historical microhabitats exhibit significantly less sand percent and higher silt 

percent than S. cernua and non-orchid microsites (Table 3.5). No significant differences 

were found among microhabitat types in percent clay, bulk density or water holding 

capacity among microhabitat types (Table 3.5). Gravimetric soil water content and 

organic matter percent were significantly higher in S. parksii and historical microsites 

compared with S. cernua and non-orchid microsites (Table 3.5). Soil pH was 

significantly higher in S. cernua microsites; followed by historical and S. parksii 

microsites whereas lower soil pH was observed in non-orchid microsites.  

 

Soil Volumetric Water Content 

 Soil volumetric water content was consistently higher in the S. parksii and 

historical microsites compared with S. cernua and non-orchid microsites at all sampling 

dates except for February 2011 (Table 3.6). Higher soil moisture content was observed at 

the peak of the rosette abundance (March 2010) and decreased notably during the 

summer months (August 2010). A substantial increase in soil moisture was observed at 

the peak of the flowering abundance (October 2010) for all microhabitat types.  
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Table 3.5. Microhabitat types soil characteristics. Values represent means ± SD. N = 25 for each microhabitat type. One way 
analysis of variance (ANOVA) was used to test for mean differences (df = 3,99) in all soil characteristics except  water 
holding capacity and soil moisture content in which Kruskal-Wallis test was used for mean differences ( • report Chi-square). 
Mean comparison was conducted with Tukey-Kramer HSD and Steel-Dwass Test respectively, columns not connected by 
same letter are significantly different at p < 0.05.  

 

 S. parksii S. cernua Non-Orchid Historical F-ratio P-value 

Bulk Density  1.13 ± 0.04 a 1.12 ± 0.05 a 1.14 ± 0.05 a 1.14 ± 0.05 a 0.87 0.4603 

Water Holding Capacity (%) 29.3 ± 2.5 a 30.3 ± 2.5  a 28.1 ± 2.7 a 28.0 ± 3.3 a 2.23• 0.5252 

Soil Moisture Content (%) 11.1 ± 3.3 a 6.8 ± 1.5 b 8.3 ± 1.6 c 11.4 ± 4.2 c 33.2• < 0.0001 

Sand (%) 68.2 ± 1.5 a 69.9 ± 1.7 b 71.0 ± 2.5 b 68.1 ± 1.9 a 13.44 < 0.0001 

Silt (%) 24.0 ± 2.0 a 22.7 ± 1.9 ab 22.1± 2.8 b 24.4 ± 2.1 a 5.91 0.0010 

Clay (%) 7.8 ± 1.4 a 7.4 ± 2.5 a 6.9 ± 0.7 a 7.6 ± 0.8 a 1.45 0.2311 

Soil pH 5.1 ± 0.5 a 5.4 ± 0.4 b 4.6 ± 0.4 c 5.0 ± 0.5 a 20.93 < 0.0001 

Organic Matter (%) 1.3 ± 0.28 a 1.1 ± 0.05 b 1.1 ± 0.12 b 1.4 ± 0.28 a 12.09 < 0.0001 

 



 

 

 

 

140 

 
Table 3.6. Microhabitat types surface soil volumetric moisture content (10 cm depth) by season. Values represent means ± 
SD. N = 90 for each microhabitat type. Kruskal-Wallis was used to test mean differences (df =3). Steel-Dwass Test was used 
for mean comparisons; columns not connected by same letter are significantly different at p < 0.05.  

 

 S. parksii S. cernua Non-Orchid Historical Chi-square P-value 

Soil Moisture March 2010 17.8 ± 2.5 a 15.9 ± 2.2 b 17.2 ± 2.4 a 18.1 ± 2.5 a 37.31 < 0.0001 

Soil Moisture August 2010 5.0 ± 2.3  a 3.9 ± 1.9  b 4.6 ± 2.1 ab 5.3 ± 2.4 a 19.29 0.0002 

Soil Moisture October 2010 16.5 ± 2.9  a 15.2 ± 2.9 b 15.6 ± 3.2 ab 17.0 ± 3.0 a 17.73  0.0005 

Soil Moisture February 2011 6.9 ± 2.5 a 6.6 ± 2.3 a 6.5 ± 2.4 a 6.8 ± 2.5 a 1.97 0.5789 
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Ex Situ Germination 

 The results of the ex situ baiting experiment showed differences in the proportion 

of germination of S. parksii seeds among microhabitat types (Figure 3.9). The highest 

percent germination was observed in soils of S. parksii microhabitat type, closely 

followed by the S. cernua microhabitat. Germination was very low (<10%) in soils of 

historical and non-orchid microsites. No germination was observed after 2 weeks; 

however, most seeds were imbibed. Germination occurred rapidly between the 3 and 6 

week sampling periods. Advanced development of germinants into seedlings was only 

observed in the S. parksii and S. cernua baits and did not exceed 6% (Figure 3.9).  

  No correlations between percent germination and percent organic matter or other 

soil factors were found. However, strong negative correlations between percent 

germination and leaf litter depth (rs=0.71, p <0.0001) and percent germination and 

percent woody plant cover (rs=0.73, p <0.0001) were found. Germination of seeds on the 

ex situ baits seems to be largely influenced by the presence of mature orchids. Higher 

fungal activity was observed in S. parksii and S. cernua soil samples, inspection of 

germinated seeds showed that protocorms were infected by a mycorrhizal fungus able to 

support a symbiotic relationship (Figure 3.10). Although, greater fungal activity was also 

observed in samples from historical microsites, detailed examination of protocorms from 

these areas indicated that they were not infected by a compatible orchid mycorrhizal 

fungus. Most seeds became parasitized by other types of soil fungi and no further 

development was observed (Figure 3.10). 
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Figure 3.9. Microhabitat types total ex situ germination percent (a) and protocorm 
development after 12 weeks (b).  Values represent means ± SD. N = 25 soil samples for 
each microhabitat type, each replicated 3 times. One way analysis of variance (ANOVA) 
was used to test for mean differences (df = 3, 99; F-ratio = 136.2; p < 0.0001). Mean 
comparison was conducted with Tukey-Kramer HSD; bars not connected by same letter 
are significantly different at p < 0.05. 
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Figure 3.10. Ex situ germination. a-e) Early stages of germination and mycorrhizal infection by compatible mycobionts; f) 
advance seedling development; g-i) protocorms and seed parasitized by incompatible fungi. 
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Logistic Model 

 To examine the importance of microhabitat parameters, two multiple logistic 

regression models were performed to find the best variables for detecting S. parksii 

presence. The Akaike’s Information Criterion (AIC) was used to select between models 

using a different subset of predictors that were not highly correlated with each other. 

Since historic and non-orchid microhabitat parameters were very comparable, they were 

pooled together into one category. In this way, the categorical variable included three 

outcomes: S. parksii, S. cernua and non-orchid.  The results of the logistic regression 

analysis showed that the model was statistically significant (p <0.0001; Table 3.7). The 

strongest predictors of S. parksii presence were total woody plant cover, leaf litter depth, 

soil pH, and soil volumetric moisture content (Table 3.7). The logistic model explained 

about 90.7% of the variance in microhabitat types and it correctly classified 88% of S. 

parksii microhabitats (Table 3.7). To further explore the variables that distinguish S. 

parksii from S. cernua microhabitats a second logistic model was performed. The model 

included all vegetation and edaphic parameters that were not highly correlated with each 

other. The categorical variable only includes S. parksii and S. cernua microhabitats and 

excluded non-orchid and historical data. The logistic model suggests that the most 

important factors are soil moisture, percent leaf litter, percent herbaceous cover, and soil 

pH (Table 3.8) Soil moisture had the strongest effect whereas the other factors were  not 

differentiated from one another in their relative importance. The overall classification 

rate of the model was 94%, the model correctly classified 96% of the S. parksii 

microhabitats and 92% of the S. cernua microsites (Table 3.8). 
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Table 3.7. Multinomial logistic regression analysis of variables characterizing S. parksii, 
S.cernua and non-orchid microhabitat types  
 

Test X2 Df P AIC GenR2 Class. 
Rate 

Overall model evaluation       
    Likelihood ratio test 562.74 8 < 0.0001 72.43 0.91 0.90 
    Goodness of fit-test 169.98 8 1.0000    
Predictor Test Likelihood Ratio Wald Test 

Df X2 P df X2 P 
Soil moisture (%) 2 31.03 <0.0001 2 10.00 0.0067 
Total woody plant cover 
(%) 

2 43.25 <0.0001 2 9.13 0.0104 

Leaf litter depth (cm) 2 23.52 <0.0001 2 8.70 0.0129 
Soil pH 2 12.19 0.0023 2 8.33 0.0155 
Non-Orchid vs. S. parksii Estimate(SE) Class. Rate 

(%) 
Misclass. Rate (%) 

Intercept 0.16(6.4) Non-Orchid 
98 
 

S. cernua 
2 
 

S. parksii 
0 Soil moisture (%) -0.25(0.3) 

Total woody plant cover 
(%) 

0.51(0.17)* 

Leaf litter depth (cm) 2.54(0.88)* 
Soil pH -2.49(1.67)   
S. cernua vs. S. parksii     
Intercept 0.52(5.14) S. cernua Non-orchid S. parksii 
Soil moisture (%) -1.16(0.36)* 88 8 4 
Total Woody Plant 
Cover (%) 

-0.03(0.06)    

Leaf litter depth (cm) 0.69(0.74)    
Soil pH 1.82(0.87)*    
Validation of Predicted Probabilities 
Measures of Association 

   

Gamma 0.93    
C statistic 0.96    
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Table 3.8. Multinomial logistic regression analysis of variables characterizing S. parksii 
and S.cernua microhabitat types 
 

Test X2 Df P AIC GenR2 Class. 
rate 

Overall model evaluation       
    Likelihood ratio test 52.96 4 < 0.0001 27.71 0.87 0.94 
    Goodness of fit-test 16.35 4 1.0000    
Predictor Test Likelihood Ratio Wald Test 

Df X2 P df X2 P 
Soil moisture (%) 1 26.24 <0.0001 1 5.55 0.0185 
Leaf litter cover (%) 1 8.54 0.0035 1 4.56 0.0326 
Total herbaceous plant cover 
(%) 

1 8.96 0.0027 1 3.73 0.0531 

Soil pH 1 7.62 0.0057 1 4.24 0.0394 
S. cernua vs. S. parksii  Estimate(SE) Lower Odds 

Ratio 
Upper 

Intercept 16.72(11.76)    
Soil moisture (%) -2.15(0.91)* 0.009 0.116 0.431 
Leaf litter cover (%) -.0.27(0.12)* 0.54 0.76 0.92 
Total herbaceous plant cover 
(%) 

0.15(0.07) 1.03 1.16 1.44 

Soil pH 3.38(1.64)* 2.32 29.52 2776.59 
Classification Rate Correct (%) Misclassified 

(%) 
 

S. cernua 92 8  
S. parksii 96 4   
Validation of predicted probabilities 
Measures of association 

   

Gamma 0.87    
C statistic 0.80    
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Discussion 

 Microhabitat differences in canopy openness, visible sky and leaf area index 

suggest that S. parksii may tolerate a variety of light and understory vegetation 

conditions (Figure 3.2; Figure 3.4). S. parksii may occur under canopy openness that 

ranges from 6% to 78% (Figure 3.3). These findings clearly show that the species can 

occur in a wide range of radiation microhabitats that are established by overhead canopy 

structure and species composition. S. parksii seems to be adapted to dense shaded 

microhabitats as well as more open herbaceous rich microsites. However, populations 

are disproportionately distributed in  more shaded microsites as evidenced by  over 75% 

of the species microhabitats have canopy openness below 40%. In contrast, S. cernua is 

more restricted to open microhabitats. Although the species tolerates lightly shaded 

environments it appears to generally thrive in more open herbaceous rich sites (over 94% 

of samples have canopy openness above 40%). Microsites of both species exhibit a thin 

leaf litter layer that does not exceed 1 cm. However, S. parksii microsites had a more 

uniform leaf litter cover and it is associated with less ground exposure (Table 3.4). These 

results coincide with previous research that has found that most S. parksii individuals 

occur in microsites with > 40% canopy cover (USFWS 1984, Hammons 2008, Langlitz 

and Smeins 2009). These slight differences in habitat preferences between both species 

may reflect an undergoing adaptation and specialization of S. parksii to shaded 

microsites within the post oak savanna.  
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 In comparison, historical and vacant microsites had significantly more woody 

plant canopy cover and less herbaceous plant cover. Not surprisingly, this higher percent 

of woody plant cover corresponded with higher leaf litter cover and higher litter depth 

(Table 3.4). Likewise, these microsites exhibit higher overall LAI and less canopy 

openness (Figure 3.2; Figure 3.3). These differences may partially explain the absence of 

both orchid species at these microsites. Although, the orchids seem to tolerate some 

amount of canopy cover, the amount of canopy cover at historical and non-orchid 

microsites may exceed the orchid’s range of tolerance. This may be the result of woody 

encroachment at historical microsites. Even though, Ilex vomitoria was the most 

common woody plant associated with any particular microsite, its association with 

historical and vacant microsites is nearly double compared with microsites occupied by 

orchids (Figure 3.7). This is also evident by the limited amount of herbaceous plant 

cover found in unoccupied microsites (Figure 3.5). Differences in dominant herbaceous 

plants show that S. parksii and S. cernua associate with a richer herbaceous plant 

community including plants species such as Schizachyrium scoparium, Dichanthelium 

acuminatum, and Andropogon ternarius characteristic of open rich environments. 

Conversely, unoccupied microsites frequently lack herbaceous plant cover or are 

occupied by species such as Chasmanthium sessiliflorum var. laxum and Carex spp. 

characteristic of more closed canopy environments. These differences in associated 

vegetation may indicate specific differences in microsite conditions and management. 

Woody encroachment and dominance of woody species has been perceived as a 

detriment to S. parksii as it may reduce the amount of photosynthetic active radiation 
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available for the plant and by competitively reducing other resources required for growth 

and reproduction (Parker 2001, USFWS 2006, 2009). Results from this study indicate 

that woody encroachment may significantly affect the availability of suitable microsites 

for both orchid species not only as a result of altered light environments, but also due to 

changes in community composition, microclimatic, and edaphic conditions (e.g., soil 

structure and moisture, pH, litter depth, and herbaceous community cover and diversity). 

This also suggests that conservation of the species requires not only the establishment of 

natural reserves but the application of management practices to control woody 

encroachment. Historically, the post oak savanna has been maintained by two major 

factors: fire frequency and sporadic grazing. Fire sustains these plant communities by 

suppressing invading woody species, reducing the accumulation of detritus, and 

stimulating growth of herbaceous plants. Some amount of grazing pressure following 

periods of recovery has also been fundamental for the persistence of the post oak 

savanna (Van Auken 2000, Fowler and Simmons 2009). The maintenance of the post 

oak savanna depends on natural disturbances such as fire and herbivory to inhibit 

transitions to late successional community assemblages(Van Auken 2000). A broad 

range of terrestrial orchid species exhibit higher recruitment and flowering following 

disturbances (Pleasants, 1995; Coates et al. 2006). A population of Corybas carsei 

tripled its population size one year after fire (Norton and De Lange 2003). Likewise, in a 

population of Prasophylllum correctum in Australia it was demonstrated that frequent 

fire benefits population dynamics by reducing competition, increasing flowering 

frequency, reducing dormancy, and decreasing mortality. S. parksii shows some degree 
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of adaptation to canopy cover but significant woody encroachment and its impact at the 

microsite level may surpass the tolerance range of the species and significantly reduce 

the availability of safe sites. Consequently, it is reasonable to conclude that previously 

suitable sites for S. parksii may tend to become less so as the canopy closes and litter 

depth increases if appropriate management practices, such as prescribed fire and grazing, 

are not implemented.  

 The major distinction between microsites occupied by S. parksii and S. cernua 

was found in edaphic conditions. S. parksii occupy microsites that exhibit lower pH and 

percent sand, and higher soil moisture content and organic matter compared with S. 

cernua. Seasonal variation in soil water content shows that S. parksii occurs in areas 

with high water content and indicates that S. parksii may require relatively high moisture 

availability throughout the summer dormancy and prior to anthesis. This is consistent 

with other studies that have found that the species occurs mostly in proximity to streams 

and drainages where exposure of the subsoil provides shallow subsurface flows of water 

that is available to the plants (Parker 2001, USFWS 2007). High incidence of S. parksii 

in these areas could be related to soil moisture availability, especially during late 

summer and early autumn when precipitation is limited. Interestingly, edaphic 

conditions show great similarity between S. parksii and historical microsites. These 

similarities may be explained by the slow rate of change in soil characteristics. 

Nevertheless, it is evident that microsites that do not support orchids have lower soil pH 

and increased leaf litter cover which in turn may have a significant effect on germination 

and survival of the species. These two factors may affect different stages of the life cycle 
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and they may influence the ability of vegetative rosettes to emerge (Pleasants, 1995). 

Higher amounts of leaf litter can also affect the light radiation? transmittance to the soil 

thereby further modifying microsite conditions (Schimpf and Danz 1999). Likewise, 

changes in soil chemistry may cause a shift on the fungal community that in turn 

influences the presence of compatible mycobionts (Aponte et al. 2010). 

A key finding of this study was the statistically significant difference in 

germination between microsites that support orchids and microsites that do not. Ex situ 

germination in orchid microsites was almost three times higher in orchid microsites and 

protocorm development was only achieved in these soil samples.  Strong negative 

correlations were found between germination and percent woody cover and litter depth. 

Surprisingly, no correlation between organic matter or any other soil factors and 

germination were found. However, a relationship between leaf litter depth may suggest 

that germination is influenced by the amount and quality of leaf litter as resource for 

compatible mycobionts. These findings indicate that germination is more likely 

associated with the presence of mature plants and highly related with the vegetation and 

light conditions at the microsite level. This may also provide good support for the 

hypothesis that orchid distribution correlates with  fungi distribution. Furthermore, lack 

of germination at historical and vacant microsites indicates absence of compatible fungi 

or very low levels of inoculum. This is also corroborated by the high fungal activity 

from non-compatible fungi and absence of protocorm development on historical 

microsites.  
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In this study an attempt is made to identify key characteristics that make a habitat 

exclusive for S. parksii. The logistic regression analysis distinguished five characteristics 

that could be helpful to identify suitable habitat. Main characteristics identified included 

herbaceous and woody plant cover, soil moisture, soil pH, and leaf litter depth. 

Although, the predictability of the logistic model is lessened because these data were 

based on only one year of experimentation, the important variables identified can be 

valuable for initial assessment and delineation of areas suitable for the orchid. More 

years of habitat data collection and extended sampling to other sites would likely 

increase the accuracy of this model and would help to elucidate major differences 

between S. cernua and S. parksii habitat requirements.   

This research provides valuable information for the adaptive management 

necessary for the preservation and restoration of S. parksii habitat. Although, only slight 

differences were found between microsites favoring S. parksii and S. cernua, it is 

evident that S. parksii exhibits a greater adaptation to shade environments than its 

sympatric congener that could explain its narrow distribution and endemic status. 

Furthermore, it could imply that S. parksii require some degree of microhabitat 

specialization. The significant differences between orchid occupied microsites and 

unoccupied microsites indicate the importance of woody control management for the 

maintenance and increase of suitable microsites. Moreover, woody encroachment by 

invasive species such as Ilex vomitoria represents an important factor influencing the 

available microhabitats for the species. Considering that these findings are based on only 

one year of experimentation, continued exploration of potential microhabitat 
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characteristics should be encouraged. Further consideration of management practices 

such as shrub removal and prescribed burning should be taken into consideration in the 

maintenance of protected areas for the species.   
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CHAPTER IV 

 IN SITU GERMINATION OF THE ENDANGERED TERRESTRIAL ORCHID 

SPIRANTHES PARKSII 

 

Introduction 

A distinctive characteristic of terrestrial orchids is the production of numerous 

and minute seeds known as microspermy (Arditti and Abdul Ghani 2000). Orchid seeds 

are very simple comprising a minuscule globular embryo with no defined cellular 

organization, enclosed by a thin seed coat (testa). Orchid seeds do not possess 

endosperm, and consequently lack nutrient reserves to sustain germination in the 

absence of an external source of carbon and nutrients (Rasmussen 1995). Under natural 

conditions, all orchids are heterotrophic and depend on the formation of symbiotic 

associations with mycorrhizal fungus in early stages of establishment (Leake 1994). 

Thus, colonization of orchid seeds by a compatible fungal partner is a requirement for 

germination and seedling growth. Dependence on the fungus is complete at the 

achlorophyllous protocorm stage for carbon and nutrient uptake (Rasmussen and 

Rasmussen 2009). Most terrestrial species become photosynthetic but remain dependent 

on the fungus for carbon and nutrients to variable degrees (Cameron et al. 2006, 

Rasmussen and Rasmussen 2009). It is known that specificity is highly variable among 

species but in general orchids tend to form associations with a somewhat narrow 

phylogenetic group of fungi (Leake 1994). Furthermore, not all associated fungi are 
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equally effective at sustaining germination and seedling development (Currah et al. 

1997, Roberts 1999, Rasmussen 2002). Most orchids associate with Basidiomycete fungi 

included within the form genus Rhizoctonia. The form genus is considered a 

heterogeneous assemblage of filamentous fungal taxa that do not produce asexual spores 

in culture (Currah et al. 1997, Roberts 1999, Rasmussen 2002). The organisms 

belonging to this species complex are generally saprophytic soil fungi, parasites, 

pathogens, and orchid mycorrhizas (Roberts 1999). Although, little is known about the 

spatial distribution of fungi that associate with terrestrial orchids in nature and their 

nutrition requirements (Batty et al. 2002, Brundrett 2004, Jersáková and Malinová 2007) 

their distribution in natural environments have been shown to be independent of orchids 

as these fungi are not obligatory mycorrhizal (Brundrett et al. 2003).  The ability to 

exploit otherwise free-living fungi in mycorrhizal associations seems to be an exclusive 

characteristic of the orchid family (Brundrett et al. 2003). Even though, the degree of 

specificity differs among orchid mycorrhizal associations, narrow orchid specificity 

towards fungi (and no fungal specificity towards orchids) appears to be prevalent. The 

heterogeneous distribution of fungi also appears to influence the distribution of orchid 

species due to the high dependence of orchids on their mycobionts (Waterman and 

Bidartondo 2008).  

Although, the dependence of orchid seeds on mycorrhizal fungi for germination 

is well known, there is very limited knowledge about the fate of orchid seeds after 

dispersal. Several studies have shown that some orchid species have short-lived seed 

banks (Van der Kinderen 1995, Batty et al. 2000). In a study of Spiranthes lacera 
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Zelmer and Currah (1997) found that seeds either germinate or decompose within a 

single growing season. Likewise, Whigham et al. (2002) found that after a year in the 

ground, most seeds of Goodyera pubescens have lost viability and only a few seeds 

retained their embryo (Whigham et al. 2002). Notwithstanding, some orchid species 

have been shown to develop persistent seed banks that can remain viable for up to 5 

years (Whigham et al. 2006). 

Because orchid seeds are very small and are dispersed by different mechanisms 

(water, wind, animals), they are exposed to a range of abiotic and biotic processes that 

determines their fate in nature. The initial condition for germination relies on dispersal to 

safe sites. Most plant species disperse only short distances from the parent (Chambers 

and MacMahon 1994) with resulting dispersal patterns that decrease as a distance from 

the parent increases. Safe sites denote the specific conditions that allow a seedling of a 

particular plant species to develop into a reproductive adult plant (Harper et al. 1965). In 

the case of orchids, we could anticipate that effective recruitment is particularly 

influenced by biotic factors due to their dependence on the mycorrhizal fungal 

association (Brundrett 2003). Consequently, the presence of a compatible mycobiont is 

essential for germination and continued development into a photosynthetic seedling. 

Despite the fact that many seeds are dispersed into suitable sites, numerous seeds and 

germinants are lost through predation, deep burial, crushing, abrasion, and water logging 

(Chambers and MacMahon 1994).   

Spiranthes parksii Correll (Navasota ladies’-tresses, NLT) orchid is a federally 

listed endangered species. S. parksii occurs primarily in the post oak savanna region of 
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Texas and its distribution is restricted to 13 counties. Most remaining populations are 

very small and have a restricted habitat distribution. S. parksii occurrence is highly 

influenced by local habitat conditions and like more orchids depend on mycorrhizal 

fungi for germination, establishment and annual growth. The population dynamics and 

habitat characterization for S. parksii are currently being investigated (Hammons 2008, 

Wonkka et al. 2012). However, there is a critical need to understand the seed and 

germination ecology of the species in natural conditions to assist the development of 

appropriate conservation and recovery strategies.  

This study investigates key aspects of S. parksii seed ecology to determine the 

longevity of the soil seed bank and phenological changes in seed quality. I aimed to 

determine whether the limited distribution of the species can be attributed to 

characteristics of the seed itself, to variation in microhabitat conditions, or to a 

combination of both. In situ baiting was used to investigate the ecological specificity of 

the orchid mycorrhizal association and endophyte distribution of S. parksii, in order to 

test the hypothesis that orchid distribution may be a function of fungal endophyte 

distribution. I examined seasonal variation in seed viability and seed germination of S. 

parksii under natural field conditions using buried, orchid seed baits. I also evaluated 

seed longevity in field conditions and the extent to which the time spent buried in situ 

affects seed germination. I also examined the distribution of naturally occurring fungi 

capable of stimulating seed germination in and around S. parksii populations as wells as 

areas where S. parksii are not found. Since this is the first study involving seed baiting of 

S. parksii my overarching goal is to provide a detailed description of seed developmental 
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stages and seed mycorrhizal infection in natural conditions. Assessing in situ 

germination and orchid-fungal relationships is important to the development of 

conservation strategies of S. parksii populations and to characterize suitable habitats for 

restoration and reintroduction. 

 

Methods 

Study Site 

The study was conducted at the Twin Oaks Landfill Site (96°8’51.86’’W, 

30°35’47.25’’N) located 2 miles east of the Navasota River on the south side of State 

Highway 30 in Grimes County, Texas. Surrounding the landfill footprint are 138 acres of 

deed restricted areas that are set aside for the conservation of S. parksii.  Most of the site 

is currently an open to dense post oak-yaupon savanna with ~ 20% converted to 

improved pasture or gas/transmission lines. Average annual precipitation is ~100 cm, 

with two peaks in spring and fall. Soils are mostly loamy fine sand and fine sandy loams, 

that are moderately to well-drained (NCSS 2009).  
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Seed Collection  

Seeds were collected from adult Spiranthes parksii orchids located at the Twin 

Oaks site. Seed was collected from yellowing mature capsules just prior to dehiscence 

during December, 2010 (Figure 4.1). Immediately, after collection seeds were extracted 

from capsules and mixed. Seeds were dried over Driorite absorbent for 2 weeks at 25 °C, 

placed in seed baits (see below), and buried in the soil in (January 7, 2011).  

 

Seed Burial Baiting  

In situ seed baiting was carried out according to the method of Batty et al. 

(2001). Seed baits were made by placing approximately 300-700 seeds between two 

layers of 50 µm nylon mesh held together by a 35mm photographic slide mount (Figure 

4.2).  The pore size of the mesh was chosen to retain the seeds without impeding fungal 

entrance. The seed baits were placed horizontally in topsoil at approximately ~1 cm 

depth. This method assumes that orchid seed dispersed under natural conditions 

germinate at the interface between the litter layer and the soil A-horizon (Batty 2001, 

Batty et al. 2001, Brundrett et al. 2003). 
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Figure 4.1. Spiranthes parksii green capsule containing approximately 3500 seeds, 
polyembryonic and monoembryonic viable seeds. 
 

 

Experimental Design 

Forty circular plots (50 cm diameter) were established for seed burial bating 

(Figure 4.2). Ten of these were located around an adult S. parksii orchid (Savanna NLT). 

Ten plots were located in sites where S. parksii plants have not been found but possessed 

plant species composition and canopy cover similar to areas where adult S. parksii occur 

(Savanna No NLT). Ten plots were located in closed canopy post oak-yaupon woodland  
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(Forest No NLT) and 10 plots were placed in the open grassland (Grassland No NLT). 

The experiment was conducted for 17 months. Seed baits were placed in the soil at 

naturally occurring seed dispersal (January 7, 2011). A total of 960 orchid seed baits (4 

locations x 10 plots x 24 replicates) were buried in the soil.  Four randomly selected 

samples were retrieved from each experimental plot every 8 weeks.  

Seed baits were randomly removed from each plot at each sampling date, 

wrapped individually in moist paper towels, stored in ice, and transported to the 

laboratory. Recovered seed baits were gently washed, kept moist between paper towels, 

and refrigerated (4 ˚C) before examination. Seed baits were carefully cut open and both 

pieces of nylon mesh were placed in a Petri dish with 1 ml water. Seed viability and 

developmental stages were scored under a dissecting microscope (Nikon SMZ800). 

Scoring was carried out according to the germination stages of Zettler et al. (1997) as 

shown in Table 4.1. Percentages for each developmental stage were calculated by 

dividing the number of seeds in that particular stage by the total number of seeds 

counted in the sample. Successful germination was defined as protocorms that reached 

stage 3 and above.  
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Figure 4.2. Experimental plot and orchid seed bait used as experimental unit.  
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Table 4.1. Seed viability and developmental stages observed in S. parksii in situ. 
Adapted from Zettler et al. 1993. 
 

Stage Description 

0 Not viable, no pro-embryo or  decaying testa with decayed embryo 

1 Viable – intact testa containing a pro-embryo 

2 Imbibed seed, cracked testa with swollen pro-embryo 

3 Germination: enlarged and protruded embryo 

4 Protocorm enlarged globular, production of rhizoids, and/or leaf 

primordial 

 

 

Viability Testing 

 Chemical viability testing was conducted prior to experimentation and in all 

retrieved seed baits. Viability was tested by soaking seeds in 2,3,5 tryphenyltetrazolium 

chloride (TTC) solution (1 g in 100 ml sterile distilled water, pH 7.0) for 48 hours in 

darkness at 25ºC and rinsed five times in sterile distilled water followed by examination 

using a dissecting microscope. Embryos completely colored pink to red were considered 

viable (Figure 4.3), whereas seeds with embryos partially colored, yellow or brown were 

assumed not viable (Van Waes and Debergh 1986). 
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Figure 4.3. Viability testing with 2,3,5 tryphenyltetrazolium chloride. 
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Fungal Infection and Mycobiont Isolation  

Four random samples from each location were examined for fungal infection. 

Each sample was divided in two sub-samples. The first sub-samples were cleared in 10% 

KOH overnight, and then washed twice in distilled water and once in 10% HCl. Seeds 

were subsequently placed in a clean 50 mL beaker with enough Chlorozal black stain 

added to cover them. This was left to absorb the stain for 60 minutes at which time the 

samples were drained and mounted on microscope slides with one drop of lactoglycerol. 

Slides were examined using a compound microscope at 600x and fungal infection was 

determined by the presence of pelotons within the seeds (Brundrett et al. 1996). 

The second sub-samples contained 5-10 seeds that were plated onto corn meal 

agar (CMA) to isolate fungal endophytes. Seeds were surface sterilized for 1 minute in a 

clean vial containing 5 mL absolute ethanol (EtOH), 5 mL 5.25% NaOCl (Clorox, 

bleach), and 90 mL sterile DI water. Next, they were removed from the vial, placed in a 

second sterile vial, and rinsed twice for 1 minute each time in sterile DI water. Seeds 

were transferred into CMA using sterile forceps. Plates were stored at ambient 

temperature (22 ˚C) in darkness and inspected daily until hyphae were observed 

emerging from seeds (or individual cells). Isolation of mycobionts for pure culture was 

conducted by excision of hyphal tips with a sterile scalpel and sub-culture in potato 

dextrose agar. Cultures were examined for fungal characterization and stored on 

modified oat medium (MOM).  

 

 



 

166 

 

Microclimate and Vegetation Characteristics 

Microclimate conditions in each field plot were monitored seasonally throughout 

the course of the study.  Volumetric soil water availability was quantified at each 

sampling date with a Soil Moisture MinitraseTM time domain reflectrometry instrument 

at the topsoil 15 cm. Soil temperature at 15 cm was quantified with an Atkins Series 396 

Digital Thermometer. In March 2011 during the peak of S. parksii rosette production, 

ground and vegetation cover was estimated visually and canopy cover was assessed 

using hemispherical photography at each plot with the same methods shown in Chapter 

III. Light availability was quantified as Photosynthetically Active Radiation (PAR µmol 

m-2s-1) using a DecagonTM PAR ceptometer. Litter depth was estimated to the nearest 

centimeter at four points within each plot using a metric rod. Soil pH was determined in 

duplicate by the glass electrode method in soil-water suspension and percent soil organic 

matter was determined by the Walkley-Black method following the methods shown in 

Chapter III. Precipitation and air temperature were recorded daily with a weather station 

located at the study site. 

 

Statistical Analysis 

 All data sets were tested for normality using Shapiro Wilk test and 

homoscedasticity with Levene's test. When data did not conform to parametric 

assumptions log and arsine transformations were performed, and differences in 

experimental variables among seed baiting locations were analyzed by One-way 

Analysis of Variance (ANOVA).Kruskal-Wallis test was used when data did not meet 
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the assumptions for ANOVA. Multiple comparisons tests were conducted by each pair 

Student’s t test and Tukey HSD for parametric data and Steel-Dwass method in cases 

where data did not comply with ANOVA assumptions. The significant level used for all 

analyses was alpha ≤ 0.05. Statistical analysis was performed using the statistical 

program JMP 10 PRO (SPSS Inc.).  

 

Results 

Climatic Conditions During Study Period 

During the period of experimentation (Jan 2011-May 2012), Texas experienced a 

severe drought. The state received the lowest amount of precipitation in four decades 

(37.5 cm) and experienced the highest temperatures on record (SRCC 2012). Between 

seed burial and retrieval periods precipitation was very low and in some cases no 

precipitation was observed between intervals (Figure 4.4). Correspondingly, there was 

minimum soil water availability and soil temperatures were exceptionally high (Figure 

4.5).  

 

Vegetation and Edaphic Characteristics of Seed Baiting Locations 

 Seed burial plots were characterized at the peak of rosette abundance (March 

2011). Most parameters compared showed significant differences between locations 

(Table 4.2). In most instances characteristics of savanna locations exhibited intermediate 

values that significantly differed from forest and grassland locations. There was a 
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significant increase in bare ground, leaf litter depth, leaf litter cover, leaf area index and 

organic matter progressing from grassland to savanna to forest locations (Table 4.2). 

Conversely, canopy openness, photosynthetic active radiation, herbaceous cover percent 

and pH decreased from grassland to woodland locations. Differences in soil moisture 

percent and soil temperature among seed bait locations were more marked during the 

spring and summer months of 2011 (Table 4.3).   
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Figure 4.4. Mean month precipitation (cm) and air temperature (°C) for experimentation 
period (January 2011 to May 2012). !
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Figure 4.5. Mean soil moisture (%) and soil temperature (°C) for experimentation period 
(January 2011 to May 2012).  
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Table 4.2.Vegetation and edaphic characteristics of seed baiting locations 

Habitat  Grassland 
No NLT 

Savanna          
NLT 

Savanna No 
NLT 

Forest 
No NLT 

Chi-
square 

P-value 

Photosynthetic 
Active Radiation 
(µmol m-2s-1) 

926 ± 81.4 a 514.3 ± 105.8 b 
 

638. 4 ± 86.7 b 119.8 ± 21.0 c 26.4  <0.0001 

Leaf Area Index 0.03 ± 0.03 a 
 

1.7 ± 0.6 b 
 

1.3 ± 0.6 b 
 

2.4 ± 0.7 c 
 

27.8 < 0.0001 

Canopy 
Openness (%) 

98.4 ± 1.4 a 41.6 ± 21.6 b 52.4 ± 19.1 b 25.1 ± 6.8 c 28.5 < 0.0001 

Litter depth (cm) 0.22 ± 0.1 a 0.56 ± 0.2 b 
 

0.57 ± 0.1 b 
 

1.0 ± 0.5 c 
 

31.5 < 0.0001 

Bare ground (%) 25.3 ± 11.4 a 70.0 ± 25.9 b 50.8 ± 28.7 b 86.2 ± 6.1 b 20.3 < 0.0001 

Leaf litter cover 
(%) 

13.0 ± 13.7 a 78.0 ± 24.1 b 75.0 ± 22.6 b 89.8 ± 14.8 b 24.3 < 0.0001 

Herbaceous 
cover (%) 

73.4  ± 3.2 a 
 

20.5  ± 7.4 b 
 

43.0 ± 10 c 
 

5.8  ± 1.3 c 
 

24.6 < 0.0001 

pH 6.1 ± 0.11 a 
 

5.1 ± 0.14 b 5.2 ± 0.18 b 
 

4.9 ± 0.21 b 
 

44.7 < 0.0001 

Organic matter 
(%) 

0.50 ± 0.02 a 
 

0.91 ± 0.04 b 
 

0.91 ± 0.03 b 
 

0.82 ± 0.04 c 
 

66.2 < 0.0001 
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Table 4.3. Mean soil moisture percent (a) and mean soil temperature (b) among seed 
baiting locations over a 17 months period (January 7, 2011 to May 11, 2012) Values 
represent means ± SD. N= 10 for each location type. Kruskal-Wallis test (Chi-square and 
P-value) and Steel-Dwass method was used for multiple comparisons at each sampling 
event. 
 

a) Mean soil moisture percent (%) 
 

Date Grassland Savanna 

NLT 

Savanna No 

NLT 

Forest Chi-

square 

P-value 

Jan-2011 19.7 ± 0.8 a 28.7 ± 0.7 b 26.0 ± 0.9 c 22.4 ± 0.8 d 36.7 <0.0001* 

Mar-2011 12.2 ± 0.6 a 19.9 ± 0.7 b 17.4 ± 1.1 c 14.8 ± 1.2 d 35.6 <0.0001* 

May-2011 5.9 ± 0.8 a 14.4 ± 0.8 b 11.0 ± 1.2 c 8.0 ± 0.8 d 36.1 <0.0001* 

Jul-2011 3.7 ± 1.9 a 4.5 ± 2.0 a 4.1 ± 2.3 a 5.2 ± 1.8 a 3.01 0.3891 

Oct-2011 7.2 ± 3.8 a 10.2 ± 4.0 b 11.1 ± 3.8 b 12.3 ± 2.5 b 9.13 0.0275* 

Jan-2012 21.0 ± 3.9 a 21.6 ± 4.5 a 24.4 ± 3.1 a 23.0 ± 4.1 a 3.94 0.2678 

May-2012 19.2 ± 3.7 a 21.4 ± 3.2 a 20.1 ± 3.2 a 20.4 ± 3.0 a 2.39 0.4952 

 

b) Mean soil temperature (°C) 
 

Date Grassland Savanna 
NLT 

Savanna No 
NLT 

Forest Chi-
square 

P-value 

Jan-2011 7.6 ± 1.7 a 14.2 ± 1.7 b 10.2 ± 1.7 c 14.6 ± 3.5 b 24.3 <0.0001* 

Mar-2011 12.2 ± 0.6 a 16.5 ± 2.6 a 17.4 ± 1.1 a 14.8 ± 1.2 a 1.86 0.6014 

May-2011 23.4 ± 3.6 a 21.4 ± 3.4 a 21.6 ± 4.2 a 20.8 ± 4.3 a 2.10 0.5511 

Jul-2011 37.8 ± 9.4 a 25.7 ± 4.5 b 36.9 ± 4.5 a 18.5 ± 4.8 c 25.6 <0.0001* 

Oct-2011 24.0 ± 3.6 a 22.1 ± 4.3 a 22.3 ± 4.0 a 21.3 ± 4.3 a 1.95 0.5811 

Jan-2012 9.7 ± 1.5 a 14.5 ± 1.1 a 13.9 ± 1.4 a 15.5 ± 1.5 a 7.39 0.0604 

May-2012 21.2 ± 1.5 a 19.8 ± 2.1 a 20.7 ± 2.2 a 19.7 ± 2.0 a 5.01 0.1713 
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Seed Viability 

The percent of intact viable seeds retrieved remained above 90% during the first 

four months of the study (until May 2011), after which a rapid decline to below 50% 

occurred by July, with intact seeds almost nonexistent by January 2012 (Figure 4.6). No 

significant differences in seed viability were found among locations (Table 4.4).  
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Figure 4.6. Mean percentages of seed viability over a 17 month period (January 7, 2011 
to May 11, 2012. Bars represent standard error; bars containing the same lower case 
letter indicate no significant differences among dates. Kruskal-Wallis Test (P <0.0001) – 
Steel-Dwass method was used for multiple comparisons.!
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Table 4.4. Mean seed viability among seed baiting locations over a 17 month period 
(January 7, 2011 to May 11, 2012). Values represent means ± SD. N=40 for each 
location type. One-way analysis of variance (ANOVA) was used to test for mean 
differences (df = 3,159).  
 

 

Time in 

soil 

Grassland Savanna 

NLT 

Savanna 

No NLT 

Forest F-

Ratio 

P-

value 

2 months 92.6 ± 1.9 95.1 ± 2.9 95.2 ± 2.9 93.9 ± 3.2 1.82 0.1602 

4 months 93.4 ± 3.2 91.5 ± 1.6 91.2 ± 2.6 92.9 ± 2.5 1.76 0.1710 

6 months 54.2 ± 17.1 72.1 ± 11.9 59.5 ± 14.4 58.9 ± 15.7 2.62 0.0653 

9 months 37.7 ± 11.9 37.5 ± 12.3 36.2 ± 7.9 36.3 ± 10.5 0.05 0.9836 

12 months 7.1 ± 3 6.9 ± 3.5 5.9 ± 1.9 5.6 ± 2.3 0.75 0.5302 

18 months 2.8 ± 1.9 3.1 ± 2.8 3.3 ± 2 3.9 ± 1.8 0.46 0.7147 

 

 

In Situ Germination and Developmental Stages 

Seed germination exceeded 20% after 2 months and increased significantly to 

33% after 4 months, followed by a rapid decline in germination in subsequent sampling 

dates (Figure 4.7; Figure 4.8). Five developmental stages were distinguished as shown in 

Figures 4.9 to 4.11. Imbibition of seeds or uptake of moisture (stage 2) commenced 

within the first 8 weeks and increased significantly by 4 months succeeded by a prompt 

decline (Figure 4.8).  The mean proportion of seeds that retained an embryo (stage 1) 

decreased gradually in concomitance with an increase in non-viable or degraded seeds 

(stage 0) (Figure 4.8; Figure 4.9). Advanced developmental stage 4 (enlarge of 

protocorm and vestigial of leaf primordium) was only observed after four months 
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(Figure 4.8). The proportion of seeds that reached this stage did not exceed 2% during 

the total experimental period (Figure 4.8; Figure 4.11).  
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Figure 4.7. Mean percent in situ germination of S. parksii seed over a 17 months period. 
Bars represent standard error; bars containing the same lower case letter indicate no 
significant differences among dates. Kruskal-Wallis Test (P <0.0001) – Steel-Dwass 
method was used for multiple comparisons. 
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Figure 4.8. Proportion of developmental stages of seeds of S. parksii in situ over a 17 
months period (January 7, 2011 to May 11, 2012).  
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Figure 4.9. Spiranthes parksii non-viable seeds (stage 0) and viable intact seeds (stage 1). 
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Figure 4.10. Spiranthes parksii imbibed seeds, showing cracked testa (Stage 2) and embryo enlargement and protrusion in 
germinant seeds (Stage 3)  
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Figure 4.11. Spiranthes parksii protocorms enlarged, globular, development of poles, and production of rhizoids (Stage 4).  
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Seed germination was significantly different among locations during the first 

four retrieval dates (Figure 4.12). The highest germination was consistently observed in 

seed baits located in the savanna plots occupied by S. parksii adult plants followed by 

savanna plots without adult S. parksii (No-NLT). The lowest germination was observed 

in the unoccupied grassland microsites. After 12 months, no significant differences were 

observed among locations. Likewise, no significant differences were found in the 

number of seeds that develop to stage 4 in the first six months of experimentation; 

however, advanced development of seedlings (production of rhizoids and/or leaf 

primordium) was significantly higher in savanna locations (NLT and no-NLT) compared 

with other locations at 9 months (Figure 4.12). These findings indicate that further 

seedling development and seedling summer survival is more likely to occur in close 

proximity to mature S. parksii plants and/or savanna locations.  
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Table 4.5. Mean percent in situ germination of S. parksii seed at different habitat types over a 17 months period. Columns 
containing the same upper case letter indicate no significant differences among dates. 

Time Grassland Savanna NLT Savanna No NLT Forest Chi-square P-value 

2 months 13.8 ± 0.9 a 21.4 ± 2.6 b 18.2 ± 0.6 c 16.2 ± 0.9 d 33.78 <0.0001* 

4 months 25.9 ± 9.9 ab 39.4 ± 5.1 c 32.7 ± 7 b 33.5 ± 6.4 bd 12.99 0.0046* 

6 months 21.1 ± 5.1 a 30.9 ± 6.1 b 24.9 ± 4.6 a 23.3 ± 5.8 a 12.69 0.0054* 

9 months 8.4 ± 2.8 a 13.4 ± 4.4 b 9.8 ± 2.4 a 8.6 ± 2.6 a 11.16 0.0109* 

12 months 1.6 ± 1.5 a 1.9 ± 1.2 a 1.6 ± 1.1 a 1.6 ± 1.1 a 0.66 0.8818 

18 months 0.0 ± 0.0 a 0.9 ± 1.2 a 0.4 ± 0.7 a 0.6 ± 0.9 a 6.37 0.0946 
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Figure 4.12. Number of S. parksii seeds that display advance development, enlarged 
globular protocorm with rhizoids after 9 months in soil. ANOVA (F-ratio = 8.06 ; P = 
0.0003). Bars containing the same upper case letter indicate no significant differences 
among dates – Tukey Kramer HSD P < 0.05.  
 

 

Relations Between Seed Germination and Edaphic Factors 

To determine relationships between edaphic factors and seed germination 

Spearman’s ρ correlations were performed. Seed germination was highly positively 

correlated with soil organic matter and soil moisture content, and negatively correlated 

with soil pH (Table 4.6). No significant correlations were found with leaf litter, soil 

temperature or other habitat factors.  



 

182 

 

Table 4.6. Correlation between edaphic factors and S. parksii seed germination.  
 

Variable Germination (%) Soil Moisture 
(%)  

Organic Matter 
(%) 

pH 

Germination (%)* 1.0000    
Soil Moisture (%)** 0.9115 1.0000   
Organic Matter (%) 0.8658 0.8478 1.0000  
pH -0.5172 -0.5414 -0.5675 1.0000 
*Germination  refers to the highest germination period (January to July 2011) 
**Soil moisture refers to the mean soil moisture during the highest germination period, 
All Spearman’s ρ correlation coefficients are significant at P < 0.01 
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Fungal Infection and Mycobiont Isolation 

Seeds were rapidly colonized by a variety of soil fungi (4.13) Infection by non 

Rhizoctonia-like filamentous fungi commonly inhibited further development and 

resulted in mortality of seeds and seedlings (Figure 4.15).  Only Rhizoctonia-like fungi 

produce pelotons within seeds and protocorms (Figure 4.14; Figure 4.16), In seeds and 

protocorms in which peloton infection was observed, hyphae were usually simple septa 

(Figure 4.17; Figure 4.18)  and colonization occurred at the apex of the embryo (Figure 

4.16). Isolation from seeds was challenging but from the 10 protocorms recovered that 

were beyond stage 3, 8 fungal endophytes resembling Rhizoctonia-like fungi were 

obtained. Successful isolation was only achieved during the spring months (March and 

May) and in samples recovered from the Savanna NLT. After this time, none of the 

fungal endophytes recovered resembled typical orchid mycorrhizal fungi. Morphological 

characterization tentatively placed 7 isolates as Cerathoriza sp. (Figure 4.17)  and 1 

isolate as Epulorhiza repens (Figure 4.18).  
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Figure 4.13. Seed baits colonized by varied soil fungi.  
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Figure 4.14. Spiranthes parksii seeds infected by compatible fungi that promote germination and protocorm development. 
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Figure 4.15. Spiranthes parksii seeds parasitized by incompatible soil fungi that cause intense infection.  



 

187 

 

 

Figure 4.16. Spiranthes parksii protocorms infected by compatible mycorrhizal fungi. a-
d) Protocorms showing fungal pelotons indicated by arrows. e-f) Fungal hyphae forming 
coils inside orchid cells. 
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Morphological characteristics 
Anamorphic phase Cerathoriza sp. 
Colony (PDA) White to beige with pale yellowish to brown 

granular sclerotia  
Hyphae Narrow, hyaline, binucleate, 5-6 µm in 

diameter, septum formed near the 
constriction, branching at right angle.  

Growth (cm/week) 4.0-5.5 
Monilioid cells (length x width µm)  17.3 ± 0.5 x 27.3± 0.7  

Elliptical, thick walled, containing perforate 
parenthosomes. A significant characteristics 
that separates the genus Ceratorhiza from 
Epulorhiza 

 
Figure 4.17. Cerathoriza sp. fungi associated with S. parksii morphological 
characteristics 
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Morphological characteristics 
Anamorphic phase Epulorhiza sp. 
Colony (PDA) Cream-colored to yellowish with submerged 

hyphae; waxy colony with snowflake like 
margins 

Aerial hyphae Narrow, hyaline, binucleate, 3-4 µm in 
diameter, septa near the constriction.  

Growth (cm/week) 0.43-0.61 
Monilioid cells (length & width µm)  12.25 x 9.8 
 
Figure 4.18. Epulorhiza sp. fungi associated with S. parksii morphological 
characteristics. 
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 Discussion 

 The results of this study contribute to the general understanding of Spiranthes 

parksii germination and initial development. In general, despite the fact that the species 

produce a large amount of seeds, germination and seedling development are remarkably 

constrained by rapid reduction in seed viability, prevailing environmental conditions, 

and irregular distribution of compatible mycorrhizal fungi. A summary of the sequence 

of events following seed dispersal is presented in (Figure 4.19.). In the fall of 2010, 12% 

of Spiranthes parksii that flowered at the field site persisted to disperse seeds. Fruit set 

was characterized by a mixture of monoembryonic and polyembryonic seeds with a 

percent viability exceeding 98%.  After dispersal, imbibition of seeds proceeds rapidly 

during late winter and spring months. Embryo enlargement, rupture of testa, and 

protrusion of embryo precede longitudinal growth at the chalazal pole as is common in 

orchids.  Protocorm development continues promptly, with abundant production of 

rhizoids rapidly turning green, and origination of leaf primordial and/or dropper. By 

March, thirty to forty percent of the seeds have germinated and displayed mycorrhizal 

fungal infection established by peloton formation accompanied of enlarged embryo, and 

production of rhizoids. Even though an array of soil fungi invade the seeds only 

Rhizoctonia-like fungi promotes protocorm development. Many seeds and protocorms 

died after germination due to desiccation, seed predation, and infection by parasitic 

fungi.  With the onset of the summer, seed viability decreases to 50 to 70%, coinciding 

with lower soil moisture and very high soil temperatures. By July, 75% of the seeds have 
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germinated, being lost though predation, or are degraded before reaching advanced 

development. At the beginning of the fall, less than 10% of protocorms survive summer 

conditions, and few seeds remain viable with the seed bank almost nonexistent by the 

next winter. 

Results indicate that while S. parksii produced a high proportion of viable seeds 

the persistence of a viable seed bank is limited to one growing season. Rapid loss of 

viability after 6 months (50%) suggests a small window of opportunity for germination 

and establishment, with the best opportunity occurring in late winter and early spring 

months.  These results  are consistent with previous studies in other Spiranthes species 

that show naturally dispersed seeds only remain viable in the soil for approximately 9 

months with the majority of seeds germinated or degraded after one year (Arditti 1967, 

Zelmer et al. 1996). Environmental constraints such as extreme soil temperatures and 

lower moisture during the summer seem to play a significant role in the recruitment of S. 

parksii. The dramatic seed degradation and low germination observed in this study may 

also have been influenced by the extreme drought experienced in Texas during 2011.  
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Figure 4.19. Sequence of events of S. parksii seed bank observed in situ in 2011.

Optimal germination period 
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Biotic constraints like the availability of compatible mycorrhizal fungi may also 

significantly limit the opportunities for recruitment of new plants. S. parksii seeds 

germinated in all of the habitat types investigated, however, higher germination and 

further protocorm development were only observed in habitats occupied by adult S. 

parksii plants. The relatively high abundance of compatible fungi around mature plants 

may be required for effective initial infection and sustained seedling development. 

 Another interesting result of this study was the finding that fungal endophytes 

associating with S. parksii seeds and protocorms that support seedling development were 

only isolated from habitats already occupied by the species. This suggests that 

distribution of the appropriate mycobionts is essential for recruitment. Most studies have 

shown that compatible mycobionts that promote germination and development are found 

in close proximity to adult plants, where conditions are suitable for both orchids and 

mycobionts (Batty 2001, Diez 2007). In the present study, sites occupied by adult S. 

parksii plants exhibited higher organic matter and lower pH than occupied sites. In 

addition, there was a strong correlation between percent germination and percent organic 

matter, soil moisture content, and a negative correlation with soil pH. These findings 

also concur with research conducted by Diez (2007) who found a strong tendency for 

increasing orchid seed germinability within 1 meter of adult plants as well as in sites 

with increased soil moisture and organic matter and lower pH (Diez 2007). Likewise, 

Jersáková and Malinová  (2007) found that typical seed dispersal decreases as a function 

of distance from the “mother” plant while just a small proportion of seeds colonize new 

microsites (Jersáková and Malinová 2007). In this manner, effective recruitment of some 
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orchids depends not only on production of high quality viable seeds but on their 

subsequent dispersal to suitable microsites containing compatible mycobionts. In the 

case of S. parksii, the seed bank characteristics indicate that seeds have a small window 

of opportunity for germination limited to the first spring after dispersal. The greatest 

opportunity for establishment seems to take place in sites within proximity of adult S. 

parksii plants that contain compatible mycobionts. The rapid germination and infection 

observed immediately after dispersal may also suggest that the fungi that promote 

germination are more active during the spring months and then able to support seedling 

establishment. Evidence suggests that under warmer conditions, fungal mycelia are 

primarily inactive during the dry, hot summer months due to their high susceptibility to 

desiccation, but as soon as the fall rains begin, activity is renewed (Sivasithamparum 

1993, Rasmussen 1995, Batty et al. 2002, Smith 2009).  Similarly, mycorrhizal infection 

of several adult orchids including S. parksii reach a peak from December to March and 

decreases substantially during late spring and summer months (Alexander and Alexander 

1984, Masuhara et al. 1988). Therefore, it is conceivable that the fungi may display 

summer dormancy and become active again in late fall and early winter coinciding with 

the time of seed dispersal.   

Seeds that germinate promptly after dispersal have the highest opportunity to 

develop a vegetative seedling rosette, and produce a perennial rhizome before the onset 

of summer dormancy. Results from this study suggest that recruitment of the species 

may be influenced by several environmental and biotic limitations and their interactions. 

This intricate combination of factors may influence the species distribution and may also 
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help to explain its small populations. Microsite requirements seem to present a major 

constraint for seed germination and early establishment. Effective recruitment also 

seems to be particularly influenced by yearly variation in climatic conditions. More 

research is needed to discriminate the degree of significance of the different factors 

involved in promoting germination during favorable years. The endangered status of S. 

parksii and the threatened position of its natural habitat highlight the need to investigate 

seed bank dynamics over longer time periods and to develop ex situ strategies that could 

help to develop re-introduction programs. Furthermore, understanding the fate of seeds 

is a critical for determining potential variation in annual recruitment rates and 

establishing successful restoration and conservation strategies. Isolation of compatible 

mycobionts that promote germination and molecular identification is crucial to initiate 

symbiotic propagation approaches to assist in the recovery of declining populations. The 

findings of this study have implications for the conservation of S. parksii and emphasize 

the need for a combination of in situ and ex situ conservation practices to maintain and 

increase current S. parksii populations.  
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CHAPTER V  

BELOWGROUND PHENOLOGY AND MYCORRHIZA FUNGI 

ASSOCIATIONS OF SPIRANTHES PARKSII AND SPIRANTHES CERNUA 

 

Introduction 

The importance of mycorrhizal fungi relationships for establishment and growth 

of orchid plants is well known (Curtis 1939, Burgeff 1959). Adult orchids, whether they 

are photosynthetic or not, usually have mycorrhizal roots or tubers (Smith and Read 

1997, Batty et al. 2002, Rasmussen 2002). However, the extent of colonization is 

variable (Rasmussen 1995). In mature orchids, mycorrhizal infection initiates when 

compatible fungi penetrate the cortical cells of orchid roots. Within cells, hyphae form 

coils called pelotons, which greatly increase the interfacial surface area between orchid 

and fungus.  Each intracellular peloton has a short life span, lasting only a few days 

before it degenerates and is digested by the orchid cell. During this process, the plant cell 

remains functional and can be recolonized by any surviving hyphae or by fungi invading 

from adjacent cells (Smith and Read 1992, Peterson and Farquhar 1994, Rasmussen and 

Rasmussen 2009). The intensity of the mycorrhizal infection provides an indication of 

the significance of the orchid-mycorrhizal fungi relationship. For instance, the high level 

of mycorrhizal infection observed in achlorophyllous or mycoheterotrophic orchids that 

obtain the totality of their carbon and nutrients from their mycorrhizal fungi (Leake 

1994, Read 1997, Aschan and Pfanz 2003, Bidartondo 2005, Selosse and Roy 2009). In 
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the case of photosynthetic orchids, the degree of dependence and colonization is highly 

variable, with some species remaining dependent on their mycobionts throughout the life 

of the plant, and some becoming fully photosynthetic at maturity, while still remaining 

reliant on mycobionts for nutrient acquisition (Smith and Read 1992, Rasmussen 1995, 

Read 1997, Merckx et al. 2009, Selosse and Roy 2009). It has been assumed that the 

dependence of orchids on their mycobionts is related to their life history status and 

habitat preferences (Bidartondo et al. 2004, Girlanda et al. 2011). Orchid mycorrhizae 

are critically important during germination, as orchid seeds have virtually no energy 

reserves and thus totally depend on an exogenous supply of carbohydrate from the 

fungal symbiont for germination and seedling development (Arditti 1967, Arditti et al. 

1990, Rasmussen and Rasmussen 2009). Once the plant has developed photosynthetic 

tissues the degree of dependence on mycorrhizal fungi varies mostly in relation with the 

conditions of the natural orchid’s habitat (Smith and Read 1997, Bidartondo et al. 2004). 

Many orchids in shady forest habitats still depend on their mycobiont for organic carbon 

with light availability being the major factor determining the degree of 

mycoheterotrophy (Bidartondo et al. 2004, Selosse et al. 2004, Selosse and Roy 2009). 

Likewise, many orchid species that thrive in nutrient poor habitats exhibit a high degree 

of dependence on their mycobionts for acquisition of nutrients (Nurfadilah et al. 2013). 

Early studies in orchids from open habitats reported little mycorrhizal colonization and 

there was no evidence of carbon gain from fungi (Alexander and Hadley 1985, Hardley 

and Pegg 1989). However, recent studies have reported that many photosynthetic orchids 

in open habitats are mixotrophic or partially mycoheterotrophic obtaining a considerable 
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amount of their carbon from mycobionts as well as thru photosynthesis (Selosse et al. 

2004, Selosse and Roy 2009, Látalová and Baláž 2010, Girlanda et al. 2011). Further 

evidence of the continued dependence on fungi in adult terrestrial orchids is related to 

the fact that most orchids have few and un-branched roots that are thick due to the 

characteristic highly developed cortex. This type of root system has a very small surface 

area and is  not very effective for uptake of water and mineral nutrients, but very suitable 

to accommodate mycotrophic tissue that in turn can enhance acquisition of resources 

(Brundrett 1991, Rasmussen 1995). This evidence suggests that the reliance of adult 

orchids on their mycobionts is more significant throughout their life cycle than was 

previously thought and also emphasizes that the highly specialized mycorrhizal 

relationships of orchids have considerable implications for their conservation. 

The majority of fungi that associate with orchids belong to the form genus 

Rhizoctonia that includes the anamorphic (asexual) genera Cerathoriza, Epulorhiza, 

Moniliopsis and Rhizoctonia Moore (Moore 1987, Sneh et al. 1991, Currah and Zelmer 

1992, Zelmer and Currah 1995, Currah et al. 1997, Zettler 1997, Roberts 1999, Zettler et 

al. 2003). Distinguishing between strains of Rhizoctonia from orchids is problematic due 

to the lack of sexual structures (the teleomorph) in culture (Tu and Kimbrough 1975, 

Currah et al. 1997) . These sexual structures (basidiospores) are used to identify most 

Basidiomycete fungi (Currah et al. 1997, Zettler 1997, Zettler et al. 2003). Therefore, 

identification of Rhizoctonia strains frequently relies on cultural morphology, 

pigmentation, branching pattern, the presence of monilioid cells and other morphological 

characters (Moore 1987, Sneh et al. 1991, Currah et al. 1997, Roberts 1999). Lately, the 
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development of molecular methods has allowed many orchid associated Rhizoctonia spp. 

to be identified, and several studies have revealed that most Rhizoctonia spp. belong to a 

variety of teleomorph genera including Ceratobasidium, Tulasnella, Sebacina, and 

Thanatephorus (Rasmussen 2002, Dearnaley 2007). These fungi are recognized 

saprophytes and pathogens that can digest cellulose and can ostensibly survive in the soil 

in the absence of orchids (Sneh et al. 1991, Roberts 1999, Rasmussen 2002). The dual 

role of orchid fungi as saprophytes or mycorrhizae distinguishes this type of fungi-

orchid relationships from the highly specialized fungi forming other types of 

mycorrhiza-plant symbiosis.   

While many studies have addressed the aboveground phenology and population 

dynamics of terrestrial orchids, very few have studied the phenological characteristics of 

the root system. Belowground studies such as those conducted by Wells (1981), Currah 

et al. (1990), Pileri (1998), and Rasmussen and Whigham (2002) are crucial to the 

understanding of life history patterns of terrestrial orchid species and can also help to 

elucidate their degree of dependence on mycorrhizal fungi. Terrestrial orchid root 

systems generally consist of an adventitious storage organ identified as root-tuber or 

rhizome (Arditti 1992). Members of the genus Spiranthes have a tuberous root system 

that typically serves as a perennating storage organ during the dormant season and that is 

replaced annually (Rasmussen 1995). The root system consists of a cluster of fleshy 

roots at the base of the plant that are finger-like in shape and no main root is formed 

(Masuhara and Katsuya 1992, Pileri 1998). Phenological changes in root systems have 

also been reported. Tatarenko and Kondo (2003) reported that in plants of S. sinensis 
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growing in dry habitats in Japan, new roots and vegetative rosettes initiate growth 

simultaneously in early September after the summer dormancy. The root systems of 

mature individuals can display two to three generations of roots suggesting that tuberoid 

roots may last up to 2 years.  In another study with S. sinensis it was found that roots of 

this species remain infected by mycorrhizal fungi throughout the year, however the level 

of infection varied according to the plants life history status and there is a distinctive 

cycling between mycorrhizal development and digestion of peloton during the growing 

season (Tatarenko 2002). In addition, Pileri (1998) observed a significant decrease in 

root numbers of S. cernua between the vegetative and reproductive phases, suggesting a 

substantial expenditure in belowground structures for reproduction. Wells (1981) 

reported that the long lived Spiranthes spiralis is purely mycotrophic in early stages of 

establishment; plants of this species can remain underground for up to 8 years before the 

appearance of the first vegetative rosette aboveground. However, there is very limited 

information on the belowground phenology and the seasonal changes in the mycorrhizal 

fungi infection in many species within the genus. This information is particularly 

important for endangered species like Spiranthes parksii an endangered endemic 

terrestrial orchid of Texas, which has a very limited geographic distribution and very 

small populations. Knowledge of the mycorrhizal relations and belowground dynamics 

can contribute to the formulation of appropriate in situ (i.e., habitat restoration and 

management) and ex situ (i.e., propagation and re-introduction) conservation strategies. 

The purpose of the present study is to provide a detailed description of the root 

system of mature Spiranthes parksii and the congener sympatric Spiranthes cernua as 
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well as immature vegetative individuals in different stages of development. The below- 

and aboveground phenology of plants in each cohort was monitored for three growing 

seasons to determine variations in root system characteristics in relation to the plant life 

history status. Likewise, the mycorrhizal status, patterns of fungal infection, and the 

seasonality of the mycorrhizal fungi infection of plants in each cohort were evaluated. 

Finally, fungal endophytes from the roots of plants of each cohort were isolated and 

morphologically identified. 

 

Methods 

Field Methods 

 In April 2010, a subset of 136 Spiranthes individuals was randomly selected 

from 256 plants that were relocated into protected areas at the Twin Oaks site (site 

description is provided in chapters II, III, and IV) to evaluate root system phenotypic 

variation, belowground phenology, and the seasonality of mycorrhizal fungi patterns of 

infection over three growing seasons.  

 Transplanting was carried out by the bare-root rhizosphere soil method 

(Hammons et al. 2010). This method involves the careful excavation and recovery of 

intact root systems and transplanting them in combination with the corresponding 

rhizosphere soil.  The method assists in the transfer of mycorrhizal fungal inoculum to 

the re-location microsite as well as to minimize stress associated with transplanting 

(Brundrett 2007).  
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 Aboveground measurements include number of leaves, leaf length and leaf 

width. Root system characteristics such as total number of roots, number of current 

(yellow to brownish), new (white) and exhausted (brown depleted shrink) roots, 

individual root length, individual root diameter, direction of growth, rooting depth (soil 

surface to end of longest root), and life history stage were documented. After the 

measurements were taken, plants were kept moist and insulated in their corresponding 

rhizosphere soil and transplanted within 2 hours. Plants were re-located into the deed-

restricted areas and assigned to locations that matched similar S. parksii natural 

microhabitat type. Plants were re-planted to a depth similar to that of pre-excavation. 

Each individual was then marked with two flags 30 cm apart and an aluminum 

identification tag was placed on the north flag (Forestry Suppliers Inc., Jackson, MS). .  

 Plants were monitored aboveground approximately every three months and 

belowground every six months throughout the growing seasons of 2010, 2011, and 2012. 

Belowground monitoring was conducted at the end of the rosette (May) and flowering 

seasons (December) to minimize the intrusion with vegetative growth. At each 

excavation date, plants were carefully unearthed and roots kept moist while 

aboveground. After taking the measurements, plants were replaced in the original 

location and covered carefully with soil.  
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 Aboveground monitoring included documentation of leaf rosette parameters as 

described above during the vegetative stage and flowering characteristics such as flower 

height, height of inflorescence, and number of flowers in the corresponding season. 

Individual leaf area was estimated by the equation 0.7854Ld, were L represents the 

length of longest leaf axis and d represents the maximum leaf diameter.  Total rosette 

area per plant was calculated by summing the areas of all leaves in a rosette (Pileri 

1998).  

 According to the life history stage (if a plant has flowered before), root 

characteristics, and total root system volume Spiranthes, individuals were classified into 

4 categories: seedlings, juveniles, mature S. parksii and mature S. cernua. Root volume 

was estimated using the formula V=2/3πr2L, were r is the radius of the root and L is the 

length of the root. Radius was estimated by dividing the widest diameter of the root by 2. 

The volumes of individual roots were summed to obtain the total root system volume 

(Pileri 1998). Although, this classification does not estimate the real age of the plant it 

allows plant performance to be evaluated over time.  

 Characteristics of each plant are presented in Table 5.1. Stepwise discriminant 

analysis was conducted in order to determine if the plant variables measured can 

adequately classify plants into each cohort (group membership) (Figure 5.1). Predictor 

variables were total rosette leaf surface area, number of leaves, total plant root length, 

number of roots, and mean individual root length. Significant mean differences were 

found for all the predictors and plant cohorts; however, there were no significant 

distinctions between S. cernua and S. parksii mature individuals. Therefore, these two 
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cohorts were pooled in the final discriminant analysis. The discriminant function 

revealed a significant association between plant cohort and all predictors, accounting for 

95.3% of between cohort variability. Closer analysis of the structure matrix revealed that 

total root volume and total plant root length were the most useful predictors for 

classification while total leaf area and number of leaves were less useful. The cross 

validated classification showed that overall 94.1 were correctly classified. The 

discriminant analysis only misclassified 4 plants out of 136.  

 To evaluate belowground phenology, inter-annual transitions of plants between 

cohorts, and the seasonality of mycorrhizal fungi infection, plants from each cohort were 

randomly selected and assigned to an experimental procedure as shown in Table 5.2. 

Plants not assigned into experimentation were also monitored at each census and were 

used, as substitutes in cases were plants were lost due to mortality in the mycorrhizal 

infection experiment. 
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Table 5.1. Characteristics of plants in each cohort. 

 

Characteristics Seedling Juvenile Mature 

Total number of leaves 1 – 3 1 – 3 1 – 4 
Total surface leaf area 3.5 ± 2.5 cm2 7.0 ± 3.9 cm2 14.0 ± 5.8 cm2 

Total rosette leaf length 8.5 ± 1.3 cm 11.5 ± 4.5 cm 17.7 ± 7.5 cm 

Total rosette leaf width 0.7 ± 0.4 cm 1.0  ± 0.5 cm 1.5 ± 0.7 cm 

Root system class Rudimentary – emergent Developing  Developed 

Number of active tubers 1 – 2 3 – 6 6 – 8 

Tuber orientation Vertical Vertical and horizontal Variable, vertical and lateral 

Rooting depth 0.6 – 4.2 cm 3.2 – 5.6 cm 4 – 8 cm 

Total tuber length 4.7 ± 2.2 cm 10.9  ± 3.0 cm 21.9 ± 7.5 cm 

Tuber diameter 0.6 ± 0.31 cm 1.2  ± 0.5 cm 1.9 ± 0.5 cm 

Presence of exhausted 
tuber 

No Yes.  Yes, several stages of withering 

Tuber texture Fleshy  Bulky and fleshy  Variable, fleshy, thick and 
contracted  

Tuber color Clear Clear to brownish. Ordinary 
yellow spots of fungal 
aggregation.  

Brownish with visible yellow 
spotted areas occupied by 
fungal coils 
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Figure 5.1. Canonical plot of discriminant analysis of plant cohorts and classificatory 
variables.  Colors refer to plant cohorts: Blue, S: seedlings, Red, J: Juveniles, and Green, 
M: mature plants. Variables contained within the model include: XRL: mean root length 
(cm), #R: number of active tuberous roots; VOL: total root system volume (cm3), TLA: 
total rosette leaf surface area (cm2), and #L: number of leaves. 
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Table 5.2. Plant cohorts and experimental sampling 

 

Cohort Belowground 
Phenology 

Mycorrhizal Fungi 
Seasonality 

Total 
 

Seedlings 23 14 37 
Juveniles 22 14 36 
Mature S. parksii 17 14 31 
Mature S. cernua 18 14 32 
Total 80 56 136 

 

 

Mycorrhizal Fungal Infection 

 Roots for mycorrhizal fungi infection analysis were collected using a non-

destructive sampling technique. Sampling was conducted in September 15, and 

November 5, 2010; January 14, February 20, March 25, April 28, and May 30, 2011. 

The sampling schedule was designed to capture the variation in life stages and 

seasonality of the life cycle. Two plants of each cohort were sampled at each sampling 

date and individuals sampled were not resampled to allow the plants to recover.  Root 

systems were carefully excavated and one or two roots were removed. Plants were 

replanted in their original location to enable growth to continue. The root sections were 

wrapped in paper towels, moistened with sterile deionized water, placed in plastic bags 

and transported to the laboratory. In the laboratory infected organs were stored at 4°C 

and processed within 1 day of collection.  

 Each root section was cut longitudinally with a sterile scalpel. One half was used 

for isolation as described below and the other was processed to evaluate mycorrhizal 
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infection. Each half root was cut in 1 cm segments and cleared in 10% KOH in an 

autoclave for 15-20 minutes at 121 ◦C. Clear root segments were stained with Trypan 

Blue or Chlorozal Black, mounted in polyvinyl alcohol and observed in a Nikon 

microscope at x100 magnification. At each sampling date a subsample of root segments 

was randomly selected for fungal isolations and therefore not stained. The remaining 

roots segments were analyzed for mycorrhization (percent of fungal infection) was 

quantified both by number of sections showing infection (spread of infection) and by the 

proportion of the cortical space occupied by pelotons (intensity of infection). Intensity 

was scored in each section using a six-class scale (0, 12.5%, 25%, 50%, 75%, and 100%) 

proposed by Rasmussen and Whigham (2002). 

 

Morphological Characterization of Fungal Isolates 

 Fungal isolations were attempted in 93 of half-root segments obtained from the 

mycorrhization sampling.  Fungal isolations were carried out in accordance to Zettler 

(1997). Briefly, roots were rinsed (deionized water) and surface sterilized (5ml 95% 

EtOH, 5ml 5.25% NaOCl, 90 ml DI), clumps of cortical cells containing pelotons are 

then plated in Fungal Isolation Medium (FIM) and incubated until hyphae emerge from 

pelotons. Fungal cultures were obtained by transferring single hyphal tips into potato 

dextrose agar (PDA). In addition, backup cultures are maintained in slopes of oatmeal 

agar. Mycobiont morphological characterization and propagation were conducted 

following the methods described by Davidson (1938), Smith (1977), Moore (1987), 

Currah et al. (1987, 1990), Currah and Zelmer (1992), Zelmer et al. (1996), Currah et al. 
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(1997), Zettler (1997), Roberts (1999). Fungal growth rate was measured from the 

average of two perpendicular diameters of the colony taken every 72 hours. Hyphal 

length and width and monilioid cell length and width were measured in 20 cells for each 

culture using light microscopy at x400 after staining with toluidine blue (Otero et al. 

2002). Polyphenol oxidase activity was detected using a the method of Davidson et al. 

(1938), briefly, agar discs excised from the colony margin of each culture were 

transferred to the center of freshly prepared 50% malt extract agar containing 0.22 µm 

Millipore filtered tannin acid. A total of three agar discs from each isolate were 

incubated in triplicate plates and incubated at 25 °C for 7 days. The presence of a brown 

oxidation zone around the colonies indicated the presence of polyphenol oxidase 

activity.   The number of nuclei per cell was determined in 20 young cells by 

fluorescence microscopy at 500X after staining with 1% Hoescht 33342 solution for 10 

min. Each set of measurements was repeated in three different subcultures.  

 

Statistical Analysis 

 Assumptions of normality were tested with Shapiro Wilk Test; the variances 

were tested using Levene Test. Two-way repeated-measures analysis of variance 

(ANOVA) adjusted by the Tukey Kramer HSD test for multiple pairwise comparisons 

were used to examine differences among plant cohorts in above- and belowground 

characteristics over time. Mauchly criterion was used to test the sphericity assumption. 

Whenever the sphericity Chi-square test was not significant, the unadjusted univariate F-

tests were used. Otherwise, epsilon adjusted tests Greenhouse-Geisser and Huynh-Feldt 
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were used. Contingency analysis was used to determine differences among categorical 

variables. All results were expressed as mean ± standard error mean. Statistical analyses 

were performed in JMP 10.0 Pro (SAS 2011.). Alpha was set 0.05 for all tests. 

 

Results 

General Belowground Phenology and Root Systems Description by Plant Cohorts 

 New roots begin to develop at the onset of the fall in non-flowering plants, 6 to 8 

weeks before the appearance of the vegetative rosette aboveground (early November). In 

flowering plants, however, the development of new roots is delayed until after anthesis 

and in general there is exhaustion of one or two older tubers during the development of 

flowering stalks. New roots appear as small protuberances above the older tubers; they 

are usually white and grow parallel to the soil surface initially, but become vertical later. 

With the appearance of vegetative rosettes aboveground the new roots grow rapidly at 

about the same time as the aboveground structures and the new roots enlarge and 

displace the older tubers outward along the horizontal plain. By mid-March the older 

tuber can be as large as the older tubers. Simultaneously, to the growth of new tubers, 

the older tubers from previous growing seasons begin to shrivel, shrinking and darkening 

as its reserves are depleted. By the end of the growing season (mid-May) the some older 

tubers are totally exhausted and the new tuber have elongated, thickening, and acquired 

their maximum size. In overall, there was an annual replacement of root-tubers; 
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however, some tubers may persist for one and rarely two growing seasons in mature 

plants.  

 Mature Spiranthes parksii and Spiranthes cernua plants may have up to 8 

tuberous roots, usually un-branched (Figure 5.2). Root systems are fully developed 

consisting of several pairs of tubers in different stages of growth. All roots are 

adventitious as no primary root is formed. Roots originate below the meristematic 

rhizome as is characteristic in terrestrial orchids. This type of tuberous root system 

serves several important functions including absorption, storage, and mycotrophic 

activity (Arditti 1992). Root coloration is variable from yellow to brown and they 

become darker with age. Root orientation is variable as a reflection of the diverse growth 

stages and specific root function. Tubers can grow vertically downward towards the 

mineral soil or horizontally upward into the leaf litter. Tuberous roots are typically 

fleshy and thick, with extensive bulky cortex for nutrient storage. They are contractile 

and grow mostly vertically to adjust the depth of the plant. Old tubers are thick and 

exhibit varying degrees of depletion. The presence of several exhausted tubers 

emanating from the meristem of an individual is common. New roots arise usually from 

below the meristem displacing the older outwards. Younger roots are clear and fleshy 

with a developed cortex and generally grow vertically. Usually, the longest and thinner 

roots are the youngest. The presence of young lateral roots was also common. These 

roots are typically slender and lengthened, growing horizontally into the leaf litter likely 

to assist in mycotrophic activity. There was substantial variation in the number of active 

tubers during and among growing seasons. Plants that flowered exhibited a dramatic 
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decrease in the number of active tubers while plants that remained vegetative increased 

root length and increased the number of new tubers. In the former the exhaustion of 

tubers was less pronounced than in the flowering plants (Figure 5.3).  

Plants in the juvenile cohort appeared to have undergone a few annual cycles. 

Root systems were still developing and there was no evidence of previous reproductive 

status (old stalks). There were at least three active tubers. Most roots were slender, 

sinuous, and lengthy to facilitate anchorage to their terrestrial medium and promote soil 

resource exploration. Most tubers grow vertically at the outset and then bend 

horizontally. The presence of one or two exhausted tubers was also common. As tubers 

become older they increased in diameter and reduce their length.  Immature tubers arose 

at the base, below the meristem and were usually short and fleshy. Over time there was a 

substantial increase in root length and there was also an increase of active tubers (5-6) 

and a presence of several exhausted tubers (see Figure 5.4 for sequential growth of 

plants in this cohort). 

Small plants are referred to here as seedlings since they exhibit a very 

undeveloped root system consisting of only one to two tubers and were comparable in 

size with in situ germinated seedlings found in proximity to mother plants (see Chapter 

II). The initial characteristics of plants in this cohort suggest that most plants are more 

likely in their second year after establishment. Newly developed tuberous roots most 

often grew vertically and very often have green coloration. The root tips were very 

active in the first part of the growing season. Annual replacement of tubers was limited 

to one or two new roots. Recently emerged roots may have green coloration. In the 



 

 

213 

 

second year of experimentation there was a significant increase in root length and 

depletion of one of the new tubers. By the third year plants on this cohort had double the 

amount of active tubers (3-4). The sequential growth of a plant in this cohort is shown in 

Figure 5.4. 

 

 

 
  
Figure 5.2. Mature Spiranthes parksii root system. 
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Figure 5.3. Progressive growth in mature Spiranthes parksii and Spiranthes cernua. a-e) 
Spiranthes parksii; a) root system in first year of experimentation, presence of two 
exhausted tubers and new tuberous roots; b-c) second year, two mature tubers and initial 
growth of three new tubers, presence of flowering stalk and vegetative rosette; d) third 
year root system, presence of old exhausted tubers, and elongated new tubers as well as 
initial growth of a young tuber; e) seedling found in proximity to mature S. parksii. f-i) 
S. cernua; f) first year root system, presence of three exhausted tubers and young 
tuberous roots; g) second year root system, three mature tubers and two young elongated 
lateral roots h) third year root system, two exhausted, two mature tubers and two young 
tuberous roots, i) root system after flowering, presence of one old tuber, two mature 
tubers and presence of two lateral young tuberous roots. 
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Figure 5.4. Progressive growth of plants in seedling and juvenile cohorts. a-e) seedling cohort; a) one year old seedling; b) 
tuber elongation 6 months after; c) exhaustion of old tuber and leaves senescence at the end of second growing season; d) old 
tuber exhausted and elongation of new tuber; e) mature tube at the end of third growing season. f-i) juvenile cohort; f) two new 
tubers and presence of exhausted tuber; g) two mature tubers and initial growth of new tuber; h) second year root system with 
presence of two old tubers and two new tubers; i) third year root system, mature old tubers and initial growth of a new tuber.  
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Changes in Belowground and Aboveground Structures 

 Annual patterns in life history stage transitions among plant cohorts are shown in 

Figure 5.5.  In the first year, 95% of the plants survived after transplanting. Higher 

mortality was observed in the juvenile cohort (9%) whereas no mortality was observed 

in the S. parksii cohort. The seedling cohort exhibited the highest vegetative dormancy 

(26%) followed by juveniles (22.2%) and S. cernua (22.7%) cohorts while only 12% of 

mature S. parksii remained dormant. Flowering was observed in 29% of S. cernua and 

28% of S. parksii mature plants. In the second year (2011) of the study, the mortality rate 

increased in all cohorts, lower morality was observed in S. parksii while higher mortality 

was again observed in the juvenile cohort. This year up to 18% of mature individuals 

flowered and more than 50% of the plants in any cohort produced a vegetative rosette. In 

the third year (2012), no mortality was observed and there was also a significant increase 

in the proportion of plants that flowered.  Approximately 40% of mature individuals 

flowered and 6% of the juveniles flowered for the first time. By the end of the 

experimentation the survival of plants in all plant cohorts exceeded 80%.  



 

 

217 

 

 

0

20

40

60

80

100

Dormant
Flowering
Vegetative
Dead 

Pr
op

or
tio

n 
of

 P
la

nt
s i

n 
Ea

ch
 S

ta
ge

 (%
)

0

20

40

60

80

100

S. parksii S. cernua Juveniles Seedlings
0

20

40

60

80

100

a)

b)

c)

 

 
Figure 5.5. Annual patterns of S. parksii, S. cernua, juveniles and seedlings by life-
history state: dead, vegetative, flowering, or dormant a) 2010-2011; b) 2011-2012; and 
c) 2012.  
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 Demographic characteristics of vegetative rosettes are presented in Figure 5 6. 

There was a significant variation in the mean number of leaves per rosette and the total 

rosette leaf surface area among sampling years. These two variables were significantly 

higher in year 2012 and lower in in 2010 and 2011 in all plant groups (p < 0.0001 for 

both parameters) (Figure 5 6).  The total rosette leaf surface area was significantly higher 

in mature plants and juveniles compared with seedlings only in the first year of 

experimentation (p <0.0001) while no significant differences were detected in the 

following two years (2011 p =0.1521; 2012 p= 0.0547). In contrast, the number of leaves 

per rosette were significantly higher in mature plants and juveniles compared with 

seedlings only in the third year of experimentation (p = 0.0323). There was also a 

significant interaction  between total rosette leaf surface area and time, suggesting that is 

total rosette leaf surface leaf area among plant cohorts is dependent on the year of 

sampling (p = 0.0346).  
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Figure 5 6. Rosette characteristics of S. parksii, S. cernua, juveniles and seedlings over 
the three years study period. a) Mean number of leaves per rosette; b) total rosette leaf 
surface area. Data represent the average of measurements taken in December and May of 
every plant year. Bars represent means (SE). 
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Temporal Changes in Root Systems 

 Two-way repeated-measures ANOVA revealed that total root system lengths 

(cm) differed significantly among plant cohorts over time (Figure 5.7). However, total 

root system length was not significantly different between mature S. parksii and S. 

cernua individuals at any date (repeated-measures ANOVA (Tukey HSD p = 0.7748) 

and remained relatively constant over the three years of experimentation (Figure 5.7). 

Total root length was significantly lower in juveniles followed by seedlings compared 

with mature individuals. Total root length significantly increased in immature (seedlings 

and juveniles) individuals over the study period (Figure 5.7). Despite the fact that 

juveniles have a slight significant decrease in total root length in December 2011 by the  

end of the study period (December 2012), juvenile individuals exhibited root systems 

comparable in length to those of mature individuals.  

 Although repeated-measures ANOVA showed significant differences in mean 

total root length among plant cohorts over time (Figure 5.8); no significant differences 

were found between the mean individual root length at any date mature S. parksii and S. 

cernua individuals (repeated-measures ANOVA (Tukey HSD) p  = 0.2101). Moreover, 

juveniles and seedlings differed significantly from mature individuals only in the first 

and last sampling date where mean root lengths were significantly lower and higher 

respectively compared with mature individuals Figure 5.8. Nevertheless, a within year 

variation in mean root length was detected in all plant cohorts. In general, tuberous roots 

were significantly shorter at the beginning of vegetative period (end of the flowering 

season, December), and significantly larger at the end of the vegetative period (May). 
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 Repeated-measures ANOVA of the number of roots indicate differences in plant 

cohort, time, and the interaction of plant cohort and time (Figure 5.9).  Even though, 

juveniles exhibited significantly less number of tubers compared with mature individuals 

in the first year of sampling, no significant differences were found for subsequent 

sampling dates in the second and third year. While the number of roots was significantly 

lower for seedlings compared with other plant stages over the entire study period, there 

was a significant increase in the number of tubers over time. Additionally, the repeated-

measures ANOVA demonstrates a within year variation in number of tubers for all plant 

cohorts. Overall, the number of tuberous roots was significantly higher at the beginning 

of the vegetative period (December), but significantly lower at the end of the vegetative 

period. Within year differences in the number of roots and individual root length more 

likely correspond to the concurrent active growth of new roots and exhaustion of older 

tubers roots as flowering and vegetative growth proceed. 
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Figure 5.7. Total root length (cm) in mature (S. parksii and S. cernua), juveniles and 
seedlings over time. Effects from repeated-measures ANOVA are presented: plant stage 
(mature, juvenile, or seedling), time, and the interaction between plant stage and time. 
Points represent the mean and bars represent the standard error.  
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Figure 5.8. Mean individual root length (cm) in mature (S. parksii and S. cernua), 
juveniles and seedlings over time. Effects from repeated-measures ANOVA are 
presented: plant stage (mature, juvenile, or seedling), time, and the interaction between 
plant stage and time. Points represent the mean and bars represent the standard error 
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Figure 5.9. Number of active tubers in mature (S. parksii and S. cernua), juveniles and 
seedlings over time. Effects from repeated-measures ANOVA are presented: plant stage 
(mature, juvenile, or seedling), time, and the interaction between plant stage and time. 
Points represent the mean and bars represent the standard error. 
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 Repeated-measures ANOVA of total root volume (cm3) indicated significant 

differences among plant cohorts, time, and the interaction of plant cohort and time 

(Figure 5.10). Comparisons of mature S. parksii and S. cernua individuals did not 

significantly differ in total root system volume at any date (Figure 5.10), but had 

significantly higher root volume than juvenile individuals in the all dates except 

December 2012 when juveniles and mature individuals root volumes were comparable. 

Nevertheless, mature individuals exhibited a progressive decline in root volume over the 

study period. Total root volume in seedlings was significantly lower compared with 

mature and juvenile individuals, even though root volume increased significantly over 

the study period in these individuals. Additionally, changes in root volume among plant 

stages suggest that it takes about two growing seasons for juvenile individuals to acquire 

a root volume comparable with mature individuals. Similarly, seedlings may require two 

growing seasons of growth to attain root volumes comparable with juvenile individuals. 

Therefore, there appears to be a threshold in root volume for plants to transition from 

one stage to the other.  
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Figure 5.10. Total root system volume (cm3) in mature (S. parksii and S. cernua), 
juveniles and seedlings over time. Dotted lines indicate potential thresholds for a plant to 
transition from one stage to the other. Effects from repeated-measures ANOVA are 
presented: plant cohort (mature, juvenile, or seedling), time, and the interaction between 
plant stage and time. Points represent the mean and bars represent the standard error. 
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 Given the significant steady increase in root volume in the juvenile and seedling 

cohorts over the study period, differences in total root volume of juveniles and seedlings 

were examined according with their annual life-history status (dormant or vegetative to 

explore the potential growth of dormant plants (Figure 5.11). No significant differences 

were observed in total root volume the first year after transplanting between dormant and 

vegetative plants for either seedlings or juveniles. However, in the second and third year 

total root volume increased considerably in seedlings that produced a vegetative rosette 

compared with plants that remained dormant. A similar tendency was observed in 

juveniles, however, all plants were vegetative in the second year and consequently 

differences were only detected in the third year. Although, the increases in root volume 

were significantly higher in plants that produced a vegetative rosette, there was also an 

increase in root volume in plants that underwent dormancy.   

 A repeated-measures ANOVA was conducted to further investigate if changes in 

root volume in mature individuals were related with a flowering event. Data for the three 

years of experimentation were averaged and differences in total root volume were 

examined between flowering and non-flowering individuals in the year before flowering 

(t-1), immediately after a flowering event (t) and at the end of the growing season (t+1).  

Results of the repeated measures ANOVA are shown in Figure 5.12. Mature individuals 

of both species showed significantly higher total root volume the year before flowering 

and significantly lower root volume after a flowering event compared with non-

flowering individuals. However, in S. cernua at the end of the vegetative period after 

flowering, flowering and non-flowering plants exhibited similar root volume. 
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Conversely, the root volume of S. parksii flowering plants at the end of the growing 

season was still significantly lower related to that of non-flowering plants.  Overall, 

flowering plants exhibited a substantial decrease in root volume after a flowering event, 

while non-flowering plants showed a steady increase in root volume. Likewise, 

significant differences were found in total rosette leaf surface area between mature 

plants that flowered and non-flowering mature plants of both species (Figure 5.13). 

Plants that flowered had significantly higher total rosette leaf surface area before 

flowering than non-flowering plants but, flowering plants exhibited significantly lower 

total rosette leaf surface area after flowering than non-flowering plants. These 

differences in total root volume and total rosette leaf surface area in flowering plants 

indicate a significant reproductive effort that manifests in an overall decrease in the size 

of plants that flowered. This could also help to explain the irregular flowering patterns in 

flowering observed in both species and supports the hypothesis that these species have to 

attain a certain size in order to sustain reproduction (see Chapter II). 
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Figure 5.11. Comparison in mean total root system volume of seedlings (a) and juvenile 
(b) plants that were dormant or produced a vegetative rosette. Bars represent mean (SE).  
Asterisks indicate significant differences between dormant and vegetative plants for the 
corresponding plant year. 
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Figure 5.12. Mean total root system volume (cm3) of S. parksii (a) and S. cernua (b) 
flowering and non-flowering plants in the year previous to flowering (t-1,), immediately 
after a flowering event (t), and the end of the growing season subsequent to a flowering 
event (t+1). Points represent the means (SE). Year t represent the plant year 2010-2011. 
* indicate significant differences between flowering and not flowering events (p < 0.05).  
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Figure 5.13. Mean total rosette leaf area (cm2) of S. parksii and S. cernua flowering and 
non-flowering plants in the year previous to flowering and in the year of flowering 
event. Bar represents the means (SE). Data was collected in the plant year 2010-2011 
and represent the sum total rosette area in December and February. Different letters 
indicate significant differences within group and asterisks indicate significant differences 
between groups (P < 0.05). 
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Seasonal Changes in Mycorrhizal Fungal Infection 

 Mycorrhizal fungal infection (formation of pelotons) was confined to the cortical 

region (as opposed to the meristematic zone) in all of the 179 root segments examined 

(Figure 5.14). The spread of mycorrhizal colonization was disseminated along the entire 

root in all plant cohorts examined. Although some variation among segments was 

observed, there was not a significant tangible pattern in the spread of infection within 

root segments from plants in the same cohort or among cohorts (Figure 5.15), indicating 

that mycorrhization may occur in any segment of a root.  Nonetheless, the majority of 

plants tended to have higher infection in the upper segments from the meristem 

diminishing towards the apex but this trend was not significant in any of the plant 

cohorts (Figure 5.15).  

 The extent of mycorrhizal colonization in the root systems of mature, juveniles 

and seedlings varied considerably across the plant year (Figure 5.16).  Roots exhibited 

mycorrhizal fungal infection, irrespective on the sampling date, in all plant cohorts 

examined, nonetheless seedlings and juvenile plants generally showed higher levels of 

colonization than mature individuals (Figure 5.16). The level of mycorrhization in 

seedlings at any date exceeded 48%, followed by juveniles with 35%; while mature 

plants had less than 25%.  No significant differences were observed in mycorrhizal 

colonization between S. cernua and S. parksii plants at any sampling date (repeated 

measures ANOVA p = 0.3483). The endophyte colonization appears to initiate several 

weeks before the emergence of flowering stalks and vegetative rosettes aboveground, 

increasing progressively to late February when a substantial decline in the number of 
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cortical cells infected was observed. Interestingly, the decline in the mycorrhizal fungal 

colonization coincided with the decline of the vegetative rosette production and leaf 

rosette senescence. By the end of the growing season, most roots remained infected but 

the levels of fungal colonization were noticeably reduced (Figure 5.16).  

 The degree of digestion of fungal pelotons was easily detectable in the roots 

analyzed, therefore it was possible to distinguish between dead infection (digested 

pelotons) and live infection (intact to moderately digested pelotons) (Figure 5.17). There 

were numerous live pelotons in roots of all plant cohorts in fall, winter, and early spring 

(Figure 5.14). From September through February the amount of life infection (intact 

pelotons) in the cortex increased significantly in all plant cohorts followed by a 

significant decreased in early spring. Likewise, the amount of cortical cells occupied by 

dead infection (dead pelotons) increased significantly from September through March 

followed by a gradual decline from March through May. By the end of the growing 

season total infection (alive and dead pelotons) was low ranging from 20% in seedlings 

to less than 7% in mature plants.  
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Figure 5.14. Live and dead mycorrhizal infection. 
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Figure 5.15. Spread of mycorrhizal infection along root length. Data represents the 
average (standard error) of all roots analyzed at all sampling dates. S. parksii (ANOVA  
p = 0.9009), S. cernua (ANOVA p = 0.5930), juveniles (ANOVA p = 0.3189), and 
seedlings (ANOVA p = 0.9159).  



 

 

236 

 

Date
Sept Nov Jan Feb March April May

Pe
rc

en
t M

yc
or

rh
iz

al
 F

un
ga

l I
nf

ec
tio

n 
(%

)

0

10

20

30

40

50

60

70

80
S. parksii 
S.cernua 
Juveniles 
Seedlings

Plant Cohort < 0.0001
Time < 0.0001
Plant Cohort x Time < 0.0001

 

 

Figure 5.16. Percent of total mycorrhizal fungal infection in roots of  mature (S. parksii 
and S. cernua), juveniles and seedlings during the annual cycle 2010-2011. 
Data points represent mean and standard error.  
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Figure 5.17. Mycorrhizal patterns of infection of mature, juveniles and seedlings. Amount of live pelotons (close circles) and 
dead pelotons (open circles) indicating a gradual increase, reaching a maximum in late February, followed by a steady decline 
to the end of the growing season. Data points represent mean and standard error. 
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Morphological Characterization of Fungal Isolates 

 Three morphologically distinct groups of fungi were obtained from 93 roots 

examined during 2010 to 2011. A total of 75 fungal isolations were obtained. Results 

indicated that a higher percentage of fungal isolations per number of roots analyzed was 

obtained from seedlings (45%). The main distinctions among cultures were the 

characteristics of monilioid cells and the morphology of the hyphae.  This provided a 

tentative morphological distinction between fungal isolates at the genus level. All the 

fungal strains isolated were consistent with the form-genus Rhizoctonia and therefore 

representative of typical orchid mycorrhizal fungi. In addition, all the fungal isolations 

were confirmed to be of endophytic origin as all control plates imprinted with sterilized 

roots were voided of fungi. Overall, only a single type of fungi was obtained from a 

corresponding root segment, suggesting that only one fungal endophyte was infecting 

the corresponding root. Although, fungi from the three groups were obtained from 

infected roots of all plant cohorts, roots of S. parksii were recurrently infected by fungi 

in Group C and only one isolate belonged to group A and one to group B (see Figures 

5.18 to 5.20).  

 Typical characteristics of fungi in Group A are shown in Figure 5.18. Hyphal 

growth was aerial, thin and dense, and colonies were frequently concentric, pale yellow 

(Munsell 2.5Y 8/2) with a cottony texture. Hyphae were binucleate, hyaline to brown, 

binucleate, 9-12 mm in diameter, with bifurcation at 90° near the septum. The wall of 

the septum showed a distinct contraction towards the small pore. Hyphae in most 

cultures in this group formed clamp connections and the characteristic hyphal coils or 
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peloton like structures. Monilioid cells were cylindrical, barrel-like forming short chains 

and 5-8 µm width x 8-9 µm length. On potato dextrose agar (PDA), colonies grow 

rapidly 9 mm in 48 hours and 31 mm/week. In oatmeal agar (OMA) growth averaged 40 

cm/week. Poly-phenol oxidase was detectable as indicated by a narrow brown oxidation 

zone. 

 Fungal cultures in Group B (Figure 5.19) formed pale brown (Munsell 10YR 

8/2), cottony colonies with submerged, whitish, irregular margins. Aerial mycelium was 

abundant, 4-5 µm in diameter, branching repeatedly at 90 degrees angle and forming 

dense conglomerates of monilioid cells that rise as sclerotia. Cells were binucleate and 

parenthesomes had very few large perforations. Monilioid cells were ellipsoidal, 6.5-8.5 

µm width x 9.5-14 µm length, thick walled, and brown in mature sclerotia. Growth rates 

in PDA averaged 52 mm/week and 64 mm/week. Poly-phenol oxidase was detectable to 

positive in all isolates from this group; most of the cultures developed an intense wide 

brown oxidation zone surrounding the colonies 

 The main characteristics of Group C are shown in Figure 5.20. Fungi in this 

group grew over the surface of the agar as well as within. The surface of the agar was 

creamy white (Munsell 2.5Y 8/1), waxy in younger cultures usually with snow-flake like 

margins and becoming creamy tawny with age (Munsell 2.5Y 7/3). Aerial hyphae were 

present, but sparse and particularly fine (1-3 µm). Hyphae were hyaline, flat submerged, 

branching frequently at right angles, 1-2 µm in diameter, and lacking clamp connections. 

Hyphae were bi- and multinucleate with simple septa that exhibit dolipore with central 

imperforate parenthesomes. Monilioid cells were spherical, 4-5 µm in diameter and 7-10 
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µm length, forming snowy-white sclerotia consisting of loose clusters of monilioid cells. 

Cultures in this group grow very slowly averaging 3.6 mm/week in PDA and 5.8 

mm/week in OMA. Poly-phenol oxidase activity was absent in all the fungal strains 

within this group. 

 Based on morphological characteristics such as colony growth rates, dimensions 

of monilioid cells, colony texture, presence or absence of clamp connections, and 

polyphenol oxidase reaction tentative identification place the fungi in Group A as 

Sistotrema sp.; and Group B as Ceratorhiza sp. Moore. Fungi in Group C were 

determined to belong to Epulorhiza sp. Moore, however, most isolates within this group 

were identified to the species level as Epulorhiza repens. However, it is strongly 

recommended to conduct a molecular characterization of these fungi to differentiate 

morphotypes within each group and to corroborate the identity of each group to the 

species level.  
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Figure 5.18. Characteristics of fungi in Group A tentatively identified as Sistotrema sp. 
a) Distinctive cream-colored colonies; b) chains of clamped monilioid cells (x400); c) 
aerial cottony colony with submerged margins; d) characteristic peloton-like or hyphal 
coils structures; e) simple septum with contraction adjacent to the small pore (x1000); f) 
Typical clamped ovoid to fusoid monilioid cells (x400). 



 

 

243 

 

 

 
Figure 5.19. Characteristics of fungi in Group B tentatively identified as Cerathoriza sp. 
a) cream to pale brown colonial morphology; b) Monilioid cells in chains with slim 
barrel-like constriction and septum between adjacent cells (x400); c) abundant aerial 
mycelia giving a granular appearance; d) vegetative hyphae branching at wide angle 
(x400); e-f) parenthesomes (x1000). 
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Figure 5.20. Characteristics of fungi in Group C tentatively termed Epulorrhiza sp. a) 
white to cream colony morphology; b) young colony with irregular margins resembles 
snow-flakes; c) vegetative hyphae septate and constricted at point (x1000); d) clusters of 
spherical monilioid cells (x400); e) chains of typical, closely attached globose monilioid 
cells characteristic of Epulorhiza repens (x1000); f) hyphal septum with imperforate 
parenthesome (x1000); g) vegetative multinucleate hyphae (x850). 
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Discussion 

 This is the first time that the belowground phenology and mycorrhizal 

associations of Spiranthes parksii and its sympatric congener S. cernua in Texas have 

been studied. The root systems of orchids in all plant cohorts investigated were very 

simple,  simply consisting of several unbranched tuberoid roots typically growing in a 

cluster, as is common in many terrestrial orchids (Arditti 1992, Masuhara and Katsuya 

1992, Rasmussen 1995). The phenological patterns observed agreed with those observed 

in other species of Spiranthes (Masuhara and Katsuya 1992, Pileri 1998). Root systems 

were replaced annually, one or two new roots were produced every growing season 

while concurrently one or two tubers became exhausted. New roots were usually slender 

growing primarily horizontal to the soil surface, while older tubers were thick growing 

mostly with a vertical orientation. This distinction has been suggested as a consequence 

of the function of the root. New roots are thought to be mostly mycorrhizal and mature 

roots function mostly as storage organs (Masuhara and Katsuya 1992, Rasmussen 1995, 

Rasmussen and Whigham 2002). This pattern was evident in this study by the fact that 

some new roots developed and senesced within a growing season, while certain older 

tubers persisted up to two growing seasons. Likewise, younger tubers exhibited higher 

levels of mycorrhizal infection than older tubers. However, no significant distinction was 

observed among root segments in mycorrhizal infection, indicating that in these species, 

mycorrhization can occur along the entire root system regardless of orientation of the 

roots in the soil profile. As suggested by observations in many orchid species, root 
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systems are characterized by very coarse roots lacking lateral branching (Arditti 1992, 

Rasmussen 1995). Thus, orchids typically are not efficient at direct absorption of 

mineral nutrients from soil, in contrast with the fine highly branched roots of plants that 

can grow without mycorrhizas in natural habitats (Brundrett 1991, Batty et al. 2002). 

This type of root system illustrates the dependence of orchids on mycobionts for the 

acquisition of water, nutrients and potentially carbon. While the root systems are very 

inefficient for direct absorption from the soil environment, they provide an ideal setting 

for mycorrhizal activity (Brundrett 1991). The microscopic examination of stained root 

segments of all plant cohorts in this study revealed the presence of fungal structures of 

orchidoid mycorrhizal fungi characterized by the occurrence of pelotons or coiled 

hyphae inside the root cells. This type of endomycorrhizal infection is exclusive of 

terrestrial orchids and the levels of mycorrhization indicates that both species remain 

dependent on their mycobionts at maturity (Brundrett 2004, 2006, Rasmussen and 

Rasmussen 2007). Even more, the high intensity of mycorrhizal fungal infection in 

seedlings and juveniles suggests that the dependence on the mycobiont is significantly 

higher in early stages of life. Likewise, in all plant cohorts the focal fungi were present 

throughout the entire growing season, although, the intensity of infection varied. This 

variation in mycorrhization revealed a distinctive annual cycle. It appears that infection 

initiates several weeks prior to the appearance of structures aboveground, followed by a 

progressive increase in mycorrhization that reached its maximum around February, after 

which there was a substantial decline that coincides with the senescence of vegetative 

rosettes.  Likewise, the intensity of mycorrhizal infection was characterized primarily by 
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live pelotons in fall, winter, and early spring while dead infection predominates later in 

the growing season. This seasonality in mycorrhizal infection identifies a clear pattern of 

infection and digestion of fungal hyphae. Although, no attempts were made to determine 

the nutrient transfer between fungi and orchid in this study, it is evident that infection 

and subsequent digestion of pelotons supplement the nutrition of the orchid plants. 

Moreover, this pattern on mycorrhization also concurs with development of new roots 

and exhaustion of old tubers. Although, new tubers initiate development weeks before 

the appearance of aboveground structures, their maximum growth and elongation 

occurred at the time when rosettes are usually present aboveground that also correspond 

with the higher levels of mycorrhizal infection. As suggested for Rasmussen (1995), 

many wintergreen orchids are highly dependent on mycorrhizal fungi exhibiting a 

mixotrophic mode of nutrition. Many of these species occur in habitats where dry 

summer conditions limit both photosynthesis and mycotrophy; consequently, these 

processes are more active in the cool wet winter and early spring months when both 

means of nutrition may synchronously supplement each other. This seems to be the case 

of S. parksii and S. cernua in which summer dormancy is prevalent due to the dry, hot 

conditions in their habitats. These species flower in the fall and produce vegetative 

rosettes in the winter that senesce in late spring or early summer. Mycotrophy also seems 

to play a fundamental role in supporting dormant plants, although root system growth 

was significantly lower in dormant plants compared with vegetative plants, these 

individuals were able to increase their root volume and even produce new tubers during 
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vegetative dormancy. Even more, mature plants were able to flower in the year after 

vegetative dormancy.  

 The dynamics in root phenology varied largely with the status of the plant. For 

example, in flowering plants there was a delay in the expansion of new tubers likely due 

to the production of flowering stalks. In these plants there was a substantial decrease in 

root volume that was also reflected in the subsequent production of smaller vegetative 

rosettes. This provides strong evidence for a high cost of reproduction in these two 

species. Most plants that attained flowering had at minimum of 1.5 cm3 root volume and 

also exhibited significantly higher vegetative rosette size in the previous growing season.  

These findings agree with those of Antlfinger and Wendel  (1997) that indicate that there 

is a critical plant size necessary for reproduction in orchids. These authors’ claim that in 

S. cernua, current photosynthesis (flowering stalks and vegetative rosettes at anthesis) 

may supply up to 50% of the cost of reproduction, thus stored reserves are required for 

the remaining cost in addition to supporting vegetative growth in the subsequent 

growing season (Antlfinger and Wendel  1997). Even more, flowering plants display a 

subsequent significant decrease in plant size, indicative of a high cost of reproduction. 

This high reproductive effort may also explain the erratic flowering behavior observed in 

these species and can also explain why juveniles have to go through several vegetative 

seasons before attaining reproduction. 

 The mycorrhizal fungus associated with plants in all cohorts has morphological 

characteristics of the form genus Rhizoctonia. The genus represents an assemblage of 

taxonomically diverse groups that differ in many features, including anamorph 



 

 

249 

 

characterized by mycelia sterilia in culture and teleomorph stages (Curtis 1939, Warcup 

and Talbot 1967, Currah et al. 1987, Currah et al. 1997). All isolates in the present study 

can be segregated into three morphological groups on the basis of their morphological 

characteristics that could be tentatively classified as Epulorrhiza sp., Ceratobasidium 

sp., and Sistotrema sp. These anamorphic fungi have been continuously isolated from 

many terrestrial orchids especially in nutrient-poor or drought-stressed habitats 

(Jacquemyn et al. 2010). Sistotrema sp have been isolated from several terrestrial 

orchids such as Piperia unalascensis, Platanthera obtuse, Paphiopedilum niveum and 

Paphiopedilum godefroyae (Currah et al. 1990, Athipunyakom et al. 2004) this is the 

only mycorrhizal fungi species with clamp connections (Currah et al. 1990). Fungi in the 

genus Epulorrhiza  sp. (teleomorph Sebacina sp.) are considered to be the most common 

mycorrhizal fungi associated with Spiranthes species worldwide (Hardley 1982, Currah 

et al. 1990, Currah and Zelmer 1992, Zelmer et al. 1996, Currah et al. 1997). Species of 

Epulorrhiza sp. have been isolated from several species of Spiranthes including 

Spiranthes lacera (Zelmer and Currah 1997), S. cernua (Curtis 1939, Zettler and 

McInnis 1993), S. sinensis (Terashita 1982, Masuhara and Katsuya 1994) , S. 

romanzoffiana (Zelmer 1994), S. hongkongensis (Shan et al. 2002), and S. 

magnicamporum (Andersen 1991) in a wide range of ecosystems.  Nevertheless, strains 

of Cerathoriza have been frequently isolated from terrestrial and epiphytic orchids 

including the roots of S. cernua (Warcup 1975) and S. sinensis (Warcup 1981). The 

fungi belonging to these two last genera are capable of living saprophytically as both are 

able to produce cellulose enzymes and Ceratorhiza species are also able to produce 
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polyphenol oxidases (Roberts 1999). Therefore associations with these genera of fungi 

are considered generalistic associations as the fungi exhibit widespread distribution and 

are also commonly recognized as pathogens in other plant families (Currah et al. 1997, 

Read 1997, Batty et al. 2002, Brundrett 2007). Notwithstanding, some orchids establish 

preferential relationships with one or just a few  groups of fungi (Warcup 1971, 

Rasmussen 2002, Zettler et al. 2003, Dearnaley 2007, Waterman and Bidartondo 2008). 

This does not seem to be the case in the species studied here as both mature and younger 

plants did not show predilection for any of the fungal groups isolated. However, the 

majority of mature Spiranthes parksii associate frequently with Epulorhiza sp. 

Nevertheless, the other two groups of fungi were also isolated in lesser proportions from 

the roots of mature plants of this species. Even more, Epulorrhiza and Ceratorhiza 

where the only two types of fungi that supported germination and development of 

seedling of S. parksii seeds in situ (see Chapter IV). This tendency for a narrow 

specificity towards Epulorrhiza in S. parksii should be taken cautiously due to the small 

sample size used in this study and the limited number of sites surveyed. Further, other 

studies have suggested large genetic variation between the isolates within the same 

genera (Illyés et al. 2009). Consequentially, it is strongly recommended that a more 

thorough and conclusive identification to the species level of these orchid endophytes  be 

conducted  using molecular methodologies, DNA sequence, and phylogenetic inferences 

to elucidate the potential fungal specificity of these species.  

 The results of this study suggest that in order to promote the conservation of S. 

parksii, as well as other orchids, its complex mycorrhizal relationships should also be 
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taken into consideration. Further identification of the mycorrhizal fungi that associates 

with the species studied here is also essential, particularly in relation to plant nutrition 

for which the fungus has been considered a key element. Isolating the fungus also allows 

for specific studies on how it relates to orchid habitat requirements and preferences, 

propagation, and re-introduction and to understand the ecological roles of various 

important fungal groups. This knowledge could be useful in management of existing 

populations given the orchids purported dependence on their mycobionts. 
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CHAPTER VI 

GENERAL CONCLUSIONS  

  

Conservation of terrestrial orchid populations involves the application of an 

integrated approach that combines in situ and ex situ conservation practices (Batty et al. 

2002, Brundrett 2007, Swarts and Dixon 2009). While the ideal form of conservation is 

to allow the populations to exist in their natural habitat undisturbed, this is more often 

than not impracticable due to the increased pressures from modification of natural 

systems (Batty et al. 2002). Orchids represent one of the most threatened plant families 

worldwide due to their highly specialized habitat preferences and their high degree of 

ecological specialization particularly in relation with their mycorrhizal fungi and 

pollinator interactions (Waterman et al. 2011). Therefore, conservation of orchids must 

focus on a combination of multi-disciplinary and multi-scale strategies in order to gain 

knowledge of the species of interest while the protection of the species in situ is 

prioritized (Figure 6.1.). Likewise, effective conservation of threatened and endangered 

orchid populations require focusing on Recovery Plans that are updated frequently to 

incorporate new research findings (Campbell et al. 2002). An integrated approach should 

be taken since rare species such as S. parksii have limited geographic distribution and 

urban development is rapidly reducing their habitat. Some effective conservation plans 

have modified their approach by producing multi-species recovery plans (Morris et al. 

2002). For a number of threatened species within an area or taxonomic grouping, the 

threats and recovery strategies are very similar. Multi-species plans intend to make better 
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use of resources by targeting several species at once. However, instead of concentrating 

on a range of vulnerable species, it might be more effective to focus on the range of 

species that are connected together as an ecological unit (Clark and Harvey 2002).  

 

 

Figure 6.1.Multi-scale approach for investigation and conservation of orchid 
populations. Constructed based on Brundrett (2007). 
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The two focal species of this study, S. parksii and S. cernua, possess a number of 

contrasting characteristics that may help to understand aspects of their biology and 

ecology. These species exhibit an indubitable floral morphological distinction and differ 

in their flowering patterns. While S. parksii seems to require larger periods between 

flowering events, successive flowering is more prevalent in S. cernua. Although, 

vegetative morphology in both species is comparable, these species contrast in their 

appearance aboveground; S. parksii had a higher tendency for vegetative dormancy that 

could last up to 2 years, whereas S. cernua tend to produce a vegetative rosette every 

year and dormancy periods are limited to one growing season. Similarly, vegetative 

rosettes appear early in S. parksii than S. cernua and the former had significantly higher 

total rosette leaf surface area while the S. cernua had more leaves per rosette. However, 

both species also share similarities in their phenology and performance. Both species 

exhibit a high cost of reproduction and require a critical size threshold in order to attain 

reproduction. Both species experienced a reduction in the size of above and 

belowground structures after a flowering event and this in turn may be reflected in their 

erratic flowering patterns. Likewise, the belowground phenology and root system 

morphology is almost undistinguishable between the two species. Notwithstanding, the 

comparative morphological and some phenological characteristics of both species as 

well as the existence of some habitat peculiarities suggest the rationality of separate  

identities for  S. parksii and S. cernua. However, these differences in morphology and 

phenology should be further explored through molecular methods, as the taxonomic 

status of S. parksii remains debatable (Walters 2005, Dueck and Cameron 2007, USFWS 
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2009, Aygoren 2011). The S. parksii high degree of endemism and very low number of 

individuals in standing populations makes this rare and cryptic taxon a pressing 

challenge for conservation. The taxonomic controversies inevitably generate 

conservation debates. If this endemic taxon is considered as separate species, its 

restricted geographic distribution unavoidably leads to high conservation interest. On the 

other hand, if the different morphologies are considered as minor mutational variants, 

and the taxa are not provided specific recognition, their conservation status (and 

provision of conservation resources) is greatly reduced (Squirrell et al. 2002). 

Differentiation between species of the Spiranthes cernua complex and their taxonomic 

status at the species level has proven to be complicated and it has been hypothesized that 

this is more likely due to a recent origin and even to an undergoing process of speciation 

(Sheviak 2008, USFWS 2009). Nevertheless, the species within the Spiranthes complex 

exhibit a high degree of endemism and clear distinction in habitat preferences, which 

deserves further investigation especially in cases like S. parksii, which have limited 

geographic distribution and small population sizes in areas of rapid urban development 

that threaten the persistence of the species in the long term.  

Results from this study demonstrate that S. parksii occupies microsites with 

specific characteristics. The species preferentially occupies areas that exhibit lower pH 

and percent sand, and higher soil moisture content and organic matter compared with S. 

cernua. Seasonal variation in soil water content shows that S. parksii occurs in areas 

with high water content more likely related to their preferential association with stream 

banks and drainages within the post oak savanna. In addition, S. parksii may occur in 
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microsites with a wide range of light conditions tightly related to the canopy structure 

and species composition at the microsite level. The species seems to be somewhat 

adapted to both dense shaded microhabitats as well as more open herbaceous rich 

microsites. However, a tendency towards more shaded microsites is evident as over 75% 

of the species microhabitats have canopy openness below 40%. This contrasts with the 

habitat preferences found in S. cernua. The later species occupies preferentially more 

open herbaceous rich environments; over 90% of S. cernua have canopy openness above 

40%. Another important finding of this dissertation is that although, S. parksii shows 

some degree of adaptation to canopy cover, it seems that significant woody 

encroachment and its effects at the microsite level may significantly affect the 

availability of safe sites for the species. This was demonstrated for the absence of the 

species in heavily encroached historical microsites and by the ex situ germination study. 

Results from this study showed that in historical and unoccupied microsites germination 

and seedling development were significantly lower or nonexistent compared with 

microsites currently occupied by orchids. Additionally, strong negative correlations were 

found between germination and percent woody plant cover and litter depth factors that 

were also significantly higher in historical and unoccupied microsites.  Therefore, it is 

reasonable to conclude that sites once suitable for S. parksii may tend to become less so 

as the canopy closes and litter depth increases.  In the absence of natural disturbances 

that maintain habitat integrity, appropriate management practices will need to be 

implemented that maintain the environmental conditions necessary for S. parksii 

establishment, survival, growth, and reproduction.. Further, management of the habitat 
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and control of woody encroachment will also assist in the maintenance of compatible 

mycorrhizal symbionts that are crucial for the persistence of the species. Several studies 

have revealed that habitat alteration and modification of edaphic conditions could 

potentially have a negative impact on the symbiotic interactions of orchids (Rasmussen 

2002, Dearnaley 2007). This is of particular importance, as it is believed that the 

distribution of orchid species is a consequence of occurrence of compatible mycorrhizal 

fungi and availability safe sites for germination and establishment (Batty et al. 2002, 

Brundrett 2007).  

This dissertation has also provided insight into some key biological features of S. 

parksii, particularly aspects of in situ germination and seed bank dynamics. Despite the 

fact that the species produce more than 3000 seeds per capsule, germination and seedling 

development are significantly limited by rapid loss in seed viability, fluctuations in 

environmental conditions, and uneven distribution of compatible mycorrhizal fungi. The 

species has a short-lived seed bank; over 75% of the seeds do not survive the dry 

summer months, and 98% of the seeds have lost viability within a year of dispersal. 

Results suggest that there exists a small window of opportunity for recruitment of new S. 

parksii plants that is limited to the late winter and early spring months. It also appears 

that the compatible mycobionts are more active at this time of the year as suggested by 

higher levels of infection in mature plants and the rapid infection of seeds after dispersal. 

Likewise, seed germination was significantly higher in microsites occupied by adult 

orchids and further seedling development was observed only in these microsites. 

Moreover, mycorrhizal fungi capable of supporting germination and seedling 
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development were isolated only in microsites occupied by mature orchids (mother 

plants). This suggests that microsite characteristics and presence of compatible 

mycobionts are essential for successful recruitment of the species. Seeds that germinate 

promptly after dispersal have the highest prospect of developing a vegetative seedling 

rosette and producing a perennial mycorhizome before the summer dormancy. 

Efficacious recruitment also appears to be specifically influenced by variation in climatic 

conditions. These findings suggest that recruitment of the species may be influenced by 

several environmental and biotic limitations. Further research is needed to differentiate 

the degree of significance of the different factors involved in germination during 

favorable years. Furthermore, understanding the fate of seeds in soil is essential to 

determine the species annual recruitment rates and to establish successful conservation 

strategies. Additionally, research efforts that molecularly identify the associated 

mycorrhizal fungi capable of sustaining germination will be critical for in vitro and in 

situ propagation of the species.  

This dissertation constitutes the first quantitative report of the mycorrhizal 

associations of S. parksii. Results indicate that both S. parksii and S. cernua are highly 

dependent on their mycobionts throughout their life cycle. The high frequency of 

mycorrhizal infection in seedlings and juvenile plants indicates that this dependence is 

more significant in early stages; however, the levels of infection of mature individuals 

indicates that these species remain reliant  on their mycobionts into adulthood and more 

likely exhibit some degree of mixotrophy that should be further investigated. A clear 

annual pattern of infection and subsequent digestion of fungal pelotons within the orchid 
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roots was also detected. This annual cycle suggests that mycobionts infect roots early in 

the growing season reaching a maximum level of infection in early spring, after which a 

rapid decline in infection occurs. This annual pattern also agrees with previous studies 

that have reported that in semi-arid regions, free-living fungi are more active in the wet 

mild months of the year and become inactive in the hot summer months 

(Sivasithamparum 1993, Rasmussen 1995, Batty et al. 2002, Smith 2009). The 

morphological characterization of fungal strains isolated from the plants in this study 

indicates that these orchids have generalist mycorrhizal associations with typical 

Rhizoctonia-like fungi including Epulorhiza sp., Ceratorhiza sp. and Sistotrema sp  

(Hardley 1982, Currah et al. 1990, Currah and Zelmer 1992, Zelmer et al. 1996, Currah 

et al. 1997). However, it is strongly recommended that a broader screening of 

mycobionts from populations across the geographic range of the species be conducted 

followed by molecular characterization to confirm the identity of mycobionts. 

The present study has greatly increased our knowledge of Spiranthes parksii, sympatric 

congener S. cernua, and their mycobionts, but also has identified several areas requiring 

future study. Future research on S. parksii, and likely other terrestrial orchids, must 

concentrate on isolating effective fungi that germinate the seeds to implement in vitro 

propagation and re-introduction programs. Work with fungal cultures could answer 

questions about specificity, and a combination of germination experimentation and 

molecular characterization can more likely reveal which groups of fungi are specific to 

which species of orchid. It is strongly encouraged to follow several orchid populations 

through continued monitoring, several times during the growing season and to establish 
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a long-term observation schedule for marked individuals that can be re-visited frequently 

to determine aspects such as phenology at different stages of development, and 

performance of the species under fluctuations in environmental conditions. Moreover, 

collection of data at regular intervals at the time of seed dispersal and where seed 

germination in situ was detected will provide a significant opportunity to understand key 

aspects of dispersal, recruitment and early development. It is also of great importance to 

continue investigations that include the more common sympatric congener S. cernua and 

to elucidate the taxonomic status of these species. Both species are facultative 

agamospermic that show very low incidence of sexual reproduction. This implies that 

most individuals in a population are genetically identical. As a result most populations 

exhibit very low genetic variability, lower ability to adapt to changing environmental 

conditions and increasing inbreeding depression (Richards 1997). The findings of this 

dissertation have significant implications for the conservation of the species studied and 

stress the need for in situ and ex situ conservation practices to preserve current 

populations and to increase knowledge in the fascinating mycorrhizal associations of 

orchids focusing particularly in the distribution of fungi in the soil and their ecology. 
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