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ABSTRACT   

 

Primary producers, from algae to trees, play a pivotal role in community structure and 

ecosystem function. Primary producers vary broadly in their functional traits (i.e., morphological, 

physiological, biochemical, and behavioral characteristics), which determine how they respond  to 

stimuli and affect ecosystem properties. Functional traits provide a mechanistic link between 

environmental conditions, community structure, and ecosystem function. With climate change 

altering environmental conditions, understanding this mechanistic link is essential for predicting 

future community structure and ecosystem function. Competitive interactions and trait values in 

primary producers are often context dependent, whereby changes in environmental conditions 

and resources alter relationships between species and ecosystem processes. Well-established 

paradigms concerning how species in a community respond to each other and to environmental 

conditions may need to be re-evaluated in light of these environmental changes, particularly in 

highly variable systems. In this dissertation, I examine the role of primary producer functional 

traits on community structure and ecosystem function. Specifically, I test a conceptual framework 

that incorporates response traits, effect traits, and their interaction, in affecting primary producer 

communities and ecosystem function across different aquatic systems. First, I identified species-

specific responses to intensifying hydrologic stressors important in controlling wetland plant 

community composition over time in an aridland stream. Second, I found that effect traits of 

submerged and emergent vegetation explained differences in ecosystem metabolism and carbon 

dynamics among permafrost mire thaw ponds. Next, I examined response-effect trait interactions 

by comparing two dominant wetland plant species over a water-stress gradient, finding that 

responses to changes in hydrology (i.e., altered tissue chemistry) in turn affect ecosystem 

processes (i.e., subsurface CO2 concentration). Finally, I demonstrate how indirect effects of 

diatom functional traits on water chemistry and ecosystem metabolism help explain disconnects 

between resource availability and productivity in the Colorado River. By expanding my 

understanding of how metabolic processes and carbon cycling in aquatic ecosystems vary across 

gradients in hydrology, vegetation, and organic matter, I contributed to my understanding of how 
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communities influence ecosystem processes. A response-effect trait approach to understanding 

communities and ecosystems undergoing change may aid in predicting and mitigating the 

repercussions of future climate change. 
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CHAPTER 1 

INTRODUCTION 

 

Primary producers play a key role in the structure and function of ecosystems. These 

primary producers vary in their structural and functional characteristics, hereafter traits, affecting 

their response to stimuli and, in turn, their effects on ecosystem properties. In this dissertation, I 

examine the role of primary producer traits on community structure and ecosystem function. 

Specifically, I test components of a conceptual framework incorporating response traits, effect 

traits, and their interactions in influencing primary producer communities over time (Figure 1.1).  

Functional traits moderate species’ interactions with their environment and other 

organisms and vary among primary producer species (Violle et al. 2007). Functional traits can 

further be categorized as either response traits or effect traits. The influence of environmental 

conditions on a species is moderated by its tolerance for stressors and is imparted by response 

traits. For example, primary producers possess characteristics promoting tolerance to low 

resource availability (e.g., water, nutrients), physical perturbances (e.g., wind, flooding), and 

biological interactions (e.g., competition, predation). Traits often respond to environmental 

gradients, and ecological processes such as abiotic and biotic filtering, selection, and plasticity 

may influence observed patterns between traits and the environment (Garnier et al. 2016). 

Conversely, primary producers possess traits that influence ecosystem processes and properties. 

These consequences, and the traits that confer them, are effect traits. Plant traits can be both 

response and effect traits and are often related to resource acquisition and use, size, and 

regeneration (Wright et al. 2002; Garnier et al. 2016). For instance, leaf mass per unit area is a 

function of aridity (response) but also slows decomposition (effect) (Wright et al. 2002).  

Quantifying the effects of individuals and communities on ecosystem function is complex 

due to the interrelated effects of context dependence, relative abundance, and diversity. First, the 

effect of an individual can vary as a function of their response to environmental conditions. 

Measures of an effect are specific to the conditions at the time. Second, observed effects in situ 

are the sum of multiple concurrent individual effects. According to the mass ratio hypothesis, the 
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total effect of a species on ecosystem processes can be calculated as proportional to its relative 

abundance in the community (Grime 1998). Additionally, the functional diversity of biological 

communities can moderate ecosystem function (Díaz et al. 2007). The biodiversity-function 

hypothesis shows that biodiversity loss can lead to reduced rates of key ecosystem processes, 

like productivity and decomposition (Hooper et al. 2012). This framework, individual species’ 

effects on ecosystem processes are challenging to predict due to nonadditive effects of 

complementary resources and species interactions (Hooper et al. 2005; Dias et al. 2013). 

However, the positive linear relationship between species richness and ecosystem function 

assumes random species assemblages, often not observed in nature (Díaz and Cabido 2001). 

Rather, aggregations of plant species in niche space and nonrandom community assemblage are 

often the norm because of environmental filtering and the limitations of dispersal mechanisms. 

Species are limited by their requirements and tolerances to resources, like light, water, and 

nutrients, and hence, species with similar requirements and tolerances are likely to aggregate 

together. Support has been found for both mass-ratio and biodiversity-function perspectives. 

Discrepancies between these two perspectives may be resolved with a focus on the abundance 

and diversity of traits rather individuals.  

Functional traits provide a mechanistic link between biotic communities and ecosystem 

function (Lavorel and Garnier 2002). Currently, climate change is altering ecosystem processes 

(Band et al. 1996; Grimm et al. 2013; Lipton et al. 2018), as well as the distribution and dynamics 

of biotic communities (Kelly and Goulden 2008; Staudinger et al. 2013). These changes 

challenge well-established paradigms, such as precipitation– productivity correlations, prompting 

ecologists to reevaluate these relationships, especially in highly variable systems (Knapp et al. 

2017). A functional trait perspective incorporating context dependent responses and effects helps 

elucidate the mechanisms by which communities influence processes will aid in predicting future 

changes and mitigating adverse outcomes.  

Ecosystem metabolism is a function that describes the total flow of energy in an 

ecosystem. Various processes and metrics express these energy flows. Net ecosystem 

production (NEP) quantifies energy flow as the difference between gross primary production 
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(GPP) and ecosystem respiration (ER), or simply production minus consumption. Net carbon 

balance (NECB) quantifies energy flow through the production and consumption of carbon, 

including GPP, ER, and other biotic and abiotic carbon cycle processes (Chapin et al. 2006). In 

aquatic systems, ecosystem metabolism is often measured using diel oxygen fluxes to estimate 

GPP through daytime oxygen production and ER through nighttime oxygen consumption (Odum 

1956).  

Ecosystem metabolism is a large-scale metric related to many ecosystem properties and 

processes, including ecosystem health, nutrient uptake, trophic structure, and carbon flux through 

food webs (Riley and Dodds 2013). Numerous factors influence aquatic ecosystem metabolism, 

including watershed size, nutrient availability, land use, and canopy cover (Hoellein et al. 2013a; 

Bernhardt et al. 2018). Recent work compiling ecosystem metabolism data across spatial and 

temporal scales (Appling et al. 2018) suggests that river and stream ecosystem metabolism is 

primarily regulated by light and flow regimes (Bernhardt et al. 2022). Similarly, light regulates 

aquatic metabolism in wetland systems (Kominoski et al. 2021). However, discussions around 

ecosystem metabolism do not generally consider the composition of the primary producer 

community nor their functional differences. 

Freshwater ecosystems, including streams, lakes, and wetlands, are vital for biodiversity. 

They are “hot spots” for biogeochemical reactions (Mcclain et al. 2003; Abnizova et al. 2012; 

Cheng and Basu 2017), they enhance biodiversity (Sabo et al. 2005a), and they are responsible 

for material transport and transformation (Meyer and Likens 1979). Freshwater systems are also 

experiencing dramatic shifts as a result of climate change. Examples include effects on 

streamflow (DeWalle et al. 2000; Mulholland et al. 2005), shorter hydroperiods (Montrone et al. 

2019), increased intermittency (Reynolds et al. 2015), and increased temperatures (Grimm et al. 

2013). All these factors have substantial effects on the structure and function of ecosystems. 

The relationship between aquatic plant traits and community production varies across 

species and over environmental gradients, emphasizing the need to resolve the influence of 

these variable interactions and the environmental factors that drive them (Gustafsson and Norkko 

2018). Environmental factors under change, like temperature and hydrology, drive trait responses 
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that significantly affect ecosystem processes. For example, temperature and hydrology impact 

adaptive wetland traits like root porosity (Pan et al. 2020). Root porosity, in turn, can promote the 

oxidization of sediments in reduced environments (Clarke 2002; Dodds et al. 2017) or alleviate 

organic matter limitation in the hyporheic zone of desert streams (Schade et al. 2001; Heffernan 

et al. 2007). The ultimate effect is dependent on the environmental context, which is an ever-

shifting baseline.  

There is a growing consensus that community functional composition regulates 

ecosystem functioning (Lavorel and Garnier 2002; Petchey and Gaston 2006; Díaz et al. 2007) 

and governs community assembly of primary producers (Hillerislambers et al. 2012; Pérez-

Ramos et al. 2019; Ács et al. 2019). Diversity increases function, with different species having 

various effects on function (Gustafsson and Norkko 2018). Still, the identification of effect traits 

and the linkage between response and effect traits is less understood. Given changing climatic 

norms, understanding the interaction between primary producer responses and their effects is 

pivotal to understanding effect traits and projecting future change. 

This research explores the role of primary producer functional traits in controlling 

community structure and ecosystem function in highly variable ecosystems. Specifically, I test 

components of a conceptual framework proposed by Lavorel and Gardiner (2002) that 

incorporates the influence of functional response traits on community composition, the impact of 

functional effect traits on ecosystem function, and the interaction between primary producer 

responses and effects (Figure 1.1).  

Chapter 2 explores differences in species-specific responses to hydrologic stressors in 

an aridland stream and the effects on community composition over time. Using 10 years of data 

from a long-term study of Sycamore Creek in central Arizona, I examined the responses of 

dominant wetland plant species to hydrological variation and the resulting change in community 

composition over time. Sycamore Creek is a spatially intermittent and highly variable desert 

stream that experiences regular drying and scouring floods associated with summer monsoon 

and winter storms. This study elucidates the hydrologic disturbance factors that influence 

biomass production of riparian wetland plant species in an aridland riparian-stream ecosystem 
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that is vulnerable to ongoing climate change. My results demonstrate that interannual interactions 

between wetland plant biomass produced in previous years, disturbances in the current year, and 

species-specific tolerances to flood and drought stressors (i.e., response traits) moderate 

patterns of riparian wetland productivity in aridland ecosystems (Lauck et al. in preparation-a). 

(Lauck et al.) 

Chapter 3 explores the influence of effect traits on ecosystem metabolism and carbon 

dynamics on permafrost mire thaw ponds in Abisko, Sweden. Warming in recent years has 

resulted in degrading permafrost in subarctic mires, decreasing the extent of permafrost (Kohler 

et al. 2006; Åkerman and Johansson 2008) and resulting in changes in plant composition and 

carbon balance of the mire ecosystem (Malmer et al. 2005). I investigate how species-specific 

functional effect traits of macrophyte functional groups (mosses and sedges) influence ecosystem 

metabolism and carbon dynamics using published morphological trait data, diel changes in 

oxygen concentration, gas emission, and biomass sampling. I found primary producers have 

diverse impacts on carbon dynamics and ecosystem metabolism attributable to functional group-

specific traits. Broadly, sedges increase carbon evasion via aerenchyma, increase CO2 

concentration in pore-water via methane oxidation and decomposition, promote greater 

ecosystem respiration, and positively influence carbon gas evasion. Moss ponds had higher GPP 

but exhibited NEP rates similar to non-vegetated, less metabolically active ponds; however, they 

may trap gases and effectively prevent evasion (Lauck et al. in preparation-b). (Lauck et al.) 

Chapter 4 explores the interaction between the response and effect traits of dominant 

wetland plant species across a gradient of hydrologic conditions in Sycamore Creek. I collected 

trait data and quantified carbon and oxygen dynamics in species-specific patches of dominant 

primary producers as the streamed dried over the summer season (May – July). I found species-

specific responses in tissue chemistry in response to water and nutrient availability, and which, in 

turn, influenced system properties, including dissolved gases (oxygen and carbon dioxide) in the 

root zone. This link between plants’ response to environmental conditions and their effect serves 

as an example of response-effect traits interaction (Lauck and Grimm in preparation-c). (Lauck and Grimm) 
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Chapter 5 examines the influence of diatom functional traits on water chemistry and 

ecosystem metabolism in the Colorado River. The Colorado River is a vital water resource 

serving the southwestern US and Mexico. I developed a model to explore relationships between 

ecosystem metabolism, phosphorus availability, quantified as soluble available phosphorus 

(SRP), and primary producer community traits using long-term time series of metabolism, diatom 

surveys, and water chemistry data collected by the USGS. My results demonstrate the complexity 

and importance of phytoplankton traits in mediating primary productivity. Interactions in trait 

responses to soluble reactive phosphorus, biovolume, and GPP appeared to dampen or buffer 

the biovolume mediation on the SRP–GPP relationship (Lauck et al. in preparation-d). (Lauck et 

al.).  

In Chapter 6, I synthesize the findings from this dissertation and discuss their implications 

for other ecosystems and the field of ecology. I compare findings across the diverse systems 

studied in this dissertation, including small, highly variable desert streams, an arctic mire 

undergoing permafrost thaw, and a large, highly managed river. This comparison across systems 

contributes to my general understanding of the role of primary producers and their functional traits 

in ecosystem processes as environmental changes continue to change around the world.  

This research contributes to contemporary theory in two ways. First, I apply the functional 

response-effect trait framework to highly variable ecosystems experiencing the impact of climate 

change. The variability observed in these systems allows for investigating interactions between 

response and effect traits by providing multiple conditions to compare over a relatively brief 

period of time. Functional effect traits have been used to explain the relationship between 

biodiversity and ecosystem function (Lavorel et al. 1997; Lavorel and Garnier 2002), whereas 

functional response traits have been used to explain species loss and distribution (Steffan 1996; 

Elmqvist et al. 2003). However, response and effect traits may or may not be correlated with one 

another (Chapin et al. 1996a; Lavorel and Garnier 2002). Understanding links between functional 

response and effect traits remains a significant challenge but is critical to understanding the 

dynamics of ecosystem functioning in a changing world (Hooper et al. 2012). 
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Second, my research explicitly tests species-specific effects. While the relationship 

between biodiversity and ecosystem function is still an area of interest, there is a consensus 

among ecologists that species functional traits can strongly influence ecosystem properties 

beyond what is explained by biodiversity metrics alone (Tilman and Downing 1994; Tilman et al. 

1997b; a; Hooper et al. 2012). Such an understanding is useful in the development of community-

level ecological theory (Mcgill et al. 2006). Likewise, this research considers species-specific 

effects on ecosystem metabolism, which are not often incorporated in metabolism models. 

Expanding my understanding of how metabolic processes and carbon cycling in aquatic 

ecosystems vary across gradients in hydrology, vegetation, and organic matter could enhance my 

understanding and protection of conditions that maximize carbon storage.  
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Tables and figures  

 

 

Figure 1.1 A conceptual framework describing the interactions between environmental stimuli, 
primary producer communities, and ecosystem metabolism adapted from Lavorel and Garnier. 
Environmental factors influence individual species as a function of their response traits, which 
influences the composition of the community over time. The sum of species effect traits in the 
community affects ecosystem functions, like aquatic metabolism. 
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CHAPTER 2 

 WETLAND PLANT RESPONSES TO A GRADIENT OF HYDROLOGIC DISTRUBANCES IN AN 

ARID RIPARIAN SYSTEM 

Introduction 

 
Riparian ecosystems, whether ephemeral or perennial, are vital for supporting 

biodiversity (Sabo et al. 2005a) and ecosystem functioning at the ecotone between upland 

terrestrial and aquatic ecosystems. This is especially so in arid and semi-arid regions (Serrat-

Capdevila et al. 2011), where riparian areas regulate ecohydrological processes (Tabacchi et al. 

2000; Dent et al. 2007), sediment retention and movement (Naiman and Decamps 1997), nutrient 

dynamics (Fisher et al. 1998; Schade et al. 2001, 2002, 2005a), species distributions (Williams et 

al. 2006), and carbon flux (Harms and Grimm 2008), among others. Riparian ecosystems are 

vulnerable to ongoing climate change (Perry et al. 2012), largely because they are typically 

modified or controlled for anthropogenic uses including hydroelectric dams, water diversion for 

agricultural and urban use, and flood control (LeRoy Poff et al. 1997; Nilsson and Berggren 2000; 

Jones et al. 2010). These direct impacts influence plant species distributions and productivity 

(Patten 1998; Beauchamp and Stromberg 2008) but also have consequences for related systems 

that, although not directly impacted by human-caused disturbances, have been and will continue 

to be altered by climate changes including drought (Perry et al. 2012). 

Water availability in arid and semi-arid riparian systems shapes plant community 

composition, richness, and species abundance (Sabo et al. 2005a; Dong et al. 2016), which in 

turn can influence ecosystem-level carbon and water flux (Scott et al. 2014). This is an important 

consideration in regions like the U.S. Southwest, where recent water shortages in the Colorado 

River typify the overall decline in water supplies the region has experienced (Milly et al. 2005) as 

well as continued declines projected under future climate scenarios (Udall and Overpeck 2017). 

The latest report from the Intergovernmental Panel on Climate Change projects average annual 

temperature to rise as much as 4.7o C by 2100 in the U.S. Southwest (Masson-Delmotte et al. 

2021), which is likely to increase water loss through evapotranspiration and thereby reduce 
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streamflow (Serrat-Capdevila et al. 2011). Subsequent declines in native plant species presence 

and production are expected (Gremer et al. 2015; Winkler et al. 2019), increasing the vulnerability 

of these systems to invasion (Richardson et al. 2007; Stromberg et al. 2010) and wildfires (Littel 

et al. 2009). These trends are not specific to arid regions of the U.S. but are documented or 

forecast in arid and semi-arid regions across the globe (Pettit and Naiman 2007; Linstadter and 

Zielhofer 2010; Schlesinger and Westerhuis 2021). 

 Though nutrient-limited (Adair and Binkley 2002), productivity in arid and semi-arid 

riparian ecosystems exhibits high interannual variability due to the hydrological regime, including 

short-term flood impacts and intermittent water flow owing to highly seasonal precipitation (Dong 

et al. 2020). These events can result in mechanical damage to plants (Stromberg et al. 2007) but 

are also important for seed and propagule dispersal (Nilsson et al. 1991; Greet et al. 2011), 

nutrient inputs (Martí et al. 2000), and structuring the wetland to upland species continuum 

present in most arid riparian areas (Stromberg et al. 1996). Thus, the timing and frequency of 

intermittence in arid-land riparian ecosystems is important since more than half of streams and 

rivers globally are already experiencing at least one zero flow day (ZFD), when discharge is at or 

near zero, per year (Messager et al. 2021). Increasing temperature will increase intermittence, 

both in the number of ZFDs, and the waterways experiencing zero flow. Flash floods are already 

a fact of life in the US Southwest, where aridity and physiographic factors result in overland flow 

and intense flood peaks (Baker 1977). Combined with higher temperature and prolonged 

droughts, the more intense precipitation forecast for many arid regions like the U.S. Southwest 

may result in increasingly destructive flash floods (Lawrence et al. 2021).  

A majority of past research has focused on woody riparian vegetation, including native 

and non-native trees, primarily because of the relative ease of measuring perennial trees using 

remote sensing approaches (Nagler et al. 2005; Webb and Leake 2006). As a result, relatively 

little is known about herbaceous riparian species like perennial graminoids, which can live for 

decades and provide critical ecosystem services to arid lands including soil stabilization, habitat 

to support biodiversity, and filtering of already limited water resources important for human 

populations (Woodward et al. 2009; Bateman et al. 2015; Dong et al. 2020). Herbaceous plants 
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lack the structural components that make woody vegetation more resilient to mechanical damage 

by flood and water loss, though variability in rooting structures and flood inundation tolerances 

(Moor et al. 2017) imply differential responses to stress. Thus, the persistence of herbaceous 

riparian plants in aridland systems may rely on species-specific traits that confer tolerance or 

resistance to stressors like flooding or prolonged drought.  

My study sought to identify the primary abiotic and biotic factors influencing the 

productivity and persistence of riparian wetlands in a highly variable aridland ecosystem 

responding to climate change. I used long-term data from Sycamore Creek, Arizona, USA to 

examine wetland plant community composition and productivity change over 10 years that 

coincided with one of the most severe drought periods recorded. I modeled species-level and 

community-level productivity as a function of hydrologic conditions and disturbance, including 

stream discharge and flood frequency and magnitude at two spatiotemporal scales. I also 

investigated the relationship between prior-year biomass production and current-year productivity 

to explore the effect of interannual biomass accumulation on the resilience of species to flood 

perturbations. 

Known species-specific differences in functional traits, including tolerance to hydrologic 

disturbance (inundation and drought) and root structure, were expected to moderate productivity 

and resistance to disturbances. The dominant species examined here represent a gradient of 

hydrologic tolerance and growth forms within wetland plants. For instance, Paspalum distichum is 

the least drought tolerant of my focal species, requiring greater water permanence, while Juncus 

torreyi requires moist soils, but is intolerant of prolonged inundation. As such, I expected the 

productivity of these two species to be most responsive to fluctuations between flooding and 

drought. Alternatively, Typha domingensis is fairly tolerant of prolonged periods of inundation and 

drought, aided by its tall stature that prevents submergence and thick rhizomes and leaves which 

store water. All focal species are rhizomatous but vary in root-mat density and rhizoid thickness, 

traits that were anticipated to differentially influence the resilience of species to flood disturbance 

and represent between-year amplifying feedbacks on species biomass as described by Heffernan 

(2008). 
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Methods  

My study system was located along Sycamore Creek (33.7423 N, -111.5132 W) 

northeast of Phoenix, Arizona, United States. Sycamore Creek is a mid-sized desert stream that 

drains an ca. 500-km2 watershed with elevation ranging from ca. 700-2000+ m a.s.l.. Annual 

precipitation in the region averages about 250 mm. This stream-riparian corridor has been the 

subject of continuous investigation since the 1970's; the most recent period, from 2010-2020 

(hereafter referred to as ' LTREB-2') is the focus of my present study. During this period, the 

stream has been subject to increasing levels of drying, channel narrowing owing to the 

encroachment of woody riparian vegetation, and an ecosystem state transition from one 

dominated by algae to one currently dominated by wetland plant species (Heffernan 2008; Dong 

et al. 2016). Variation in valley-floor width controls depth to bedrock, which subsequently 

influences the duration of water permanence. The streambed is a matrix dominated by sand, 

cobble, and boulders, with varying degrees of fine, organic sediment associated with vegetated 

reaches. There is strong seasonality in annual temperature, averaging > 40 C in the summer and 

7 C in the winter. Winter rains typically replenish the system, but sections of the stream dry over 

much of the hot summers. The system also experiences summer monsoonal rains, oftentimes 

resulting in flash floods that scour streambeds and vegetation patches. Most monsoonal rain is 

quickly lost to evapotranspiration.  

Five wetland plant species dominate the riparian macrophyte community in Sycamore 

Creek: Typha domingensis, Schoenoplectus americanus, Paspalum distichum, Equisetum 

laevigatum, and Juncus torreyi. These species differ in functional traits, including tolerance to 

hydrologic disturbance (i.e., inundation and drought tolerance) and rooting structures and 

architecture (Figure 2.1). T. domingensis is a cosmopolitan graminoid commonly associated with 

sites that are regularly inundated and is flexible, fast-growing, and highly competitive (Lorenzen et 

al. 2001). Likewise, S. americanus is an amphiphyte, a wetland plant tolerant to submergence, 

that produces densely packed root structures that stabilize sediments (Ikegami et al. 2009). P. 

distichum is a low-lying rhizomatous knotgrass with a relatively low tolerance for dry conditions 

and a simultaneous low tolerance for submergence (Hsiao and Huang 1989). E. laevigatum is 
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one of the oldest plants in the world (over 300 million years old) with a distinct suite of 

adaptations to tolerate disturbance (Husby 2013). Lastly, J. torreyi is a hydric rush commonly 

occurring  near and along the edges of perennial water bodies (Stromberg et al. 2005).  

 
Vegetation surveys 
 

I used long-term survey data from Sycamore Creek that records the distribution and 

abundance of dominant wetland plant species. Surveys were conducted at two spatiotemporal 

scales between 2010 and 2020: monthly transect sampling of 160-m long reaches (i.e., a 

segment of a stream with similar hydrologic and environmental conditions) over the spring-

summer growing season, and a comprehensive, annual survey recording the size and distribution 

of wetland plant patches along the 12-km section in mid-June each year (Figure 2.2). Wetland 

plant cover, species-specific density, and height data were collected monthly between 2010 and 

2020 from April to June, contingent upon stream conditions, in three 160-meter stream reaches 

divided into eight permanent transects (1-m width, ~20 m apart) across two sites along Sycamore 

Creek: Round Valley (RV) and Dos S Ranch (SS). 

RV-W (Reach 1) is the most upstream site (33.7890, -111.5018), and is located in a 

canyon section that usually maintains flow year-round. This site was selected for the LTREB-2 

study to represent a stream reach dominated by riparian wetland vegetation. The active stream 

channel was narrow (ca. 1-5 meters wide) during the 10-year study period, resulting in shading by 

a continuous riparian tree canopy and greater quantities of fine organic sediment within a cobble-

boulder matrix, compared to wider gravel reaches. Dense patches of primarily S. americanus 

occur along and across the streambed, though T. domingensis and E. laevigatum are also 

commonly present.   

SS is approximately 4 km downstream of RV and is divided into two 160-m reaches: 

wetland (SS-W, Reach 2) and gravel (SS-G, Reach 3). Sycamore Creek widens at SS-G 

(33.7494, -111.5070), where the gravel-rich streambed stretches ca. 30 m wide and is dominated 

by non-vascular in-stream primary producers (e.g., filamentous algae, cyanobacteria, and 

diatoms), with patches of T. domingensis along the edge of the active channel. The SS wetland 
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reach (SS-W) is approximately 200 m downstream (33.7483, -111.5081) from SS-G. Like the RV 

site, a dense riparian tree canopy shades the relatively narrow (ca. 1-9 m) streambed containing 

comparatively more fine, organic substrate within a matrix of cobble-boulder. Smaller patches of 

T. domingensis in the stream, and thin, wispy patches of E. laevigatum at the riparian edge, are 

common along the SS-W reach.  

 A 12-km section of Sycamore Creek (Figure 2.2) encompassing the aforementioned 

monthly transect reaches was extensively surveyed annually for vegetation and water cover over 

two to five days in mid-June (June 15 + 4 d) when biomass was near its annual peak but before 

the start of the summer monsoon—known hereafter as the 12K survey. The location (GPS 

coordinates), size (length and width, averaged across three measurements per patch), stem 

density (counts in 0.25, 0.50, or 1-m2 quadrats, depending on patch size), and height (cm; 

calculated as an average of five randomly selected stems) of every wetland plant patch 

encountered along the 12-km section were recorded, between 57 (2018) and 144 (2013) patches 

each year, along with water presence and depth .  

 

Biomass calculations 
 

Plants were harvested each year between late June to mid-July for the length of the 

study to create species-specific height-biomass relationships. Biomass harvests were conducted 

across study sites but immediately outside my study reaches and occurred over 2-4 days. 

Between five and ten stems of each species representing a range of sizes were collected in the 

field each year, dried at 60°C for 48 h, and weighed in the lab. Data for each individual species 

were aggregated and fitted to second-order polynomial regressions of stem biomass as a function 

of stem height (Table 2.1). Biomass estimates per patch were calculated by multiplying individual 

stem biomass estimates by stem density and height from the survey data. For the monthly 

transect data, stem density and height were averaged across each reach for a given species, and 

biomass values were standardized to unit area by extrapolating the biomass per transect area to 

the total reach area. In the 12K data, individual patch density and average height in an individual 

patch were calculated, and the total biomass was summed across 100-m windows (N = 120) 
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along the entire 12-km reach. I did this to account for spatial variability in productivity and 

potential masking effects of a single window or patch in driving overall trends across the 12-km 

reach. 

 

Hydrology 
 

Daily average discharge data were acquired from a USGS gauge (station ID: 09510200) 

on Sycamore Creek, approximately 8 km downstream from the southern extent of my study site. 

This gage was used to approximate broad scale changes in water conditions over time but is not 

a perfect measure given its distance downstream and intersection with smaller tributaries (e.g., 

Mesquite Wash). The complete mean daily discharge dataset (from 1967-12-19 to 2020-09-30) 

was used to calculate hydrology metrics via the discharge package in R (Shah and Ruhi 2019, R 

Core Team 2020), including daily baseflow rates, one- and two-sigma flood events (i.e., floods 

exceeding one to two standard deviations from detrended baseflow), and net annual anomaly 

(NAA), or deviation from long-term trends. Cumulative discharge and the number of zero flow 

days (ZFDs; Q = 0) were calculated using daily mean discharge data. All calculations were by 

water year from October 1st to September 30th. 

 

Model selection 
 

I evaluated the influence of hydrologic variables on biomass production of riparian 

wetland plants over the 10-year study period using multi-model comparisons of multiple linear 

regression. Models were built using maximum annual biomass per species and aggregated data 

by reach (for monthly transects) or 100-m window (12K surveys). I selected twelve disturbance-

related variables expected to influence wetland vegetation. Correlations between hypothesized 

explanatory variables were tested by calculating Pearson’s correlation coefficients (r) for all pairs, 

and the candidate variables were retained if the correlation coefficients were under |0.70|. The six 

predictor variables remaining comprised the global first-order, multiple linear-regression model 

used in multi-model inference analyses (Table 2.2). I used the glmulti package in R (Calcagno 

and De Mazancourt 2010; Team 2015) to assess each candidate model using Akaike Information 
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Criterion (AIC) scores and model weights (Akaike weights; wi), and to calculate the model-

weighted relative importance (reported as a value from 0-1) of individual explanatory variables. 

Explanatory variables with a model-averaged importance value > 0.80 were considered 

significant, while model-averaged importance values between 0.5 and 0.80 were considered 

moderately important. Added-variable, or partial-regression, models were used to evaluate the 

relationship of each explanatory variable with the dependent variable (biomass or production rate) 

given the concurrent influence of all other modeled variables. Linear regression was used to 

evaluate the fit and significance of each individual variable in the added-variable analyses. All 

analyses were performed in R v. 4.1.3 (R Core Team 2020). 

 

Results 

Hydrology 

Discharge and water availability varied over the study period (Figure 2.3). Water years 

2010 and 2011 experienced almost no ZFDs. The number of ZFDs appeared to increase after 

2013 and reached a maximum of >300 ZFDs in 2018, the driest year in my sample period. After 

the exceptionally dry 2018, Sycamore Creek experienced few to no ZFDs in 2019 and 2020. 

Cumulative discharge exhibited a pattern that was the inverse of ZFDs. Cumulative discharge 

was substantially higher in 2010 (approximately 4.0 x 106 m3), followed by 2020, (3 x 106 m3), 

2019, 2017 and 2013 (ca. 2 x 106 m3). 2014-2016 and 2018 annual cumulative discharge values 

were < 1 x 106 m3.  

There were 16 sigma flood events over the study period. The only two-sigma event, in 

which flood magnitudes were greater than two standard deviations from seasonal baseflow, 

occurred at the beginning of the study period, in January 2010, and had a peak discharge of 

438.9 m3/s. The other 15 were one sigma floods, in which flood magnitudes were greater than 

two standard deviations from seasonal baseflow. Only five events reached peak discharge rates 

over 100 m3/s: January 2010, 2013, and 2017, August 2018 and September 2019. Those fall 

events occurred after the field season, and hence were not reflected in my analyses for that year 
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but were incorporated into prior-year anomalies (i.e., NAA t-1). For example, the second-largest 

flood (238 m3/s) in my dataset occurred in September 2019.  

Pearson correlation of the model predictor variables (Table 2.2 and 2.3) indicated several 

highly correlated variables (r > 0.70), many describing single floods (e.g., peak discharge of the 

last sigma flood), which were removed in favor of more broadly descriptive variables (e.g., in this 

case, maximum flood peak per water year).  

 

Wetland biomass  
 

Over the study period (2010-2020), biomass production of wetland species in Sycamore 

Creek varied considerably across reaches and spatial scales (i.e., reach and 12K surveys), and 

years (Figure 2.4). S. americanus dominated the RV wetland reach except in 2018 when its 

productivity declined and T. domingensis produced slightly higher amounts of biomass (Figure 

2.2A top panel). T. domingensis produced the highest amounts of aboveground biomass each 

year at the section scale (whole-stream scale) and in the SS-W reach, but its total biomass and 

amounts relative to other species varied through time (Figure 2.4C). S. americanus biomass 

production fluctuated in the 12K section surveys from the least to the second most productive. E. 

laevigatum biomass was relatively high in the 12K surveys though highly variable across years, 

and generally low in reaches. P. distichum and J. torreyi biomass declined over time, 

disappearing entirely from the reaches in the last few years of the study. J. torreyi disappeared 

from both the 12K and monthly reach surveys in 2018 and 2019 following a particularly extended 

period of ZFDs (Figure 2.4).   

 

Species responses to disturbance 

Multi-model analyses of reach data across reaches yielded 5-7 best-fit models per 

species (Table 2.4-2.6), and each included prior-year biomass and the maximum event peak 

discharge as independent variables, though these terms were not always significant in the best-fit 

models. The number of ZFDs prior to each annual survey was also prevalent in most of the best-

fit models of T. domingensis and S. americanus. Prior biomass and maximum event peak were 
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also significantly important (model-averaged importance = 1) for all species based on the model-

averaged importance of each environmental variable (Figure 2.5A). Results were similar for the 

12K data, in that Bt-1 and Qmax remained among the most important variables explaining species’ 

biomass (model-averaged importance = 1, except Q max for JUTO). Water cover within a patch, 

which was not available for the reaches, was also significantly important (model-averaged 

importance > 0.90). ZFDs were much less important in explaining species biomass at the 12-km 

scale (model-averaged importance < 0.50, Figure 2.5B). 

Partial regression was performed to describe the relationship of each variable on 

species-specific biomass using residuals from each of the best-fit models (Figure 2.6, Table 2.7). 

For each species in the reach data, Bt-1 had a significant positive relationship with species 

biomass each year (P < 0.01, R2 = 0.06-0.34). J. torreyi and S. americanus biomass increased 

with increasing Qmax, whereas E. laevigatum biomass decreased (P < 0.05, R2 = 0.017-0.13). 

Each of the modeled variables, except for prior biomass, had a significant negative correlation 

with J. torreyi biomass. 

While Bt-1 was also a significant predictor variable for all species in the 12K data, the 

direction of the relationship differed between the reach and 12K analyses (Figure 2.7, Table 2.7). 

T. domingensis, S. americanus, and E. laevigatum biomass exhibited a negative relationship with 

Bt-1 at the 12-km section-scale (P < 0.01, R2 < 0.1). Species biomass tended to be negatively 

related to Qmax, except for a small positive effect exhibited in J. torreyi biomass (P < 0.001, R2 = 

0.04). All species had a significant, positive relationship with water cover within the patch 

(P<<0.001, R2 = 0.11-0.24).  E. laevigatum, J. torreyi, and P. distichum each exhibited a 

significant, negative relationship with tσ (P <<0.001, R2 = 0.5-0.20) and ZFDs (P <<0.001, R2 = 

0.5-0.49). 

Reach-specific models of species-specific biomass (using data only from the SS-W 

reach, the most data-rich reach) yielded models with significantly greater predictive power (best-

fit models R2 > 0.90 for each species). Again, Bt-1 demonstrated a significant positive relationship 

with each species at the SS reach (P << 0.001, R2 = 0.94). Interestingly, the reach-specific 

models showed divergent relationships between ZFD and E. laevigatum (positive) and S. 
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americanus (negative) biomass. Time since flood was significantly negatively correlated with both 

T. domingensis and S. americanus biomass (P < 0.001, R2 > 0.7). E. laevigatum biomass was 

negatively correlated with flood frequency, and S americanus biomass decreased whereas E 

laevigatum biomass increased with maximum flood peak (p < 0.01, R2 > 0.5). 

Discussion 

This study elucidates the hydrologic disturbance factors that influence biomass production of 

riparian wetland plant species in an aridland riparian-stream ecosystem that is vulnerable to 

ongoing climate change. My results demonstrate that interannual interactions between wetland 

plant biomass produced in previous years, disturbances in the current year, and species-specific 

tolerances to flood and drought stressors moderate patterns of riparian wetland productivity in 

aridland ecosystems. 

 

Patterns of change 

Over the ten-year study, I observed significant variation in water availability, including a 

seven-year drought that peaked in 2018 with nearly 300 ZFD. Subsequently, the observed 

pattern indicates a shift from the drought-dominated hydrologic regime that prevailed for most of 

the study, to a wet regime that appeared in the first and last two years of the study. This pattern 

affirms previous work asserting that aridland rivers in the region experience approximately 

decadal hydrologic regime shifts (Sabo et al. 2019), and supports predictions of more frequent 

high-magnitude floods over the next decade. While the pattern of roughly decadal regime shifts 

may persist in the Southwest, the magnitude and frequency of extreme events, particularly 

drought and flash floods, are expected to increase with climate change (Prein et al. 2016). 

Early work in desert streams describing post-flood algal community dynamics in a 

successional framework proposed that producer communities in aridland stream systems reset 

after unpredictable but seasonal flash floods (Fisher et al. 1982; Grimm and Fisher 1989). Later, 

wetland reaches were recognized as an alternative stable state aided by amplifying root-

stabilization feedback that confers resistance to flood damage (Heffernan 2008), and moderated 
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by interactions between the geomorphic template and water permanence (Dong et al. 2016, 

2017, 2020). The positive relationship between biomass t and biomass t-1 in my study, as well as 

a significant relationship across all species with maximum annual flood peak and previous 

biomass, support the alternative stable state framework: biomass begets greater subsequent 

biomass but is dampened or restricted by high-magnitude disturbance. The geomorphic template 

may first determine where wetland plants initially occur (e.g., Dong et al., 2016), but once 

established, macrophytes can stabilize and accumulate sediments, providing substrate for further 

colonization, until a high enough threshold disturbance shifts the system. Disturbance includes 

intense, period events, like flash floods, as discussed by Heffernan (2008) and Dong et al (2016), 

but may also be prolonged, like extreme drought.... 

Increasing prevalence of drought conditions is likely to alter communities. For example, J. 

torreyi, whose abundance was relatively high at the beginning of the study when water availability 

was highest, maintained a small, but respectable presence at the beginning of the drought regime 

but disappeared following intense drought in 2018 and was not observed in either the 12K or 

reaches the following, relatively wet year (2019). This is indicative of drought conditions 

surpassing the threshold of drought resistance provided by underground root reserves for this 

particular species. Other species’ biomass production in 2019 appeared stunted relative to water 

availability that year, potentially owing to reduction of between-year biomass reserves during 

drought but persisted in the system.  As such, predicting change in this system in the future will 

require a species-specific perspective that incorporates differing tolerances. Accounting for 

species-specific tolerance will improve my understanding of how increased drought prevalence 

will affect wetland species persistence.  

 
Species-specific responses 
 

 While the positive relationship with the previous year’s biomass at the reach scale was 

ubiquitous, the relative importance and direction of the effect of other modeled variables varied 

among focal species. These differences may result partially from biotic factors not measured in 

this study, including plant age (Gattringer et al. 2017), herbivore pressure (Van Den Wyngaert 
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and Bobbink 2009), and light (Bernhardt et al. 2018), among others. Still, hydrologic variables 

displayed clear trends. For example, ZFD was a principal factor for both T. domingensis and J. 

torreyi at the reach scale. Given all other factors, T. domingensis biomass tended to increase with 

ZFD whereas J. torreyi biomass decreased sharply with ZFD and disappeared from both the 

reach and 12K surveys following the high ZFD year. T. domingensis’ high tolerance of drying and 

inundation (Grace 1989; Newman et al. 1998; Chabbi et al. 2000) allows it to be fairly successful 

in this relatively extreme environment. On the other hand, J. torreyi occurs exclusively on the 

riparian edge, and its tolerances for both inundation and low water availability are lower, as 

demonstrated by the negative influence of floods (both magnitude and number of flood events) 

and prolonged periods without flow, both of which are expected to become more common and 

extreme with climate change. Likewise, the range of P. distichum’s tolerance to water availability 

is relatively narrow. Like J. torreyi, P. distichum biomass is reduced seemingly as a function of 

worsening drought conditions over the course of the study, disappearing from the 12K survey in 

2018, the driest year. However, unlike J. torreyi, P. distichum resurfaced in 2019, a relatively wet 

year. This reappearance of P. distichum suggests root reserves may have persisted and sprouted 

in more favorable conditions. The resurgence of P. distichum and not J. torreyi may be a product 

of J. torreyi’s low tolerance to both inundation and drought conditions or may be potentially due to 

differences in their root structure providing not only structural support but resource storage. 

All five focal species are rhizomatous; however, rhizome size and structure differ among 

species, which may partly explain the species’ different tolerances to droughts and floods. T. 

domingensis possesses larger rhizome structures compared to the others, which provides it with 

greater resource storage and hence resistance to limited water and nutrient resources (da Cunha 

Cruz et al. 2020). S. americanus produce a combination of short and long rhizome ramets 

(Ikegami et al. 2009), which occur as dense mats that stabilize sediment and are likely more 

resistant to scouring by flash floods compared to others, like E. laevigatum and J. torreyi, which 

possess thinner, less dense rhizomes.  

Spatial scale 
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Species-specific responses to predictor variables varied between the 160-m reach and 

12-km section scales. The values of the predictor variables were slightly different despite being 

derived from the same USGS gauge data, as they were calculated relative to survey dates. The 

reach data monitored change in permanent transects through time, whereas the 12K survey 

analysis monitored broad-scale changes across a much larger section of the stream from year to 

year. I expected the variation in species-specific trends observed between the 160-m reach and 

12-km section scales of analyses to capture different processes at the two scales. For instance, 

Bt-1 was one of the most important predictor variables at both scales, and the relationship was 

positive for all species at the reach scale, but divergent (some positive, some negative) at the 12-

km section scale. The unanimous positive relationship at the smaller reach scale may be 

capturing the kind of amplifying feedback described by Heffernan (2008) where species stabilize 

patches and provide root reserves to jumpstart production. Conversely, the divergent relationship 

observed in the 12-km section models may be indicative of competition for limited space and 

water resources on a larger scale.  

 

Projecting future change 
 

With impending climate change, the Southwest is expected to experience further drying 

and drought (Masson-Delmotte et al. 2021); even without a change in precipitation, increased 

temperature drives greater evapotranspiration and thus reduced inputs to streams and rivers. As 

a result, intermittent or ephemeral freshwater systems, which are most prevalent in the arid 

Southwest, are likely to experience more ZFDs and be less suitable to sustaining populations of 

wetland plants. Previous studies on freshwater systems in drylands have demonstrated that 

riparian species richness declines across gradients of flow permanence (Stromberg et al. 2005). 

The increased prevalence of stressors like drying, increased temperatures, and flash floods is 

likely to select for those species with functional traits that provide better resistance (i.e., thicker 

cuticles may reduce water loss) or resilience (i.e., root reserves may reduce recovery time) to 

such disturbances. I may already be witnessing this transition in light of the virtual disappearance 

of more specialized species (e.g., J. torreyi) within my study reaches.  
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Tables and figures  

 

 

Juncus  
torreyi 

Intolerant to inundation 
Riparian edge 
Short rhizome 
Clumping rush 

Typha  
domingensis 

Tolerant to wet and dry 
Cosmopolitan 

Thick roots & rhizome 
Tall, robust sedge 

Paspalum  
distichum 

Intolerant to drying 
Channel edge 

“Runner” rhizome 
Clumping-forming 

grass 

Schoenoplectus 
americanus 

Intolerant to drying 
Dense root mats 
Structural carbon 

Stiff-stemmed sedge 

Equisetum 
laevigatum 

Intolerant to inundation 
Riparian edge 

Thin roots & rhizome 
Thin silicate shoots 

 
Figure 2.1. Focal wetland plant species and related traits, including the effect of water 
permanence adapted from Dong et al 2016. Each species varies in water permanence 
requirements, inundation tolerance, where it occurs relative to the stream, as well as physical 
traits, such as root density, and growth form. 
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Figure 2.2. Sycamore Creek LTREB site map including the 12-km section (blue) surveyed once 
annually in July (15±3) and three reaches (1 - RV wetland [RW]; 2 - Dos S Ranch gravel [SG], 3 -
- Dos S Ranch wetland [SW]) surveyed monthly from April to June. 
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Table 2.1. Species-specific height-to-biomass conversion formulas for individual plant stems 
derived from annual biomass harvests. Height (cm) was averaged, either per patch or reach, for 
each sampling event. Individual stem biomass was then multiplied by the density of stems in a 
given area and the surface area occupied by that species and then standardized by reach area 
(160-m multiplied by the average stream width). 
 

Species n R2 Biomass formula 

Equisetum laevigatum 165 0.88 0.02094 + 0.002892 h + 0.00003573 h2 

Typha domingensis 135 0.83 6.0419751 + (-0.151604 h ) + 0.0011391 h2 

Schoenoplectus americanus 211 0.93 0.2260 + (-0.0008607 h ) + 0.00005471 h2 

Juncus torreyi 18 0.92 0.1240 + (-0.01181 h ) + 0.0004028 h2 

Paspalum distichum 10 0.88 0.06284 + 0.01891 h + 0.00003675 h2 

 
 
 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



  26 

Table 2.2. Pearson correlation results for candidate covariates to include in model selection. 
Correlation values (r) greater than 0.70 are bolded. Variables removed from model selection are 
highlighted in gray. Variables derived from manual list of flood events (e.g., t since flood, Q peak last flood, 
flood frequency) correlated with sigma flood-related variables. I retained the sigma flood event 
data in lieu of the manual flood data, as sigma flood events are expected to be more impactful. 

  
Q flood Nσ  Qmax 

Q t,rate Q t,day 
QΣ ZFDt ZFDΣ 

DOYwtryr 
NAAt-1 B t 

t σ 0.05 -0.57 0.3 -0.31 -0.31 -0.6 0.97 0.7 0.1 0.2 0.02 
Q flood 1 -0.69 -0.05 -0.26 -0.26 -0.46 0.06 0.19 0.03 -0.7 0.04 

Nσ   1 -0.18 0.35 0.35 0.88 -0.62 -0.64 -0.06 0.36 -0.1 
Qmax   1 -0.03 -0.03 -0.05 0.3 0.27 -0.21 -0.47 -0.06 

Q t,rate    1 1 0.23 -0.18 -0.15 -0.57 0.18 -0.09 
Q t,day     1 0.23 -0.18 -0.15 -0.57 0.18 -0.09 

Q Σ      1 -0.68 -0.87 0.01 -0.03 -0.13 
ZFD t       1 0.77 0 0.21 0.03 

ZFD  Σ        1 0.01 0.17 0.11 
DOYwtryr         1 -0.01 0.17 
NAA t-1                   1 0.02 
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Table 2.3. Explanatory variables included in model selection after removing correlated or 
redundant variables. Each variable is calculated with respect to the date of data collection or the 
survey date. Note: sigma events (Nσ) are those exceeding one standard deviation from the 
detrended baseflow. Traits in gray were not included in multi-model inference. 
 

Variable Description 

tσ  Time (in days) since the last sigma flood 

Nσ  Number of sigma events per water year 

Q max Flood peak discharge (m3/s) of the highest magnitude flood event per water year 

ZFD  The number of zero flow days per water year 

NAA t-1 Net annual anomaly the previous year 

B t-1 

Q t day 

ZFD t 
DOY wtryr 

Peak species biomass in the previous year 
Cumulative discharge up to the sampling date 

Consecutive zero flow days  
Day of water year  
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Figure 2.3. Cumulative zero flow days (ZFD; gray bars) and discharge (Q; blue line) per water 
year across the 2010-2020 study period. 
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Figure 2.4.  Annual biomass per species. Maximum annual biomass per species per reach (A - 
RV-W, B - SG, C - SW) observed in the monthly reach survey is denoted by the line, and monthly 
biomass values are shown in bars (A-C) and total biomass (g) across all patches by species by 
year in the 12K survey (D). Biomass values are standardized per unit area.  
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Figure 2.5. Model-averaged importance of terms used in model selection for maximum annual 
biomass in the reach surveys (A) and the 12K survey (B), for each species based on the AIC 
weight of each of models in which the variable occurs. 
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Table 2.4. Multi-model inference table using reach-scale data. 

 Variable Est se z value p value cilow cihigh Import 

EQLA 

Bt-1 1.53E-05 2.03E-07 1.576 0.115 0.000 0.000 1.000 
Q max 3.80E-02 5.00E-02 0.750 0.453 -0.061 0.136 1.000 
NAAt-1 -1.00E-03 2.00E-03 -0.290 0.772 -0.004 0.003 0.286 
Tσ 1.00E-03 3.00E-03 0.223 0.824 -0.005 0.006 0.278 
Nσ -1.50E-02 1.71E-01 -0.090 0.928 -0.351 0.320 0.274 
ZFD 0.00E+00 4.00E-03 0.028 0.977 -0.008 0.008 0.271 

 
 

  
 

 
 

   

JUTO 

Bt-1 3.68E-05 3.94E-04 1.576 0.115 0.000 0.000 1.000 
Q max 3.80E-02 5.00E-02 0.750 0.453 -0.061 0.136 1.000 
NAAt-1 -1.00E-03 2.00E-03 -0.290 0.772 -0.004 0.003 0.286 
Tσ 1.00E-03 3.00E-03 0.223 0.824 -0.005 0.006 0.278 
Nσ -1.50E-02 1.71E-01 -0.090 0.928 -0.351 0.320 0.274 
ZFD 0.00E+00 4.00E-03 0.028 0.977 -0.008 0.008 0.271 

         

PADI 

Bt-1 - - 1.576 0.115 0.000 0.000 1.000 
Q max 3.80E-02 5.00E-02 0.750 0.453 -0.061 0.136 1.000 
NAAt-1 -1.00E-03 2.00E-03 -0.290 0.772 -0.004 0.003 0.286 
Tσ 1.00E-03 3.00E-03 0.223 0.824 -0.005 0.006 0.278 
Nσ -1.50E-02 1.71E-01 -0.090 0.928 -0.351 0.320 0.274 
ZFD 0.00E+00 4.00E-03 0.028 0.977 -0.008 0.008 0.271 

         

SCAM 

Bt-1 4.50E-05 2.75E-06 2.015 0.044 0.000 0.000 1.000 
Q max -8.30E-02 8.20E-02 -1.017 0.309 -0.244 0.077 1.000 
ZFD 5.10E-02 3.00E-02 1.735 0.083 -0.007 0.109 0.891 
Nσ 2.00E+00 1.64E+00 1.216 0.224 -1.223 5.215 0.779 
NAAt-1 -7.00E-03 1.00E-02 -0.716 0.474 -0.026 0.012 0.578 
Tσ -8.00E-03 1.30E-02 -0.633 0.527 -0.034 0.017 0.471 

         

TYDO 

Bt-1 8.52E-06 7.69E-07 2.015 0.044 0.000 0.000 1.000 

Q max -8.30E-02 8.20E-02 -1.017 0.309 -0.244 0.077 1.000 
ZFD 5.10E-02 3.00E-02 1.735 0.083 -0.007 0.109 0.891 
Nσ 2.00E+00 1.64E+00 1.216 0.224 -1.223 5.215 0.779 
NAAt-1 -7.00E-03 1.00E-02 -0.716 0.474 -0.026 0.012 0.578 
Tσ -8.00E-03 1.30E-02 -0.633 0.527 -0.034 0.017 0.471 
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Table 2.5. Multi-model inference table using 12K section survey data. 
 

Species variable Est se z value p value cilow cihigh Import 

EQLA 

Q max -2.23E-04 2.95E-02 -0.008 0.994 -0.058 0.058 1.000 
Bt-1 1.46E-04 1.54E-04 0.949 0.343 0.000 0.000 1.000 
%water 7.02E-03 4.60E-03 1.525 0.127 -0.002 0.016 0.926 
Tσ -9.36E-02 2.51E-01 -0.373 0.709 -0.586 0.399 0.558 
Nσ -1.83E-01 4.15E-01 -0.441 0.659 -0.997 0.631 0.447 
ZFD -5.46E-04 1.84E-02 -0.030 0.976 -0.037 0.035 0.416 
window 1.74E-04 1.77E-03 0.098 0.922 -0.003 0.004 0.295 
ZFDt-1 6.22E-04 1.71E-03 0.363 0.716 -0.003 0.004 0.220 
NAAt-1 -4.21E-04 1.05E-03 -0.400 0.689 -0.002 0.002 0.121 

 
 

  
     

JUTO 

Bt-1 -1.33E-03 5.20E-04 -2.560 0.010 -0.002 0.000 1.000 
window 1.64E-02 4.10E-03 3.999 0.000 0.008 0.024 1.000 
%water 4.19E-02 3.33E-02 1.260 0.208 -0.023 0.107 0.953 
Tσ -2.60E-01 3.25E-01 -0.799 0.424 -0.897 0.377 0.539 
Nσ 1.21E-01 6.15E-01 0.197 0.843 -1.084 1.326 0.539 
Q max 3.47E-02 4.60E-02 0.754 0.451 -0.055 0.125 0.406 
ZFD 1.02E-02 2.65E-02 0.383 0.702 -0.042 0.062 0.261 
ZFDt-1 -6.37E-04 6.36E-03 -0.100 0.920 -0.013 0.012 0.158 
NAAt-1 -1.09E-03 2.02E-03 -0.542 0.588 -0.005 0.003 0.100 

 
 

  
     

PADI 

Q max -3.12E-02 7.99E-02 -0.390 0.696 -0.188 0.125 1.000 
Bt-1 1.71E-04 1.36E-04 1.253 0.210 0.000 0.000 1.000 
%water 5.83E-03 3.00E-03 1.943 0.052 0.000 0.012 0.984 
Tσ -5.79E-01 1.01E+00 -0.576 0.565 -2.551 1.393 0.551 
Nσ -8.28E-01 1.16E+00 -0.716 0.474 -3.092 1.437 0.534 
ZFD 3.20E-02 8.18E-02 0.391 0.696 -0.128 0.192 0.416 
window -3.36E-03 7.72E-03 -0.435 0.664 -0.018 0.012 0.351 
ZFDt-1 4.65E-05 3.07E-03 0.015 0.988 -0.006 0.006 0.215 
NAAt-1 -3.32E-04 2.62E-03 -0.126 0.899 -0.005 0.005 0.150 

 
 

  
     

SCAM 

Q max -2.60E-02 2.79E-02 -0.931 0.352 -0.081 0.029 1.000 
Bt-1 -2.93E-04 2.23E-04 -1.314 0.189 -0.001 0.000 1.000 
%water 5.82E-03 2.69E-03 2.158 0.031 0.001 0.011 1.000 
Tσ -1.72E-01 3.34E-01 -0.515 0.606 -0.827 0.483 0.471 
Nσ -2.45E-01 3.94E-01 -0.622 0.534 -1.018 0.527 0.460 
ZFD 1.09E-02 2.70E-02 0.405 0.685 -0.042 0.064 0.351 
window -7.50E-04 2.03E-03 -0.370 0.711 -0.005 0.003 0.280 
ZFDt-1 -3.49E-04 1.18E-03 -0.295 0.768 -0.003 0.002 0.222 
NAAt-1 6.64E-05 8.07E-04 0.082 0.934 -0.002 0.002 0.143 

 
 

  
     

TYDO 

Q max -1.09E-02 4.56E-02 -0.240 0.810 -0.100 0.078 1.000 

Bt-1 -8.62E-05 4.67E-05 -1.846 0.065 0.000 0.000 1.000 
%water 5.26E-03 1.15E-03 4.573 0.000 0.003 0.008 1.000 
Nσ -6.59E-01 5.76E-01 -1.144 0.253 -1.787 0.470 0.607 
Tσ -4.63E-01 7.74E-01 -0.598 0.550 -1.979 1.053 0.538 
ZFD 3.42E-02 6.38E-02 0.537 0.591 -0.091 0.159 0.391 
window 5.98E-04 1.43E-03 0.420 0.675 -0.002 0.003 0.310 
ZFDt-1 -1.05E-03 2.16E-03 -0.485 0.628 -0.005 0.003 0.258 

NAAt-1 
5.13E-04 1.59E-03 0.322 0.748 -0.003 0.004 0.147 
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Table 2.6. Best-fit model results for each species using maximum annual biomass at the reach-scale and combinations of max event peak (Qmax), 
time since sigma event (tσ), biomass in the previous year (Bt-1), cumulative dry days (ZFD), net annual anomalies in the previous year (NAAt-1), 
and number of sigma events (Nσ) as explanatory variables. 

 
 
 

Species Model ZFD Nσ Q max Tσ NAAt-1 Bt-1 P model R2 Wt AIC

Est P Est P Est P Est P Est P Est P

TYDO ZFD + Nσ + Q max + NAAt-1 + Bt-1 0.07 0.01 3.42 0.01 -0.13 0.08 - - -0.02 0.07 0.00 0.03 0.03 0.33 0.32 142.76

ZFD + Nσ + Q max + Tσ + NAAt-1 + Bt-1 0.07 0.01 2.90 0.06 -0.11 0.20 -0.01 0.47 -0.01 0.22 0.00 0.06 0.05 0.31 0.17 143.99

ZFD + Nσ + Q max + Tσ + Bt-1 0.06 0.01 1.44 0.10 -0.04 0.52 -0.02 0.12 - - 0.00 0.08 0.05 0.29 0.16 144.14

SCAM ZFD + Q max + Bt-1 0.02 0.15 - - -0.10 0.03 - - - - 0.00 0.00 0.00 0.43 0.17 182.34

Q max + Bt-1 - - - - -0.07 0.09 - - - - 0.00 0.00 0.00 0.41 0.14 182.69

Nσ + Q max + Bt-1 - - -0.53 0.28 -0.09 0.05 - - - - 0.00 0.00 0.00 0.42 0.11 183.31

Q max + Tσ + Bt-1 - - - - -0.08 0.06 0.01 0.39 - - 0.00 0.00 0.00 0.04 0.08 183.82

ZFD + Q max + NAAt-1 + Bt-1 0.02 0.13 - - -0.12 0.03 - - 0.00 0.53 0.00 0.00 0.00 0.42 0.08 183.87

ZFD + Nσ + Q max + Bt-1 0.01 0.32 -0.23 0.68 -0.10 0.03 - - - - 0.00 0.00 0.00 0.42 0.07 184.14

ZFD + Q max + Tσ + Bt-1 0.02 0.27 - - -0.10 0.03 0.00 0.94 - - 0.00 0.00 0.00 0.41 0.06 184.34

EQLA Q max + Bt-1 - - - - 0.04 0.33 - - - - 0.00 0.11 0.21 0.04 0.27 187.19

Q max + NAAt-1 + Bt-1 - - - - 0.03 0.50 - - 0.00 0.73 0.00 0.11 0.36 0.01 0.11 189.05

Q max + Tσ + Bt-1 - - - - 0.04 0.43 0.00 0.82 - - 0.00 0.12 0.37 0.01 0.10 189.13

Nσ + Q max + Bt-1 - - -0.11 0.82 0.04 0.40 - - - - 0.00 0.13 0.37 0.01 0.10 189.13

ZFD + Q max + Bt-1 0.04 0.42 - - - - - - - - 0.00 0.14 0.38 0.01 0.10 189.18

JUTO Q max + Bt-1 - - - - 0.06 0.64 - - - 0.00 0.65 0.71 -0.19 0.27 187.19

Q max + NAAt-1 + Bt-1 - - - - -0.73 0.03 - - -0.11 0.02 0.00 0.68 0.07 0.56 0.11 189.05

Q max + Tσ + Bt-1 - - - 0.05 0.71 -0.06 0.73 - - 0.00 0.72 0.86 -0.39 0.10 189.13

Nσ + Q max + Bt-1 - - -11.31 0.02 0.66 0.02 - - - - 0.00 0.68 0.07 0.56 0.10 189.13

ZFD + Q max + Bt-1 -0.12 0.00 - - -0.11 0.11 - - - - 0.00 0.31 0.01 0.79 0.10 189.18
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Figure 2.6. Partial regression plots combining the residuals from all of the best fit models (delta 
AIC < 2) of species-specific (sp) maximum annual biomass from reach data. Points depict the 
residuals for each modeled variable given while accounting for all other variables in a given 
model. Trendlines are depicted for all significant relationships, as determined by simple linear 
regression of the model residuals. 
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Figure 2.7. Partial regression plots combining the residuals from all of the best fit models (delta 
AIC < 2) of species-specific maximum annual biomass from the 12K data. Points depict the 
residuals for each modeled variable given while accounting for all other variables considered in a 
given model.  Trendlines are depicted for all significant relationships, as determined by simple 
linear regression of the model residuals. 
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Table 2.7. Added-variable regression results using the 160-m reach scale data and the 12-km section survey data. 
 
 
 

  
Bt-1 NAAt-1 tσ ZFD Qmax Nσ ZFDt-1 wtr wndw 

  R2 p R2 p R2 p R2 p R2 p R2 p R2 p R2 p R2 p 

R
e
a

c
h
 

TYDO 0.181 0 0.113 0.011 0.055 0.057 0 0.307 0.018 0.065 0.177 0             

SCAM 0 0.342 -0.018 0.508 -0.008 0.49 0.024 0.112 0.128 0 0.006 0.242       

EQLA 0.076 0 -0.027 0.721 -0.03 0.811 -0.032 0.936 0.017 0.05 -0.03 0.812       

JUTO 0.078 0.059 0.454 0 0.267 0 0 0.725 0.036 0.04 0.454 0       

                    

S
e

c
ti
o

n
 

ALL 0 0 0 0.64 0.04 0 0.03 0 0.01 0 0.03 0 0 0.01 0.2 0 0.3 0 

TYDO 0.03 0 0 0.52 0.03 0 0.01 0 0.01 0 0.06 0 0.1 0 0.2 0   

SCAM 0.02 0.74 0.02 0.86 0.01 0.52 -0.14 0.54 0.08 0 0 0.4 0 0 0.1 0 0 0.6 

EQLA 0 0.45 0 0.87 0.05 0 0.05 0 0 0.22 0.01 0.05 0 0 0.1 0 0 0.9 

PADI 0 0.14 0.01 0.04 0.06 0 0.05 0 0.02 0 0.03 0 0.1 >0.001 0.2 0 0 0.8 

JUTO 0 0.21 0 0.7 0.21 0 0.49 0 0.04 0 0.29 0 0.1 0 0.2 0 0.9 0 
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CHAPTER 3 

VEGETATION AFFECTS GREENHOUSE GASES AND ECOSYSTEM METABOLISM OF 

ARCTIC MIRE THAW PONDS  

Introduction 
 

Permafrost thaw is responsible for safeguarding a massive pool of labile carbon in peat 

(Schuur et al. 2013; Hugelius et al. 2014). Once thawed, permafrost carbon is highly labile, 

rapidly consumed by microbes, and the products of this microbial metabolism are released as 

greenhouse gases (Vonk et al. 2013). Ongoing warming at high latitudes has resulted in 

significant permafrost thaw, freeing the carbon-rich peat (Schuur et al. 2013). This trend has 

increased greenhouse gas (GHG) emissions and reduced the carbon sink capacity, with 

substantial implications for global carbon emissions (Schuur et al. 2015). Carbon emissions that 

result from melting permafrost create an amplifying feedback loop, promoting increased 

temperature that hastens permafrost thaw, resulting in further rises in carbon emissions and 

temperature (Zimov et al. 2006). Models of this feedback loop incorporate permafrost carbon 

dynamics, inhibition of respiration in frozen soil layers, and vertical mixing of soil carbon from the 

surface to permafrost layers. Combined with increased CH4 emissions from flooded areas, these 

changes in carbon cycling in the Arctic portend a shift from a sink to a carbon source by the end 

of the 21st century (Koven et al. 2011). 

In topographically irregular permafrost zones, water from melted permafrost can pool in 

low-lying areas termed thaw ponds. A recent study of carbon dynamics in thaw ponds in 

discontinuous permafrost mires of northern Sweden found that CO2 and CH4 emissions, which 

significantly offset the carbon sink capacity of the landscape, were significantly greater in open-

water patches devoid of vegetation than vegetated patches (Kuhn et al. 2018). This result 

suggests vegetation may alter the retention of carbon in these ponds following permafrost thaw. 

Given the potential impact of permafrost regions on global carbon cycling and the likelihood of 

more permafrost thaw in the future due to climate change, understanding the changing carbon 

cycle in these ecosystems is a research priority. 
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Historical satellite data suggest thaw ponds undergo quasi-cyclic vegetation succession 

on a roughly decadal scale (Magnússon et al. 2020).  Sedges colonize young, open water thaw 

ponds (termed initial stabilization), which are later dominated by sphagnum mosses (advanced 

stabilization) that provide infill and substrate for later colonization (and recovery) by woody 

shrubs. The balance between formation and recovery of thaw ponds may have consequences for 

the vegetation composition and GHG balance of arctic peatland ecosystems. 

Plant communities in permafrost regions are shifting with rising temperature and water 

availability (Malmer et al. 2005; Johansson et al. 2006). Though, the projected landscape of 

permafrost zones confronting thaw is uncertain. Arctic functional plant groups have responded 

predictably to past changes in soil resources, including water and nutrients (Chapin et al. 1996b). 

Rising temperatures and increased permafrost thaw are also altering the landscape and arctic 

wetland plants communities. Malmer et al. (2005) demonstrated that permafrost thaw over the 

last 30 years resulted in an expansion of wet sites dominated by graminoids and contraction of 

hummock sites and hummock mosses. Other works confirm mosses are expected to react 

negatively to increasing temperature (Wijk et al. 2004; Walker et al. 2006).  

Plant traits differentiating functional groups may help explain carbon patterns on the 

landscape and reduce or exacerbate projected carbon loss. For instance, root and aerenchyma 

structures of sedges provide a conduit for microbial CH4 emissions to escape (Torn and Chapin 

1993; Noyce 2011). Conversely, mosses in thaw ponds grow as floating mats and have been 

shown to provide a physical barrier to gas exchange in terrestrial landscapes (Strack et al. 2016).  

Mosses decompose more slowly than sedges due to recalcitrant tissue and phenols (Turetsky et 

al. 2008), whereas sedge root exudation and oxygen leakage may fuel benthic respiration.  

Incorporating functional group-specific traits can improve model estimates of GHG emissions and 

the carbon sink capacity of arctic wetlands. 

Ecosystem metabolism, including gross primary production (GPP), ecosystem respiration 

(R), and net ecosystem production (NEP), are commonly used to describe aquatic ecosystem 

metabolism, which is related to food webs, ecosystem responses, and nutrient cycling. Primary 
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producers directly contribute to oxygen production and uptake of CO2 via photosynthesis, 

whereas plants, microbes, and other biota contribute to oxygen consumption and release of CO2. 

Net ecosystem production (NEP) reflects the difference between autotroph production (gross 

primary production, GPP) and heterotroph consumption (respiration, R) of organic energy. The 

difference between production and consumption informs whether a system is net auto- or, more 

likely in the case of arctic wetlands, heterotrophic. This metabolic balance also determines, in 

part, whether the ecosystem is a source or a sink for carbon with respect to the atmosphere. Net 

carbon emission from thaw pond systems is the result of net internal production of GHGs in the 

pond as well as GHG production from the terrestrial system. The relative contributions of internal 

versus terrestrial production of GHGs in aquatic systems and across biomes is still largely 

unknown.  

This study examined the influence of functionally distinct primary producer groups, moss 

and sedge, on carbon dynamics and aquatic ecosystem metabolism in arctic mire thaw ponds. 

Using eight ponds varying along a gradient of relative abundance of moss, sedge, and open 

water, I related functional group biomass with variation in dissolved GHG (CO2 and CH4) in 

surface and pore water and ecosystem metabolism metrics (GPP, R, and NEP). My objectives 

were to use these data to explore how different plant functional groups across permafrost thaw 

ponds influence carbon dynamics and ecosystem energetics. 

I expected vegetated ponds to be more metabolically active than open ponds, with 

functional group-specific traits influencing gas exchange and pond biogeochemical processes 

that affect the overall carbon balance. Because of slow growth and tough tissues, I expected 

moss-dominated ponds to exhibit lower GPP and R and less overall metabolic activity than 

sedge-dominated ponds. While slow growth of mosses makes them less efficient at capturing 

carbon, slow decomposition and a mat-like growth form that restricts gas exchange may mean 

that they store carbon more effectively. Conversely, sedges grow faster and decompose more 

readily, resulting in greater metabolic activity than open water or moss-dominated ponds. Further, 

I hypothesized that exudation of oxygen from water-logged sedge roots would promote benthic 
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respiration. Given the combination of faster decomposition, greater benthic respiration, and 

aerenchyma's capacity to transport gases from the rhizosphere to the atmosphere, I expected 

abundant sedges to elevate ecosystem respiration and carbon loss from thaw ponds.  

Methods 

 

Study site  

 
I selected eight small (43-108 m2), shallow (10-39 m) thaw ponds across Stordalen Mire 

(68◦220 N, 19◦030 E) in June 2019, representing a moss, sedge, and open water cover gradient 

(Table 3.1). Stordalen Mire is a discontinuous permafrost peatland in arctic Sweden. Warming 

has degraded permafrost in the region, increasing the depth of the active layer and reducing 

permafrost extent (Åkerman and Johansson 2008). The seasonal freeze and thaw regime causes 

frost-heaving and an uneven hummock landscape containing water-filled depressions known as 

thaw ponds. Concurrently, vegetation and carbon dynamics of the mire are changing – including 

expansion of graminoid-dominated wet sites, increased litter input, and accelerated carbon losses 

(Malmer et al. 2005).  

 

Plant measurements 

 
I surveyed three to five transects in each pond for macrophyte cover and depth at least 

one meter apart. Using a 1-m2 quadrat with a 10x10 reference grid, I estimated the percent cover 

of sedge, moss, and open water and measured pond depth at each meter along the transect. The 

mean depth and cover values from each quadrat were aggregated by pond.  

I collected plant biomass across a range of cover values. Moss and sedge were 

harvested at the peat line from 16 0.25-m2 quadrats across seven different ponds, so as not to 

disturb other research groups’ equipment in my monitored ponds.  Depth was measured in each 

quadrat. Green biomass within the quadrat was collected in bags and laid out on newspaper in a 

drying room overnight before drying in an oven at 60 oC for 48-hours. Samples were weighed 

directly out of the oven to minimize moisture. The relationship between biomass per m2 and the 
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relative cover of each vegetation type was calculated using regression (Appendix A). Pond-level 

relative cover derived from transects, or the average relative cover per quadrat, were fitted to the 

biomass-relative cover regression to estimate biomass per area for each pond.   

Bmoss=β
moss, cover̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ +β

z̅
 (Eq. 2.1) 

Bsedge =β
sedge, cover ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅  (Eq. 2.2) 

 

Carbon gases 

 
Triplicate water samples were collected from sediment (pore) and surface water from 

each pond in a single day (July 9th, 2019) over a three-hour period (11:00 – 14:00 CET). A sipper 

and syringe sampled pore water at 20-cm peat depth. 30-mL water samples were collected in 60-

mL syringes, filled with 30 mL of atmospheric air, and immediately shaken to equilibrate the water 

sample and headspace. The equilibrated headspace was transferred to a crimped and vacuumed 

20-mL serum vial with rubber septa and sealed with silicone caulking to prevent leakage. 

Samples were transported via airplane from Stockholm, Sweden, to Phoenix, AZ, USA, and 

stored at room temperature and pressure for approximately 2 - 4 weeks before analyzing on a 

gas chromatograph (GC). Gas concentrations (CO2 and CH4) at the time of collection were 

calculated using Henry's law for ideal gases (Cole et al. 2010) modified to account for 

atmospheric air in the headspace. Headspace partial pressure in atm (~ L gas/L volume) was 

converted to μmoles gas/L for Ideal Gas Law calculations (PV = nRT), where V is 1 L, P is the 

measured partial pressure in atm, R is the constant 0.0821 Latm mole-1 K-1, and T is the STP 

temperature in kelvins (273.15). 

Cgas=n/V=(P/RT)(10
6
μmoles/mole) (Eq. 2.3) 

The equilibrium concentration of each gas dissolved in the liquid phase (Cliq) was calculated by 

multiplying its partial pressure in the gas phase (Pgas in atm) by the Bunsen solubility coefficient 

(β): 

Cliq=Pgas×bT×PBarometricTPBarometric (Eq. 2.4) 

The original gas concentration, C0
liq (μM), was calculated using a mass-balance equation 
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modified to account for the source headspace gas 

C
0

liq=
CliqVliq+CgasVgas - Csource gasVsource gas

V
0

liq

 
(Eq. 2.5) 

 Floating chambers, equipped with CO2 sensors (ELG, SenseAir), measured the rate of 

CO2 emission from each pond  (Bastviken et al. 2015). Floating chambers were placed on the 

pond surface over patches representative of the pond's dominant cover, vegetation (moss, 

sedge) or open water, in each pond over for five minutes. The flux rate from water to air was 

calculated from the rate of change in CO2 concentration over time. These values were then 

related to biomass and pond characteristics. Unfortunately, there were technical difficulties with 

the chamber on S1, data were lost, and I could not calculate the rate of CO2 flux for that pond.  

 

Metabolism 

 
Oxygen loggers (miniDOT, Precision Measurement Engineering) were placed at a depth 

of 10 cm in each of the eight selected ponds for two weeks (July 4th – July 20th, 2019) to measure 

diel dissolved oxygen (DO mg L-1) concentration and temperature.  Photosynthetic radiation 

(PAR; umol m-2 s-1) and wind speed (m s-1) data for Stordalen Mire were obtained by the 

Integrated Carbon Observation System (ICOS). K600 was modeled from pond surface area and 

wind speed (Vachon and Prairie 2013). Pond metabolism was modeled using the maximum 

likelihood estimation (MLE) model in the LakeMetabolizer R package (Winslow et al. 2016). DO 

(α; mg O2 L-1) dynamics were calculated using incoming light (I; arbitrary light units; e.g., μmol 

m−2 s−1), the average rate of respiration per natural log of water temperature (ρ), and the natural 

log of water temperature (loge T; °C) at the DO observation depth. Net ecosystem production 

(NEP;  mg O2 m-2 d-1) was calculated by summing gross primary production (GPPt; mg O2 m-2 d-

1), calculated as a function of incoming light and rates of production per incoming light (ι) over 

time, and ecosystem respiration (Rt; NEP mg O2 m-2 d-1), calculated as a function of temperature 

(loge -Tt) and temperature-dependent rates of respiration (ρ) over time. Days in which metabolism 

estimates were outside the realistic range (GPP < 0 and R > 0) were discarded. The absolute 
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value of R, which is typically expressed as a negative quantity, was included in statistical 

analyses to avoid sign issues.  

αt=αt-1×It-1+ρ×log
e
Tt-1+F*t-1+εt(2)  (Eq. 2.6) 

F*t=
kt×∆t

zt

×(Os,t-αt)(12)  
(Eq. 2.7) 

NEPt ×∆t = ι ×It+ρ ×(log
e
-Tt)(13)  (Eq. 2.8) 

GPPt ×∆t = ι ×It(14)  (Eq. 2.9) 

Rt ×∆t = ρ ×(log
e
-Tt)(15)  (Eq. 2.10) 

Analyses 

 
Pond surface area was estimated from pond width along transects and measured pond 

length. Depth was calculated as an average of depth measurements collected every meter along 

the transects. The percentage cover of moss, sedge, and open water for each pond was 

calculated as the average percent cover per quadrat.  

Multi-model inference analyses and model selection of multiple linear regressions were 

used to evaluate the influence of dominant plant functional groups on dissolved CO2 and CH4 

concentrations in pore and surface water (µmol CO2 or CH4 m-2d-1), and aquatic metabolism (mg 

O m-2 d-1). I used the glmulti package in R (Calcagno and De Mazancourt 2010) to run model 

selection and multi-model inference statistics, including model-averaged importance of 

explanatory variables. Global models for each independent variable tested included moss 

biomass, sedge biomass (g/m2), surface area (m2), and depth (cm) as explanatory variables. 

GPP's global model also included dissolved CO2 concentrations in pore and surface water 

aggregated to a mean value per pond, considering the potential for CO2 limitation. Given my 

limited number of observations, gas evasion (µmol CO2 m-2d-1) was modeled separately using 

only biomass and the proportion of pore to surface water dissolved gas concentrations.  

Pearson correlation coefficients, r, were calculated for the full matrix of explanatory and 

response variables: mean moss biomass, mean sedge biomass, surface area, mean depth, CO2, 

pore, CO2, surface, CH4, pore, and CH4, surface. Pearson’s r values were evaluated using conventional 
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correlation size categories: 0.1 - 0.3 small correlation, 0.3 - 0.5 medium correlation, 0.5 - 1.0 

strong correlation). Thaw pond metabolism was evaluated similarly using model selection and 

Pearson r correlations.  

Most ponds contained a mix of moss and sedge biomass, and model results included 

multiple significant explanatory variables. I used partial regression to evaluate the relationship of 

each dependent variable separately. For example, to assess the relationship between moss and 

GPP separate from sedge and other model variables, I analyzed the residuals of the best fit linear 

models (ΔAIC < 2) for GPP as a function of other model variables sans moss ("| others"), and 

residuals of the best fit linear models of moss as a function all other model variables ("| others"). 

The result is the relative relationship between moss biomass and GPP incorporating all the best 

fit model results while collapsing variation due to other variables included in those models. 

 

Results 

 

Pond characterization 

 
Ponds were shallow (mean z = 10 to 39 cm) and ranged in surface area from 53 m2 to 

304 m2. Biomass represented a gradient of sedge and moss cover across the study ponds 

(Figure 3.1, Table 3.1). Very few ponds contained no sedge biomass, as sedges occurred just 

along the pond edges in moss and open water-dominated ponds. Sedge biomass negatively 

correlated with pond depth (R2 = 0.30, P <<0.001, r = -0.55). Moss biomass was uninfluenced by 

pond depth or surface area. 

  

Dissolved carbon gases 

 
Dissolved gas concentrations were substantially higher in pore water (CO2 166.9±100.7 

mg/m3, CH4 220.7±60.7) than in surface water (CO2 12.9±9.1 mg/m3, CH4 13±60.6), and highly 

variable (Table 3.1). Concentrations of CO2 and CH4 in pore water were weakly associated (R2
 = 
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0.14, P < 0.001, r = 0.39), but no relationship was observed between CO2 and CH4 concentration 

in surface water.  

Sedge and moss biomass influenced CO2 concentrations in pore and surface water 

differentially (Figure 3.2, Table 3.4). CO2 concentration in pore-water (best fit model, P =0.01, R2 

= 0.28) was best explained by sedge biomass (P = 0.04, r = 0.45, Table 3.2 and 3.3) and surface 

area (P = 0.02, r = - 0.40). Surface-water CO2 concentration was best explained (best fit model, 

P= 0.02, R2 = 0.23, Table 3.3) by moss biomass (P = 0.03, r = 0.41) and pond depth (P = 0.02, r 

= 0.39, Figure 3.3A). CH4 concentrations in both pore and surface water (best fit model P = 0.12, 

R2 = 0.06 and P = 0.03, R2 = 0.13, respectively) were weakly related with depth alone (best fit 

model P = 0.12, r = 0.32 and P = 0.03, r = 0.42, respectively).  

 

Metabolism  

 
Lake metabolism varied as a function of plant biomass (Figure 3.3). GPP was lowest in 

ponds with little vegetation (O1, O2) and was highest and most variable in M2 and S2. R was 

elevated in ponds with sedge (S1, S2, and M2) than in open-water-(O1, O2,). NEP was strongly 

negative in three ponds (S1, S2, and O2) and trended near-zero to slightly positive in M1, M2, 

and O1. Ponds S1 and S2's greater R and more negative NEP values likely contribute to their 

higher CO2 concentration. 

The best fit model of GPP (P << 0.001, R2 = 0.50) included moss biomass (P = 0.10, r = 

0.42, Figure 3.4A), depth (P > 0.001, r = -0.47) and CO2, pore  (P > 0.001, r = -0.47) as significant 

explanatory variables (Table 3.5 and 3.6). Other dissolved gases, CO2, surface, CH4, pore, and CH4, 

surface, were moderately correlated with GPP (r = -0.34, -0.41, and -0.15, respectively). Surface 

area and depth exhibited medium-sized effects (r = 0.45 and -0.47, respectively) but were not 

included as significant variables in model analyses.  

R was related to sedge biomass and dissolved gas concentrations. Multi-model inference 

analyses of R converged on two models. Both the best and second best fit models (both P << 

0.001, R2 = 0.65 and R2 = 0.65, ΔAIC = 1.37, respectively) included sedge (P = 0.007, r =0.42), 
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surface area (P = 0.031, r =0.09), and depth (P << 0.001, r =-0.77)  as significant explanatory 

variables. Moss biomass was marginally significant in the best fit model (P = 0.095) but did not 

correlate strongly with R (r = -0.09).  

Model selection for NEP converged on a single best fit model (P << 0.001 , R2 = 0.72, 

second best ΔAIC = 5.9). The best fit model included moss (P << 0.001 , r = 0.32) and sedge (P 

= 0.010, r = -0.60) biomass, surface area (P = 0.031, r = 0.36), and average depth (P << 0.001 , r 

= 0.59). Results from a separate, simple linear regression on the relationship between rates of 

NEP and evasion suggest NEP may be negatively related to CO2 evasion (P = 0.10, R2 =0.53); 

however, this relationship is driven by the single high CO2 evasion rate and highly negative 

average NEP rate observed in Pond S2 and relatively few observations (n=5). 

 

Gas evasion 

 
CO2 gas evasion ranged from 450 - 2116 mmol m-2 d-1 and was elevated in ponds with 

high sedge biomass. Open water dominated ponds exhibited the lowest rates of CO2 evasion. 

The best-fit model of gas evasion (R2
= 0.73, P << 0.001) included sedge and moss biomass as 

significant explanatory variables (P << 0.001 for both variables, Figure 3.5A). A model with 2 Δ 

AIC included the concentration gradient of CO2 in pore water and surface water (P << 0.001), as 

well as plant biomass. CO2 evasion was also significantly, negatively correlated with NEP (P << 

0.001, R2 = 0.57) and R (P = 0.001, R2 = 0.53), and exhibited a weak, marginally significant 

relationship with GPP (P = 0.055, R2 = 0.14). 

 
 

Discussion 

 
Rising temperature and thawing permafrost are transforming arctic landscapes. While 

numerous studies predict large-scale shifts in arctic vegetation, the consequences of shifting 

vegetation on carbon and energy dynamics remain ambiguous. This study examined the 

influence of two dominant plant functional groups expected to expand or contract with thawing 

permafrost, mosses and sedges, on arctic thaw pond metabolism and carbon dynamics.  
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Thaw pond carbon dynamics and metabolism differed based on functional group biomass 

and pond morphological characteristics. Gas flux from ponds, CO2 concentration in pore water, 

and R increased with sedge biomass, indicating an apparent positive influence on carbon loss. 

Sedge-dominated ponds had higher average rates of GPP compared to open-water-dominated 

ponds. Moss-dominated ponds presented greater GPP than sedge ponds. Still, daily NEP in 

moss ponds fluctuated between positive and negative. The increased surface-water CO2 

concentration observed in moss ponds may result from the trapping of gases below floating moss 

mats.  

 

Sedges intensify carbon loss  

 
I found CO2 evasion was greater in sedge-dominated, relative to moss-dominated, ponds. 

Previous studies have demonstrated that sedges increase evasion because aerenchyma act as a 

conduit for gas release (Torn and Chapin 1993; Greenup et al. 2000; Noyce et al. 2014). 

Interestingly, Kuhn et al. (2016) found open-water ponds had significantly higher rates of CO2 

evasion than vegetated ponds, whereas, in my study, evasion correlated positively with sedge 

biomass. Ponds with little biomass experienced lower evasion. Two differences between the 

Kuhn et al. study and my study may explain these contrasting results. First, whereas Kuhn et al. 

monitored thaw ponds over 14 weeks, my study represents a snapshot of gas concentrations at a 

single point in time and metabolism over several days. My gas concentrations are intended to 

represent relative differences between ponds, and do not correspond directly to the metabolism 

estimates. Daily variation in temperature and wind would also affect gas concentrations over the 

period metabolism was measured. Second, the two years these studies were performed differed 

in temperature (high temperature in June 2015 was 20 ˚C whereas the high temperature in Jun 

2019 was 27 ˚C). Higher temperature potentially resulted in greater plant growth and respiratory 

activity, intensifying the influence of vegetation. 

Sedge roots were positively related to carbon gas in the rhizosphere. Hydrophilic plant roots 

have been shown to increase the oxygen concentration in their root zone via exudation or 
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transpiration of oxygen-depleted water (Sand-Jensen et al. 1982; Thursby 1984; Kemp and 

Murray 1986; Dodds et al. 2017). In addition to root respiration, increased oxygen in pore water 

can boost methane oxidation, further increasing CO2 concentration. Sedges are also more labile 

and decompose faster than mosses, whose tissues have anti-microbial properties which slow 

their decomposition (Banerjee and Sen 1979; Verhoeven and Toth 1995; Basile et al. 1999; 

Turetsky et al. 2012). Hence, sedges' greater lability may also contribute to increased CO2 in pore 

water. Disentangling the mechanism for increased CO2 concentration in pore water will require 

additional mesocosm studies.  

 

Mosses contribute to carbon retention 

  
Moss's prostrate growth form was expected to provide a blanketing effect and reduce gas 

exchange, as observed in terrestrial systems (Turetsky et al. 2012). I found gas evasion was 

positively correlated with moss biomass, but the slope of the effect of moss on evasion was much 

shallower than that of sedge biomass. Moss biomass also was associated with increased 

surface-water CO2 concentration. If I assume most decomposition occurs in the benthic zone, the 

effect of moss on surface-water CO2 concentration and the relatively smaller gas evasion from 

moss ponds, compared to sedge ponds, may be attributable to moss providing a barrier for gas 

exchange. Further, while moss is slow-growing, it is to also slow to decompose. Moss tissue is 

generally more recalcitrant and contains anti-microbial phenols, the combination of which reduces 

decomposition rates. Slower decomposition rates of mosses indirectly influence gas evasion by 

retaining carbon in biomass longer. Additionally, I found a positive relationship between pond 

GPP and moss biomass.    

 

Diverging effects on NEP 

 
Metabolism estimates presented here are based on in-pond metabolism. Emergent 

plants, like sedges, can complicate estimates of GPP, as much of their production occurs outside 

of the water. Mosses here are mainly submerged, with only a few centimeters emerging over the 
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surface of the pond. Differences between submergent and emergent vegetation may explain why 

moss biomass has a more significant effect on GPP than sedge biomass. Even though emergent 

plants, like sedges, may not directly affect GPP, they can promote greater R through the input of 

organic matter and root actions (root respiration, O2 leakage). 

The relationship between functional group-specific biomass and NEP is complex. Simple 

linear regressions of NEP as a function of moss or sedge biomass yield divergent effects, 

wherein NEP increases with moss and decreases with sedge. Moreover, sedge-dominated ponds 

tended to have higher rates of R and lower NEP. However, when the effects of pond depth, 

surface area, and moss biomass are filtered out (via partial regression), sedge biomass exhibited 

a significant, positive relationship with NEP. Given the correlation between sedge distribution and 

pond depth (sedges prefer shallow ponds), further studies are needed to disentangle the 

interactions between sedge, pond morphology, and NEP. 

My results suggest that sedges may boost R via two potential mechanisms: raising 

rhizosphere oxygen and increasing organic matter inputs. Increased oxygen from sedge roots in 

the otherwise anoxic rhizosphere has been shown to promote methane oxidation (Bhullar et al. 

2013), and consequently, benthic respiration. This is consistent with the higher concentration of 

CO2 observed in sedge-dominated ponds. The positive relationship between sedge biomass and 

pore-water CO2 may also be attributable to the greater lability of sedges than mosses or the 

higher organic-matter content of sediments compared to sparsely vegetated ponds. Sedge-

dominated ponds exhibited a great deal of variation in GPP. Yet, the promotion of increased R 

and more negative NEP supports the notion that a rising dominance of sedges would  in 

significant carbon loss from thaw pond systems.  

By comparison, mosses had only a moderate effect of increasing GPP and NEP, with 

little impact on R. The lack of relationship between R and moss biomass may be explained by 

prolonged decomposition rates in these ponds. While moss-dominated ponds contain more 

organic matter than open water-dominated ponds, moss biomass  is fairly recalcitrant and 

decomposes slowly. Hence, microbial respiration in moss-dominated ponds should be lower than 
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sedge dominated ponds, whose tissue is relatively less recalcitrant.  Moss ponds, while more 

productive, have similar NEP rates (near zero to slightly positive) to less metabolically active 

open-water ponds. Combining trapping CO2 in the pond and increasing GPP and positive NEP, 

moss biomass provided primarily positive effects on the carbon sink of ponds relative to sedge 

biomass. 

Vegetation can also act as a substrate for epiphytic algae, which can have opposing effects 

to that of the vegetation. On the one hand, promoting algae growth increases the rate of GPP. 

However, epiphytic algae can shade plants and reduce access to light, limiting production by 

submergent plants and benthic algae (Asaeda et al. 2004). It is unclear how much the 

relationships observed here between vegetation and metabolism are attributable to epiphytic 

algae.  

 

Landscape implications 

 
Sedge abundance is restricted by depth, and hence its future abundance will be moderated 

by topography and changes in water depth across the landscape. While sedges are flood-

tolerant, they are not submergent. In contrast, mosses are not limited by depth and thrive on the 

moist pond edges and as thick floating mats in deeper ponds. However, mosses are expected to 

react negatively to increasing temperature (Wijk et al. 2004; Walker et al. 2006). Consequently, 

the landscape's topography and climate will likely control thaw-pond abundance, morphology, 

and plant communities.  Permafrost thaw resulting in deeper ponds favors the proliferation of 

mosses provided temperatures remain moderate, while numerous shallow ponds and warming 

favor sedges over mosses.  

The landscape of permafrost zones confronting thaw undergoing significant change. Malmer 

et al. (2005) demonstrated that permafrost thaw over the last 30 years resulted in an expansion of 

wet sites dominated by graminoids and contraction of hummock sites and hummock mosses. 

These changes in vegetation composition have big implications, including significant inputs to the 

litter pool, decreased soil stability, and increased erosion, thus fueling greater microbial 
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respiration. Thus, despite the increased productivity in thawing permafrost mires, which 

contributes to the atmospheric CO2 sink function, these sites may ultimately become significant 

carbon sources to the atmosphere owing to increased CH4 emissions (Johansson et al. 2006). 

Suppose thawing permafrost continues to drive wet-site sedge expansion. In that case, I expect 

greater rates of greenhouse gas evasion due to aerenchyma-driven gas exchange, and increased 

decomposition. However, considerable increases in precipitation in the Arctic are projected over 

the next century (Bintanja 2018). If the combination of permafrost thaw and increased 

precipitation results in increasingly deep thaw ponds, mosses would have a competitive 

advantage over depth-limited sedges. While moss-pond gas evasion and NEP may not be 

substantially different from non-vegetated ponds, they are significantly different from sedge-

dominated ponds (lower evasion and higher NEP). They are ultimately more effective in retaining 

carbon than sedges. 

 

Internal production of CO2 

 
 While the contributions of inland waters to global carbon emissions are known to be 

substantial (Raymond et al.; Cole et al. 2007),  the degree to which net C exchange of thaw 

ponds is the result of internal aquatic metabolism, relative to the input of GHG from soils, is less 

apparent. While this study was not designed to directly test the relative contributions of aquatic 

versus terrestrial CO2 production, my data do provide some insights for this system.  

Aquatic metabolism contributes to net CO2 emissions when NEP is negative, as this is 

when ecosystem respiration is greater than gross primary production due to aquatic 

mineralization of terrestrial carbon. The relative proportion of CO2 emissions due to internal 

production in aquatic systems can be estimated by dividing negative daily NEP rates (as positive 

NEP indicates net CO2 storage) by the CO2 flux (Hotchkiss et al. 2015). Using my negative daily 

NEP rates and single measurements of CO2 flux, I calculated daily estimates of internal 

production of CO2 within my study ponds using days with negative NEP values.  

% Internal production = -NEP / CO2, emission  (Eq. 2.11) 
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Based on these estimations, internal production of CO2 ranged from 0.3 – 23% (mean = 

10.2%, sd = 7.3%) during the study period. Pond O1, which contained substantially less 

macrophyte biomass than my other study ponds, exhibited significantly greater internal 

production of CO2. (Tukey HSD p > 0.02). Conversely, Pond M2, which contained the greatest 

overall and moss biomass, exhibited the lowest relative internal production of CO2, though these 

rates were not significantly different from Ponds O2, M2, or S2. 

I also related my estimates of internal production to moss and sedge biomass in each 

pond (Figure 3.6). These data suggest a negative relationship between internal production of CO2 

and biomass, though the relationship is driven by the high internal production and low biomass of 

Pond O2. When I examined the relationship between internal CO2 production and moss and 

sedge biomass separately, moss biomass also demonstrated a significant, negative relationship 

with internal production (p = 0.009, R2 = 0.28), while sedge biomass did not (p =0.17 , R2 = 0.05). 

While these analyses are flawed (small N of gas samples), the negative trend suggests moss is 

associated with reduced production of CO2 in the pond and is consistent with the positive 

relationship I observed between moss biomass and GPP. Moss biomass in associated with 

greater CO2 consumption of via GPP and reduced production of CO2 in the pond.   

 

Conclusion 

Primary producers have diverse impacts on carbon dynamics and ecosystem metabolism 

in arctic thaw pond ecosystems. These impacts are attributable to functional group-specific traits 

of dominant thaw pond primary producers: sphagnum moss and sedges. Broadly, sedges 

increase carbon evasion via aerenchyma, increase CO2 concentration in pore-water via the 

promotion of methane oxidation and decomposition, promote greater ecosystem respiration, and 

positively influence carbon gas evasion (Figure 3.7). Moss ponds had higher GPP but exhibited 

NEP rates similar to non-vegetated, less metabolically active ponds; however, they may trap 

gases and effectively prevent evasion. Although this study highlights functional differences 

between mosses and sedges broadly, further examination of variation in effect traits, inter- and 
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intra- species, and over time, is needed to fully understand the impact of tundra-thermokarst 

regime shifts on carbon dynamics and metabolism in the arctic.  
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Tables and figures  

 
Table 3.1. Pond characteristics, including percent cover (cover), surface area (SA), average 
depth (z), the average and standard deviations of CO2 and CH4 concentrations, and CO2 flux. 
Ponds were named based roughly on dominant plant cover – M1 and M2 are dominated by moss; 
S1 and S2 are dominated by sedge; X1 and X2 are dominated by a mix of moss and sedge; O1 
and O2 are largely open water. 
 

Pond Cover 
SA 
(m2) 

z (cm)  CO2 (mg/m3
) CH4 (mg/m3

) 
Flux CO2 
(mg/m3 

min-1) 

 Moss Sedge Open   Pore Surface Pore Surface  

X1 61 32 1.2 180 26 69.3 ±93.4 26.4 ±0 78.7 ±80.3 3.2 ±0 4.38 

M1 77 10 5 71 38 665.7 ±394 23.6 ±8.7 293.6 ±76.1 68.6 60.6 3.69 

S1 0 58 37 115 18 328.2 ±219.5 0.5 ±0.4 657.0 ±25.9 2.3 ±2.8 - 

S2 39 52 1 53 10 27.8  ±12.2 9.0 ±12.1 193.2 ±130.8 1.7 ±0.3 9.55 

M2 67 15 9 304 18 20.4  ±1.5 2.1 ±0.1 4.3 ±0.5 8.3 ±8.6 3.78 

X2 64 15 1 47 11 32.7 ±28.4 1.9 ±0.4 362.0 ±22.2 0.1 ±0 2.08 

O1 0 2 97 114 38 68.1 ±37.4 29.4 ±40.3 113.8 ±66.9 2.7 ±1.8 2.02 

O2 0 30 70 120 39 122.7 ±19.8 10.3 ±1.6 63.4 ±84.9 17.4 ±18.1 2.62 
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Figure 3.1. Gradient of dominant primary producer biomass and pond morphology across 
experimental thaw ponds. Moss and sedge biomass per pond calculated using percent cover 
data from surveys and biomass-cover relationships from biomass harvest data. Points labelled 
with pond ID indicating the dominate cover type based on preliminary categorization: Sedge (S), 
Moss (M), open (O), mixed moss and sedge (X). Point size denotes the surface area of the pond 
whereas point color denotes the average pond depth. 
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Figure 3.2. Partial regression plots of residuals from the best fit models of dissolved CO2 in pore 
and surface water as a function of moss and sedge biomass. Best fit models of dissolved CO2 

concentrations in surface water (n=3) exhibited a significant, positive relationship with moss 
biomass. Best fit models of dissolved CO2 concentrations in pore water (n=3) exhibited a 
significant, positive relationship with sedge biomass. 
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Table 3.2. Pearson r correlation coefficients for dissolved carbon gases in thaw ponds   

 

  SA z Moss Sedge CO2, pore CH4, pore CO2, surf CH4, surf 

SA  0.06 0.00 -0.10 -0.40* -0.18 -0.09 -0.05 

z 0.06  -0.12 -0.55** -0.33* 0.32* 0.39* 0.42* 

Moss 0.00 -0.12  -0.35* -0.12 0.22 0.41* 0.08 

Sedge -0.10 -0.55** -0.35*  0.45* -0.04 -0.28 -0.32* 

CO2, pore -0.40* -0.33* -0.12 0.45*  0.39* -0.03 -0.23 

CH4, pore -0.18 0.32* 0.22 -0.04 0.39*  0.40* 0.10 

CO2, surf -0.09 0.39* 0.41* -0.28 -0.03 0.40*  0.18 

CH4, surf -0.05 0.42* 0.08 -0.32* -0.23 0.10 0.18   

 
* r > 0.3 ** r > 0.5       
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Table 3.3. Best fit model results for dissolved carbon gas measurements from multimodel 
comparison. Models less than 2 Δ AIC from the lowest model AIC were considered equally good 
fit. Stars indicate variables that were significant explanatory variables in the linear model – Moss 
mass (M), sedge mass (S), pond surface area (SA), and average pond depth (z). Linear model 
R2, p value, AIC weight, and Δ AIC.   

 

*** P < 0.0001   ** P < 0.001   * P < 0.05   . P < 0.10 

 

 

 

 

 
 
 

Model M S SA z R2 p wt ΔAIC 

CO2, pore ~ 1 + S + SA  * *  0.28 * 0.30  

CO2, pore ~ 1 + S + SA + z   *  0.26 * 0.14 1.57 

CO2, pore ~ 1 + M + S + SA  . *  0.25 * 0.11 1.97 

         

CO2, surf ~ 1 + M + z *   * 0.23 * 0.31  

CO2, surf ~ 1 + M + SA + z *   * 0.23 * 0.19 0.95 

CO2, surf ~ 1 + M + S + z *   * 0.20 * 0.14 1.63 

         

CH4, pore ~ 1 + z     0.06  0.12  

CH4, pore ~ 1 + SA + z     0.07  0.10 0.46 

CH4, pore ~ 1 + M + S + SA + z    * 0.13  0.09 0.57 

CH4, pore ~ 1     - * 0.09 0.63 

CH4, pore ~ 1 + M + S + Z    * 0.09  0.09 0.72 

CH4, pore ~ 1 + M + Z    . 0.06  0.08 0.78 

CH4, pore ~ 1 + M + SA + Z    . 0.09  0.08 0.83 

CH4, pore ~ 1 + S + Z     0.04  0.06 1.45 

CH4, pore ~ 1 + SA     0.00  0.06 1.46 

CH4, pore ~ 1 + M     -0.01  0.05 1.91 

CH4, pore ~ 1 + S + SA + Z    . 0.05  0.05 1.95 

         

CH4, surf ~ 1 + Z    * 0.13 * 0.26  

CH4, surf ~ 1 + M + Z    * 0.13 . 0.15 1.16 

CH4, surf ~ 1 + S + Z    . 0.10  0.10 1.91 

CH4, surf ~ 1 + SA + Z    * 0.10  0.10 1.99 
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Table 3.4. Multi-model inference statistics for dissolved C gases. Each model statistic, including 
the estimate (Est), standard error (se), z value, p value, low and high confidence intervals (CI low, 
CIhigh), and importance (Import), is calculated via weighted averages across all models in which 
the variable appears.  
 

  Variable Est se z value p value cilow cihigh Import 

CO2, pore 

SA -1.09 0.6 -1.81 0.07 -2.27 0.09 0.88 

Sedge 1.11 1.08 1.03 0.3 -1 3.21 0.67 

z -1.61 2.78 -0.58 0.56 -7.05 3.83 0.42 

Moss -0.07 0.19 -0.36 0.72 -0.43 0.3 0.31 

         

CO2, surf 

z 1 0.64 1.57 0.12 -0.25 2.25 0.84 

Moss 0.11 0.08 1.43 0.15 -0.04 0.26 0.8 

SA -0.02 0.04 -0.5 0.62 -0.11 0.06 0.36 

Sedge 0 0.06 0.07 0.94 -0.12 0.13 0.32 

         

CH4, pore 

z 5.98 5.79 1.03 0.3 -5.37 17.32 0.68 

Moss 0.32 0.49 0.66 0.51 -0.64 1.28 0.46 

SA -0.39 0.6 -0.65 0.52 -1.56 0.79 0.45 

Sedge 0.44 0.95 0.47 0.64 -1.42 2.31 0.38 

         

CH4, surf 

z 0.5 0.38 1.33 0.18 -0.24 1.24 0.78 

Moss 0.01 0.02 0.46 0.64 -0.03 0.05 0.34 

Sedge -0.01 0.04 -0.32 0.75 -0.1 0.07 0.32 

SA 0 0.01 -0.15 0.88 -0.03 0.02 0.27 
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Figure 3.3. Pond metabolism between day of year (DOY) July 13th

,S (194) and July 18th
, (199) 

2019, across six ponds representing moss- (M1, M2), sedge- (S1, S2), and open water (O1, O2)-
dominated ponds. Values above zero (represented by upward arrows) refer to pond GPP; values 
below zero (represented by downward arrows) refer to pond R; stars-shaped points refer to pond 
NEP, the sum of GPP (+) and R (-), which may fluctuate between positive and negative.  
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Figure 3.4. Partial regression of best fit models of GPP (n best-fit=11), R (n best-fit=2), and NEP (n best-

fit=1) as a function of moss and sedge biomass given other model variables. Each plots 
represents the residuals of the variable given all other variables in the model. For instance, NEP | 
others denotes the residuals of a single best fit linear model of NEP including all variables except 
either moss or sedge biomass, and biomass | others denotes the residuals of a linear model of 
moss or sedge biomass as a function of all other variables (moss or sedge biomass, surface area 
, and depth) in the model of NEP.  
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Table 3.5. Pearson r correlation coefficients for metabolism (GPP, R, and NEP) in thaw ponds. 

  GPP R NEP 

SA 0.45* -0.09 0.36* 

z -0.47* 0.77** 0.59* 

Moss 0.42* -0.09 0.32* 

Sedge <0.01 -0.42* -0.6* 

CO2, pore -0.37* 0.48* 0.27 

CO2, surf -0.34* 0.39* 0.18 

CH4, pore -0.41* 0.04 -0.4* 

CH4, surf -0.15 0.49* 0.53* 

CO2, pore:surf -0.33* <0.01 -0.35* 
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Table 3.6. Best fit model results for metabolism measurements. 

model M S SA z CO2, surf CO2, pore R2 P wt ΔAIC 

GPP ~ M + z + CO2, pore .   **  * 0.50 *** 0.11  

GPP ~ z + CO2, surf + CO2, pore    ***  ** 0.49 *** 0.08 0.73 

GPP ~ z + CO2, pore    **  ** 0.47 *** 0.06 1.15 

GPP ~ M + SA + z + CO2, pore    *  * 0.49 ** 0.05 1.45 

GPP ~ M + CO2, surf + CO2, pore **    **  0.48 *** 0.05 1.47 

GPP ~ SA + z + CO2, surf + CO2, pore    **  * 0.49 ** 0.05 1.51 

GPP ~ M + S + CO2, surf + CO2, pore **    * . 0.49 ** 0.05 1.63 

GPP ~ M + z + CO2, surf + CO2, pore      . 0.48 ** 0.04 1.86 

GPP ~ M + CO2, surf ***    **  0.45 *** 0.04 1.90 

GPP ~ S + z + CO2, pore    **  * 0.47 ** 0.04 1.95 

GPP ~ M + S + z + CO2, pore    *  * 0.48 ** 0.04 1.96 

GPP ~ M + S + z + CO2, surf * .  . *  0.48 ** 0.04 1.98 

NEP ~ M + S + SA + z ** * *** ***   0.72 *** 0.95  

R ~ M + S + SA + z . * * ***   0.65 *** 0.44  

R ~ S + SA + z   * . ***     0.63 *** 0.22 1.37 

 

*** P < 0.0001   ** P < 0.001   * P < 0.05   . P < 0.10 
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Figure 3.5. Partial regression plots of CO2 flux from pond surface as a function of plant biomass 
and pore to surface water CO2 concentration gradients. 
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Figure 3.6. Internal CO2 production in study ponds is estimated as a proportion of negative daily 
NEP values and CO2 flux from the pond. 
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Figure 3.7. Effects of sedges and mosses on CO2 concentrations, evasion, and ecosystem 
metabolism in arctic thaw ponds. Components of the conceptual model measured in this study 
are outlined in red. Sedges tended to be associated with increased evasion, R, and pore or 
sediment-water CO2 concentrations, and mosses tended to be associated with increased surface 
water CO2 concentrations and greater GPP. In open water-dominated ponds, evasion is 
controlled primarily by abiotic factors (e.g., wind, temperature), GPP is controlled by 
phytoplankton, and R is controlled by anaerobic respiration. Overall, NEP tended to be more 
negative in sedge-dominated ponds and fluctuated between positive and negative daily values in 
moss- and open water-dominated ponds. 
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CHAPTER 4 

INTERACTIONS BETWEEN FUNCTIONAL RESPONSE AND EFFECT TRAITS IN WETLAND 

PLANT PATCHES IN AN ARID STREAM-RIPARIAN ECOSYSTEM 

 

Introduction 

Functional traits – morphological, biochemical, physiological, or behavioral characteristics 

that govern how a species interacts with its environment – provide a mechanistic link between 

communities and ecosystems (Lavorel and Garnier 2002). Functional traits include response 

traits, which characterize species' reactions to the environment (e.g., small, dense leaves confer 

drought tolerance), and effect traits, which dictate species' impacts on their environment (e.g., 

gas transfer structures, like aerenchyma, increase root-zone oxygen). As environmental 

conditions vary over time, populations of primary producer species will rise and fall due to their 

functional response traits and tolerances. For instance, as hydrological regimes in arid regions 

become more unpredictable with climate change and streams become more intermittent 

(Lawrence et al. 2021), the prevalence of in-stream primary producers, like algae and wetland 

plants, will likely contract with diminishing water availability. Likewise, the influence of primary 

producers is moderated by traits that influence ecosystem properties, processes, and functions— 

effect traits— which may vary between ecosystems. For example, in riparian ecosystems, plant 

root structures have been shown to indirectly reduce surface-subsurface water exchange 

(Heffernan et al. 2007) or increase it (Hendricks and White 1988) depending on the community 

composition and environmental conditions. Roots may also directly contribute to increased 

dissolved oxygen (DO) concentration via root uptake of deoxygenated water (Dodds et al. 2017). 

Additionally, traits that respond to environmental stimuli may also influence the effect of species 

on ecosystem processes. The relationship between response and effect traits remains a 

significant knowledge gap, yet answering this question is critical to understanding how shifts in 

species composition with global change will give rise to new combinations of functional traits that 

affect ecosystem functioning (Hooper et al. 2012).  
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Rising temperature, changes in seasonality, increased frequency and magnitude of 

extreme events, and acceleration of the hydrologic cycle are projected to shift ecosystem types 

and process rates (Grimm et al. 2013). Aridland streams already experience a high degree of 

seasonality, including seasonal drying and high-magnitude flash floods in the monsoon season, 

which are expected to intensify with further climate change (Lawrence et al. 2021). Aridland 

stream reaches fluctuate between algae- and wetland plant-dominated alternative stable states 

(Heffernan 2008), which may significantly affect ecosystem processes, like nutrient cycling (Dong 

et al. 2016).  

Within wetland plants, species vary in functional traits that may influence both their 

response to environmental stimuli and their effects on ecosystem processes. Two wetland plant 

species that often co-occur but differ substantially in morphology and physiology are Typha 

domingensis (hereafter TYDO) or Paspalum distichum (hereafter PADI). TYDO is a cosmopolitan 

sedge associated with sites that are regularly inundated and is flexible, fast-growing, and highly 

competitive (Lorenzen et al. 2001). PADI is a low-lying rhizomatous knotgrass with a relatively 

low tolerance for dry conditions and a simultaneous low tolerance for submergence (Hsiao and 

Huang 1989). TYDO is much larger than PADI, often two to five in height, compared to PADI 

which rarely reaches a meter in height. While both are rhizomic, TYDO roots and rhizomes, on 

average,  much wider in diameter than PADI roots and rhizomes, which may influence nutrient 

uptake. 

In this study, I examined the interaction between plant trait responses and effects over 

environmental stress gradients in TYDO and PADI. Specifically, I monitored wetland plant traits 

that respond to changes in water flow and nutrient availability as the stream dried, including 

biomass production and tissue chemistry (i.e., carbon to nitrogen ratio, C:N). I then related those 

response traits to observed effects on concentrations of DO, carbon dioxide (CO2), and dissolved 

organic carbon (DOC) (Figure 4.1). In arid systems, water is a vital resource that can be 

colimiting with N (Newman and Hart 2015). When water is more limiting than N, species are less 

likely to respond to N availability. Conversely, when a plant is not water stressed, assuming no 



 

69 

additional colimitation, increased N availability is likely to positively influence plant productivity 

and tissue N., Plant leaves not eaten by herbivores are ultimately deposited in stream.,  The 

nutritional content of leaves influences nutrient availability for microbes, and hence, microbial 

respiration, which consumes DO and produces CO2. Additionally, according to the mass ratio 

hypothesis, the total effect of a species on ecosystem processes is proportional to its relative 

abundance in the community (Grime 1998). Hence, species responses resulting in greater 

biomass can amplify plant effects.  

I expected plant response traits, like tissue N concentration, to respond positively to 

resource availability (e.g., bioavailable nitrogen), and that this relationship would be negatively 

affected by reduced water availability or flow. Additionally, I expected plant response traits, 

including tissue N, to affect ecosystem processes, such as oxygen and carbon, providing an 

illustration of the interaction between plant responses and effects. I expected DO to decline as a 

function of reduced flow and the presence of wetland plants. Conversely, I expected CO2 in root-

zone water and DOC in surface water to increase with macrophyte tissue carbon content and 

biomass due to organic matter inputs. These effects were expected to be relative to patch 

biomass, which was also anticipated to respond negatively to deduced water flow.  

Emergent macrophyte oxygen production is not incorporated in estimates of metabolism 

derived from in-stream measures of diel oxygen, as gas exchange for photosynthesis is occurring 

out of the water. However, macrophytes do contribute to oxygen consumption via root respiration 

and organic matter inputs  (Hoellein et al. 2013b). Additionally, in shallow, slow flowing streams, 

emergent macrophytes may persist in and along the stream channel in dense patches that shade 

in-stream primary producers (e.g., filamentous algae, diatoms, cyanobacteria). In-stream 

productivity in riparian systems is significantly constrained by light availability (Bernhardt et al. 

2022), hence. To explore broad differences in species-specific effects on ecosystem metabolism, 

I measured and compared changes in ecosystem metabolism across a temporal water gradient in 

patches containing one of two wetland plant species, TYDO or PADI, or in gravel-dominated 
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patches (devoid of plants). I expected GPP to be reduced in macrophyte reaches compared to 

gravel reaches due to shading of in-stream producers and resource competition. 

 

Methods 

Sites 

This project was conducted at riverine wetland sites along Sycamore Creek, an aridland 

stream northeast of the Phoenix metropolitan area in Tonto National Forest (Figure 4.2). Here, 

riverine wetlands occur along the stream from the bank into the active channel. I monitored 

several parameters every two weeks for two months (i.e. week 1 beginning May 11th) as the 

stream dried to determine how plants’ responses to water and nutrients can influence their effects 

on ecosystem processes. I measured sediment dissolved gases, water and tissue chemistry, and 

biomass within species-specific patches. 

 Five patches for each species, TYDO and PADI, were monitored and sampled from May 

to June 2020 (Figure 4.2). During each sampling event, patch area was calculated by measuring 

one length dimension and three width dimensions, the latter of which were averaged. Plant stem 

density and height within patches were subsampled in three quadrats per patch per sampling 

event. Stems were counted at the sediment interface to measure density; quadrat size varied 

from 0.0625 m2 to 0.25 m2 depending on plant size. Stem height was averaged across five 

measurements per quadrat. Patch biomass was estimated using the stem-density and height 

data and species-specific stem height to biomass relationships developed from the Sycamore 

Creek long-term research in environmental biology (LTREB) project (Table 2.1).  

Three cross-sectional transects were established within each patch to record wetted 

width and stream depth (five measurements per transect) and to calculate cross-sectional area 

(CSA) as a proxy for water availability. Flow velocity was estimated by measuring the speed of 

objects in the water over a three- to five-meter reach encompassing the patch. Discharge was 

calculated as the product of cross-sectional area and velocity.   
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Sample collection 

Gas samples were collected every two weeks in pore water (root zone) and surface water 

in each species-specific patch (water permitting) to measure gases associated with respiration 

(CO2 and DO). Samples were collected along a gradient of proximity to water with each patch: 

bank (no inundation, driest), edge (where inundated patch in wetted stream bed meets bank), 

center (roots inundated, within wetted stream bed), and open (beside patch in wetted stream; few 

or no roots). Pore water samples were siphoned from the root zone using a sipper apparatus 

attached to a battery-powered peristaltic pump. Pore water for DO sampling was collected into a 

container, ensuring an uninterrupted column of water without introducing air, and DO was 

measured in the container with an optical DO meter (Yellow Springs Instruments YSI PrODO). 

For dissolved carbon gas sampling, pore water was pumped into 60-mL syringes with stopcocks. 

Dissolved gases were extracted from pore water samples in the lab by mixing 30 mL sample with 

30 mL N2 gas, shaking for 3 minutes, and extracting the headspace into evacuated serum vials 

with septa. Gas samples were analyzed on an Agilent 7890 automated gas analyzer for CO2 

using a flame ionization detector.  

 Surface-water samples were collected within each patch in each sampling event where 

water was available. Samples were collected in 500-mL bottles between 6:00 and 11:00 AM, 

filtered in the lab, and frozen until analysis with a flow-injection analyzer (Lachat QC 8000) for 

soluble reaction phosphorus (SRP), chloride (Cl-), nitrate (NO3
-), ammonium (NH4

+), and DOC. All 

chemical concentrations are expressed in units of elemental mass/volume. 

Plant tissue samples were collected biweekly in each patch along the same water 

proximity gradient and were processed for carbon and nitrogen content. Tissue samples were 

dried at 60oC for > 48 hours, ground in a ball mill, and analyzed for carbon, hydrogen, and 

nitrogen content with a Perkin-Elmer (PE 2400) CHN analyzer. 

 Six reaches between 25-45 m in length, representing TYDO-, PADI-, and gravel-

dominated reaches, were selected along Sycamore Creek (Figure 4.2). Continuously recording 

DO meters (Yellow Springs Instruments YSI PrODO and MiniDot®) were installed at the bottom 
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of each reach. DO and temperature was recorded at 15-minute intervals continuously from July 

4th to July 18th. Due to differences in the length of data captured by different probes, only the first 

week of data, the minimum captured by all probes, is reported here. Stream metabolism was 

modeled from the diel DO concentration and temperature data using the streamMetabolizer 

package in R statistical software (Appling et al. 2017).  

 

Data Analysis 

Important relationships between response traits and environmental variables, and 

response traits and ecosystem effects (dissolved gas concentrations (CO2, CH4, DO)) across 

species and time (in weeks) using multi-model inference via the glmulti package in R (Calcagno 

and De Mazancourt 2010). Each model was run with and without interaction terms using 

exhaustive screening. Variables and interaction terms with importance weights greater than 0.80 

and weighted p-values less than 0.05 were examined further via linear regression and partial 

regression for interaction terms. The relationship between CO2 and DO concentrations was 

evaluated using separate partial regressions for each species, including the effect of time in 

weeks. Species differences were clarified via Tukey's Honestly Significant Difference tests. 

Results 

Site changes 

The stream contracted and velocity declined over the two-month study period (Figure 

4.3A-D). CSA was reduced at the end of the study relative to the beginning, although a small 

precipitation event in early June  (~ week 5) was observed in the USGS gauge (#09510200) 

located ~5 km below patch 5 resulted in a slight increase in CSA of downstream patches (P2 - 

P5). Streamflow velocity declined across all patch sites, but the decline was more prominent in 

the  TYDO patch sites, which had higher mean velocity at the beginning of the study. Relative to 

PADI patches, TYDO patches were located upstream  where the stream tended to be narrower. 

Hence, changes in CSA in TYDO sites were a function of decreasing stream depth.   
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Plant responses 

 Biomass in most patches peaked midway through the study (week 3, May 27th) and 

declined thereafter (Figure 4.3E-F), except for one of the TYDO patches, which was at its 

maximum observed biomass at the last time point (week 7, June 28th) and one PADI patch that 

had highest biomass during the first week. PADI patches covered more area but had total 

standing biomass (per patch) that was comparable to TYDO patches, which had greater biomass 

per area because of their greater height (Figure 4.3G-H). Factors affecting biomass production 

varied between the two species. TYDO biomass was not significantly related to any of the 

predictor variables. However, NO3, CSA, and time (week) were significant predictors of PADI 

biomass (importance weight > 0.8, P < 0.05).  

Overall, TYDO leaf tissue had higher nitrogen content and lower C:N than PADI  tissue 

(P << 0.001), though both experienced an increase in C:N over time (P <<0.001) and with 

increased drying (Figure 4.4A, Table 4.1). However, the factors correlated with the increase in 

C:N varied between the two species. C:N in TYDO was negatively related to NO3 in surface water 

(p = 0.016, R2 = 0.25, Figure 4.4B), whereas there was no significant relationship between water 

NO3 and tissue C:N in PADI. Rather, PADI C:N varied weakly as a function of CSA (p = 0.047, R2 

= 0.21, Figure 4.4C).  

 

Response-effect interactions 

  Water chemistry variables did not vary significantly as a function of time in weeks, 

biomass, species patch, or CSA, except for DOC. DOC did not vary significantly as a function of 

species patch, species-specific biomass, or time independently (Figure 4.5A). DOC was more 

variable in TYDO patches, especially in later weeks, but not significantly different than DOC in 

PADI patches. However, there was a significant biomass-by-week interaction (p = 0.02). 

Specifically, there was a significant positive relationship between DOC and biomass, regardless 

of species, in week 7 (p = 0.002, R2 = 0.67, Figure 4.5B).  
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DO concentration in pore water was slightly higher in PADI patches than in TYDO 

patches (ANOVA p = 0.017, Figure 4.6A). DO concentration in TYDO patches did not differ 

significantly across weeks but did appear to drop in week 7. No significant relationship was 

detected between DO concentration in patch pore water and patch biomass (overall, or between 

species), discharge, or cross-sectional area. While DO did not have a significant relationship with 

C:N or biomass alone, DO had a significant positive relationship with C:N assuming constant 

biomass in partial regression (p = 0.04, R2 = 0.11, Figure 4.6B). 

Overall, CO2 concentration in pore water was significantly greater in TYDO patches 

compared to PADI patches (P<<0.001), but this was driven by differences in Week 1 (Figure 

4.7A). By Week 3, CO2 was dramatically reduced by an order of magnitude both in TYDO and 

PADI patches, eliminating the difference between species. The difference between weeks 1 and 

3 was not significant in PADI patches.  

CO2 was significantly negatively related to tissue C:N given biomass when both species 

were considered together (p = 0.014, R2 = 0.27), and in TYDO separately (p = 0.044, R2 = 0.43, 

Figure 4.7B). However, while the trend was similar in PADI, the relationship was not significant 

when considering PADI separately (p = 0.11, R2 = 0.19). No significant relationship was observed 

between CO2 and DOC. 

 

Metabolism 

Metabolism varied across study reaches over 3 weeks. GPP and ER did not vary 

significantly as a function of reach (whether dominated by PADI, TYDO, or gravel). However, 

GPP in reaches with vegetation (both TYDO and PADI) diminished over the course of a week 

(Figure 4.8), whereas gravel-dominated reaches exhibited no significant pattern over time.   

 

Discussion 

In this study, I sought to identify interactions between response and effect traits of 

wetland plants along a water-stress gradient over time. I found species-specific differences in 
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responses to nutrient and water availability. PADI biomass declined with N and water availability, 

whereas TYDO biomass did not respond significantly to water or N. Tissue C:N of PADI 

responded more to CSA than to nitrogen availability, whereas TYDO tissue C:N responded to (or 

potentially drove) N availability, implying that species-specific differences in water tolerance 

influence plant tissue composition. PADI’s ability to sequester N may be reduced if it relies on 

water to transport nutrients to the root zone. Likewise, reduced transpiration and photosynthesis 

in response to reduced water availability may also reduce N assimilation. Conversely, while 

TYDO C:N also increased over time as the stream dried, TYDO responded more to nitrogen 

availability than changes in water. Further, I found that plant tissue C:N ratios affected DO and 

CO2 in the water. Specifically, DO increased and CO2 decreased in pore water when the plants 

therein had higher C:N ratios. This may be due to the fact that plant tissue with high C:N ratios is 

of poor nutritional quality for aquatic heterotrophs: poor quality food in the ecosystem means 

there will be fewer heterotrophs consuming O2 and producing CO2, thereby reducing benthic 

respiration. This link between plants' C:N response to water availability and the subsequent effect 

that plant C:N has on DO and CO2 serves as an example of response-effect traits interaction. 

Differences in responses to environmental conditions can influence the impact of plants on 

ecosystem properties.    

Despite their similarities as hydrophilic graminoids, PADI and TYDO differed significantly 

in their response to hydrologic conditions. PADI exhibited a response to water availability and 

negligible response to nitrogen availability. PADI C:N was reduced when water flow was high, but 

remained unaffected at different levels of NO3  availability, indicating that water is more limiting 

than N for PADI. This also suggests that PADI is experiencing water stress. Plants respond to 

water stress by reducing transpiration and photosynthesis via stomata closure (Hsiao 1973), and 

by reducing nitrogen metabolism (Xu and Zhou 2006). Plant uptake of nutrients like nitrogen is 

largely dependent on root mass, but it can also be augmented with mass flow when water is 

available (Matimati et al. 2014). If plants are acquiring nitrogen via water, as opposed to soils, 

access to nutrients relies on water availability. Reduced transpiration can result in reduced 
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nitrogen assimilation. PADI is a C4 grass, and C4 photosynthesis is highly sensitive to water 

stress (Ghannoum 2009). PADI in this system is correlated with locally low-lying elevations, which 

tend to be wetter for longer, and is more affected by water permanence than TYDO (Dong et al. 

2016), which suggests that PADI is less tolerant to drying than TYDO. Conversely, TYDO 

responded more to nitrogen availability than water availability. There was no significant effect of 

CSA on TYDO C:N, but a relatively strong relationship between TYDO C:N and NO3 in surface 

water, as would be expected if the plant is responding to N availability.  

The relative differences in trait values between species may also differ as a function of 

resource stress. Previous studies in nearby arid riparian wetland systems have shown PADI to 

have significantly lower C:N and denitrification potential than TYDO (Suchy 2016); however, that 

study included a combination of perennial and intermittent sites. Conversely, in this study, PADI 

tended to have higher C:N than TYDO, and both PADI and TYDO patches experienced 

significant drying by the end of the monitoring period. PADI patches tended to occur downstream, 

and previous research at this site has demonstrated NO3 availability declines downstream (Lewis 

et al. 2007; Dent et al. 2007). However, my data also show PADI did not respond to NO3 

availability, which suggests N availability did not drive differences in C:N between species. 

Rather, PADI’s response to water stress drove the observed differences in C:N between the two 

species. Under higher water permanence conditions, PADI tends to have lower C:N than TYDO. 

But, under water stress, PADI C:N increases past TYDO, altering the relative relationship 

between the two species. As scientists, we often make assumptions based on aggregated and 

averaged data, such as the relative nutritional content of two plants. However, under changing 

contexts, these relationships may change. 

Species-specific response traits, like C:N, may also have effects on stream chemistry, 

including CO2 in the root zone. Previous studies in Sycamore Creek have demonstrated that 

wetland patches, as a whole, do not significantly affect surface water chemistry the way algae 

and cyanobacteria do (Dong et al. 2017). However, that study compared broad functional groups 

– wetland plants, algae, and cyanobacteria – and did not consider species-specific effects. Other 
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studies in Sycamore Creek have also shown that high herbaceous biomass is associated with low 

DO and NO3 and high CO2 and CH4 in the hyporheic zone (Heffernan et al. 2008). However, in 

my study, patch biomass had a small but significant negative effect on CO2 in the root zone, 

driven primarily by TYDO. Likewise, CO2 increased with decreasing C:N given biomass. This 

could be due to nutritional differences between low and high C:N tissues for benthic microbes. If 

benthic microbes are also N limited, increased N (or lower C:N) would be expected to spur 

benthic activity and respiration. The relationship between biomass and CO2 could also be 

influenced by CO2 uptake by roots, which has been demonstrated in some emergent and 

submergent plants (Wium‐Andersen 1971; Raven et al. 1988).  

Species-specific response traits, like C:N, may also have effects on DO in the root zone. 

There was a significant overall effect of species on DO in pore water, wherein DO in TYDO 

patches was lower than in PADI patches. This may be due to the plants’ growth forms and the 

effect this has on surface-air gas exchange. TYDO is substantially larger, and often grows in 

dense patches directly in the wetted stream channel, as well as the channel edges. TYDO’s bulky 

emergent structure, standing meters over the water surface, has the potential to disrupt air and 

water flows, thus reducing surface-air gas exchange and surface water DO. Root zone DO and 

CO2 also had a significant relationship with C:N given biomass. The increase in DO and decrease 

in CO2 could also be interpreted as C:N promoting greater benthic productivity. This relationship 

was most substantial in TYDO but was true of biomass combined. Oxygen leakage from 

inundated plant roots has been demonstrated in anoxic wetland sediments to facilitate nitrification 

and NO3 uptake (Brix and Sorrell 1996), but that is not expected in this lotic system.  

Wetland plants tend to have a negative effect on aquatic ecosystem metabolism, as they 

tend to contribute to respiration but their production is often out of the water. In this study, I 

demonstrate that the relative impact of plants on ecosystem metabolism varied over time as the 

stream dried. GPP was on average greater in TYDO and PADI reaches compared to gravel 

reaches at the beginning of the metabolism sequence. However, GPP declined in TYDO and 

PADI reaches over time, while little change was observed in gravel patches. Given the 
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importance of light for ecosystem metabolism (Bernhardt et al 2022), this reduction in GPP could 

be a function of shading of in-stream primary producers (i.e., algae and cyanobacteria), as well as 

increased turbidity as a function of increased DOC later in the season. While we were not able to 

measure DOC with metabolism directly, the positive effect of biomass on DOC in the final 

sampling week suggests the contribution of these plants to DOC is primarily at the end of the 

season, as the stream dries, and plant patches contract, senesce, and decompose, . Despite a 

significant difference in tissue carbon content between the two species, there was no difference in 

DOC concentration between species patches. DOC is a primary food source in aquatic systems, 

but the late release of DOC into the system is out-of-step with in-stream consumers, who are 

reduced as the stream dries.  

As the world warms and ecosystem dynamics change, I may have to re-evaluate my 

long-held paradigms explaining the relationships between communities and ecosystems. 

Changing environmental conditions are likely to alter relationships between organisms and the 

environment. While additional research examining a range of species and environmental 

conditions is necessary to fully elucidate response-effect trait interactions, this research 

contributes to my understanding of how species-specific plant responses to environmental 

change can alter their effect on important ecosystem processes, including carbon cycling. 

Understanding the interactions between plant responses to environmental change and their 

effects on ecosystem processes will help project future change. 
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Tables and figures  

 
 

 
 
Figure 4.1. Hypothetical interactions between plant tissue content (effect and response trait), 
surface water chemistry, and pore water dissolved gases. (A) Chemical interactions: plant 
production and tissue nutrient content (%C, %N, C:N) are a function of the nutrients available 
(NH4 and NO3). (B) Physical interactions: traits such as root architecture, stem thickness, and 
plant height, that affect abiotic and biotic components of the system.  
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Figure 4.2. Study area along a ~4-km sections of Sycamore Creek, with pins denoting specific 
patches monitored approximately biweekly (green TYDO, blue, PADI) and rectangles denoting 
species-specific metabolism reaches (green-TYDO, blue-PADI, gray-GRAVEL).   
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Figure 4.3. Changes in stream conditions and patch size over the experimental period (beginning 
week 1 May 11th).  The cross-sectional area (CSA) and velocity demonstrate contraction and 
slowing of the stream over the study period. Patch size, measured in biomass and total patch 
area, peaked in most patches in week 3.  
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Figure 4.4. Tissue C:N concentrations tended to be higher (higher carbon content) in later weeks, 
where week 1 begins May 11th, (p = 0.007) and specifically in PADI patches (ANOVA p = 0.001) 
(A). Tissue C:N tended to decrease with increasing NO3 in surface water in TYDO tissues (p = 
0.016, R2 = 0.25) but not PADI, which also tended to have lower levels of NO3 (B). C:N ratio in 
PADI tissues was negatively correlated with greater CSA (p = 0.047, R2 = 0.21) (C).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Week 
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Figure 4.5. DOC did not vary significantly as a function of species or week (beginning week 1 
May 11th). DOC in surface water varied as a function of biomass only in the last week (Week 7 p 
= 0.002, R2 = 0.67) (B).  
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Figure 4.6. DO in root zone varied significantly by species (p = 0.001) but not over time (A), 
where week 1 begins May 11th. DO was positively correlated with C:N given biomass (p = 0.04, 
R2 = 0.11), without consideration of species. 
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Figure 4.7. Root zone CO2 as a function of species by week (beginning week 1 May 11th) and 
C:N. Root zone CO2 was significantly correlated with C:N given biomass for all species combined 
(p = 0.014, R2 = 0.27) and  TYDO separately (p = 0.044, R2 = 0.43), but not PADI. 
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Figure 4.8. GPP values over time across reach types: gravel (G), PADI (P), and TYDO (T). GPP 
decreased significantly over the five days in reaches dominated by TYDO (P=0.003, R2=0.75). 
GPP in PADI reaches also decreased over time, but was only marginally significant (P=0.090, 
R2=0.30). No significant pattern was observed in gravel-dominated reaches. 
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Figure 4.9. Interactions between response and effect traits in TYDO and PADI. Arrow colors 
indicate whether the relationship is positive (green) or negative (red) and are oriented from 
independent to dependent variables. 
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Table 4.1. Multi-model inference results, which summarizes the results of all the models for each 
variable. 
 

  Variable Est se z value p value Import 

Biomass 

Week -0.1 0.09 -0.28 0.082 0.28 
C:N 0.06 0.06 -0.05 0.17 0.28 
SP -0.48 0.44 -1.34 0.386 0.28 

Biomass 0 0 0 0 0.25 
       

Biomass T 

Week 291.96 433.41 0.67 0.501 0.47 
NH4 16168.24 28722.07 0.56 0.573 0.4 
CSA 1074.46 2115.77 0.51 0.612 0.37 
NO3 17136.24 37732.74 0.45 0.65 0.35 

       

Biomass P 

NO3 -705881.34 356850.33 -1.98 0.048 0.96 
CSA -17741.03 7243.11 -2.45 0.014 0.95 
Week -1546.10 671.97 -2.30 0.021 0.94 
NH4 59259.13 103783.21 0.57 0.568 0.49 

       

C:N 

Week 1.06 0.21 4.93 0 1 
SP -5.23 1.09 -4.79 0 1 

Biomass 0 0 -1.66 0.097 1 
NO3 -22.02 32.8 -0.67 0.502 0.47 
NH4 -0.32 7.07 -0.05 0.964 0.27 

       

DO 

Biomass 0 0 1.1 0.271 0.81 
Week -0.1 0.09 -1.08 0.281 0.7 

SP -0.47 0.44 -1.06 0.29 0.68 
C:N 0.06 0.06 1.02 0.307 0.77 
NO3 -3.21 6.23 -0.51 0.607 0.37 
NH4 0.86 2.6 0.33 0.739 0.3 

       

DOC 

Biomass 0 0 1.15 0.249 0.82 
SP -0.48 0.44 -1.08 0.279 0.69 

Week -0.1 0.09 -1.08 0.28 0.7 
C:N 0.06 0.06 1.08 0.281 0.78 

       

CO2 

C:N -68.1 22.88 -2.98 0.003 0.98 

Biomass -0.06 0.02 -2.47 0.013 1 

Carbon -71.12 49.92 -1.42 0.154 0.84 

DOC -216.81 199.34 -1.09 0.277 1 

DO 22.82 95.38 0.24 0.811 1 

Week -0.31 17.3 -0.02 0.986 0.28 

SP -0.79 65.94 -0.01 0.99 0.27 

 
 
 



 

89 

CHAPTER 5 

PLANKTON TRAITS MEDIATE ECOSYSTEM FUNCTION IN THE COLORADO RIVER 

 

Introduction 

Phosphorus (P) concentration and availability are important factors controlling ecosystem 

metabolism in many freshwater ecosystems (Hoellein et al 2013). Phosphorus is an essential 

nutrient in photosynthesis, and when present in low supply it can limit the rate of gross primary 

production (GPP). The relationship between P and ecosystem metabolism in aquatic systems is 

complicated by additional environmental variables, such as erosion and hydrologic regime 

(Bernhardt et al. 2022) and co-limitation with light (Arteaga et al 2014) and other nutrients (Elser 

et al. 2007). For instance, in addition to P, nitrogen and silica are often limiting to phytoplankton 

growth (Tillman et al 1982, Elser et al. 2007). Stoichiometric demands for P and other nutrients 

vary among species and groups and influence nutrient cycling, process rates, and productivity. 

When whole communities are examined, as in metabolism, the relative abundances of these 

species are expected to influence community-level processes. 

 Ecosystem metabolism is a complex function conditional on multiple interacting climatic, 

hydrologic, and biogeomorphic factors, and is quantified as GPP and ecosystem respiration (ER). 

The balance between GPP and ER determines whether the system accumulates or loses carbon 

where import equals export. In streams and rivers, GPP varies largely as a function of light and 

hydrologic regimes (Bernhardt et al 2022) and usually exceeded by ER, resulting in lotic systems 

being mostly heterotrophic (i.e., GPP<ER; Mulholland et al 2001). However, in ecosystems where 

light is less limiting, like the desert Southwest, in-stream productivity is limited more by nutrients, 

hydrologic flow, and disturbance (Busch and Fisher 1981; Grimm and Fisher 1986; Grimm 1987). 

Contrary to more mesic systems, aridland streams cross the line between heterotrophic and 

autotrophic ecosystem metabolism, mainly in the early summers when slow but persistent flow 

from winter rains couples with high light to promote the growth of in-stream primary producers.  
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Phytoplankton are dominant primary producers in oceans, lakes, and large rivers, and 

thus are significant contributors to ecosystem metabolism. Phytoplankton are a widely diverse 

group of algal and microbial photosynthetic organisms that occupy the water column and vary in 

size, shape, color, type of metabolism, and life-history traits (Borics et al 2021). Phytoplankton 

traits also respond to changing environmental conditions, and those changes can have larger 

implications for ecosystem function. For instance, phytoplankton species can differ in individual 

cell volume by four orders of magnitude. Increasing temperature results in smaller phytoplankton 

cell size, at the species and community levels (Zohary et al 2021). Additionally, warming can alter 

food-web function and lead to selection for fast-growing phytoplankton species (Rasconi et al 

2015), thus affecting rates of ecosystem metabolism. Cell size is a trait that, along with shape, 

influences the capacity of a cell to take up nutrients by affecting the surface area to volume ratio. 

A cell’s access to spatially distributed nutrient pools is expected to be influenced by its ability to 

move (motility) and its attachment to other cells (colonial) or substrate (attached) reducing the 

surface area available for nutrient uptake. 

Soluble reactive phosphorus (SRP) is the predominant form of biologically available 

phosphorus and thus is often a significant control on primary productivity in many freshwater 

systems (Heckly and Kilham 1988). However, the relationship between SRP and productivity is 

complicated by a number of factors, including colimitation with other nutrients (Elser et al. 1990; 

Lewis and Wurtsbaugh 2008), stoichiometric demands (Kerkhoff et al. 2005), among others. 

Assuming no colimitation exists, one would expect an increase in SRP to result in a greater 

abundance of phytoplankton (i.e., higher biovolume), and higher GPP.  

The Colorado River is an integral water resource serving the southwestern US and 

Mexico, yet its ability to supply water has been under threat owing to climate change (Christensen 

et al. 2004). Multiple monitoring programs have documented fluctuations in water chemistry, 

primary productivity, and ecosystem metabolism in this waterway for decades (U.S. Geological 

Survey 2021). One long-term monitoring site is Lee’s Ferry, situated below Glen Canyon Dam, 

which is the only site for hundreds of miles where the river is accessible on both sides. From 
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these long-term monitoring data, P is expected to be the limiting nutrient (when nutrients are 

limiting) because of its low concentration at Lee’s Ferry (USGS 2017). The data demonstrate that 

metabolism fluctuates and is weakly related to phytoplankton biovolume but does not exhibit a 

clear relationship with P concentration. 

I expected differential trait responses to available phosphorus (SRP), and effect traits 

influencing biovolume and GPP, to explain the lack of a direct relationship between SRP and 

metabolism. Instead, I expected to find that phytoplankton traits mediate this relationship, and 

obscure direct relationships between SRP, phytoplankton biovolume, and GPP. This study had 

three objectives. The first was to confirm patterns in GPP and SRP over time. Second, to 

examine patterns in phytoplankton traits and their importance to SRP, phytoplankton biovolume, 

and GPP via multimodal inference. Third, to examined the mediative relationships of 

phytoplankton biovolume and traits on SRP and GPP. To do this, I built a structural equation 

model to test the mediation effect of phytoplankton traits.  

 

Methods 

Phytoplankton data 

 Phytoplankton surveys have been conducted by the United States Geological Survey 

(USGS) at Lee’s Ferry along the Colorado River since 1994, with sample frequency varying 

between 3-12 monthly observations per year. Phytoplankton were identified to the species level, 

where possible, and counted for abundance. Some of the specimen identified in these surveys 

are more commonly associated with benthic zones but have been transported in the water 

column while others are phytoplankton transported from reservoirs. Here, I define 

phytoplankton as algal and microbial photosynthetic organisms that occupy the water column.  

Average cell volume for each species was calculated from subsampled specimen each sampling 

event, which was used to calculate species-level biovolume. Water chemistry samples were 

collected along with phytoplankton samples. In this study, I focus specifically on SRP, which is 

the most bioavailable of the P forms, and therefore most relevant to productivity and phosphorus 
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uptake. A periodic time series of ecosystem metabolism (average length ~3 months, multiple 

times a year) for Lee’s Ferry from data recorded since March 2008 was also acquired through 

USGS collaborator, Dr. Charles Yackulic.   

 Phytoplankton trait data were collected from online databases, mainly diatoms.org 

(Spaulding et al 2021) and freshwaterecology.info, for each identified species in the dataset, 

where available. Relevant species-specific trait information was coded into simplified categories 

for generalization and analysis. I focused on traits anticipated to mediate P uptake, either by 

influencing surface area to volume ratios and capacity for P uptake, or access to spatially 

distributed pools of SRP in the environment. Surface area to volume ratios in phytoplankton are a 

function of the size and shape of a cell. Cells vary in size, from 10 um3 to 1,000,000 um3, and in 

shape, commonly varying between rectangular, cylindrical, pyramidal, spherical, or some 

combination thereof. Cell biovolume calculations were based on the cell’s geometric shape 

(Hillebrand et al 1999). Shape classifications used in modeling were further simplified into the 

most common shape categories: rectangular, cylindrical, pyramidal, or spherical. Motility, 

reported as a gradient from nonmotile to highly motile, was grouped into either motile (slightly 

motile to highly motile) or nonmotile (weakly motile to nonmotile). Four reported modes of 

colonialism were simplified into either colonial (classified as commonly occurs in colonies, 

occasionally occurs in colonies, forming zigzag colonies) or solitary. Four reported modes of 

attachment were simplified into either attached (tube-forming, vertical, prostrate) or unattached.  

 I calculated the proportion of the total observed biovolume belonging to each trait 

category by summing the total biovolume of each species in each category and dividing it by the 

total observed biovolume for each sampling event (Eq. 5.1). Trait biovolumes were calculated by 

summing the biovolumes of all species identified to have the given trait. The summed biovolume 

was converted into a proportion of the total biovolume. 

% Focal trait = ∑ Bsp [trait], t /  ∑ Bphyt, t (Eq. 5.1) 

Bsp [trait] is the biovolume of a species known to have the focal trait of interest and Bphyt,t is the total 

plankton biovolume at a given time. 
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Multimodel inference 

 I performed multimodel inference analyses to quantify the relative importance of selected 

traits on each of the core model components (SRP, biovolume, and GPP) using the glmulti 

package in R Statistical Software (Calcagno 2020, R Core Team 2020). Exhaustive model 

screening was limited to first-order regressions (excluding interaction terms) for a total of 128 

candidate models. Each global model for SRP, biovolume, and GPP included all of the selected 

trait variables (colonial, motile, tolerant, attached, rectangular, spherical, cylindrical) as 

proportions of the total biovolume. From these analyses, I selected those trait variables that 

surpassed the widely accepted model-averaged importance threshold weight of 0.8 or greater 

and occurred as significant explanatory terms in best fit models to include in the multiple 

mediation SEM model.    

 

Structural equation modeling 

 I used structural equation modeling (SEM) to explore the complex relationship between 

SRP, phytoplankton biovolume, and GPP using the lavaan package in R Statistical Software (Ives 

2012, R Core Team 2020). This model incorporates multiple mediating factors and levels (Figure 

5.1). First, the model was centered on phytoplankton biovolume (Bphyt) mediating the relationship 

between SRP and GPP. Simply put, SRP is expected to increase biovolume (Bphyt), which in turn 

should raise overall GPP, though specific productivity (per unit biomass) decreases. Then, the 

mediating effect of significant traits (Tx, Ty,.., as identified in the multimodel inference analysis) 

was incorporated in the SRP–biovolume, biovolume–GPP, and SRP–GPP relationships. Bphyt was 

regressed as a function of SRP and the relative proportion of traits (Tx, Ty) in the community (Eq. 

5.2), and GPP was regressed as a function of SRP, Bphyt, and Tx, or Ty ,..(Eq. 5.3). Each trait (Tx, 

Ty) was regressed as a function of SRP (Eq. 5.4).  

Bphyt = a1SRP + b2Tx + b3Ty … (Eq. 5.2) 

GPP =  b1Bphyto + c1SRP +  c2Tx + c3Tx … (Eq. 5.3) 

Tx,y = aiSRP (Eq. 5.4) 
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Regression coefficients were used to evaluate the indirect effects of the mediators, Bphyt, 

and Tx,y,.., and the total effects of the modeled variables (Eq. 5.5-8). Coefficients are denoted a - c 

and numbered by mediator (Bphyt, Tx, Ty, …) starting at 2 for trait mediators (e.g., a2, a3…), and 

marked i where equations are repeated for each trait.  

 

Results 

 GPP varied over the 10-year period, ranging from 1 to 15 g O2 m-3 d-1, and averaged 

approximately 5 g O2 m-3 d-1. There was a strong seasonal signal, with GPP rising in the spring 

and falling in autumn each year (Figure 5.2A). Over the study period, SRP ranged from 0.001 to 

0.018 ug L-1, with a mean value of 0.006 ug L-1; however, SRP varied between years, with the 

lowest values of SRP observed at the beginning (2008) and end (2018) of the study period. 

Likewise, total Bphyt was highest around 2012 and dropped considerably with declining P in later 

years. Contrastingly, the average volume of individual cells increased in later years, especially 

post-2014.  

The phytoplankton dataset included 244 species identified to the species level (Appendix 

B).  Approximately 30% of the species identified are considered benthic, and another 30% are 

classified as benthic or planktonic. Purely planktonic species made up about 24% of the total 

observed biovolume.  The most abundant species over the study period was Ellerbeckia arenaria, 

accounting for over 30% of the total observed biovolume from 2008 to 2018, though its high rank 

is weighed heavily by a very high abundance in 2014. Synedra ulna, Diatoma vulgaris, and 

Cocconeis placentula made up an additional 32% of the total observed biovolume. Unlike E. 

arenaria, whose dominance varied widely from year to year, S. ulna, D. vulgaris, and C. 

placentula were among the top five most abundant species every year. Puncticulata bodanica, 

Fragilaria crotonensis, and Melosira varians biovolume were often in the top five to ten most 

abundance species each year, but their abundance varied over the study period.  

Rectangular cells comprised about 36% of species identified, 52% of the total observed 

Bphyt, but varied from 2 to > 90 % of Bphyt per sampling event (Figure 5.3). Likewise, cylindrical 
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cells made up 36% of species identified, 41% of total Bphyt observed, and between 2 to 95% Bphyt 

per sampling event. Approximately 18% of species identified and 6% of the Bphyt were spherical 

cells, and atypical shapes were less common. Colonial species comprised 25% of identified 

species, ranging from >1 to <90 % observed Bphyt, were correlated with the proportion rectangular 

cells, especially from 2012 - 2014, coinciding with higher SRP concentrations during this period. 

Motile species comprised 32% of identified species, 6% of total biovolume on average, and 

ranged well below 1% to 28% of observed Bphyt per sampling event. Attached species comprised 

25% of identified species, 52% of total biovolume on average, and ranged 1% to 98% of 

observed Bphyt per sampling event. Tolerant comprised 19% of identified species, 25% of total 

biovolume on average, and ranged >1% to 77% of observed Bphyt per sampling event. Patterns in 

the proportion rectangular and colonial species follow total phytoplankton biovolume over time, 

which start relatively high and drop considerably after 2013. On the contrary, tolerant and 

attached species mirror biovolume patterns, dipping between 2012 - 2016, with the greatest 

proportions in 2011 and 2017. Spherical cells roughly follow patterns in cell size over time, 

increasing notably after 2015. Rectangular and cylindrical proportions were correlated with 

colonial (r = 0.85 and  -0.72, respectively), and sensitive was correlated with Bcell (r = 0.84, Table 

5.1) 

Multi-model inference analyses of SRP, Bphyt, and GPP yielded between 6 to 13 best-fit 

models accounting for 43 - 27% of model weights, while best-fit model weights ranged from 7% to 

2% (Table 5.2 and 5.3). Best-fit models for SRP each included proportion spherical as a 

significant explanatory variable with a negatively weighted effect (B= -0.008, se= 0.0004, P = 

0.09) and a model-averaged weighted importance of 0.86.  Best-fit models of Bphyt each included 

the proportion colonial biovolume as a significant explanatory variable with a positive average 

effect (B= 4x10-8, se= 2x10-8, P = 0.12), and model-averaged weighted importance of 0.84. Trait 

importance varied between SRP, phytoplankton biovolume, and GPP (Figure 5.4). Proportion 

colonial was most important for phytoplankton biovolume and GPP, whereas proportion spherical 
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was most important for SRP. These variables identified as most important were incorporated in 

the mediation SEM. 

The SEM explained approximately 37% of the observed variance in GPP and 25% of the 

variance in total Bphyt (Figure 5.5, Table 5.4). The baseline model contained 10 df (t = 57.958, P < 

0.001), with a comparative fit index of 1, indicating good model fit. SRP had a marginally 

significant positive estimated effect on total Bphyt (10.7 mm3, P=0.08), and a nonsignificant 

negative effect on GPP (β = -14.24, P=0.36). The relationship between SRP and the proportion 

colonial and spherical phytoplankton had contrasting effects. SRP was strongly positively 

associated with colonial biovolume (β  = 2.0, P = 0.10), and negatively associated with spherical 

biovolume (β  = -1.7, P = 0.006).  In addition to SRP, Bphyt was significantly positively related to 

the proportion colonial biovolume (β  = 4.9, P < 0.001), and negatively associated with spherical 

biovolume (β  = -1.4, P = 0.34). GPP was also negatively influenced by proportion spherical 

biovolume (β = -2.9, P = 0.25), and positively associated with colonial biovolume (β = -4.9, P < 

0.001). Direct effects of Bphyt and SRP on GPP were not significant (P=0.23 and 0.48, 

respectively).  

Colonial biovolume had a positive mediation effect on the Bphyt–GPP relationship (β  = 

1.98, P = 0.03). The size of the estimated mediation effect of colonial phytoplankton on the 

relationship between SRP and GPP was large, but not significant (β  = 61.4, P = 0.12). The total 

modeled effects were not significant (P = 0.68). While lower SRP is associated with a higher 

proportion spherical phytoplankton and a lower relative proportion colonial phytoplankton, the 

proportion colonial phytoplankton was generally higher than spherical at all observed levels of 

SRP. Combined with the greater effect size of colonial phytoplankton on total biovolume and 

GPP, the higher proportion colonial phytoplankton buffers the negative effects of spherical 

phytoplankton at lower concentrations of SRP, such that GPP is relatively unaffected. 
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Discussion 

 My results demonstrate the complexity and importance of phytoplankton traits in 

mediating ecosystem functions, namely primary productivity. The interactions of these traits with 

SRP, phytoplankton biovolume, and GPP appeared to dampen, or buffer, the mediation of 

biovolume on the SRP–GPP relationship.  

 My results illustrate that SRP exerts varying effects on phytoplankton traits, and likewise, 

phytoplankton traits exert varying effects on biovolume and GPP. For instance, colonial 

biovolume was not particularly influenced by SRP (AIC model weight < 0.5), but colonial 

biovolume was important for explaining total biovolume and GPP (AIC model weight > 0.8). 

Likewise, spherical biovolume was negatively influenced by SRP, and had weak negative effects 

on GPP and Bphy. I set conservative criteria for model variables, including only traits with a model-

averaged importance weight > 0.8 and model-averaged significance of P < 0.10. Under less 

stringent conditions (i.e., importance weight > 0.5), tolerance and cell size traits are important 

factors regulating biovolume, whereas attachment traits are important for GPP.   

 I examined phytoplankton traits only in terms of their first-order interactions. However, 

many traits are not mutually exclusive, and co-occurring traits can exert diverging effects on focal 

variables or even cancel other trait effects. For instance, many colonial species are often 

rectangular or cylindrical in shape. While rectangular shapes have relatively high surface area to 

volume ratios, which would aid in nutrient diffusion, colonies of rectangular cells have thicker 

diffusion boundary layers and thus a reduced capacity for nutrient uptake (Beardall et al. 2008). 

Likewise, cell size can often mask the importance of cell shape. For example, while rectangularly 

shaped phytoplankton have a greater surface area to volume ratio relative to spherical 

phytoplankton of similar volume, a small spherical cell can have a greater surface area to volume 

ratio than a large rectangular cell. The total effect of the phytoplankton community is partly a 

function of the interaction of these related traits in individual species populations. 

The total consequences of SRP and biovolume on GPP were buffered by the interaction 

of diverging trait effects. Given relatively low levels of SRP in this system (0.001 - 0.018 ug/L), 
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(Hoellein et al. 2013), one would expect fluctuations in SRP to be mirrored by changes in GPP 

and biovolume. Yet, while SRP and biovolume varied over the study period, annual mean GPP 

did not vary significantly. The proportion spherical biovolume had a negative relationship with 

SRP, biovolume, and GPP, while colonial biovolume was positively related to SRP, biovolume, 

and GPP. Decreased SRP resulted in a greater relative abundance of spherical cells in the 

community,  which in isolation would theoretically reduce GPP, but the relative proportion colonial 

cells was still higher than spherical cells. Overall, colonial cells had a greater effect on the system 

than spherical cells due to their higher relative abundance: the positive effect of colonial on 

biovolume and GPP (+0.34, +0.46, respectively) was greater than the negative effect of spherical 

on biovolume and GPP (-0.10, -0.14, respectively). Thus, even though SRP had a stronger effect 

on spherical fraction than colonial faction (-0.28 vs +0.18), the greater abundance of colonial cells 

in the system dampened the negative effects of spherical cells on the system. In sum, the total 

effect of the phytoplankton community depended on the combination of the proportion of specific 

traits in the community, their relative response to SRP, and the strength of the effect of a given 

trait on observed biovolume and GPP. 

As I have shown, phytoplankton community composition (i.e., abundance of colonial vs 

solitary cells, proportion spherical vs non-spherical species) affected community biovolume and 

GPP. However, other abiotic factors can also control phytoplankton community composition, and 

those factors should be included in future studies to further elucidate the complexity of the 

system. For example, temperature, light, and environmental stoichiometry can all affect 

phytoplankton growth rates, and this, in turn, affects food-web interactions and biogeochemical 

cycling (Finkel et al. 2010). Temperature can affect cell size, light availability can drive higher 

rates of GPP and thus increase P demand, and environmental stoichiometry can affect the 

energy and material requirements of phytoplankton cells to maintain their own internal 

stoichiometries (Sterner and Elser 2003). Thus, these abiotic factors can create conditions that 

favor the selection of certain phytoplankton species.  
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Environment-function relationships are often complicated, and difficult to measure given 

variable conditions and interactions over space and time. Studies focused on the diversity and 

abundance of species or functional groups miss the complexity and importance of specific traits in 

mediating ecosystem function. Incorporating functional traits is essential to clarify our ecosystem 

conceptual models. This work provides an example of how interactions between diverging trait 

responses to environmental conditions and differing effects on ecosystem functions can buffer 

total effects and explain counterintuitive interactions across ecosystems, or lack thereof in the 

case of SRP and GPP. Trait associations varied in direction and magnitude by trait and variable 

(SRP, biovolume, GPP), complicating the SRP – GPP relationship. 
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Tables and figures  

 

 

Figure 5.1. Structural equation model (SEM) format. Biovolume of phytoplankton (Bphyt) mediates 
the interaction between SRP and GPP, and traits influencing P uptake mediate the interaction 
between SRP (P) and phytoplankton biovolume (Bphyt). The proportion of the phytoplankton 
population that is trait x (Tx), and trait y (Ty) mediates the interactions of SRP with biovolume and 
biovolume with GPP. Coefficients are denoted with letters and numbered by the mediator (1 - 
biovolume, 2 - Tx, 3 - Ty). 
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Figure 5.2.  Patterns in gross primary production (GPP), soluble reactive phosphorus (SRP), and 
biovolume (total observed, average individual cell) were observed at Lee’s Ferry from 2008 to 
2018. Ribbons are centered on the running mean with a 12-month window and have height equal 
to one standard deviation of that window. 
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Figure 5.3. Variation through time in the proportion of total observed phytoplankton biovolume 
representing different trait characteristics associated with P uptake, including attachment, 
colonialism, motility, shape (rectangular or spherical), or tolerant to increasing levels of 
disturbance, as defined by the biological condition gradient conceptual model (Davies and 
Jackson 2006).  
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Table 5.1. Correlation matrix of model variables. Total phytoplankton biovolume (Bphyt) and 
soluble reactive phosphorus (SRP) values per sampling event. Gross primary production (GPP) 
and ecosystem respiration (ER) was averaged over seven days surrounding the sampling event. 
The proportion of the total phytoplankton biovolume that were identified traits influencing P 
access, including colonial (cln), motile (mot), and attached (att), tolerance (tol) to human 
disturbance, and or traits influencing shape and volume, including spherical (sph), cylindical (cyl), 
rectangular (rec), and the average individual cell volume (Bcell), were compared.  
 

  Bphyt GPP ER SRP cln mot att tol sph cyl rec Bcell 

Bphyt 1.00 0.36 -0.04 0.24 0.40 -0.08 0.01 0.60 -0.28 -0.19 0.31 -0.17 

GPP 
 1.00 -0.51 0.06 0.56 -0.10 0.35 0.23 -0.35 -0.42 0.55 0.01 

ER 
  1.00 -0.10 -0.17 -0.05 -0.05 -0.09 0.13 0.05 -0.11 -0.12 

SRP 
   1.00 0.18 -0.05 0.06 0.18 -0.28 0.04 0.11 0.01 

cln 
    1.00 -0.02 0.25 0.00 -0.41 -0.72 0.85 0.06 

mot 
     1.00 0.02 0.06 -0.18 0.03 0.06 0.10 

att 
      1.00 0.12 -0.36 -0.23 0.38 0.18 

tol 
       1.00 -0.28 0.34 -0.16 -0.13 

sph 
        1.00 -0.06 -0.44 -0.11 

cyl 
         1.00 -0.87 -0.01 

rect 
          1.00 0.05 

Bcell                       1.00 
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Figure 5.4. Model-averaged importance of trait variables explaining SRP, phytoplankton 
biovolume (Bio, or Bphyt), and GPP. Importance values are calculated via the sum of the weights 
of the models in which the variable appears and are interpreted as the overall support for each 
variable across all models in the candidate set. Dashed lined denotes the 0.80 importance 
threshold. Plus signs (+) denote variables significant in multi-model inference. 
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Table 5.2. Best fit model results for total phytoplankton biovolume (Bphyt), soluble reaction 
phosphorus (SRP) and gross primary production (GPP). Model fit was evaluated using Akaike 
information criterion (AIC) scores. Models with AIC scores less than 2 points from the lowest AIC 
model were considered equally best-fit. Phytoplankton traits are abbreviated as follows: average 
individual cell volume (Bcell), motility (mot), colonial (cln), rectangular (rec), spherical (sph), 
attached (att). Model weight (W) was calculated as Akaike weight.  
 
  Bcell mot cln rec sph att tol Δ AIC W R2 p 

Bphyt 
           

Bcell + cln + rec + sph + tol 0.14 - 0.02 0.09 0.40 - 0.03 0.00  0.23 0.00 
cln + rec + sph + tol 0.00 - 0.02 0.07 0.05 - 0.02 0.36 0.07 0.21 0.00 

Bcell + cln + rec + sph + att + tol - - 0.01 0.06 0.05 0.40 0.02 0.97 0.06 0.20 0.00 
Bcell + cln + sph + tol 0.12 - 0.10 0.12 0.12 - - 1.28 0.04 0.20 0.00 

Bcell + cln 0.10 - 0.00 - - - - 1.54 0.03 0.17 0.00 
cln + rec + sph + att + tol - - 0.01 0.06 0.05 0.40 - 1.59 0.03 0.21 0.00 

Bcell + mot + cln + rec + sph + tol 0.16 0.64 0.02 0.11 0.04 - - 1.76 0.03 0.21 0.00 
sln + sph + tol - - 0.13 - 0.14 - - 1.87 0.03 0.18 0.00 

Bcell + cln + sph + tol 0.80 - 0.01 - 0.22 - - 1.89 0.03 0.18 0.00 
Bcell + cln + tol 0.15 - 0.01 - - - - 1.97 0.02 0.18 0.00             

SRP            

sph - - - - <0.001 - - 0.00 0.06 0.07 0.03 
cln + rec + sph + att + tol - - 0.08 0.02 0.02 0.13 - 0.02 0.06 0.12 0.03 

sph + tol - - - - 0.02 - - 0.34 0.05 0.07 0.04 
cln + rec + sph + tol - - -0.16 0.06 0.01 - - 0.57 0.04 0.10 0.04 

rec + sph + tol - - - 0.20 0.01 - - 0.64 0.04 0.08 0.04 
mot + sph - 0.40 - - 0.02 - - 1.27 0.03 0.06 0.06 

rec + sph + att + tol - - - 0.11 0.10 0.30 - 1.50 0.03 0.09 0.06 
cln + sph - - 0.58 - 0.07 - - 1.68 0.02 0.05 0.07 

mot + sph + tol - 0.45 - - 0.02 - - 1.75 0.02 0.07 0.07 
sph + att - - - - 0.03 0.73 - 1.89 0.02 0.05 0.08 
rec + sph - - - 0.85 0.04 - - 1.97 0.02 0.05 0.08 

mot + cln + rec + sph + att + tol - 0.85 0.10 0.02 0.01 0.15 - 1.98 0.02 0.10 0.06 
Bcell + sph 0.88 - - - 0.03 - - 1.99 0.02 0.05 0.08             

GPP            

cln + att - - <0.001 - - 0.04 - 0.00 0.08 0.03 <0.001 
mot + cln + att - 0.35 <0.001 - - 0.04 - 1.10 0.05 0.03 <0.001 

cln + att + tol - - <0.001 - - 0.04 - 1.52 0.04 0.03 <0.001 
cln + sph + att - - <0.001 - 0.50 0.08 - 1.53 0.04 0.03 <0.001 
cln + rec + att - - 0.50 0.52 - 0.09 - 1.57 0.04 0.03 <0.001 
Bcell + cln + att 0.57 - <0.001 - - 0.04 - 1.67 0.03 0.03 <0.001 
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Table 5.3. Multimodel inference results relating total phytoplankton biovolume (Bphyt), gross 
primary production (GPP), and soluble reactive phosphorus (SRP), phytoplankton traits: colonial 
(cln), tolerant (tol), spherical (sph),rectangular (rec), average individual cell volume (Bcell), 
attached (att), and motile (mot). Results below include estimates of model coefficients (est), 
standard error (se), upper and lower confidence interval bounds (ciup, cidown), z-values, p-values, 
and model averaged importance values (Import). 
 

Y Trait est se cidown ciup z p Import 
 cln 4.407 2.882 -1.241 1.006 1.529 0.126 0.847 

 tol -3.662 3.424 -1.037 3.049 -1.069 0.285 0.694 
 sph -4.108 4.031 -1.201 3.794 -1.019 0.308 0.670 

Bphyt Bcell -1.944 2.402 -6.652 2.764 -0.809 0.418 0.559 
 rec -1.985 3.214 -8.285 4.314 -0.618 0.537 0.486 
 att 1.037 8.461 -1.555 1.762 0.123 0.902 0.322 
 mot -1.031 2.617 -6.161 4.099 -0.394 0.694 0.307 
         
 cln 3.982 2.333 -0.591 8.556 1.707 0.088 0.832 
 att 1.644 1.680 -1.649 4.936 0.978 0.328 0.650 
 rec 1.587 2.385 -3.087 6.261 0.666 0.506 0.468 

GPP mot -2.028 3.419 -8.730 4.673 -0.593 0.553 0.410 
 sph -0.918 1.742 -4.332 2.497 -0.527 0.598 0.369 
 tol -0.023 0.847 -1.684 1.637 -0.028 0.978 0.317 
 Bcell 0.000 0.000 0.000 0.000 -0.302 0.763 0.289 
         
 sph -0.008 0.005 -0.018 0.001 -1.673 0.094 0.864 
 tol -0.003 0.004 -0.011 0.005 -0.822 0.411 0.566 
 rec -0.003 0.004 -0.011 0.005 -0.674 0.500 0.480 

SRP cln 0.001 0.003 -0.003 0.006 0.590 0.555 0.422 
 att 0.001 0.002 -0.002 0.004 0.395 0.693 0.348 
 mot -0.001 0.003 -0.008 0.005 -0.410 0.681 0.306 

  Bcell 0.000 0.000 0.000 0.000 0.007 0.995 0.260 

 

 

 

 

 

 

 

 

 

 

 

 



 

107 

 

Figure 5.5. Multi-mediation model, wherein the effect of SRP) on GPP is mediated by 
phytoplankton biovolume, and the effect of P (SRP) on phytoplankton biovolume is mediated by 
the proportion of biovolume representing specific traits, colonialism, and spherical shape, which 
influence the surface area to volume ratio (spherical shapes have a relatively lower surface area 
to volume ratio) and access to P (colonial).  
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Table 5.4. SEM model results. Endogenous variable regressions for gross primary production 
(GPP) and phytoplankton biovolume (Bphty). Exogenous variable regression including proportion 
colonial (cln) and proportion spherical (sph) as a function of soluble reaction phosphorus (SRP). 
Mediation effects were estimated using the regression coefficients denoted in parentheses.  
 

  est se z p R2 

Regressions      

GPP ~     0.36 
SRP (c1) -14.3 15.8 -0.92 0.36  

Bphyt (b1) 0.45 0.32 1.39 0.16  

cln (c2) 4.93 1.37 3.6 >0.001  

sph (c3) -2.94 2.55 -1.15 0.25  

Bphyt ~     0.24 
SRP (a1) 10.7 6.18 1.73 0.08  

cln (b2) 1.17 0.537 2.17 0.03  

sph (b3) -1.43 1.52 -0.94 0.34  

     
Trait responses     

cln ~     0.03 
SRP (a2) -1.71 0.628 -2.73 0.006  

sph ~     0.09 
SRP (a3) 2.02 1.25 1.61 0.1  

cln ~~ sph -0.11 0.005 -2.31 0.021  
      

Mediation effects     

a1b1 4.91 4.85 1.01 0.321  

a2b2 2.36 1.99 1.18 0.237  

a3b3 2.45 2.62 0.93 0.349  

b2c2 5.77 3.02 0.19 0.057  

b3c3 4.22 12.75 0.33 0.74  

a2c2 9.97 6.45 1.54 0.123  

a3c3 5.04 3.91 1.29 0.197  

total 13.79 17.48 0.78 0.43  
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CHAPTER 6 

CONCLUSION 

This dissertation tested a conceptual framework linking environmental conditions, 

biotic communities, and ecosystem function via trait interactions. In aggregate, this work 

provides empirical support for the functional response–effect trait framework modeled 

after Lavorel and Garnier (2002). Additionally, this research provides explicit insights for 

specific ecosystems experiencing climate-driven regime shifts, especially riparian 

systems in the arid southwestern U.S. I conclude with a synthesis of key findings 

concerning functional trait theory, climate change, and implications for specific study 

systems undergoing change. 

In Chapter 2, I examined species responses to environmental conditions. I used 

long-term data from a small, spatially intermittent, and highly seasonal aridland stream to 

examine differential responses of dominant wetland macrophytes to variable drying and 

flooding disturbances over time. Desert streams in the US Southwest, historically 

characterized by extreme hydrologic regimes, are experiencing more prolonged drying 

and more intense flash floods. These disturbances alter the geomorphology and biotic 

community of aridland streams, which are vital for promoting biodiversity (Sabo et al. 

2005b), and biogeochemical processes, like nitrogen uptake and retention (Schade et al. 

2005b). I demonstrate that interannual interactions between wetland plant biomass, 

disturbances, and species-specific tolerances to flood and drought stressors moderate 

patterns of riparian wetland productivity in arid stream ecosystems. I identified bio- and 

hydrologic factors explaining the distribution and abundance of specific wetland 

macrophytes over time. I found the most key factors across all species were biomass in 

the previous year and maximum flood peak, supporting the notion posed by Heffernan 

(2008) that an amplifying feedback loop promotes the wetland alternative stable state up 

to a threshold of disturbance. This work demonstrates not only the interannual feedbacks 

promoting greater biomass, but also provides an example of a species’ drought tolerance 
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being exceeded (Juncus torreyi), resulting in its loss from the community following severe 

drought.  

In Chapter 3, I explored effects of specific functional groups on ecosystem 

properties and function. Specifically, I examined the influence of functionally distinct 

primary producer groups, mosses and sedges, on carbon dynamics and aquatic 

ecosystem metabolism in arctic mire thaw ponds. Plant communities in permafrost 

regions are shifting with rising temperature and water availability (Malmer et al. 2005; 

Johansson et al. 2006), which may have significant implications for the carbon cycling 

and sink capacity of permafrost regions (Koven et al. 2011; Schuur et al. 2015; Kuhn et 

al. 2018). Ecosystem metabolism, quantified by gross primary production (GPP) and 

ecosystem respiration (ER), is expected to change as a function of temperature, 

hydrologic regime, and the biotic community. I found the two plant functional groups had 

different effects on dissolved carbon gases, CO2 evasion, and pond metabolism. Sedges 

increase CO2 concentration in pore-water, promote greater ecosystem respiration, and 

increase carbon gas evasion. Moss ponds had higher GPP but exhibited NEP rates 

similar to non-vegetated, less metabolically active ponds; however, they may trap gases 

and effectively prevent evasion. Taken together, sedges promoted benthic carbon gas 

production and loss from ponds, whereas moss was associated with greater GPP. This 

work contributes to my understanding of how effect traits vary between functional groups. 

My findings also inform how tundra-thermokarst regime shifts may impact carbon 

dynamics and metabolism in the arctic.  

In Chapter 4, I tested the relationship between response and effect traits over 

environmental stress gradients in two functionally distinct wetland macrophyte species in 

a stream undergoing seasonal drying. Rising temperature, changes in seasonality, 

increased frequency and magnitude of extreme events, and acceleration of the 

hydrologic cycle are projected to shift ecosystem types and process rates (Grimm et al. 

2013). The relationship between response and effect traits remains a significant 
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knowledge gap. Yet answering this question is critical to understanding how shifts in 

species composition will give rise to new combinations of functional traits that affect 

ecosystem functioning (Hooper et al. 2012). I found differences in leaf tissue chemistry 

(C:N), and root-zone gases (dissolved oxygen and CO2) across species-specific patches. 

Differences in C:N indicate water stress in Paspalum distichum but not Typha 

domingensis, and hence differences in tolerance to drying conditions. Interestingly, the 

nitrogen content of these species differs substantially from tissue samples taken from the 

same species, in the same general region, under different water conditions (Suchy 2016). 

Specifically, P. distichum tissues are often reported to more nitrogen-rich than T. 

domingensis tissues. Yet, under drying conditions in my study, T. domingensis tissues 

had a significantly higher nitrogen content than P. distichum. This demonstrates the 

relationship between plant species (e.g., P. distichum having higher tissue nitrogen than 

T. domingensis, as seen in Suchy 2016) is conditional on the environment. Further, I 

found that plant tissue C:N, coupled with patch biomass, related to dissolved oxygen and 

CO2 observed in the root zone. Thus, demonstrating the interplay between response and 

effect traits on ecosystem processes, such as oxygen and carbon fluxes  

In Chapter 5, I tested the influence of response-effect trait interactions on 

ecosystem function. I examined the mediative relationships of phytoplankton biovolume 

and traits on soluble reactive phosphorus (SRP) and GPP. Using multimodel inference, I 

identified traits, specifically shape and colonization behaviors, to incorporate in a 

structural equation model that measured the mediation effect of these traits. SRP is the 

predominant form of biologically available phosphorus and thus is a significant control on 

primary productivity in many freshwater systems (Heckly and Kilham 1988). Reduced 

SRP often results in reduced abundance of primary producers (like phytoplankton), and 

lower GPP. However, in the Colorado River at Lee’s Ferry, plankton, SRP, and GPP are 

decoupled. I found different phytoplankton traits were related to SRP and 

GPP.  Specifically, the proportion of biovolume that was colonial had a positive 
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relationship with total biovolume and GPP but was not strongly influenced by SRP. in 

contrast, spherical biovolume proportion was negatively influenced by SRP, had negative 

effects on GPP and Bphyt. When SRP decreased, the proportion of spherical cells 

increased, but not enough to outweigh the influence of colonial cells, which were 

relatively more abundant. Hence, the total consequences of SRP and biovolume on GPP 

were buffered by the interaction of diverging trait effects. These results demonstrate the 

complexity and importance of traits in mediating ecosystem functions, especially those 

resulting in counterintuitive interactions in ecosystems undergoing change. 

Altogether, this research demonstrates the importance of traits, varying across 

species and functional groups, in regulating biotic community structure and ecosystem 

function. Each data chapter (2-5) explores the response-effect trait framework, in part 

(Chapters 2 and 3) or as a whole (Chapters 4 and 5). I demonstrate variation in traits 

within and between functional groups, over time, and across environmental conditions. 

This research was conducted across a variety of aquatic systems, varying in size, 

climate, water permanence, and flow regimes. Chapter 2, which focused on primary 

producer responses to environmental factors, and Chapter 4, which tested the interaction 

of response and effect traits, were performed in Sycamore Creek, a small, spatially 

intermittent stream subject to seasonal drying and flooding regimes. Chapter 3 was 

conducted in arctic mire thaw ponds, which are small, lentic systems undergoing hydro- 

and geomorphological changes as a function of permafrost thaw. Chapter 5 used data 

from a larger river system also located in the arid Southwestern US. Together, they 

demonstrate the applicability of this framework across systems. 

My research contributes to my understanding of the consequences of climate 

change in aridland systems. These systems already experience extreme variability in 

hydrology and temperature, are considered among the most vulnerable systems to 

climate change (Li et al. 2018), and have expanded across the globe over the last 60 

years (Huang et al. 2015). In aridland systems, riparian areas are vital for harboring 
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different kinds of species, thereby increasing regional biodiversity (Sabo et al. 2005b), 

and according the diversity-function hypothesis (Tilman and Downing 1994), ecosystem 

function. Global studies have identified biotic exchange as an important driver of 

ecosystem change for aquatic systems under climate change (Sala et al. 2000). Plant 

functional traits can have consistent effects on biotic interactions, like competition, which 

traits generate trade-offs between performance with and without competition (Kunstler et 

al. 2015). Climate change is altering resources and species distribution, exacerbating 

existing stressors and introducing new ones. A trait-based approach allows us to better 

understand and explore these novel conditions. 

The relationship between response and effect traits is complex. Unpacking this 

relationship requires a mass of data. While researchers have begun amassing these 

data, much of the research on functional response-effect trait interactions has focused on 

forestry systems (Zirbel et al. 2017; Refsland and Fraterrigo 2017). This research 

contributes to my understanding of, and provides empirical evidence for, response-effect 

trait interactions, and specifically provides insight on lesser studied wetland plant 

functional traits. In Chapter 4, I explicitly tested the response of plants to reduced water 

and nutrient availability, and the response between responding traits and the effect of the 

plant on ecosystem processes, like carbon flux, shading and competition with microbial 

producers, and oxygen dynamics. However, additional research is required to determine 

the consistency of these patterns across ecosystems and environmental conditions. 

This work provides case studies in which the response-effect trait framework is 

applied. However, these investigations are necessary across functional groups, 

ecosystems, and environmental conditions. While growing interest in functional traits has 

resulted in a boom of databases providing trait data across organismal groups (see TRY-

db.org, freshwaterecology.info, diatoms.org), significant gaps persist. Reducing these 

data gaps remains a challenge, especially given the importance of context for many traits 

in primary producers (Kattge et al. 2011)(and Chapter 4). Trait measurements explicitly 
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quantified across gradients of environmental conditions are necessary to fill these gaps. I 

focused on observing effects in the environment and comparing relative to identity and 

abundance of particular species or functional groups. Traits presumed to be causing 

observed effects should be measured in tandem with measurements of observed effects.  
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Appendix A. Biomass-cover relationships were used to estimate biomass in each pond.  
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Appendix B. Phytoplankton species observed at Lee’s Ferry along the Colorado River and their associated traits. Trait 
data was compiled from diatoms.org. Colonial diatoms were reported as solitary (0), occasionally colonial (+), commonly 
colonial (++), or zigzag colonies (ZZ). Motility was reported on a scale including nonmotile (0), weakly motile (1), slightly 
motile (2), moderately motile (3), or highly motile (4). Attachment strategies were reported on a in categories including 
unattached (UN), prostrate (PR), vertical (VR), or tubeforming (TF). Biological condition gradient (BCG) was reported on a 
scale from BCG 1 (specialist) to BCG 5 (tolerant) based on their levels of tolerance to human disturbance. 
 

Genus species Division Category size um3 Colonial Motility Attach BCG 

Achnanthes ventralis Bacillariophyta       

Asterionella formosa Bacillariophyta araphid 101-1000 ++ 0 UN  

Diatoma hiemale Bacillariophyta araphid 1001-10000  0 UN  

Diatoma mesodon Bacillariophyta araphid 101-10000 0 0 PR  

Diatoma moniliformis Bacillariophyta araphid 11-1000 ZZ 0 PR  

Diatoma tenuis Bacillariophyta araphid 101-1000 ZZ 0 UN 2 

Diatoma vulgaris Bacillariophyta araphid 101-10000 ZZ 0 PR 3 

Fragilaria capucina Bacillariophyta araphid 101-1000  0  3 

Fragilaria capucina var. gracilis Bacillariophyta araphid 101-1000  0  3 

Fragilaria construens Bacillariophyta araphid 11-100 ++ 0 VR 4 

Fragilaria crotonensis Bacillariophyta araphid 101-1000 ++ 0 UN 3 

Hannaea arcus Bacillariophyta araphid 101-1000 0 0 UN 2 

Pseudostaurosira brevistriata Bacillariophyta araphid 11-100 ++ 0 VR 3 

Pseudostaurosira pseudoconstruens Bacillariophyta araphid 11-100 + 0 UN 3 

Staurosira brevistriata Bacillariophyta araphid 11-100  0 VR 3 

Staurosira construens Bacillariophyta araphid 11-100 ++ 0 VR 4 

Staurosira construens var. venter Bacillariophyta araphid 11-100 + 0  4 

Staurosirella lapponica Bacillariophyta araphid      

Staurosirella leptostauron Bacillariophyta araphid 11-100 + 0  3 

Staurosirella leptostauron var. dubia Bacillariophyta araphid 11-100 + 0 PR  

Staurosirella martyi Bacillariophyta araphid 11-100 0 0 VR  

Staurosirella pinnata Bacillariophyta araphid 11-100  0 VR 4 

Synedra cyclopum Bacillariophyta araphid 101-1000 0 0 UN 3 

Synedra delicatissima Bacillariophyta araphid 10001-100000 + 0 UN  

Synedra delicatissima var. angustissima Bacillariophyta araphid 10001-100000 + 0 UN  

Synedra fasciculata Bacillariophyta araphid      

Synedra mazamaensis Bacillariophyta araphid 1001-10000  0 PR 2 

Synedra parasitica Bacillariophyta araphid 101-1000 + 0 VR 4 

Synedra tenera Bacillariophyta araphid 101-1000  0 UN 3 

Synedra ulna Bacillariophyta araphid 10001-100000 + 0 UN  

Tabellaria flocculosa Bacillariophyta araphid 11-1000 0 0 UN 2 

Tabularia fasciculata Bacillariophyta araphid 101-1000  0  4 

Amphora commutata Bacillariophyta asym. biraphid      

Amphora copulata Bacillariophyta asym. biraphid 1001-10000  2 PR 4 

Amphora delicatissima Bacillariophyta asym. biraphid      

Amphora inariensis Bacillariophyta asym. biraphid      

Amphora libyca Bacillariophyta asym. biraphid      

Amphora ovalis Bacillariophyta asym. biraphid 1001-100000  2 PR 4 

Amphora pediculus Bacillariophyta asym. biraphid 11-1000  2 PR 4 

Amphora pediculus Bacillariophyta asym. biraphid 11-1000  2 PR 4 

Cymbella affinis Bacillariophyta asym. biraphid 101-10000  2 VR 2 

Cymbella amphicephala Bacillariophyta asym. biraphid 101-1000 0 2 UN 2 

Cymbella caespitosa Bacillariophyta asym. biraphid      
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Cymbella cistula Bacillariophyta asym. biraphid  0 3 VR  

Cymbella delicatula Bacillariophyta asym. biraphid  0 3 UN 2 

Cymbella descripta Bacillariophyta asym. biraphid  0 2 UN  

Cymbella helvetica Bacillariophyta asym. biraphid 1001-10000 0 2 VR  

Cymbella leptoceros Bacillariophyta asym. biraphid  0    

Cymbella mexicana Bacillariophyta asym. biraphid 100001-1000000  4 VR 3 

Cymbella minuta Bacillariophyta asym. biraphid 1001-10000 + 3 TF  

Cymbella naviculiformis Bacillariophyta asym. biraphid 101-1000 0 2 UN 3 

Cymbella prostrata Bacillariophyta asym. biraphid 100001-1000000 ++ 3 TF  

Cymbella proxima Bacillariophyta asym. biraphid 10001-100000  3 VR  

Cymbella silesiaca Bacillariophyta asym. biraphid 1001-10000 + 2 TF  

Cymbella tumida Bacillariophyta asym. biraphid 10001-100000 + 2 VR 3 

Cymbella turgidula Bacillariophyta asym. biraphid 1001-10000  2 VR 2 

Cymbopleura amphicephala Bacillariophyta asym. biraphid 101-1000 0 2 UN 2 

Cymbopleura naviculiformis Bacillariophyta asym. biraphid 101-1000 0 2 UN 3 

Didymosphenia geminata Bacillariophyta asym. biraphid 100001-1000000  3 VR 2 

Encyonema caespitosum Bacillariophyta asym. biraphid 1001-10000  3 TF 3 

Encyonema minutum Bacillariophyta asym. biraphid 1001-10000 + 3 TF  

Encyonema prostratum Bacillariophyta asym. biraphid 100001-1000000 ++ 3 TF  

Encyonema silesiacum Bacillariophyta asym. biraphid 1001-10000 + 2 TF  

Encyonema temperei Bacillariophyta asym. biraphid 10001-100000  3 TF  

Encyonopsis microcephala Bacillariophyta asym. biraphid 11-100 0 3 PR 3 

Gomphoneis eriense Bacillariophyta asym. biraphid 1001-100000  3 VR 2 

Gomphoneis eriense var. variabilis Bacillariophyta asym. biraphid 1001-10000  3 VR 2 

Gomphoneis olivacea Bacillariophyta asym. biraphid 101-1000 ++ 3 VR 3 

Gomphonema acuminatum Bacillariophyta asym. biraphid 1001-10000  3 PR 3 

Gomphonema angustum Bacillariophyta asym. biraphid      

Gomphonema augur var. sphaerophorum Bacillariophyta asym. biraphid 1001-10000   VR 3 

Gomphonema clevei Bacillariophyta asym. biraphid      

Gomphonema gracile Bacillariophyta asym. biraphid      

Gomphonema hebridense Bacillariophyta asym. biraphid      

Gomphonema johnsonii Bacillariophyta asym. biraphid 101-10000  3 VR  

Gomphonema minutum Bacillariophyta asym. biraphid      

Gomphonema olivaceoides Bacillariophyta asym. biraphid 101-1000 ++ 3 VR  

Gomphonema olivaceum Bacillariophyta asym. biraphid 101-1000 ++ 3 VR 3 

Gomphonema parvulum Bacillariophyta asym. biraphid 101-1000 ++ 3 VR  

Gomphonema pseudoaugur Bacillariophyta asym. biraphid      

Gomphonema pseudotenellum Bacillariophyta asym. biraphid      

Gomphonema sphaerophorum Bacillariophyta asym. biraphid 1001-10000   VR 3 

Gomphonema tenellum Bacillariophyta asym. biraphid      

Reimeria sinuata Bacillariophyta asym. biraphid 101-1000  1 PR 2 

Rhoicosphenia abbreviata Bacillariophyta asym. biraphid 101-10000 0 1 VR 3 

Rhoicosphenia curvata Bacillariophyta asym. biraphid 101-10000 0 1 VR 3 

Aulacoseira ambigua Bacillariophyta centric 101-1000 ++ 0 UN 3 

Aulacoseira granulata Bacillariophyta centric 101-1000 ++ 0 UN 5 

Cyclostephanos dubius Bacillariophyta centric 11-1000 + 0 UN 4 

Cyclotella bodanica Bacillariophyta centric 10001-100000 0 0 UN  

Cyclotella bodanica var. lemanica Bacillariophyta centric 10001-100000 0 0 UN  

Cyclotella meneghiniana Bacillariophyta centric 11-1000 + 0 UN 5 

Cyclotella meneghiniana Bacillariophyta centric 11-1000 + 0 UN 5 
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Cyclotella ocellata Bacillariophyta centric 11-100 + 0 UN  

Cyclotella ocellata Bacillariophyta centric 11-100 + 0 UN  

Ellerbeckia arenaria Bacillariophyta centric 10001-100000  0 UN 2 

Melosira varians Bacillariophyta centric 10001-100000 ++ 0 UN 4 

Stephanodiscus alpinus Bacillariophyta centric 11-1000 0 0 UN  

Stephanodiscus hantzschii Bacillariophyta centric 101-1000 + 0 UN 5 

Stephanodiscus medius Bacillariophyta centric      

Stephanodiscus niagarae Bacillariophyta centric 101-10000 0 0 UN 4 

Stephanodiscus parvus Bacillariophyta centric 101-1000  0 UN  

Epithemia adnata Bacillariophyta epithemioid 1001-10000 0 3 PR 2 

Rhopalodia gibba Bacillariophyta epithemioid 1001-10000 0 3 PR 2 

Eunotia arcus Bacillariophyta eunotioid      

Eunotia circumborealis Bacillariophyta eunotioid 101-10000  2 UN  

Eunotia silvahercynia Bacillariophyta eunotioid      

Achnanthes felinophila Bacillariophyta monoraphid 1001-10000 0 2 UN  

Achnanthes hintzii Bacillariophyta monoraphid 11-100 0 2 UN  

Achnanthes joursacense Bacillariophyta monoraphid 101-1000 0 2 UN  

Achnanthes lanceolata Bacillariophyta monoraphid     4 

Achnanthidium catenatum Bacillariophyta monoraphid      

Achnanthidium catenatum Bacillariophyta monoraphid      

Achnanthidium duthiei Bacillariophyta monoraphid   2 PR  

Achnanthidium exilis Bacillariophyta monoraphid      

Achnanthidium minutissimum Bacillariophyta monoraphid 11-100 + 2 PR 3 

Cocconeis pediculus Bacillariophyta monoraphid 101-1000 0 2 PR 4 

Cocconeis placentula Bacillariophyta monoraphid 101-100000 0 1 PR 4 

Eucocconeis laevis Bacillariophyta monoraphid 101-1000  2 PR 2 

Planothidium calcar Bacillariophyta monoraphid 11-1000 0 2 UN  

Planothidium delicatulum Bacillariophyta monoraphid 101-1000 0 2 UN 5 

Planothidium dubium Bacillariophyta monoraphid 101-1000 0 2 UN 3 

Planothidium frequentissimum Bacillariophyta monoraphid     4 

Planothidium lanceolatum Bacillariophyta monoraphid     4 

Planothidium rostratum Bacillariophyta monoraphid 101-1000 0 2 PR 3 

Denticula tenuis Bacillariophyta nitzschioid 101-1000 0 3 PR 2 

Nitzschia acicularis Bacillariophyta nitzschioid 11-1000  3 UN 4 

Nitzschia amphibia Bacillariophyta nitzschioid 101-1000 0 3 PR 5 

Nitzschia constricta Bacillariophyta nitzschioid 1001-10000 0 3 UN 5 

Nitzschia dissipata Bacillariophyta nitzschioid 101-1000 0 4 UN 3 

Nitzschia inconspicua Bacillariophyta nitzschioid      

Nitzschia intermedia Bacillariophyta nitzschioid 1001-10000 0 4 UN  

Nitzschia linearis Bacillariophyta nitzschioid 1001-10000 0 3 PR 3 

Nitzschia palea Bacillariophyta nitzschioid 101-1000  3 PR 5 

Nitzschia sinuata var. tabellaria Bacillariophyta nitzschioid 101-1000 0 3 UN 3 

Amphipleura pellucida Bacillariophyta sym. biraphid 101-10000 + 0 TF 3 

Brachysira microcephala Bacillariophyta sym. biraphid 101-1000  3   

Brachysira vitrea Bacillariophyta sym. biraphid 101-1000 0 3 UN 3 

Craticula cuspidata Bacillariophyta sym. biraphid  0 4 UN 4 

Diploneis elliptica Bacillariophyta sym. biraphid 10001-100000 0 3 UN 3 

Gyrosigma acuminatum Bacillariophyta sym. biraphid 1001-100000 0 4 UN 4 

Gyrosigma attenuatum Bacillariophyta sym. biraphid 10001-100000 0 4 UN 5 

Hippodonta capitata Bacillariophyta sym. biraphid 101-1000 0 3 UN 4 
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Mastogloia elliptica Bacillariophyta sym. biraphid 1001-10000 0 3 UN 3 

Mastogloia smithii Bacillariophyta sym. biraphid 11-100 0 3 UN  

Navicula angusta Bacillariophyta sym. biraphid 101-1000 0 3 UN 3 

Navicula cari Bacillariophyta sym. biraphid 1001-10000 0 3 UN 4 

Navicula cryptocephala Bacillariophyta sym. biraphid 101-1000 0 3 UN 4 

Navicula cryptotenella Bacillariophyta sym. biraphid  0 3 UN  

Navicula elginensis Bacillariophyta sym. biraphid 11-100 0 3 UN  

Navicula exigua Bacillariophyta sym. biraphid      

Navicula gregaria Bacillariophyta sym. biraphid 101-1000 0 4 UN 4 

Navicula lanceolata Bacillariophyta sym. biraphid 1001-10000 0 3 UN 4 

Navicula margalithii Bacillariophyta sym. biraphid 1001-10000 0 3 UN 4 

Navicula menisculus Bacillariophyta sym. biraphid 101-1000 0 3 UN 3 

Navicula phyllepta Bacillariophyta sym. biraphid      

Navicula radiosa Bacillariophyta sym. biraphid 101-1000 0 3 UN 4 

Navicula recens Bacillariophyta sym. biraphid 101-1000 0 3 UN 5 

Navicula reinhardtii Bacillariophyta sym. biraphid 1001-10000 0 3 UN 3 

Navicula tripunctata Bacillariophyta sym. biraphid 1001-10000 0 3 UN 4 

Navicula trivialis Bacillariophyta sym. biraphid 101-1000 0 3 UN 4 

Navicula veneta Bacillariophyta sym. biraphid 101-1000 0 3 UN 4 

Navicula viridula Bacillariophyta sym. biraphid 1001-10000 0 3 UN 5 

Navicula viridula var. rostellata Bacillariophyta sym. biraphid 1001-10000 0 3 UN 4 

Placoneis clementioides Bacillariophyta sym. biraphid      

Placoneis elginensis Bacillariophyta sym. biraphid      

Sellaphora pupula Bacillariophyta sym. biraphid      

Stauroneis gracilis Bacillariophyta sym. biraphid 1001-10000 0 3 UN 3 

Stauroneis smithii Bacillariophyta sym. biraphid 101-1000 0 3 UN 4 

Characium ambiguum Chlorophyta       

Chlamydomonas gloeopara Chlorophyta       

Chlamydomonas reinhardtii Chlorophyta       

Chlamydonephris pomiformis Chlorophyta       

Closteriopsis acicularis Chlorophyta       

Crucigenia tetrapedia Chlorophyta  101-1000 ++    

Elakatothrix gelatinosa Chlorophyta  101-10000     

Golenkinia paucispina Chlorophyta       

Oocystis lacustris Chlorophyta  101-10000     

Oocystis parva Chlorophyta  11-1000     

Pediastrum boryanum Chlorophyta       

Quadrigula chodatii Chlorophyta       

Quadrigula closteroides Chlorophyta       

Quadrigula lacustris Chlorophyta       

Scenedesmus balatonicus Chlorophyta       

Scenedesmus bijuga Chlorophyta       

Scenedesmus quadricauda Chlorophyta       

Sphaerocystis planctonica Chlorophyta  101-1000     

Stichococcus bacillaris Chlorophyta       

Tetraedron minimum Chlorophyta  101-10000     

Westella botryoides Chlorophyta  101-1000     

Botryococcus braunii Chlorophyta   ++   3 

Chlamydomonas globosa Chlorophyta       

Chlorella minutissima Chlorophyta       
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Chlorella saccharophila var. ellipsoidea Chlorophyta       

Chlorella vulgaris Chlorophyta       

Dictyosphaerium pulchellum Chlorophyta  11-1000 ++    

Gonium pectorale Chlorophyta  11-10000 ++    

Sphaerocystis schroeteri Chlorophyta  11-1000     

Mallomonas pseudocoronata Chrysophyta       

Actinocyclus normanii Chrysophyta centric 1001-10000 0 0 UN 5 

Discostella pseudostelligera Chrysophyta centric 11-100 0 0  4 

Pleurosira laevis Chrysophyta centric 100001-1000000 ++ 0 PR 5 

Puncticulata bodanica Chrysophyta centric 10001-100000 0 0 UN  

Stephanocyclus meneghiniana Chrysophyta centric      

Cryptomonas marssonii Cryptophyta  1001-10000     

Cryptomonas platyuris Cryptophyta  1001-10000     

Rhodomonas lacustris Cryptophyta  101-1000     

Cryptomonas erosa Cryptophyta  1001-10000     

Cryptomonas ovata Cryptophyta  101-10000     

Plagioselmis nannoplanctica Cryptophyta       

Rhodomonas minuta Cryptophyta       

Aphanizomenon flosaquae Cyanobacteria  1001-10000 ++    

Aphanizomenon flos-aquae Cyanobacteria  1001-10000 ++    

Aphanocapsa delicatissima Cyanobacteria  1-1000 ++    

Aphanocapsa holsatica Cyanobacteria       

Aphanocapsa planctonica Cyanobacteria       

Aphanothece clathrata Cyanobacteria  1-1000     

Chroococcus minutus Cyanobacteria  11-1000     

Cylindrospermopsis raciborskii Cyanobacteria   ++    

Limnothrix redekei Cyanobacteria  101-1000 ++    

Merismopedia hyalina Cyanobacteria       

Planktolyngbya limnetica Cyanobacteria  11-1000 ++    

Snowella lacustris Cyanobacteria  11-1000 ++    

Woronichinia naegeliana Cyanobacteria  11-1000 ++    

Chroococcus limneticus Cyanobacteria  101-1000     

Chroococcus microscopicus Cyanobacteria  1-100     

Chroococcus minimus Cyanobacteria  1-11     

Gomphosphaeria aponina Cyanobacteria  101-10000     

Microcystis aeruginosa Cyanobacteria  11-1000 ++    

Oscillatoria tenuis Cyanobacteria       

Pseudanabaena limnetica Cyanobacteria  11-1000 ++    

Woronichinia karelica Cyanobacteria  1-1000 ++    

Trachelomonas pulchella Euglenophyta       

Trachelomonas volvocina Euglenophyta  101-10000     

Trachelomonas volvocina var. compressa Euglenophyta  101-10000     

Glenodinium palustre Pyrrophyrta       

Gymnodinium discoidale Pyrrophyrta       

Gyrodinium fusiforme Pyrrophyrta  10001-100000     

Peridinium umbonatum Pyrrophyrta       

Ceratium hirundinella Pyrrophyrta  10001-100000 0    

Audouinella hermanii Rhodophyta       

 


