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ABSTRACT 

As globalization continues, the movement of species increases and provides 

more opportunities for introduction and establishment of nonindigenous invasive 

species. Species distribution models (SDM) represent widely used prevention tools to 

assess species’ potential ranges. Model predictions identify regions at-risk to 

invasions so that managers can target prevention efforts to areas where they would 

be most cost-effective. SDMs may be influenced by atmospheric and environmental 

variables; however, it is unknown if species organization under the biological species 

level, such as subspecies or biotype, influence SDM predictions. This thesis uses 

modelling methods, Maxent and Maxlike to generate global forecasts for invasive 

aquatic plant hydrilla (Hydrilla verticillata). To observe if hydrilla biotype influence 

SDMs, forecasts were produced and compared using data partitioned by biotype and 

all known hydrilla data. Further, differences in desiccation response between biotypes 

were observed to see if either had a competitive advantage at surviving and resisting 

desiccation. SDMs and desiccation experiments in this thesis support hydrilla as high-

risk invasive species and suggest that biotype-specific traits influence its invasion 

potential. Predicted ranges and viability of hydrilla varied by biotype. Monoecious 

hydrilla exhibited greater viability but lost more mass during desiccation than 

dioecious hydrilla; suggesting one biotype may have a competitive advantage for 

successful invasions. Management of other nonindigenous invasive species may also 

benefit from incorporation of biotype, or other subspecies biological traits into 

predictions.  
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CHAPTER 1 

EXAMINING HYDRILLA VERTICILLATA IN THE INVASION PROCESS 

1.1 Biological Invasions 
Invasive species are non-native organisms that have transported beyond their 

native ranges; upon introduction, established new populations, spread aggressively 

into new regions, and cause subsequent negative environmental and economic 

impacts (Figure 1.1) (Lodge et al. 2006).  Not all non-native organisms threaten 

their new surroundings, only an estimated 10% of all non-native organisms 

successfully complete the invasion process (Williamson and Fitter 1996). A species 

must successfully complete a series of stressful events before earning the title 

“invasive.” Non-native organisms can be transported via biological means such as 

mammal assistance (Sutherland et al. 2000), environmental influences like wind 

dispersal (McQuaid and Phillips 2000), and/or anthropogenic vectors like accidental 

or purposeful release (Johnstone et al. 1985, Carlton 1993, Hulme 2009). During 

dispersal, organisms may be exposed to harsh environmental and atmospheric 

conditions that can negatively influence their ability to survive and establish at the 

new location. If the organism remains viable, the next challenge is to establish a self-

sustaining population. Environmental factors may cause added stress, as conditions 

may not always be optimal for the introduced species, presenting a new difficulty 

for establishment.  Following establishment, non-native organisms can cause 

negative environmental and economic impacts and become invasive (Hellmann et al. 

2008, Bellard et al. 2016).   

Problems associated with invasive species include reduction of native 

biodiversity, hindrance to quality of life for recreationalists, and increased financial 

burdens by actively outcompeting native species, pollution of public recreational 

areas, and resistance against management efforts like mechanical removal and 

pesticide application (Wilson 1992, Allen and Bradley 2016, Bellard et al. 2016). 

Each year, billions of dollars are allocated towards invasive species management  
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Figure 1.1 Non-native species must undergo five steps to become invasive. 
Decreasing size of arrows between steps illustrates that the chances of a non-native 
organism successfully completing the invasion process decrease due to a finite 
probability of invasion failure at each step in the invasion process (Williamson and 
Fitter 1996, Lodge et al. 2006).   
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(Pimentel et al. 2005); therefore, prevention is the best use of resources to defend  

against aggressive non-native organisms (Leung et al. 2002, Lodge et al. 2006, Keller 

et al. 2007, Broennimann and Guisan 2008). McGeoch et al. (2015) recommended 

using a science-based evaluation and ranking system to identify which organisms 

pose the most serious threat, identifying the vectors responsible for their 

introduction, and applying the learned knowledge in way that could positively 

influence bioeconomics. Yan et al. (2003) hypothesized understanding key factors 

that benefit invasive species may improve model predictions. Keller et al. (2008) 

emphasized the need to consider prevention plans that offer the most cost-effective 

return to invasions.   All of these inferences are well advised because many harmful 

invasions are non-responsive to eradication efforts; eradication is costly and often 

ineffective; making prevention high priority (Broennimann and Guisan 2008). 

 

1.2 Species Distribution Models as Tools  

Searching for methods to prevent invasive species is a prime goal for ecological 

managers looking to conserve limited natural resources and native biodiversity 

because biological invasions are often irreversible (Vander Zanden & Olden, 2008). 

Species distribution modelling (SDM) is one way to combat invasive species by 

generating predictions about where a species will occur (Lodge et al. 2016). SDMs 

predict and identify sites with suitable habitat capable of supporting new 

populations by relating known species occurrences with local environmental 

conditions to understand habitat requirements for various species across wide 

landscapes and match suitability (Phillips et al. 2005). Modelling methods can 

include: parametric, nonparametric, rule-based or machine learning techniques, and 

Thuiller (2003) recommended considering all available modelling methods to form 

comprehensive understanding about the predictions and evaluate any uncertainty 

that may be present. Each method handles the environmental influences around the 

occurrences differently to answer different objectives. Further, SDMs consider a 

variety of environmental covariates that are continuous across a geographic space 

to make predictions (Elith et al. 2006). The models’ ability to consider a wide range 
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of parameters and generate competitive predictions make it a very influential and 

effective tool for invasive species management. With assistance of SDM methods, 

invasions can be predicted and potentially detected during early stages, making 

management more effective and cost efficient by targeting resources to identified at-

risk regions (Phillips et al. 2006, Broennimann and Guisan 2008, Lodge et al. 2016). 

In addition to environmental parameters, the consideration of biological 

characteristics and their influences on species distributions may improve invasive 

species predictions.    

 

1.3 Biotype Influence 

Biological characteristics of a species can affect a species ability to survive and 

disperse; successfully increasing their spatial distributions (Lodge 1993, Pyšek et al. 

1995). One characteristic of a species is biotype, defined as a collection of 

individuals possessing the same genetics but exhibiting different physical attributes 

(Basu and De 2005, Saunders 2007). The term biotype was created to organize sub-

species categorically as a group of individuals with unambiguous characteristics 

(Jirásek 1961). A species may be classified as one of several different biotypes and 

their distributions may vary globally throughout various biotopes (Clark and 

Samways 1996). Species distribution models may be influenced by a variety of 

factors such as sample size, geographic selection, or atmospheric and environmental 

conditions (Stockwell and Peterson 2002, Gotelli & Stanton-Geddes2015, Wittmann 

et al. 2016); perhaps biological characteristics may also affect spatial predictions. 

Wogan (2016) used SDMs to examine the influence of species-specific life history 

traits; generalized linear models revealed accuracy and transferability were affected 

but could not provide an explanation why this occurred. Currently, it is unclear to 

what extent SDMs are influenced by regional taxonomic organization below the 

species level, such as sub-species or biotype. Perhaps if biotypes display different 

reproductive behaviors or tolerance thresholds, they might also survive differently 

and occur in different geographic regions. In my thesis, I consider an invasive 

aquatic macrophyte with multiple biotypes as a case study to explore how 
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consideration of biotype can help inform understanding and management of the 

invasion process; including species distribution predictions.  

 

1.4 SDM Case Study: Hydrilla verticillata 

The globally invasive, submersed aquatic invasive macrophyte hydrilla (Hydrilla 

verticillata) is native to South Africa and Asia (Cook and Lüönd 1982, Madeira et al. 

2007). Through trade, globalization, and habitat disturbance invasive species 

including hydrilla have spread far beyond their native range (Hulme 2009). In North 

America, hydrilla occurrences can be categorized by biotype. Monoecious hydrilla 

mostly in the northeastern US, and dioecious hydrilla is found in the southern US 

(Van 1989) (Figure 1.2). In the United States, hydrilla is federally listed as a noxious 

aquatic invasive plant (Van 1989, Langeland 1996). Hydrilla is extremely hardy and 

adapted to conserving resources for optimal growth; this is evidenced by 

populations found in ecosystems across the eastern and southern United States 

(Basiony et al. 1978, Van 1989). Hydrilla rapidly expands its range and outcompetes 

native populations by stressing fish communities, invertebrate populations, and 

vegetative structure (Lodge et al. 2016). Hydrilla has many characteristics that help 

it effectively outcompete native species, such as rapid growth (up to an inch a day), 

and it possesses a high likelihood of establishing new populations due to its multiple 

reproductive methods: fragmentation, tubers, turions, and seeds (Langeland 1996). 

Because hydrilla is such a problematic invasive species and exhibits many invasive 

characteristics, making it an excellent study species to represent aquatic threats. In 

this thesis, I compared two modelling methods to assess species distributions and 

potentially gain a better understanding future range expansion and the influence of 

biotype in the hydrilla invasion process. 

To help introduce the invasive threat posed by hydrilla, I produced species 

distribution models which indicated that hydrilla has potential to continue 

spreading around the globe and cause further bioeconomic damage, and the 

methods for this initial exercise are located in the Appendix. Maxent (Firgure 1.3A)  
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Figure 1.2 Global Hydrilla verticillata occurrences are indicated in red. North American monoecious hydrilla 
occurrences are depicted in blue and dioecious occurrences are in purple.  
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Figure 1.3A Maxent forecasted distribution for invasive Hydrilla verticillata throughout the eastern United States and 
Asia for suitable habitat.  
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Figure 1.3B Maxlike predicted future habitat distribution for Hydrilla verticillata throughout much of the Earth’s 
surface, greatly increasing predicted invasion risk compared to Maxent.

B 
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and Maxlike (Firgure 1.3B) SDM programs generated forecasts with high-risk 

regions for potential hydrilla expansion. Maxent and Maxlike forecasts differed 

greatly. Maxent predicted areas of high suitability in much of the United States, 

Brazil, parts of Australia, throughout Asia, and the Mediterranean.  Maxlike forecasts 

agreed with many of the areas indicated by Maxent forecasts but in addition 

predicted approximately 2/3 of the world’s surface as potential habitat for hydrilla. 

A few of the regions identified by Maxlike included Hawaii, much of Central America, 

the western coast of Africa, and almost all of Southeast Asia as high risk areas. 

 As previously mentioned, hydrilla occurs as one of two biotypes throughout 

North America. Monoecious hydrilla occurs in regions with primarily cool 

temperatures and dioecious hydrilla contrarily occurs in regions with increased 

temperatures; however, both biotypes produce reproductive structures during 

short photoperiods and temperate conditions (Steward and Van 1987, Ryan et al. 

1995). Research has indicated hydrilla biotypes may exhibit varying invasion 

potential (Spencer and Anderson 1986, Van 1989, McFarland and Barko 1999), 

which gives reasoning to observe potential differences that may influence viability 

and distribution.  

 

1.5 Thesis Overview 

 My research has examined two critical steps of the invasion process by 

considering the distribution of potential suitable habitat for hydrilla establishment 

as well as the ability of hydrilla fragments to survive transportation. In Chapter Two, 

I report that partitioning hydrilla occurrences into biotype specific datasets prior to 

employing SDMs results in more accurate regional scale predictors. I have provided 

a way to potentially improve SDM, so that management efforts can begin treatment 

at a pre-identified region where chances of species occurrence and invasion are 

severe. Biotypes influenced SDM forecasts in my study of hydrilla, so researchers 

should continue to explore species-specific influences to better manage invasion 

threats.   
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In Chapter Three, I observe physical response of hydrilla after exposing plant 

fragments to desiccation simulating overland dispersal that may contribute to 

increased invasions. I again emphasize differences between hydrilla biotypes and 

also consider effects of humidity and fragment position during dispersal on 

potential dispersal success. If one biotype performs better than the other, perhaps 

hydrilla invasion potential differs and may therefore influence species distribution 

model predictions. It is necessary to understand regional characteristics that may 

affect a species ability to invade and increase bioeconomic damage. Results support 

previous research indicating monoecious hydrilla is be adapted to desiccation 

resilience and viability than dioecious hydrilla.   

 The information presented in this thesis provides insights that could 

potentially influence invasive species management.  Invasive species like hydrilla 

are often well equipped to survive harsh dispersal conditions, and with regional 

attributes may be better invaders than originally assumed. Researchers and 

managers have long realized prevention is the best defense for invasions and SDMs 

can be improved by considering those local traits. It would be useful to compare 

species-specific traits across taxa to potentially uncover a greater understanding of 

invasion ecology.  
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CHAPTER 2 

HYDRILLA VERTICILLATA BIOTYPE ALTERS SPATIAL DISTRIBUTION MODEL 
PREDICTION1 

Abstract Invasive species are expanding beyond their native ranges and causing 

severe bioeconomic damage globally at an increasing rate. Researchers have urged 

use of species distribution models to better identify at-risk regions and improve 

invasive species prevention. Some organisms possess species-specific traits, such as 

genetic and/or physiological characteristics, which may influence invasion 

potential. To determine if species-specific traits like biotype influence model 

predictions, we partitioned known US Hydrilla verticillata occurrences into biotype-

specific datasets, using all data together and data by biotype, to train models with 

regional considerations. Each biotype dataset was simulated using modelling 

programs Maxent and Maxlike. Combined biotype models indicated an influence on 

hydrilla model predictions when biotype distributions were considered. By 

modelling each biotype separately and combining the resulting predictions, overall 

model predictions improved in accuracy. This technique may benefit invasive 

species prevention by training researchers and managers to focus on local species 

characteristics and behavior.   

 

2.1 Introduction  
Understanding invasion ecology and the mechanisms that influence species 

distributions is imperative to help conserve native biodiversity. Invasive species 

represent the second leading cause of biodiversity loss because they outcompete 

native species and negatively affect their surroundings (Pyšek and Richardson 

2010). Furthermore, because of their many negative effects, invasive species-caused 

bioeconomic damage is increasing globally (Pimentel et al. 2005, Lodge et al. 2016). 

Often, once an invasive species has established it is very difficult and costly to 

eradicate. Therefore, prevention is the most effective form of defense from invasive 

                                                            
1  This chapter is intended for submission to Diversity and Distributions with authors. (Soto, 

S.D., C. Mach, C. Portillo-Quintero, C. Rockwell, K. Erickson,  
and Barnes, M.A.) 
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species (Leung et al. 2002, Keller et al. 2008). There are many factors that influence 

a species’ ability to survive and successfully establish new populations in new 

regions, such as individual fitness, tolerance to prolonged stress, biological 

adaptations, and/or environmental variables that allow the species to quickly adapt, 

rapidly grow, and be resilient to disturbance (Williamson and Fitter 1996, Lee 2002, 

Marchettweet al. 2004). It is necessary to increase our understanding of invasive 

species distributions, so that we may predict where best to allocate available 

resources and prevent further destruction. Our ability to understand mechanisms 

that influence a species’ invasion potential is our primary defense against invasive 

species and can potentially help predict future bioeconomic damage. 

Species distribution models (SDMs) provide one effective tool for informing 

prevention efforts by using conditions around known occurrences to identify areas 

capable of supporting future invasions (Phillips et al. 2005, Elith et al. 2011). By 

identifying regions that are of most concern, SDMs provide advanced warning, an 

advantage for management efforts because they can actively monitor the areas and 

treat infestations early, potentially preventing spread and reducing negative 

impacts (Liu et al. 2011). There are a variety of environmental, atmospheric, and/or 

biological factors that influence a species’ ability to establish and invade new 

regions; tools like SDMs, can incorporate theses influences and tailor predictions to 

detect any habitat alterations that may result (Broennimann et al. 2008, Hellman et 

al. 2008, Wittman et al. 2016). These influences have been tested by popular SDM 

methods, including GARP, Maxent, Maxlike, and other programs (Stockwell and 

Perterson 2002, Evangelista et al. 2008, Kumar et al. 2009). SDMs utilize presence-

only or presences absence data to calculate where species occur across a geographic 

space (Elith et al. 2011).  Presence-absence data requires recorded absence data 

which is rather difficult to gather. Alternatively, presence-only models have more 

accessible data that can be located in historical collections and/or extensive 

database searches. A study examining aquatic organisms confirmed, each model 

generates acceptable and similar recommendations for prevention (Kumar et al. 

2009). SDMs can accurately assess species requirements and account for a variety of 

environmental and species-specific influences, whether based on presence-only or 
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presence absence data. Without tools like SDMs, search missions and management 

funds would be misguided and ineffective if targeted at the wrong areas; increasing 

bioeconomic damage (Broennimann et al. 2007). 

One influence that has not been considered in modelling strategies is the 

local genetic structure (biotype) of a species. A biotype is a species-specific 

description that can be distinguished across taxa. Biotypes are classified as 

individuals possessing identical genetic structure but different physical structure 

(Allaby 2006, Saunders 2007). It is unclear if biotypes of varying taxa reside in 

different regions, conditions, or rely on different mechanisms to survive (Claridge 

and Hollander 1980); although large behavioral and physiological differences do 

exist between biotypes of the same taxa (Saxena and Barrion 1985). For example, Jiu 

et al. (2007) reported over twenty known biotypes for sweetpotato Whitefly 

(Bemisia labaci), but only predicted the B biotype would behave as invasive due to 

its relatively high fecundity and longevity. Whitefly biotypes have been recorded in 

different geographic ranges, displaying different tolerance, and presenting different 

negative impacts (Pan et al. 2011), which may also contribute to invasive differences 

between biotypes.  Further research is needed to determine the influence of 

biotypes on invasiveness and viability.   

To determine if the incorporation of biotype in modeling frameworks 

influences species distribution predictions, we developed models using monoecious 

and dioecious Hydrilla biotypes. We used Maxent and Maxlike to determine if one 

model type is more accurate at recognizing unique environmental preferences than 

the other. It is unknown if environmental similarities or differences within biotype 

preferences will influence distributions in an alternative way; therefore we 

examined biotype influences on SDM predictions. Further, we used spatially explicit 

model outputs to observe influences. Biotype-specific models have potential to 

improve our knowledge and understanding of species-specific traits regarding 

invasive species distributions; possibly developing more accurate predictions. 
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2.2 Methods 

Study Species. Hydrilla (Hydrilla verticillata) represents an alarming aquatic 

invasive species that is extremely hardy and responsible for the decline of aquatic 

health in many freshwater reservoirs and waterways globally (Basiony et al. 1978).   

The aggressive invader has been labeled the “The Perfect Aquatic Weed,” due to its 

resilience and high impact in the United States (Langeland 1996). Hydrilla 

reproduces through fragmentation; forming thick dense vegetative “mat-like” 

blockages (Haller 1977). The dense vegetation can reduce native biodiversity, 

habitat availability, and recreational use (Langeland 1996).  Hydrilla arrived during 

at least two separate introduction events that resulted in populations in the north 

and south US (Van 1989).  

Two distinct hydrilla biotypes (monoecious and dioecious) have been 

recorded in different regions of the United States (Fig. 2.1). The moneocious biotype 

remains mostly in the northeastern US where temperatures vary greatly with 

elevation but are generally much cooler than where dioecious hydrilla occurs, 

throughout the south with warmer conditions (Langeland 1996). Van and Steward 

(1990) revealed monoecious and dioecious biotypes utilize different growth 

strategies for reproduction. Both biotypes prefer to reproduce when environmental 

conditions are temperate. However, because monoecious and dioecious hydrilla 

occur in different geographic regions, they are adapted to different environmental 

and atmospheric conditions (Spencer and Anderson 1986; McFarland and Barko 

1999). SDMs can be trained to recognize the variable temperature preferences of 

hydrilla biotypes and its influence in model distributions.  
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Figure 2.1 Hydrilla verticillata distribution in the United States as of September 
2002 (USGS). 
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Data Treatment. Hydrilla occurrence data was acquired from public data 

repositories (EDDMapS and GBIF). Biotype records were restricted to known 

occurrences in North America, Mexico, and Canada because those data were the full-

extent of known biotype records.  To reduce bias attributable to uneven sampling 

efforts, occurrence data points were converted to Raster files with the same cell size 

as our environmental data layers; then back to a points file (McDowell et al. 2014). 

Furthermore, points were screened visually and omitted if logged coordinates did 

not contain both latitude and longitude or if they were located offshore. Data were 

categorized by biotype as recorded and identified in historic databases. Additionally, 

occurrences were cross-checked in ArcGIS by viewing geographic locations and 

comparing them to known biotype distributions. Overall, rarified working 

occurrences tallied to 751 total hydrilla occurrences: 203 monoecious and 548 

dioecious in the United States.  

Occurrences were compared to Bioclim environmental layers, global 

atmospheric data describing temperature trends (Hijmans et al. 2005). We chose to 

use temperature-based Bioclim layers (1-11) and not precipitation because hydrilla 

is not dependent on precipitation for source water, only requiring standing water 

(Barnes et al. 2014). 

 

Modeling. We chose to test popular species distribution modelling programs 

Maxent version 3.3.3k (Phillips et al. 2006) and Maxlike package in R (Royle et al. 

2012) to determine if biotype had an influence on predictions. Maxent is one of the 

most widely used SDM programs, consistently outperforming other species 

distribution modelling options (Elith et al. 2006). Maxent makes predictions using 

the maximum entropy principle which employs the “Method of Lagrange 

Multipliers” to calculate the most uniform distribution with the environmental 

variables and constraints given (Harte 2011). Environmental background data near 

and away from known occurrences are compared to provide a logistic habitat 

‘suitability index’ that estimates the relative occurrence probability by minimizing 

the relative entropy between the raw and logistic outputs (Elith et al. 2011). Maxlike 
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was created in response to Maxent’s limited predictions by offering a technique 

capable of estimating probability of occurrence by assuming the average occurrence 

probability is near the true occurrence probability using the maximum likelihood 

(Fitzpatrick et a. 2013, Merow and Silander Jr 2013). Maxent and Maxlike are 

presence-only SDMs, meaning only occurrence data is needed to calculate model 

predictions. For Maxent, we chose to use default software settings, with the 

exception that model iterations increased to 5000. Likewise, we used the standard 

settings in R to run Maxike model simulations (Chandler and Royle et al. 2012). 

When implementing both programs, models were replicated 100 times for each 

approach. With each Maxent run, the program automatically withheld 20% of the 

occurrence data to test model performance in Maxent (Barnes et al. 2014). For 

Maxlike runs, we manually selected a random 80% of the data in Excel for each 

simulation. 

We analyzed the US hydrilla data in three different ways: 1. restricting data 

to monoecious hydrilla (“monoecious-only”); 2. restricting data to dioecious hydrilla 

(“dioecious-only”); and 3. compiling both monoecious and dioecious occurrences 

(“all -data”). Additionally, we developed an “additive model” by combining 

monoecious-only and dioecious-only forecasts using raster math in ArcGIS. The 

Additive distribution model was formed by displaying the highest assigned raster 

value between the monoecious-only and dioecious-only raster outputs in a single 

distribution map. The all-data model and the Additive model are both trained by the 

same hydrilla presences; however, the data were treated (input) differently; 

therefore, comparisons between the two enabled us to determine how biotype 

influenced model predictions. To compare the monoecious-only and dioecious-only 

models and all-data and Additive models, we calculated “discrepancy models” which 

display the largest differences between raster outputs. The Biotype Discrepancy 

model depicted differences between the monoecious-only and dioecious-only 

forecasts; while the Additive Discrepancy model recognizes differences between the 

all-data and Additive rasters. Finally, we calculated the standard deviation of the 

100 replicate models for both Maxent and Maxlike. All distributions were visualized 

in ArcGIS 3.0.  
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2.3 Results 
For Maxent, the monoecious-only model predicted suitable habitat in the 

northeastern US but not south to Florida in dioecious territory; regions of concern 

included the Great Lakes, Virginia, and West Virginia (Fig. 2.2). For the dioecious-

only forecast, suitable habitat was identified along the southern US and sparingly 

along the west coast with hot spots in Florida and Louisiana (Fig. 2.3). Based on all-

data projections, regions of suitable habitat were located in Texas, Louisiana, 

Arkansas, Florida, Ohio, West Virginia, Virginia, and Pennsylvania for hydrilla (Fig. 

2.4). The all-data model recognized potential habitat along the southern and eastern 

United States. Forecasts advised caution in yellow, low risk, across the southeastern 

US with two hotspots, one large Florida region in dioecious territory and a much 

smaller region in monoecious range. The Maxent Additive model warned of high risk 

regions in Louisiana, Florida, West Virginia, and Virginia (Fig. 2.5). The monoecious-

only (Fig. 2.6), dioecious-only (Fig. 2.7), and all-data (Fig. 2.8) Deviation models 

(standard deviation) indicated the most model agreement occurred within the 

center of the predicted range, while the most uncertainty occurred along the edge of 

the current hydrilla distribution. 

Similarly, for Maxlike, monoecious-only forecasts identified the Great Lakes 

as suitable habitat for hydrilla range expansion (Fig. 2.9). Habitat severity risk 

increased along the northwestern and eastern coasts of North America, as far north 

as Alaska. The dioecious-only model detected hotspots along the southern most 

points of the Great Lakes, the US coasts, fragments of Canada, California, Central 

America, and the southern US (Fig. 2.10). Maxlike all-data, showed severe risks in 

both monoecious and dioecious ranges; and along much of the North American 

coasts, including British Columbia, Alaska, and the Mexican Peninsula (Fig. 2.11). 

Additionally, the Great Lakes appeared as suitable habitat in for invasive hydrilla. 

The Great Lakes are listed in order of severity (high-risk to cautionary advisory) 

based on Maxlike calculations: Lake Michigan, Lake Erie, Lake Ontario, and Lake 

Huron. Maxlike Additive predictions expanded suitable habitat from Hawaiweto 

Alaska, California to Florida, portions of Canada and the Great Lakes (Fig. 2.12). 

Dioecious-only standard deviation (Fig. 2.13) showed disagreement along the west 
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coast of North America. This was due to the random variability within the training 

and test data. Both monoecious-only (Fig. 2.14) and all-data (Fig. 2.15) standard 

deviations had large disagreements that were to due large variances in the input 

data and the small sample size.     

Further, to visualize disagreements between biotype distributions the Biotype 

Discrepancy models supported ranges varied between biotypes: Maxent (Fig. 2.16) 

and Maxlike (Fig. 2.17). Finally, to compare all-data and Additive distributions, the 

Discrepancy models displayed the largest range between all-data and Additive 

raster outputs. The Maxent Discrepancy model revealed extensive regions of 

disagreement between the predictions in the northeastern US and around the Great 

Lakes (Fig. 2.18). The Maxlike Discrepancy model had little disagreement between 

the all-data and the Additive distributions, bordering the southern US (Fig. 2.19). 

 

2.4 Discussion 
Biotype influences habitat suitability predictions. In our story, training the 

model to consider local environmental and atmospheric conditions preferred by 

local biota individually and then combined (our “Additive Models”), improved 

predictions by more equally recognizing both monoecious and dioecious hydrilla 

habitats. The all-data models have no mechanism to consider that the two biotypes 

may have different habitat requirements. Both Maxent and Maxlike biotype-only 

models accurately predicted their biotype-dominant regions; however, the models 

underestimated regional atmospheric preferences and did not to predict suitable 

habitat for the opposing biotype as shown by the Additive model.  Both Additive 

models more accurately reflected hotspots of known hydrilla invasion than their all-

data counterparts and improved species distribution forecasts by recognizing and 

displaying multiple regions at-risk of hydrilla invasion by multiple biotypes. This 

distinction is the first of its kind, to consider regional biotype distributions and 

improve model predictions.  

When comparing the Additive model to the all-data model, the latter failed to 

emphasize the less populous biotype (i.e. monoecious) habitats. The all-data model  
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Figure 2.2 Maxent monoecious-only distribution 
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Figure 2.3 Maxent dioecious-only distribution 
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Figure 2.4 Maxent all-data distribution 
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Figure 2.5 Maxent Additive distribution 
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Figure 2.6 Maxent monoecious-only standard deviation 

 



Texas Tech University, Sasha Soto, May 2017 

25 
 

 

Figure 2.7 Maxent dioecious-only standard deviation 
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Figure 2.8 Maxent all-data standard deviation  
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Figure 2.9 Maxlike monoecious-only distribution 
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Figure 2.10 Maxlike dioecious-only distribution 
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Figure 2.11 Maxlike all-data distribution 
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Figure 2.12 Maxlike Additive distribution 
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Figure 2.13 Maxlike dioecious-only standard deviation 
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Figure 2.14 Maxlike monoecious-only standard deviation 
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Figure 2.15   Maxlike all-data standard deviation 
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Figure 2.16   Maxent Biotype Discrepancy model shows there is a difference between hydrilla monoecious and 
dioecious distributions 
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Figure 2.17   Maxlike Biotype Discrepancy model shows increased model disagreement in the northeastern United 
States. 
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Figure 2.18   Maxent Additive Discrepancy model shows large disagreements between the all-data and Additive 
models 
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Figure 2.19 Maxlike Additive Discrepancy model shows large agreements throughout much of the US 
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treated the occurrences as belonging to one biotype. The model is not intuitive 

enough to recognize there were multiple genotypes with variable environmental 

requirements; therefore, it is up to the modeler to make this distinction and adjust 

the datasets accordingly. Hence, the predictions favored warm temperate regions 

where dioecious hydrilla is commonly found. The Additive model fared better than 

the all-data model by manipulating the data inputs. The Additive model was 

accomplished by using the highest risks areas from both the monoecious and 

dioecious regions; depicting a complete scale of hydrilla invasion distribution in the 

United States. The regions strongly predicted in the Additive model match up with 

hydrilla occurrences that were missed in the all-data distribution, leading one to 

infer the Additive model is performing best by estimating a more thorough 

distribution.  

Monoecious-only and dioecious-only model simulations more accurately 

reflected known range of each specific biotype. Maxent distributions stay near the 

vicinity of the local hydrilla range. Maxlike predictions occur longitudinally across 

the country, near temperate coastal regions. Although, Maxlike models performed 

well, Merow and Silander Jr (2014) remind researchers that Maxlike has a more 

variable response when given smaller datasets. Lastly, the Discrepancy model 

supports Maxlikes’ proficiency to accurately predict distributions by indicating only 

a few areas of disagreement; therefore, both the all-data prediction and Additive 

model predicted equally when comparing forecasts to occurrences. The 

disagreements located in monoecious dominant regions are areas where the 

dioecious-only distribution failed to identify.  

As previously discussed, hydrilla biotypes occur in different regions where 

environmental conditions vary largely and average photoperiods differ. 

Interestingly, both biotypes utilize short photoperiods and high temperatures for 

vegetative reproduction meaning that one biotype is adapted to conserving 

available resources until environmental conditions are best for reproduction and 

growth (Spencer and Anderson 1986; McFarland and Barko 1999). Van (1989) 

suggested that monoecious hydrilla is better adapted to harsh conditions than 

dioecious. In addition, multiple studies have recorded more successful growth rates 
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in monoecious hydrilla (Spencer and Anderson 1986, Steward and Van 1987, Sutton 

et al. 1992).  Furthermore, Soto et al. (in prep) observed greater desiccation 

tolerance and survival rates in monoecious plant fragments than dioecious 

fragments. It would be beneficial to continue investigating species-specific traits 

that may influence invasive species management, perhaps considering growing 

degree days to measure photoperiods necessary for reproduction.  

In conclusion, slowing the spread of non-native species can be accomplished 

by identifying regions most suitable for new invasive populations to establish, and 

this study supports the hypothesis that incorporating biotype during SDM 

implementation can improve forecasts. We recommend caution when modelling 

species with multiple biotypes, they may possess unseen or undetectable 

advantages that species distribution models may not be able to account for. The 

incorporation of species-specific traits like biotype into a species distribution 

modeling will influence model performance and improve ability to predict future 

habitat invasions. The outcome of comparisons between all-data and biotype-

specific models will allow managers to understand the extent regional 

characteristics or subspecies will affect species distribution predictions. Invasive 

species management costs and bioeconomic damage can be reduced by targeting 

resources to specific areas where invasions are most likely to occur, a much more 

cost-efficient method. It is recommended to continue investigate species-specific 

traits to continue improving invasive species distributions. By considering all the 

influences that contribute to distribution of invasive species and monitoring at-risk 

regions, researchers and managers have the potential to halt future invasions just at 

the forefront of the destruction and successfully manage invasive species.  
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CHAPTER 3 

MONOECIOUS AND DIOECIOUS HYDRILLA VERTICILLATA RESPOND 
DIFFERENTLY TO DESICCATION2 

Abstract Understanding factors that contribute to secondary spread and range 

expansion is critical for invasive species management. The invasive aquatic plant 

Hydrilla verticillata occurs in two different biotypes in the US, and this study 

investigated whether biotype differed in their response to desiccation conditions 

they may experience during overland dispersal as hitchhikers on boat trailers and 

other equipment. We desiccated hydrilla fragments under ambient, elevated, or low 

humidity conditions while in flat or coiled positions, then observed viability for 

three weeks following return to a common aquatic environment. Consistent with 

previous studies, plant fragments which lost more mass were less likely to survive. 

Monoecious hydrilla demonstrated higher survival rates but also higher average 

mass loss than dioecious hydrilla, suggesting that the monoecious bioytpe is better 

adapted to harsh conditions experienced during overland dispersal.  High humidity 

and coiling decreased mass loss in both biotypes, suggesting that these conditions 

may increase potential establishment of aquatic hitchhikers. Based on the results of 

this study, recognition of levels of subspecies organization, such as biotype, of other 

invasive species and consideration of local environmental conditions may 

contribute to improved invasive species management.  

 

3.1 Introduction 
A species’ ability to invade new ecosystems depends on the viability of 

individuals following transportation. For example, invasiveness for many aquatic 

plant species is increased due to the ability to reproduce through fragmentation 

(Madsen et al. 1988) and disperse overland as hitchhikes when wrapped around 

boat propellers and other equipment (Johnstone et al. 1985, Johnson et al. 2001). 

Desiccation during such dispersal can affect viability (Johnstone et al. 1985, Evanset 

                                                            
2 This chapter is intended to be submitted to Biological Invasions with authors (Soto, S.D., A. Henry, R. 
Richardson, and Barnes, M.A.) 
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al. 2011, Jerde et al.2012, Barnes et al. 2003, Bruckerhoff et al. 2015). To manage 

aquatic invasions, it would be beneficial to develop a comprehensive understanding 

of the factors that influence non-native species during dispersal and lead to 

successful establishments and invasions. Several previous studies have exposed 

aquatic plants to desiccation to learn more about their invasiveness. Evans et al. 

(2011) examined how desiccation periods affect viability and root formation in 

Eurasian watermilfoil (Myriophyllum spicatum), and Jerde et al. (2012) explored 

how insulation affected desiccation and survival responses in the same species. In 

both studies, longer drying periods decreased the likelihood of survival, and plant 

masses that were insulated through bunching had an increased likelihood of 

surviving. Desiccation has also been shown to be influenced by fragment length and 

source location of fragments on a plant (McAlarnen et al. 2012). Many factors and 

combinations of factors may influence the desiccation and viability of aquatic 

hitchhikers; therefore, it is necessary to continue studying invasive species to make 

better informed management decisions. Here, we explore whether an organism’s 

genetic and physical structure may influence its response to desiccation.  

The invasive aquatic macrophyte hydrilla (Hydrilla verticillata) occurs in two 

biotypes in the US (Van 1989); the monoecious biotype possesses both male and 

female reproductive structures, and the dioecious biotype has either male or female 

structures (Cook and Lüönd 1982, Pieterse 1981). Chapter 2 of this thesis reported 

different hydilla biotype distributions; indicating variability in hydrilla biotype 

habitat preferences and perhaps this could be true for physiological tolerances 

during dispersal as well. Spencer and Anderson (1986) inspected hydrilla tuber 

growth and reported that monoecious had significant growth and the dioecious 

biotype had no tuber growth when exposed to various photoperiods.  Subsequently, 

Steward and Van (1987) also demonstrated that biotypes exhibited different growth 

rates and growth rates were influenced by temperature, and this lead them to 

suggest that biotype could influence invasion potential. Sutton et al. (1992) 

determined that monoecious hydrilla outgrew dioecious hydrilla tubers by over 

50%; however, monoecious shoot dry weight was significantly lower than dioecious 
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in winter. Together, these results suggest monoecious hydrilla may have a 

reproductive advantage increasing potential distributions; however, it is unknown 

whether characteristics like biotype influence tolerance to and viability following 

desiccation.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            

 In addition to biological influences, environmental factors may also 

contribute to success or failure during dispersal. Some species may benefit from 

insulation effects during dispersal; remaining viable enough to establish that may 

not have otherwise survived without protection. For example, Jerde et al. 2012 

reported aquatic plants that were transported in large bunches benefited from 

insulation during periods of air-exposure; suggesting physical position during 

dispersal may influence invasive success. Bruckerhoff et al. (2015) dried Eurasian 

watermilfoil and curly-leaf pondweed (Potamogeton crispus) fragments in variable 

positions. Coiled fragments were able to withstand longer drying periods than single 

stems, although water-milfoil performed differently when sampled from different 

locations indicating plant quality was influenced by environmental quality. Bickel 

(2015) clumped multiple cabomba (Cabomba caroliniana) fragments and averaged 

the mass of each fragment to observe potential insulation affects during desiccation. 

Fragments centrally located within the clump lost significantly less mass than 

fragments that lined the outside of the clump. Across studies, the position of aquatic 

organisms during dispersal seems to influence desiccation and viability.  

In addition to physical fragment position during passage, atmospheric 

conditions such as temperature and humidity may affect viability of an invasive 

species. Precipitation events during dispersal could increase viability of hitchhikers 

by preventing dehydration and allowing the hitchhiker to remain viable and 

establish (Bruckerhoff et al. 2015).  High temperatures might increase desiccation 

stress faced by dispersing aquatic plant fragments, but surprisingly, increased 

temperatures did not significantly influence drying of cabomba (Bickel 2015). 

Additionally, Bickel (2015) recorded mass loss and fate for cabomba drying at 40%, 

60%, and 80% relative humidity (RH) until plants died; increased RH lengthened 

survival times by reducing the rate of desiccation and delaying lethal mass loss. 
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Further experimentation looking at how atmospheric and environmental conditions 

influence aquatic plant fitness would increase our understanding of aquatic plant 

viability and prevent future aquatic invasions.  

In this study, we explored the importance of biotype, humidity, and fragment 

position on desiccation response of hydrilla. Hydrilla has been labeled “The Perfect 

Aquatic Weed” for its invasion effectiveness (Langeland 1996). Hydrilla reproduces 

through fragmentation (Spencer and Anderson 1986) contributing to its invasive 

success. Hydrilla is an excellent case study because ranges can be categorized 

geographically by biotype in the United States. It was first introduced in different 

geographic regions (monoecious in the north, dioecious in the south) during at least 

two separate events (Van 1989). Moneocious and dioecious hydrilla distributions 

generally overlap around the Carolinas, USA but dioecious range extends south and 

monoecious north (Langeland 1996). Only in a few documented cases are both 

monoecious and dioecious hydrilla occurrences records in the same water sources 

(Ryan et al. 1995). Additionally, both biotypes prefer to reproduce when 

environmental conditions are temperate and because monoecious and dioecious 

hydrilla are adapted to different environmental and atmospheric conditions which 

utilize different photoperiods (Spencer and Anderson 1986; McFarland and Barko 

1999), it makes an excellent species to examine biotype desiccation responses. 

Despite its notable invasive history, hydrilla remains relatively under-studied in 

terms of desiccation tolerance and response. A few exceptions include Basiouny et 

al. (1978), who exposed hydrilla to extended periods of drying and discovered 

percent sprouting decreased as moisture decreased and turions sprouted less than 

tubers. Baniszewski et al. (2016) showed increased exposure to desiccation 

significantly reduced new growth and survival. Barnes et al. (2013) demonstrated 

that hydrilla had a rapid mass loss rate during desiccation relative to other species, 

but due to logistic constraints, they could not revive hydrilla following desiccation to 

quantify the effect of mass loss on hydrilla fragment survival.  

We investigated influence of different humidity conditions and positioning 

on desiccation response by fragments of monoecious and dioecious hydrilla. We 
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predicted increased humidity levels would increase the likelihood of plant survival 

following dispersal, presumably experiencing less mass loss after desiccation. We 

then considered if position of fragments (coiled or flat) during desiccation was an 

influence of mass loss and viability. Perhaps, if fragments are bunched during 

dispersal fragments would remain moist decreasing mass loss and desiccation, 

potentially increasing viability. Understanding factors that contribute to successful 

dispersal and the likelihood of establishment for invasive species, can benefit 

management of hydrilla and other harmful invaders.  

 

3.2 Methods 

Study Organisms. To investigate the influence of biotype on hydrilla response to 

desiccation, we collected dioecious hydrilla in October 2015 from Lake Pflugerville 

located in Pflugerville, Texas, USA (30⁰26’20.57”N, 97⁰34’17.32”W) and monoecious 

hydrilla in August 2016 from Shearon Harris Lake in New Hill, North Carolina, USA 

(35⁰36’45.09”N, 78⁰56’16.96”W). Dioecious Hydrilla growth occurs from October 

through April for tubers and turions, and rapid stem vegetative growth occurs once 

the tuber growth slows in April (Haller et al. 1976). Monoecious hydrilla can form 

tubers and turions potentially all year but like the dioecious biotype, once tuber 

production reduces the plant allocates its resources to maximum growth (Sutton et 

al. 1992). Therefore, sampling times were staggered to occur within each biotype’s 

preferred growing season. To maintain vegetative quality, samples were stored in a 

sealed cooler in water collected from their environment, and placed in a greenhouse 

within 24 hours of collection. Monoecious hydrilla trials occurred at the Method 

Road Greenhouse Facilities in Unit 2 at North Carolina State University. Dioecious 

hydrilla trials were conducted in Biology Greenhouse at Texas Tech University. 

Desiccation. To examine how desiccation influenced mass loss and viability of 

hydrilla, we dried monoecious and dioecious vegetative samples at multiple 

humidity levels and in two different positions.  Samples were fragmented into 

lengths of 25cm and blotted dry prior to recording initial mass. Vegetative 
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fragments were limited to undamaged apical meristems (Basiouny et al. 1978, 

Barnes et al. 2013, and Bruckerhoff et al. 2015). To test whether vegetative 

bunching around boat propellers and other equipment positively influences 

desiccation and benefits aquatic hitchhikers, fragments were either: 1) laid flat on a 

mesh surface or 2) coiled around a 1/4 inch (6.35mm) steel pipe (Bickel 2015, 

Bruckerhoff et al. 2015). We investigated the influence of humidity on hydrilla 

desiccation by placing samples into a mesocosm (20 gallon (75.708 liters) aquaria 

sealed with a cling wrap) and letting them air-dry for 3 hours. Ambient conditions 

outside the monoecious hydrilla experimental facility were: high 31.6⁰C, low 18.3⁰C; 

64.2% ± 4.4 relative humidity. Ambient conditions within the dioecious hydrilla 

experimental facility were approximately 23.5 ± 2.6⁰C.  During the drying process, 

hydrilla samples were desiccated at ambient, elevated, or low humidity. Elevated 

humidity was accomplished by placing a Styrofoam cup (8 oz, 0.24L) of boiling 

water in the center of the sealed chamber. Low humidity was achieved with a 

Styrofoam cup (8 oz, 0.24L) DampRid desiccant crystals centrally placed within the 

sealed mesocosm. Overall experimental design was factorial, with each humidity x 

position combination represented. Control groups did not experience drying 

conditions (so were not divided into humidity treatments) but were treated the 

same as the test groups during measurements and were briefly positioned in one of 

the two configurations (i.e. flat or coiled). Each treatment contained 15 replicate 

fragments.  

The mass of each sample was recorded before and after desiccation 

treatments. Following desiccation, each fragment was placed into individual mason 

jars pre-filled with sand to provide substrate and with unique tracking numbers and 

a mesh lid, allowing us to track individual fragment fates in a common environment 

(Barnes et al. 2013). Jars were submersed in an aquatic trough (65 inches wide, 21 

inches tall) kept in a green house and filled with reverse osmosis water (pH=7.6). 

Water circulated continuously with an aquarium pump. Samples were observed 

weekly for 3 weeks, noting fate (living or dead) based on coloration, new vegetative 

growth, and the presences of roots. Brown coloration and disseminated samples at 
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the bottom of each jar indicated death. During observation, jars were removed from 

the tank, visually inspected, and replaced haphazardly to ensure jars were moved 

around within the common environment and avoided artifacts which could 

influence results.   

Statistical Analyses. Overall, this study assumes that mass loss due to desiccation 

negatively influences viability. To test this assumption, we used a logistic regression 

for fragment mass loss to illustrate survival (binomial: alive or dead) as a function of 

percentage of mass loss. Using the pROC package in R (Robin et al. 2001), the area 

under the receiver operating characteristic curve (AUC; value 0:1, AUC ≥ 0.7 strong 

predictive power) was used to measure the goodness of fit for the logistic regression 

(Hosmer and Lemeshow 2000).  

 Next, we asked if fate or proportion mass loss were influenced by Hydrilla 

biotype (categorical: monoecious or dioecious), atmospheric conditions 

(categorical: elevated humidity, low humidity, or ambient humidity), and/or 

fragment position (categorical: coiled or flat) during desiccation. Multiway ANOVA 

was used to assess whether mass loss was influenced by humidity, fragment 

position, or the biotype of the species. Proportion mass loss data were arcsine 

square root transformed to meet the assumptions of ANOVA. Insufficient replication 

precluded the analysis of factor interactions in this study, so only main effects could 

be calculated. All data were analyzed in R (3.2.1) version. 

 

3.3 Results   

 There was a strong negative relationship between mass loss and survival 

(p<0.001, AUC=0.895); as fragments lost more mass, they were less likely to survive 

(Fig. 3.1). ANOVA further revealed that mass loss was significantly influenced by 

biotype (p<0.001, Fig. 3.2A), humidity (p<0.001, Fig. 3.2B), and position (p<0.001, 

Fig. 3.2C). Monoecious hydrilla lost significantly more mass than dioecious 

fragments that were dried under the same conditions. Fragments lost the least mass 
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in elevated humidity and vegetative fragments that were coiled lost less mass 

during desiccation than fragments that were laid flat.  

 

3.4 Discussion  

It has been estimated that 50% or fewer of dispersing non-native propagules 

successfully establish in new regions (Mack et al. 2000, Jeschke and Strayer 2005). 

Atmospheric conditions can severely limit range expansion by decreasing health 

and fitness of aquatic hitchhikers. For example, drying of submerged aquatic 

vegetation significantly reduces the chances of survival (Basiouny et al. 1978, Evans 

et al. 2011, McAlarnen et al. 2012, Jerde et al. 2012, Barnes et al. 2013, Bickel 2014). 

Here, we observed desiccation of monoecious and dioecious hydrilla to determine if 

mass loss was an accurate predictor of survival. We also manipulated humidity 

conditions in a mesocosm and positioned hydrilla fragments either coiled or flat 

during drying to determine the effects of these external factors on fragment 

viability.  

Hydrilla viability decreased as mass loss increased, agreeing with previous 

observations that mass loss represents a useful predictor of survival for air-exposed 

fragments (Jerde et al. 2012, Barnes et al. 2013, Bickel 2015).  Hydrilla hitchhikers 

that transport in bunched vegetative masses have an increased likelihood of 

surviving dispersal by preventing desiccation. Barnes et al. (2013) used mass loss to 

measure desiccation and viability for a suite of species. They declared mass loss 

significantly affects fate, but the rate of mass loss affected the viability between 

species differently. Barnes et al. (2013) mentioned hydrilla dried much quicker than 

most other species which might suggest more death by desiccation. However, they 

were unable to hold live hydrilla specimens 
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Figure 3.I Hydrilla verticillata survival (binomial) decreases as proportion mass loss 
due to desiccation increases. Data was jittered to observe viability because hydrilla 
had high survival during desiccation, demonstrating high resiliency in stressful 
conditions despite mass loss.  
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Figure 3.2 (A) Monoecious and dioecious hydrilla both lost mass during 
desiccation; however, the monoecious biotype lost more mass than the dioecious 
biotype. (B) Proportion mass loss was lowest for plant fragments desiccated in 
humid conditions and increased in ambient and low humidity conditions. (C) 
Fragments dried flat lost more mass during desiccation than coiled fragments. 
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and measure fate. Our results completed the puzzle regarding hydrilla and confirm 

that mass loss does influence the ability to survive dispersal and reduces the 

chances of establishment in introduced regions. However, logistic regression did not 

reveal a clear mass loss threshold separating fragments fated to live or die due to 

considerable survival rates from both monoecious and dioecious hydrilla across 

even severe (>90%) levels of mass loss.  Even fragments that appeared considerably 

distressed were able to recover and form adventitious roots or buds.  The ability to 

withstand severe mass loss due to desiccation and still survive upon reintroduction 

to an aquatic environment helps explain hydrilla’s as an invader.  

Literature has suggested that monoecious hydrilla may be better adapted to 

harsh conditions than dioecious (Steward and Van 1987, McFarland and Barko 

1999); our results provide additional evidence that monoecious hydrilla is more 

tolerant of desiccation than dioecious hydrilla. We observed an influence by hydrilla 

biotype, monoecious samples performed better in fate treatments (p<0.001) but lost 

more mass than diociecous samples (p<0.001). 

Monoecious hydrilla fragments began at a lower average weight, lost more 

mass, and still displayed higher survival rates than dioecious hydrilla fragments. 

Nevertheless, dioecious hydrilla distribution is much larger than monoecious, which 

remain mostly in the northeast United States. Steward and Van (1987) suggested 

that despite current and historic ranges, monoecious hydrilla appears to be tolerant 

enough to reproduce in warm temperatures, meaning it may be capable of 

successfully extending its current range. Our results further suggest that 

monoecious hydrilla may represent a more capable disperser than dioecious 

hydrilla. Therefore, managers in monoecious dominated regions should carefully 

monitor presences to potentially prevent range expansion.  

In addition to differences between biotypes, we examined how air-exposed 

vegetative fragments desiccated and survived at different humidity levels and in 

different positions.  Fragments that were stressed in high humidity showed reduced 

mass loss. Thus, aquatic hitchhiking species that transport during rain events or 
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during periods of high humidity may be more likely to survive and establish. Our 

results show humidity favors aquatic vegetation by maintaining mass and 

potentially increasing water resources. Fragments that were coiled during drying 

events experienced less mass loss than flat samples, which confirms the work of 

Johnstone et al. (1985) and Jerde et al.( 2011) evaluations suggested that fragments 

entangled in large clumps of vegetation during overland transport will benefit from 

insulation and survive. It would be useful to monitor atmospheric conditions during 

high traffic periods that may be carrying harmful invaders. Visitors in aquatic areas 

should properly inspect recreational equipment and vehicles to ensure they are not 

hauling hitchhikers. 

Considering all the influences that contribute to viability of invasive species 

and identifying conditions that may be conducive towards their range expansions 

will improve invasive species management. We found that biotype, humidity, and 

fragment position all influenced hydrilla survival. Similar studies in other aquatic 

plants and even other species may yield similar insights and improve their 

management.  Understanding local characteristics can be used to potentially create 

more accurate predictions and assist local prevention efforts. Aquatic invaders like 

hydrilla, may be more resilient than originally thought (Steward and Van 1987, 

McFarland and Barko 1999). Other invasive biotypes may possess more alarming 

traits for managers to be concerned about. In light of climate change, weather and 

atmospheric alterations could potentially aid the distribution of aquatic invasive 

species in areas experiencing precipitation events. Ecologists and managers should 

continue monitoring and observing dispersal patterns to better understand invasive 

species distributions. 
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CHAPTER 4 

CONCLUSION 

 Invasive species decrease native biodiversity, degrade ecosystem services, 

and result in large economic tolls globally (Kolar and Lodge 2005, Pyšek and 

Richarson 2010). Thus, there is an immediate need to advance modelling 

predictions and management efforts (Keller et al. 2007, Vander Zanden and Olden 

2008, Lodge et al. 2016). One example of invasive species is the aquatic macrophyte 

Hydrilla verticillata which has demonstrated rapid growth and dramatic impacts 

around the globe, earning the title of “Perfect Aquatic Weed” (Langeland 1996). In 

this thesis, I used hydrilla as a case study to explore how subspecies biological traits, 

like biotype organization in hydrilla, can influence our understanding of the 

invasion process and, in turn, invasive species management. 

Species distribution models (SDMs) provide valuable tools to improve 

predictions and invasive species management by providing visual assessments of at-

risk regions (Lodge et al. 2006, Lodge et al. 2016).  In my introduction, I used SDMs 

as a tool to reveal hydrilla has not yet reached its full invasion potential. One 

modelling approach, Maxlike predicted that nearly 75% of the Earth’s surface is 

capable of sustaining a hydrilla invasion. Another approach, Maxent, had a more 

conservative prediction with only modest expansion beyond hydrilla’s current 

distribution.  Both model predictions merit the attention of invasive species 

management and reasoning to allocate more resources towards invasive species 

prevention. Chapter 2 went on to demonstrate the importance of considering 

regional biotype data in SDMs. By partitioning data by biotype, I was able to develop 

a more accurate forecast with a local risk-assessment. SDM predictions have been 

biased by a multitude of factors including spatial proximity and sampling bias 

(Kramer-Schadt et al. 2013); my results confirmed models were further biased by 

biotypes. These results provide an important lesson for future SDM application in 

the management of invasive species. Forecasts produced using all known hydrilla 

locations were informative; however, results were not as thorough as they could 
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have been due to overall species data. Predictions generated using the biotype-

specific datasets were more accurate. These results can be of assistance to 

researchers and managers alike by customizing models to include relevant 

subspecies information.  

 In Chapter 3, I examined the influence of biotype on secondary spread during 

the invasion process, focusing on desiccation tolerance and viability of hydrilla. 

Overall, hydrilla exhibited remarkable resilience after being desiccated in dry and 

humid conditions. Van (1989) and Van and Steward (1990) suggested monoecious 

hydrilla may be better adapted to survival than its counterpart dioecious hydrilla, 

and findings in this thesis agree with the preconceived notions; monoecious hydrilla 

exhibited a greater ability than dioecious hydrilla to recover following severe mass 

loss from desiccation. This does not downscale dioecious hydrilla’s ability to 

successful survive harsh dispersal conditions and wreak havoc in ill-prepared 

ecosystems. Based on my predictions, both hydrilla biotypes pose an immediate 

danger to the earth’s limited natural resources, native biodiversity, and economic 

health. However, our current understanding of invasive species can be advanced by 

focusing on local biological characteristics.   

 It would be beneficial to continue observing similar characteristics across 

taxa to gain a better understanding of their potential influences on invasive species 

distributions. Probable questions include: Why do biotype distributions vary? Do all 

biotypes or subspecies levels of organization influence species distributions and 

their modelled predictions? If not, what characteristics are most likely to 

successfully become introduced, established, and negatively affect its surroundings? 

Rapid economic growth and development have accelerated biological invasions and 

increased bioeconomic consequences, and researchers and managers should 

continue to try and incorporate species traits in model calculations to improve 

predictions and invasive species management.  
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APPENDIX 

SPECIES DISTRIBUTION MODELLING METHODS 

To determine the global invasion risk that hydrilla presents, we used popular 

species distribution modelling programs Maxent version 3.3.3k (Phillips et al. 2006) 

and Maxlike package in R (Royle et al. 2012) to determine if biotype had an 

influence on predictions. Both methods, account for the environmental conditions 

near known locations before generating a prediction. Models were trained with 

hydrilla occurrence data was acquired from public data repositories (EDDMapS and 

GBIF).  Data was rarefied using McDowell (2014) recommendations to remove 

potential spatial bias. A total of 2007 hydrilla occurrences were accounted for 

globally. Occurrences were compared to Bioclim environmental layers, global 

atmospheric data describing temperature and atmospheric trends and trained for 

accurate outputs (Hijmans et al. 2005). We choose to use temperature variant 

Bioclim layers (1-11) and not precipitation variables because hydrilla does not 

require precipitation to establish, only freshwater bodies. Preliminary tests revealed 

Bioclim layers (12-19) did not influence model predictions for hydrilla; therefore we 

chose to omit those parameters. All data raster layers were projected in WGS 1984 

to ensure all projections were in the same extent. To employ each method, models 

were replicated 100 times and iterations increased to 5000 to ensure the best 

response was given. We instructed the modelling programs to withhold 20% of the 

occurrence data to test model performance (Barnes et al. 2014). 

The Maxent predictions stayed near known occurrences. This could be due to 

the conservative nature of the modelling method, potentially influenced by errors of 

omission, assuming regions with slightly different environmental conditions are 

unsuitable for species establishment. Maxlike is not as conservative of a modelling 

method as Maxent, extending potential distributions and maybe utilizing errors of 

commission to match suitability.  

Both Maxent and Maxlike modelling programs perform well when compared to 

alternative options (Elith et al. 2011, Fitzpatrick et al. 2013). Maxent provided a 

logistic output suitability index, displaying probability of occurrence for hydrilla 
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(Elith et al. 2011). Maxlike estimated the likelihood that hydrilla would occur in a 

specific region scaled to risk-severity (Fitzpatrick et a. 2013).  Considering both 

modelling forecasts, the areas of most suitability are in temperate regions, with 

areas of suitable range expansion throughout tropics. Most hydrilla occurrences fall 

within the 50⁰ latitudes (Steward and Van 1987, Langeland 1996) which align with 

the forecasts presented in this thesis.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


