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Abstract 

 

 Root dynamics are a major component of terrestrial 

ecosystem processes but they have not been broadly studied, 

due to the difficulty of quantifying root production and 

mortality. The use of minirhizotrons facilitates 

belowground research, but sample intervals are 

controversial since long intervals miss roots that grow and 

die between the samples. Also, root responses to grassland 

management such as mowing are less well-known than shoot 

responses, even though as much as 83% of productivity in 

semiarid grasslands occurs belowground. Finally, the 

belowground dynamics of invasive species that change the 

vegetation of an area can be expected to alter the local 

carbon (C) cycle in ways. 

 I investigated the optimum minirhizotron sample 

interval for measures of production and mortality in five 

contrasting ecosystems. Root production was significantly 

affected by sample interval, while root mortality was 

significantly affected by sample interval only in one 

ecosystem with large mortality. Overall, longer sample 

intervals tended to measure less root production and 

mortality than shorter ones, resulting in potential 

underestimation of ecosystem root dynamics. 
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 Further, I asked whether root responses reflect shoot 

responses to mowing and fertility in crested wheagtrass 

(Agropyron cristatum [L.] Gaerth) stands and native 

grasslands. Surprisingly, roots of both native and invaded 

grasslands were unaffected by mowing and N addition, 

despite significant changes in shoot mass in both 

vegetation types. Given that most production and 

competition in grasslands occurs belowground, this suggests 

that mowing may not be a successful tool for reducing 

crested wheatgrass root length. 

 Additionally, I examined the effects of crested 

wheatgrass on the local C cycle through changes in tissue 

lignin content, CO2 evolution via decomposition, and soil 

water and C content. Crested wheatgrass had significantly 

lower root tissue lignin content, higher CO2 evolution from 

root decomposition, and did not change soil C content. 

These results suggest that the lack of increase in soil C 

content under crested wheatgrass stands is due to its lower 

lignin content and higher rates of decomposition. 

 Overall, my results highlight the belowground 

dominance of an invasive species under different management 

treatments, as well as accounting for the inability of an 

invasive species to increase soil carbon in spite of 

increased production. 
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Chapter 1: General Introduction 

 

 

  Root systems are a major component of terrestrial 

ecosystems, since they comprise up to 83% of plant mass in 

habitats such as grasslands (Mokany et al. 2006). 

Additionally, root production and mortality directly affect 

the plant uptake of water and nutrients (Steingrobe 2005).  

  However, root dynamics are very difficult to quantify 

with the use of traditional root research methods, such as 

uprooting and coring (Aerts et al. 1989). In contrast, the 

use of continuous and non-destructive minirhizotron sampling 

allows for detailed observations on root dynamics (Hendricks 

et al. 2006). When using minirhizotrons, it is important to 

select the proper sample interval, depending on the root 

parameters being measured and the time and resources 

available. Long sample intervals might underestimate root 

production and mortality since roots that appear and 

disappear between the sample intervals might be completely 

missed (Johnson et al. 2001). Thus, is it important to know 

to what extent relatively long sample intervals 

underestimate fine root production and mortality in order to 

optimize the accuracy of the results. Because they quantify 

dynamics for the majority of plant production (belowground), 
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minirhizotrons may produce new insights into major questions 

such as the causes and consequences of plant invasions. 

 

	  

1.1. Invasive species  

	  

  The establishment of an exotic species in an ecosystem 

is often referred to as an “invasion” (Fridley et al. 2007). 

Plant invasions occur worldwide and they can alter species 

composition to various extents, from adding a minor new 

species, to a complete dominance of the vegetation by the 

new species. Change in species composition is one of the 

greatest anthropogenic impacts on ecosystems on both local 

and global scales (Strayer et al. 2006).  

Exploring the effects of plant invasions on ecosystem 

function is crucial for predicting future environmental 

changes. Such changes may be of a global importance when 

occurring on a large scale (Pimentel et al. 2000). 

Additionally, a detailed understanding of an invasive 

plant’s growth traits and life-history strategies provide 

information essential to the decision-making process and 

when planning and implementing invasive species management 

(Hiebert 1997). Long-term monitoring of any implemented 

management technique is of major importance, since short-
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term management outcomes may be reversed by long-term 

trends (Blossey 1999). Additionally, management of invasive 

species may also affect native species, so research is 

needed to make appropriate decisions, implementations and 

evaluations (Byers et al. 2002). Lastly, invasion might 

result in changes of various ecosystem functions such as 

the local carbon (C) and nitrogen (N) cycle (Hawkes et al. 

2005, Litton et al. 2006)  

 

 

1.2. Effects of invasive species on the C cycle 

	  

 Invasions and ensuing restoration attempts can cause 

large changes in ecosystem attributes and functions. In 

particular, C dynamics are prone to changes since not all 

species assimilate and allocate C in the same way (Baruch 

and Goldstein 1999). Even though changes in the C cycle 

usually require a long time to become apparent (Hartman et 

al. 2011), invasion-driven change has already been reported 

(De Deyn et al. 2008, Chapin III et al. 2009, MacDougall 

and Wilson 2011). For example, the invasion of western USA 

shrublands by the non-native cheatgrass (Bromus tectorum), 

altered the function of soil from a C sink to a C source 

(Bradley et al. 2006).  
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Both the quantity and microbial degradability of C 

inputs to the soil are strongly dependent on plant species 

(Don and Kalbitz 2005). The main plants trait which affect 

C quantity and quality in terms of microbial degradability 

are growth rate, litter C:N ratio and lignin content; these 

invariably differ among species. Additionally, 

environmental factors, such as water and nutrient 

availability together with management techniques such as 

mowing also influence C addition to the soil (De Deyn et 

al. 2008). One aim of my thesis is to assess the relative 

importance of these factors in controlling the impact of an 

introduced grassland species, crested wheatgrass (Agropyron 

cristatum [L.] Gaerth), on the C cycle. 

 

 

1.3. Crested wheatgrass invasion in native grasslands of 

North America  

	  

  Crested wheatgrass, a persistent, drought and cold-

resistant perennial bunchgrass from the steppes of central 

Asia was initially planted in 1898 in South Dakota, USA, as 

a valuable pasture grass, due to its ability to start its 

growth very early in the spring and not being injured by 

severe frosts (Rogler and Lorenz 1983). Today, crested 
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wheatgrass occupies 6-11 million ha of grassland in the 

Great Plains of North America and it is invasive (Lesica and 

DeLuca 1996). It commonly exists in near monoculture 

conditions and often persists at a site for decades (Looman 

and Heinrichs 1973, Christian and Wilson 1999).  

Previous attempts to control crested wheatgrass, 

mainly for restoring the species diversity, mainly used 

grazing, clipping and herbicides (Hansen and Wilson 2006). 

While much knowledge has been accumulated about crested 

wheatgrass management through restoration attempts over the 

past decades, control of this invasive still remains 

largely elusive.  

There are many studies that monitor the effectiveness 

of crested wheatgrass management techniques. Most research 

focuses on aboveground parameters like aboveground 

productivity and standing crop (Sneva 1973, Frank and Ries 

1990, Miller et al. 1990, Hansen 2007, Hulet et al. 2010) 

and only a few studies can be found that consider 

belowground tissues (Cook et al. 1958, Power and Legg 1984, 

Bethlenfalvay et al. 1985, Krzic et al. 2000). However, 

belowground functions, especially in grasslands, are 

crucial to ecosystem understanding. For example, 

belowground competition is considered to be more important 

than aboveground competition with regards to the seedling 
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emergence and performance in grasslands (Aguilera and 

Laurenroth 1993, Aguilera and Laurenroth 1995, Dyer and 

Rice 1999). Besides competition, microbial C and N dynamics 

vary greatly between aboveground and belowground tissues 

(Hooker and Stark 2008).  

 

1.3.1. Factors influencing crested wheatgrass invasion 

 According to Davis et al. (2000), the degree of 

invasibility of a community increases as the amount of 

unused resources increases. This “stock” of unused 

resources may result from reduced resource use following 

heavy herbivory or increased resource supply coming from 

increased water supply or eutrophication (Davis et al. 

2000). In particular, in ecosystems with predominantly 

nutrient-poor soils, an addition of nutrients can 

constitute a major disturbance, which in many cases have 

been shown to facilitate invasion by non-native species 

(Hobbs and Huenneke 1992).  

Crested wheatgrass invasion is a result of early 

attempts to improve soil stability as well as forage for 

livestock (Rogler and Lorenz 1983), since it is considered 

the ideal food source for cattle due to its palatability 

and its very high yield (Bittman et al. 2000). 

Additionally, crested wheatgrass has demonstrated 
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outstanding grazing tolerance in comparison to native 

species (Caldwell et al. 1981). Hence, the grazing systems 

and intensities applied in the beginning of the 20th century 

in combination with crested wheatgrass’ traits have 

strongly encouraged its invasion into North America 

grasslands. 

Eutrophication is defined as the nutrient enrichment 

of an ecosystem. Specifically, for temperate terrestrial 

ecosystems, eutrophication is related to N enrichment due 

to the deposition of pollutants following human-controlled 

processes like volatilization from livestock waste, 

combustion of fossil fuels, industrial production of 

nitrogenous fertilizers, power and heat, petrochemical 

refining, forest fires and farming of legumes crops (Smith 

et al. 1999, Köchy and Wilson 2001, Köchy and Wilson 2005). 

Eutrophication is characterized as one of the greatest 

threats to the structure and function of terrestrial 

ecosystems worldwide (Smith et al. 1999, Stevens et al. 

2004). 

Locally, eutrophication due to the deposition of 

pollutants it is observed in the northern Great Plains and 

significantly affects their vegetation, especially by 

accelerating the forest expansion into grasslands (Köchy 

and Wilson 2001). Moreover, eutrophication is able to 
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considerably change the grassland species composition by 

providing an advantage to faster growing species such as 

crested wheatgrass (Risser 1990).  

  When eutrophication occurs without grazing, it can 

magnify the effects of crested wheatgrass dominance, since 

crested wheatgrass has greater early-spring root growth, 

root proliferation and seedling emergence in fertilized 

soil microsites than native species (Eissenstat and 

Caldwell 1988, Pyke 1990, Caldwell et al. 1991). Hence, in 

the absence of biomass removal (e.g. grazing, clipping, 

mowing), eutrophication may exacerbate crested wheatgrass 

invasion because this species may be able to take advantage 

of early spring N flushes better than the natives. This 

would result in increased crested wheatgrass production, 

and the suppression of other native species (Monaco et al. 

2003). Consequently, increased crested wheatgrass 

productivity would result in further N enrichment of the 

soil and this “feedback loop” would be continued 

indefinitely.  

On the other hand, increased soil fertility will 

increase the available resources for both native and 

invasive vegetation. This is likely to result in decreased 

interspecific competition, which might result in an 

equilibrium between crested wheatgrass and native grassland 
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species. Hence, further research needs to be done in order 

to elucidate the future of the soil fertility “feedback 

loop”.  

Biomass removal by grazing might break this loop. 

Crested wheatgrass is a highly palatable species and this 

could result in relatively intense grazing by cattle (Ogle 

et al. 2009), therefore favoring native species. Thus, high 

rates of biomass removal might negate the effect of 

elevated soil fertility. 

Another possible effect of eutrophication in the 

absence of grazing is the reduction of soil C inputs by 

crested wheatgrass. Eutrophication is expected to increase 

plant tissue quality (i.e., lower the C:N and lignin:N 

ratios) (Reay et al. 2008). Consequently much of the C 

deposited in soils as organic matter will be decomposed by 

bacteria quickly (Chapin III et al. 2009) due to the small 

content of high molecular weight carbohydrates in plant 

tissues which are often high resistant to decomposition 

(Bardgett et al. 1998), and not persist in the soil. 

Similarly, microbial activity is accelerated by N addition 

in N-limited grasslands (Smith et al. 1999). Consequently, 

soil C will be respired rapidly. Eventually, C losses from 

the soil will have increased due to the increase in litter 

decomposition, respiration and mineralization following N 
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enrichment (Reay et al. 2008). Under these conditions, 

grassland soils could switch from an atmospheric C sink to 

a C source despite the increased production in root and 

shoot biomass caused by higher soil fertility. 

 

1.3.2. Local C cycle changes 

 A large number of studies concerning the environmental 

changes following crested wheatgrass invasion have been 

conducted. Reduction in native plant biodiversity 

(Christian and Wilson 1999, Poulin 2003, Henderson and 

Naeth 2005) and changes in the local C cycle are often 

mentioned in the literature (Dormaar et al. 1995, Lesica 

and DeLuca 1996, Christian and Wilson 1999). In particular, 

a 25% net loss of C was observed under crested wheatgrass 

when compared to native grassland soils (Christian and 

Wilson 1999). Finally, crested wheatgrass has been reported 

to double productivity aboveground (Smoliak and Dormaar 

1985) and belowground (MacDougall and Wilson 2011) in 

comparison to native species.  

 Besides productivity differences, crested wheatgrass, 

as a C3 plant, has a different physiology from the common 

native C4 species (e.g. Bouteloua gracilis). Thus, crested 

wheatgrass starts growing in spring and early summer while 

C4 natives start grow later in the summer (Ode et al. 
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1980). In particular, in the grasslands of North America, 

the time between the start of the growth of crested 

wheatgrass and the natives is around three weeks (Trlica 

and Biondini 1990). Besides the earlier growth, this 

physiological difference results in higher water use 

efficiency by crested wheatgrass when compared to native C4 

species and this contributes to the observed faster growth 

rates (Trlica and Biondini 1990).  

 Additionally, physiological differences between C3 and 

C4 plants may account for differences in their litter 

quality. Litter quality is defined as “the amount and types 

of organic C compounds, nutrient concentrations, and ratios 

between C compounds and nutrients in litter” (Vasconcelos 

et al. 2007) and it influences the local C cycle since it 

controls litter decomposability. Low-quality litter (e.g., 

low nutrient contents, high C compounds:nutrient ratios, or 

high C:N ratio) usually has lower decomposition rates than 

higher-quality litter (Redente et al. 1989, Mesquita 1998, 

Silver and Miya 2001, Loranger et al. 2002), but sometimes 

the opposite effects are observed (Mahaney et al. 2008, 

Rout and Callaway 2009). Thus, if plant physiology accounts 

for different litter quality between species, it may also 

contribute to differences in organic C in soils beneath 

crested wheatgrass and native species. There are various 
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indices of litter quality used in the literature, such as 

C:N ratio, lignin:N ratio and total lignin content (De Deyn 

et al. 2008, Wolkovich et al. 2010, MacDougall and Wilson 

2011).  

 Faster growing introduced plant species may have higher 

litter quality due to their lower tissue density and higher 

nutrient content than those of slow growing native 

grassland species (De Deyn et al. 2008). Crested wheatgrass 

grows faster than native grasses and generally has higher 

tissue quality (Taylor et al. 1989, MacDougall and Wilson 

2011). The above findings suggest that crested wheatgrass 

is decomposed faster, has higher mineralization rates and C 

losses through soil respiration than native grassland 

species. Recent studies (Henderson and Naeth 2005, 

MacDougall and Wilson 2011) support this assumption since 

they report no difference in soil C between crested 

wheatgrass invaded areas and native grasslands, even though 

in some cases root productivity was significantly higher 

for crested wheatgrass. In addition, other grassland 

studies from Canada report that crested wheatgrass produced 

less soil organic C relative to its mass in comparison to 

the native grassland species (Willms et al. 2005). These 

results require further research focusing on root litter 

decomposition of crested wheatgrass and native species. 
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Differences in C losses through soil respiration, in terms 

of CO2 emissions, between local and invasive species need 

to be assessed by conducting litter decomposition studies.  

 Along with the low C:N ratio of crested wheatgrass 

tissue, high age-related mortality rates may also 

accelerate its root decomposition. MacDougall and Wilson 

(2011) found significantly higher white coarse root 

production with higher mortality under crested wheatgrass 

than native species, suggesting that the color and the 

diameter of the root tissue may be related to its 

decomposition rates. 

 Soil decomposers, soil bacteria and fungi may also 

account for differences in decomposition rates between 

crested wheatgrass and native grassland species. Indeed, 

only the abundance of crested wheatgrass and prairie 

junegrass (Koeleria gracilis) was positively correlated 

with the active arbuscular mycorrhizal fungi biomass under 

high moisture conditions, whereas the P value was not 

significant for the rest of the ten species studied in 

Grasslands National Park, southwest Saskatchewan, Canada 

(Yang et al. 2010). The relative contributions of different 

organisms to soil respiration remains unknown, mainly due 

to the difficulty in the experimental separation of the CO2 

sources, since roots, symbionts and heterotrophs form a 
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functional continuum rather than discrete groups (Högberg 

and Read 2006). 

 Another possible explanation for the lack of C increase 

in the soil under crested wheatgrass may be due to its 

limited root exudation activity (Willms et al. 2005). 

Indeed, crested wheatgrass may release less C and N through 

root exudates in comparison to the native shortgrass 

ecosystem (Biondini et al. 1988). Since most of the plant 

root exudates are C containing substances (Uren 2007) which 

support microbial growth, the decoupling between the soil 

organic C and root production under crested wheatgrass may 

be due to the lower amount of root exudates produced by 

crested wheatgrass. 

 

 

1.4. Thesis objectives 

	  

This thesis is focused on the effects of crested 

wheatgrass invasion on the local C cycle under different 

mowing and N regimes. Furthermore, I have explored the 

optimum sample interval for root production and mortality 

on invaded grasslands and comparable ecosystems.  

One of the important advantages of this thesis is that 

it uses long-term experimental data. Previous work showed 
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various responses of crested wheatgrass to two years 

management (Hansen and Wilson 2006). Thus, studies that 

employ long-term management are needed. Despite the 

importance of management duration, there is a lack of 

long-term studies in the literature. In the present study, 

seven years of treatments application allowed me to assess 

the cumulative effects of management on grassland 

ecosystem.  

The particular objectives of each chapter are: 

i) to determine the influence of sample interval on 

measures of fine root production and mortality in several 

contrasting ecosystems (Chapter 2); 

ii) to determine whether the decrease in shoot mass 

caused by mowing is accompanied by a decrease in root mass 

in invaded and native grassland ecosystems (Chapter 3); 

iii) to examine the effect of crested wheatgrass on C 

inputs and tissue decomposition rates (Chapter 4). 
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Chapter 2: Effects of Minirhizotron Sample Interval on 

Measured Root Production and Mortality in Five Ecosystems  

 

 

2.1. Introduction 

 

 Root systems comprise 17-83% of the plant mass in 

ecosystems such as temperate forests and grasslands (Mokany 

et al. 2006). Further, fine root dynamics such as 

production and mortality strongly influence soil resources 

and nutrient cycling in various study systems such as 

temperate grassland and forest (Pärtel and Wilson 2002), 

dry heathland (Aerts et al. 1992), savanna (West et al. 

2004) and garden experimental plots (Van Der Krift and 

Berendse 2002). For example, N input from root litter 

production accounted for the 71-87% of the total N input in 

temperate forest and grassland (Steinaker and Wilson 2005). 

Notwithstanding their importance, fine root dynamics have 

not been studied as extensively as aboveground dynamics, 

perhaps due to practical difficulties of belowground 

research. In addition, root production and mortality are 

difficult to quantify because those processes occur 

simultaneously in root systems (Dubach and Russelle 1995).  
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 Minirhizotrons allow the study of root dynamics since 

they can directly measure root length, production and 

mortality (Majdi 2005, Peek 2007). They also detect up to 

40% more fine roots than do harvesting methods (Hendricks 

et al. 2006). Minirhizotrons are especially well-suited to 

measuring root production and mortality, since they allow 

repeated non-destructive sampling of identical locations, 

and without continuing soil disturbance (Balogianni et al. 

2014). Minirhizotron technology is the only method that 

enables direct monitoring of specific root segments from 

birth to death (Johnson et al. 2001). 

 When using minirhizotrons, it is important to select a 

suitable sample interval. In practice, interval selection 

comprises a tradeoff between sample frequency and the time 

and resources available for collecting images and 

extracting data (Johnson et al. 2001). Most published 

studies use sample intervals of two to four weeks (Zobel 

2003). However it is crucial to select a sample interval 

that accounts for the potentially high rate of root 

appearances and disappearances (Johnson et al. 2001). For 

example, fine lateral roots in maize have a life span of 

only two weeks (Cahn et al. 1989). When the sample interval 

is too long, fine roots that appear and disappear between 

sample intervals would be completely missed. Thus, sample 
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intervals that are too long may underestimate production 

and mortality. In general, sample intervals of eight weeks 

or more can result in large underestimates of fine root 

productivity and mortality in tree seedlings (Johnson et 

al. 2001). On the other hand, sample intervals shorter than 

two weeks require a great amount of resources for image 

collection and analysis. Thus, is it important to know to 

what extent relatively long sample intervals underestimate 

fine root production and mortality.  

 Few studies have investigated the effect of sample 

interval on fine root dynamics measures, by comparing 

production and mortality measures derived from short and 

long intervals. Long intervals tend to underestimate 

production and mortality. Specifically, 8- and 4-week 

intervals greatly underestimated the production and 

mortality relative to two weeks in tree seedlings (Johnson 

et al. 2001), one week in woodland (Stevens et al. 2002) 

and half-week intervals in tree stands and upland grassland 

(Tingey et al. 2003, Stewart and Frank 2008). Also, two-

week sample intervals greatly underestimated the production 

and mortality relative to one-week intervals in legume 

field plots (Dubach and Russelle 1995).  

 The shortest sample interval that has been studied is 

three days (Stewart and Frank 2008, Tingey et al. 2003) and 
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there are no published studies that deal with root measures 

from a one-day sample interval. Thus, comparisons between 

one-day and longer sample intervals are of great interest.  

 The extent of underestimation of fine root processes 

derived from short sample intervals may be affected by a 

number of parameters. Studies report that root life span is 

longer at soil depths greater than 12 cm than at more 

shallow depths (Dubach and Russelle 1995). In addition to 

soil depth, species identity also influences root 

production and mortality (Johnson et al. 2001).  

 Although root systems differ greatly among ecosystems, 

there are few direct comparisons among ecosystems in fine 

root production and mortality. Root turnover, defined as 

the anuual belowground production:maximum belowground 

standing crop ratio, is measured mostly using harvest 

methods and varies greatly between ecosystems. 

Specifically, the slowest average turnover rates observed 

for entire tree root systems (10% annually), followed by 

34% for shrubland total roots, 53% for grassland fine 

roots, 55% for wetland fine roots, and 56% for forest fine 

roots (Gill and Jackson 2000). Other root parameters, such 

as depth distribution and root mass and length, also vary 

among ecosystems (Jackson et al. 1996, Steinaker and Wilson 

2005, Balogianni et al. 2014). Because minirhizotrons are 
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used in contrasting ecosystems such as grasslands, forests, 

deserts, cultivated fields, controlled environment chambers 

and greenhouse lysimeters (Johnson et al. 2001), it is 

important to know if the effect of sample interval varies 

among ecosystems. 

 My objective was to determine the influence of sample 

interval on measures of fine root production and mortality 

in several contrasting ecosystems.  

 

 

2.2. Methods 

 

2.2.1. Study areas 

 I studied three grassland and two forest ecosystems 

(Table 2.1). In each ecosystem, five minirhizotron tubes 

(180 cm long, 5 cm internal diameter) were installed at 45° 

to the soil surface. Tubes were installed at least two 

years before data collection, allowing roots time to 

colonize the minirhizotron tube surface. 

 

2.2.2. Root Measurements 

 Roots were sampled during late summer in 2012, near 

the time of maximum root production (Steinaker et al. 

2010). Images	  were collected 0, 4, 7, 11, 14, 18, 22, 25, 29  
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Table 2.1. Description of studied ecosystems. Lat, 

Latitude; Long, Longitude; Alt, Altitude; temp, 

temperature; precip, precipitation. 

Ecosystem Location Lat Long Alt 

(m) 

Mean 

annual 

temp 

(oC) 

Mean 

annual 

precip 

(mm) 

Dominant species 

Invaded 

grassland 

Medicine 

Lake, 

USA 

48° 

28’ 

16” N 

10° 

422′ 

16” W 

600 4.9a 340a Agropyron 

cristatum 

 

Aspen 

forest 

White 

Butte, 

Canada 

50° 

46’ 

07” N 

10° 

43’ 

68” W 

620 2.3c 378c Populus tre-

muloides, Sy-

mphoricarpos  

occidentalis, 

Rubus idaeus 

Native 

grassland 

Medicine 

Lake, 

USA 

48° 

28’ 

16” N 

10° 

422′ 

16” W 

600 4.9a 340a Bouteloua 

gracilis, Pa-

scopyrum smi-

thii, Selagi-

nella densa 

Birch 

forest 

Nisson-

johkke, 

Sweden 

68° 

19’ 

51” N 

18° 

45’ 

33” E 

400 0.2b 690b Deschampsia 

flexuosa, Em-

petrum nigrum, 

Vaccinium vitis-

idaea, mosses 

Alpine 

grassland 

Kärke-

vagge, 

Sweden 

68° 

23’ 

0” N 

18° 

20’ 

35” E 

740 -3b 1180b Carex bigelowii, 

Salix polaris, 

mosses 

a For 1911-2013. Source: http://www.wrcc.dri.edu/; b For 2006-2011. 

Source: http://luftwebb.smhi.se/; cFor 1971-2000. Source: 

http://climate.weather.gc.ca 
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and 32 cm from the soil surface inside the minirhizotron 

tube using a digital camera (Bartz Technology, USA). This 

depth range contains the bulk of roots (Steinaker and 

Wilson 2005). Root images were collected every day for five 

days (i.e. on days 1-5) and on day 7, day 14, and day 21. 

Due to a technical failure, we collected images from the 

aspen forest only during days 1-7.  

 

2.2.3. Image and data analysis 

 Root images were analyzed using WinRHIZOTRON MF 2007 

software (Regent Instruments Inc, Canada). For each 

sampling date, I traced the length of all live roots in 

each image. Roots were judged to be alive if they were not 

black in color. Root length per tube was calculated as the 

average of all images (meters of root length per square 

meter of examined tube surface area [m ⋅ m-2]).  

 Root production was defined as the sum of the length 

of new roots formed and any increase in length of existing 

roots since the previous sampling day (Johnson et al. 

2001). Root mortality was defined as the sum of the length 

of roots that had disappeared and any decrease in length of 

existing roots since the previous sampling day.  

 I calculated production and mortality for different 

intervals using different sample days. This avoided using 
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identical sample days for comparing different intervals and 

increased sample independence. The 1-day interval was 

calculated using days 4 and 5; the 6-day interval used days 

1 and 7; the 12-day interval used days 2 and 14; the 18-day 

interval used days 3 and 21. 

 Root production and mortality for each interval was 

expressed as the average meters of root length that 

appeared or disappeared per square meter image area per day 

(m ⋅ m-2 ⋅ d-1) per tube.  

 

2.2.4. Statistical analysis 

 I compared root length, root production and mortality 

among sample intervals and ecosystems using repeated 

measures ANOVA with ecosystem as a main effect. Tukey’s 

tests were used to compare means among sample intervals and  

 ecosystems. Means from the aspen forest for days 1-7 are 

 reported but this ecosystem was not used in any statistical 

analysis. All statistical analyses were performed using JMP 

10.0. To help stabilize the variance, all data were fourth-

root transformed. Fourth-root transformations are an 

effective and widely-used method for normalizing skewed 

data (Quinn and Keough 2002). 
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2.3. Results 

 

2.3.1. Root length  

 Root length varied significantly among ecosystems (P < 

0.0001, Table 2.2). Invaded grassland had root length 

significantly greater than any other ecosystems (Fig. 2.1). 

Temperate ecosystems tended to have greater root length 

than arctic (i.e., invaded grassland and native grassland 

vs. alpine grassland; Fig. 2.1). Total root length showed a 

small but significant increase over time (P = 0.0002, Fig. 

2.2). 

 

2.3.2. Root production and mortality  

 Root production varied significantly among sample 

intervals (P = 0.04, Table 2.2). Root production derived 

from the 18-day interval was significantly less (≈ 72 %) 

than that derived from the 6-day interval (Fig. 2.3). In 

contrast, root production did not vary significantly among 

1, 12 and 18-day intervals. Root production did not vary 

significantly among ecosystem, or with the sample 

interval*ecosystem interaction (Table 2.2). 

 Root mortality did not vary significantly among sample 

intervals or ecosystems (Table 2.2). In contrast, a  
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Table 2.2. Repeated measures ANOVA results for root length, 

production and mortality with sample interval and ecosystem 

as main factors, and their interactions. *, P <0.05 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Root length Root production Root mortality Source of 

variation DF F-ratio P DF F-ratio P DF F-ratio P 

Sample interval 3 32.41 .00* 3 2.98 .43 3 2.04 .12 

Ecosystem 7 4.61 .00* 3 1.72 .22 3 3.33 .05 

Ecosystem* 

sample interval 
21 1.25 .23 9 0.29 .97 9 2.73 .01* 
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Figure 2.1. Mean (± SE) root length (m · m-2) in five 

ecosystems, averaged across eight sampling days. Different 

uppercase letters represent significant (P < 0.05) 

differences among ecosystems. Aspen forest was not included 

in the analysis due to missing data. 
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Figure 2.2. Mean (± SE) root length (m · m-2) in four 

ecosystems over eight sampling days and in aspen forest 

over six sampling days. 

(b) Aspen forest (a) Invaded grassland 

(c) Native grassland (d) Birch forest 

(e) Alpine grassland 
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Figure 2.3. Mean (± SE) root production (m · m-2 · d-1) 

derived from 1-, 6-, 12- and 18-day sample intervals, 

averaged across four ecosystems. Different uppercase 

letters represent significant (P < 0.05) differences among 

sample intervals. Aspen forest was not included in the 

analysis and in the graph due to missing data. 
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significant interval*ecosystem interaction occurred for 

mortality (P = 0.01). Mortality was very small or zero in 

native grassland, alpine grassland and aspen forest. In 

contrast, mortality in birch forest varied significantly 

with sample interval. Birch forest mortality calculated 

from 1-day and 6-day intervals was significantly greater 

than that calculated from the 18-day interval (Fig. 2.4). 

 

 

2.4. Discussion 

 

2.4.1. Production and mortality 

 The main goal of this study was to compare root 

dynamics in a range of sample intervals in contrasting 

ecosystems. During a sample interval fine roots can appear 

and disappear causing underestimates of fine root 

production and mortality. My results confirmed that 

minirhizotron sample interval has a significant influence 

on measures of fine root production, regardless the 

ecosystem. In contrast, I showed that sample interval has 

no significant influence on measures of fine root mortality 

with the exception of the birch forest where mortality was 

particularly high. 
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Figure 2.4. Mean (± SE) root mortality (m · m-2 · d-1) derived 

from 1-, 6-, 12- and 18-day sample intervals, in four 

ecosystems. Different uppercase letters represent 

significant differences between sample intervals (P < 0.05) 

within each ecosystem. Aspen forest was not included in the 

analysis due to missing data. 
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 In general, my measures of root production and 

mortality are similar to previous values from minirhizotron 

studies (Burton et al. 2000, Steward and Frank 2008) or in 

some cases a little higher (Higgins et al. 2002) perhaps 

due to the longer sample intervals used in the literature. 

Additionally, the fact that, in all ecosystems, measures of 

root production exceeded those of mortality indicates that 

the minirhizotron tubes might had not yet been fully 

colonized by roots (Joslin and Wolfe 1999, Burton et al. 

2000) or that roots had not yet achieved maximum seasonal 

production. 

 My results support the theory that longer sample 

intervals underestimate root production relative to that 

measured using shorter samples intervals (Johnson et al. 

2001, Stevens et al. 2002, Tingey et al. 2003), since I 

measured significantly greater (72%) root production from a 

6-day sample interval compared with root production 

measured from a 18-day sample interval. The 1-day sample 

interval measured lower root production than the 6-day 

sample interval, but if this difference was not 

statistically significant. Thus, my results support 

suggestions relatively short sample intervals capture more 

root production (Johnson et al. 2001, Stewart and Frank 
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2008). The 1-day sampling interval may have been too short 

for any root production to be measured accurately. Longer 

sampling intervals average over several days, producing a 

more accurate estimate of the mean root length produced per 

day. Additionally, given the very small sampling area, the 

error of repositioning the camera might be larger than the 

root production that occurred in only a single day.  

 Root production did not differ significantly among 

ecosystems. In contrast, fine root turnover rates in 

grasslands and forests are reported to increase 

exponentially with mean annual temperature (Gill and 

Jackson 2000). Perhaps the fact that the studied ecosystems 

had only 8 oC difference in mean annual temperature, or 

difference in seasonal timing, are responsible for the lack 

of significant ecosystem effect on root production.  

 Root mortality measured from shorter sample intervals 

was not significantly greater than root mortality measured 

from shorter intervals, in contrast to previous studies 

(Johnson et. al. 2001, Tingey et al. 2003, Stewart and 

Frank 2008), with the exception the mortality in birch 

forest that was considerably greater than mortality in all 

other ecosystems. Results from birch forest support the 

idea that mortality underestimation increases with sample 

interval (Johnson et al. 2001, Stevens et al. 2002, Tingey 
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et al. 2003), since mortality was 95% less in the shortest 

sampling interval (1-day) than the longest sampling 

interval (18-day). 

 

2.4.2. Root length 

 Two main conclusions can be drawn from differences in 

root length among ecosystems. First, grassland invasion is 

associated with large values of root length, 57-90% greater 

than any other ecosystem studied, including the neighboring 

native grassland. Other studies also found increased root 

length after invasion by this species, Agropyron cristatum 

(MacDougall and Wilson 2011, Balogianni et al. 2014). 

Secondly, climate appears to have a strong effect on root 

length. Root length was 71% greater in temperate native 

grassland than alpine grassland. Similarly, root length was 

56% greater in the temperate aspen than in arctic birch 

forest (Table 2.1). Temperate native grassland and aspen 

forest receives 340 mm and 378 mm  of annual precipitation 

respectively, whereas alpine grassland and birch forest 

receives 1180 mm and 690 mm respectively (Table 2.1). 

Additionally, native grassland and aspen forest have mean 

annual temperatures of 4.9 oC (for 1911-2013, Western 

Regional Climate Center, http://www.wrcc.dri.edu/) and 2.3 

oC (for 1971-2000, Climate Canada, 
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http://climate.weather.gc.ca/) respectively, whereas alpine 

grassland and birch forest have 0.2 oC and -3 oC 

respectively (for 2006-2011, Swedish Meteorological and 

Hydrological Institute, http://luftwebb.smhi.se/). Thus, 

the greater root length in the temperate ecosystems might 

be associated with the low annual precipitation, since root 

length is negatively correlated with soil moisture 

(Steinaker et al. 2010), assuming that higher precipitation 

results in greater soil moisture. Additionally, the greater 

root length in temperate ecosystems might be also 

associated with the higher temperature, since root length 

is positively correlated with soil temperature (Steinaker 

and Wilson 2008, Steinaker et al. 2010), assuming that air 

temperature leads to higher soil temperature. Further, 

higher temperatures tend to increase evaporation and 

decrease soil water and, as a general trend, plants 

allocate more growth to roots as water becomes scarce 

(Steinaker et al. 2010).   

 The increase of root length with time (7% over 22 

days, Fig. 2.2) might be a result of seasonal growth 

(Steinaker et al. 2010) or disturbance associated with the 

installation of the minirhizotrons (Burton et al. 2000). 

Previous studies report that root colonization following 

minirhizotron installation can last 1-8 years (Aerts et al. 
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1989, Hendrick and Pregitzer 1996, Burton et al. 2000, 

Balogianni et al. 2014). However, root colonization did not 

necessarily affect the comparison between root dynamics of 

different ecosystems. My data indicate that root length 

increase was similar in every ecosystem, since I did not 

observe significant time*ecosystem interaction, even though 

the year of tube installation varied greatly amongst 

ecosystems (tubes were 2-12 years old). Moreover, the lack 

of ecosystem effect on root length increase is in close 

agreement with previous studies that report no significant 

vegetation type*time (Balogianni et al. 2014) or 

species*time (Hansson et al. 1994) interaction, suggesting 

that colonization of the tube surface does not likely a 

constraint for comparing root dynamics amongst ecosystems. 

Instead, the increase may simply reflect seasonal dynamics 

of root growth, which continue growing much longer than do 

shoots (Steinaker and Wilson 2008, Steinaker et al. 2010).  

 In conclusion, in general my study agrees with the 

literature that longer sample intervals tend to measure 

less root production and mortality than the shortest 

intervals because measures from shortest sample intervals 

might not include fine roots that form and disappear 

between the intervals (Tingey et al. 2003). However, my 

results indicate that underestimates of root production 
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might not be large when the sample intervals are shorter 

than 6 days. Also, my study supports that underestimation 

of root mortality might not occur in ecosystems where root 

processes are very slow and root mortality is close to 

zero.  

 My work implies that the sample interval selection can 

influence the root productivity and sometimes the root 

mortality results of a study. The use of an 18-day sample 

interval may greatly underestimate root production and 

sometimes mortality, especially in ecosystems where 

mortality is high. However, a very short sample interval 

(e. g. daily) that requires a great amount of research 

resources might not measure root dynamics as accurately as 

longer sampling intervals that average over several days. 
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Chapter 3: Different Root and shoot Responses to Mowing and 

Fertility in Native and Invaded grassland  

  

 

3.1. Introduction 

 

 Management of invasive species in the semiarid 

grasslands of North America is often required because 

widely-seeded exotic plants have subsequently invaded 

native grasslands (Foster et al. 2003; Henderson and Naeth 

2005; Otfinowski and Kenkel 2010). Agropyron cristatum (L.) 

Gaerth  (crested wheatgrass) is one of the most widespread 

invasive species in the northern Great Plains and is 

difficult to control (Vaness and Wilson 2007). Root traits 

may give crested wheatgrass an advantage over native 

species. Crested wheatgrass has greater root length 

(MacDougall and Wilson 2011) and density (Caldwell et al. 

1996) than native grasses and can invade disturbed soil 

more rapidly (Eissenstat and Caldwell 1989). 

Grazing and mowing are common grassland management 

practices (Bork et al. 2008) that have been suggested to 

both facilitate (Sinkins and Otfinowski 2012) and inhibit 

(McKenzie 1997) the invasion of native communities by 

exotic species. Shoot responses to grazing in grasslands 
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vary with grazing intensity (Van der Maarel and Titlyanova 

1989). Heavy grazing and simulation of grazing by clipping 

reduces crested wheatgrass shoot mass (Wilson and Pärtel 

2003; Bleak and Plummer 2006; Hansen and Wilson 2006). 

However, according to the Herbivore Optimization 

Hypothesis, moderate grazing should maintain net primary 

production or stimulate it (Leriche et al. 2003). This 

hypothesis was supported by experiments with crested 

wheatgrass where lower intensity grazing and clipping had 

no effect (Roundy et al. 1985) or even increased crested 

wheatgrass shoot mass (Frank et al. 2002).  

Although aboveground effects of grazing on grasslands 

are well-studied, belowground effects are less-studied. 

Belowground interactions are relatively important in semi-

arid grasslands: net primary productivity (NPP) is 

controlled by belowground resources such as water and N 

(Coffin and Laurenroth 1992), and 90% of NPP (Steinaker and 

Wilson 2005) and most plant competition occur belowground 

(Cahill 2003). Therefore, understanding the impact of 

grazing or mowing on roots may be crucial in understanding 

grassland invasions (Bork et al. 2008). 

 Root responses to grazing measured in laboratory 

experiments, as well as core-harvesting studies from field 

trials, suggest that heavy grazing or clipping reduces 
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(Frank et al. 2002; Gao et al. 2008; Bagchi and Richie 

2010) or has no effect (Loeser et al. 2004) on grass root 

productivity. Results from continuous, non-destructive 

minirhizotron observations at greater depths in natural 

grassland also produce mixed results (Ziter and MacDougall 

2013), depending on whether biomass removal is applied by 

grazing or mowing. Grazing can reduce root length in some 

grass species (Becker et al. 1997) but mowing can increase 

it (Hubbard 2003). The few studies that deal with crested 

wheatgrass root response to grazing or mowing also report 

contradictory results, such as reduced root productivity 

after clipping (Roundy et al. 1985) and mowing (Richards 

1984), increased root productivity after grazing from 

native mammals (Frank et al. 2002) or no effect (Miller and 

Rose 1992). 

Another major factor promoting grassland invasion by 

exotics is elevated soil fertility (Foster et al. 2009). In 

particular, raised N levels increase invasion in N-limited 

ecosystems such as semiarid grasslands (Brooks 2003). 

Crested wheatgrass shows higher root growth than native 

grasses in nutrient-rich soil patches (Jackson and Caldwell 

1989). Therefore, to increase generality of my results, I 

conducted my field experiment at two N levels. 
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My main research question was whether the decrease in 

shoot mass caused by mowing is accompanied by a decrease in 

root length and mass. I examined both crested wheatgrass 

and native grasses, at two N levels and over five years.  

 

	  

3.2. Methods 

 

3.2.1. Study area  

 I worked in Medicine Lake National Wildlife Refuge, 

Montana (48°28'16”N, 104°22′16”W). Native grassland was 

dominated by the C4 grass Bouteloua gracilis (Wild. ex 

Kunth.) Lag. ex Griffiths, the C3 grass Pascopyrum smithii 

(Rydb.) Á. Löve and Selaginella densa Rydb. Average annual 

precipitation is 34 cm, the average July temperature is 

20.7 °C, and the average January temperature is -13.1 °C 

(NOAA-Western Regional Climate Center, 

http://www.wrcc.dri.edu/). Soils are Mollisol Ustolls 

according to the USDA soil taxonomy system (ftp://ftp-

fc.sc.egov.usda.gov/NSSC/Soil_Taxonomy/maps.pdf) or 

Chernozemic according to the Canadian Soil Classification 

System. Texture-wise, the soil is a well-drained loam (A-

horizon, 0-15 cm) over clay-loam (B-horizon, 15-100 cm), > 

200 cm above the water table (USDA-NRCS, 
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http://websoilsurvey.nrcs.usda.gov). 

 I sampled 40 plots (5 m diameter, > 10 m apart) 

scattered across 6 ha. Half the plots were randomly located 

in native grassland, and half in crested wheatgrass-invaded 

grassland (67% cover of crested wheatgrass in 2011, V. 

Balogianni, unpublished data). All plots were c. 200 m from 

fireguards that had been sown with crested wheatgrass 

during 1940-1960 (J. Rodriguez, unpublished data). Native 

grassland sites had ≈ 17% cover of crested wheatgrass in 

2011 (V. Balogianni, unpublished data). The two vegetation 

types had similar topography and soils. Previous management 

included occasional moderate grazing and prescribed burning 

every 5-7 years (M. Borgreen, unpublished data). 

 In each vegetation type, I randomly assigned five 

plots to each of the following treatments: 1) no treatment 

(controls); 2) mowing; 3) N addition; 4) mowing and N 

addition. Mowing was applied every May at ≈ 2 cm and every 

late June at ≈ 5 cm above the ground during 2006-2011. N was 

added twice a year, at the same time as mowing. Plots 

received 27 kg ⋅ ha-1 of urea (46-0-0) annually. N 

application rates mimicked the highest deposition rates of 

N in the northern Great Plains (22 kg ⋅ ha-1 ⋅ yr-1) (Köchy 

and Wilson 2001). Two years after the beginning of the 

experiment, it was found that N addition had no effect on 
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biomass, so N addition rates were increased to 44 kg ⋅ ha-1 ⋅ 

yr-1 during 2008-2011. 

 

3.2.2. Root and shoot measurements 

I measured root length during five growing seasons 

(2007–2011) using minirhizotrons (Bartz Technology 

Corporation, Santa Barbara, CA). Although minirhizotrons 

may underestimate root production due to their small 

sampling area (Taylor et al., 2013), they detect more root 

length than do harvest methods (Hendricks et al. 2006) and 

allow repeated non-destructive sampling of identical 

locations without continuing soil disturbance. In each 

plot, one transparent rhizotron tube (180 cm long, 5 cm 

internal diameter) was installed at a 45° angle to the soil 

surface in spring 2006. Tube length within the soil varied 

(40-160 cm) according to the presence of rocks which 

prevented deeper installation, but even the shortest length 

sampled the top layer of grassland soil that contains the 

bulk of roots (Steinaker and Wilson 2005) and organic C 

(Jobbágy and Jackson 2000). Five images (each 18 x 14 mm) 

per tube were collected in late July or early August 

annually, at 4, 8, 13, 18 and 23 cm vertically down from 

the soil surface. Root length and diameter were measured in 

the images. 
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Root mass was calculated from root length by 

determining specific root length (SRL) (m ⋅ g root) for 

three diameter classes (< 0.2 mm, 0.2 - 0.3 mm, 0.3-2.0 

mm). Diameter classes were selected based on the diameter 

of roots I encountered in sampled root cores. Roots for 

determining SRL were collected in May 2011 at a depth of 

10-20 cm (with 5.5 cm diameter cores) within 2 m of 16 

rhizotron tubes (2 vegetation types x 4 treatments x 2 

replicates). After sieving to remove loose soil, roots were 

washed and dried to constant mass. Roots from each diameter 

class were taken from all samples, measured for length and 

weighed. It is possible that roots shrank during drying, 

but this should not affect comparisons between vegetation 

types and treatments because the relative differences 

remain robust. SRL (roots > 0.3 mm in diameter: 10 m ⋅ g ± 

3.6, mean  ± SD; 0.2 – 0.3 mm: 24 m ⋅ g ± 9; < 0.2 mm: 73 m ⋅ 

g ± 51) was used to calculate the mass of each root in each 

image. Total mass of roots in each image was expressed as g 

root ⋅ m-2 image. Shoot mass was collected from a quadrat (8 

x 100 cm) in each plot, after the application of the 

treatments, in late July of 2008, 2009 and 2011, dried to 

constant mass and weighed. 
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3.2.3. Statistical analyses 

 Root length, root mass and shoot mass of each year 

were treated as different role variables and they were 

analyzed using multivariate analysis of variance (MANOVA) 

with vegetation type, mowing and N as main effects. 

Multivariate analysis of variance was used instead of 

univariate analysis since MANOVA does not require 

sphericity assumptions. Statistical analyses were conducted 

using JMP 10.0 (SAS Institute Inc., Cary, NC). To help 

stabilize the variance, all data were fourth-root 

transformed. The analyses of root data were also conducted 

for the same three years (2008, 2009 and 2011) for which 

shoot data were available. This allowed me to examine 

below- and above-ground responses from the same years. 

These three-year analyses produced identical MANOVA results 

to the in the analysis that included all five years, and 

are presented in the Appendix A (Tables A1 and A2). 

 

	  

3.3. Results 

 

 Root length was significantly (about two-fold) greater 

beneath crested wheatgrass-dominated areas, as compared to 

areas dominated by native grassland (Fig. 3.1; Table 3.1; 

Appendix B Table B1 and B2). Root length varied  
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Figure 3.1. Total root length (mean ± SD), per m2 of 

minirhizotron image beneath crested wheatgrass (CWG) 

dominated areas and native grassland over five years and 

averaged across mowing and N treatments. V, vegetation 

type; Y, year; ***, P <0.0001. Length was significantly 

greater beneath crested wheatgrass and with year. 
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Table 3.1. Repeated measures ANOVA results for root length 

with all the factors and their interactions. N, nitrogen. 

*, P <0.05 

Source of variation NumDf DenDf F value P value 

Between subjects 

Vegetation type 1 28 28.45 .00* 

Mowing 1 28 0.30 .59 

Vegetation type*mowing 1 28 0.00 099 

N 1 28 0.06 .80 

Vegetation type*N 1 28 2.17 .15 

Mowing*N 1 28 0.70 .41 

Vegetation type*mowing*N 1 28 0.29 .60 

 

Within subjects 

Year 4 25 33.66 .00* 

Year*vegetation type 4 25 1.31 .29 

Year*mowing 4 25 1.70 .18 

Year*vegetation type*N 4 25 0.23 .92 

Year*N 4 25 0.49 .74 

Year*vegetation type*N 4 25 0.56 .70 

Year*mowing*N 4 25 0.55 .70 

Year*vegetation type*mowing*N 4 25 0.13 .97 
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significantly among years, increasing over time (Fig. 3.1; 

Table 3.1). There was no significant interaction between 

vegetation type and year because root length increased in 

both vegetation types. Root length did not vary 

significantly with either mowing or N addition, or with the 

interaction between these treatments (Table 3.1).  

 Root mass was also significantly greater beneath 

crested wheatgrass dominated areas than native grassland 

(Fig. 3.2; Table 3.2 vegetation type effect; Appendix B 

Table B1 and B2) and increased significantly with time. 

Further, there was a significant vegetation type*year 

interaction because root mass was more similar between 

vegetation types first year of the experiment than in the 

later years (Fig. 3.2). Root mass did not vary 

significantly with either mowing or N addition, or the 

interaction between these treatments (Table 3.2). 

 Shoot mass was significantly greater (25%) for crested 

wheatgrass than native grassland (Table 3.3: vegetation 

type effect, Fig. 3.3). Shoot mass varied significantly 

among years (Table 3.3: year effect; Fig. 3.3). A 

significant vegetation type*year interaction occurred 

because the difference in shoot mass between vegetation 

types in year 3 was larger than in the other years (Fig. 

3.3). Mowing significantly reduced shoot mass to ≈ 61% of 
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Figure 3.2. Total root mass (mean ± SD), per m2 of 

minirhizotron image beneath crested wheatgrass (CWG) 

dominated areas and native grassland over five years and 

averaged across mowing and N treatments. V, vegetation 

type; Y, year; VY, interaction; ***, P <0.0001; *, 0.01 < P 

< 0.05. Mass was significantly greater beneath crested 

wheatgrass and with year. The interaction of vegetation 

type*year was also significant. 
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Table 3.2. Repeated measures ANOVA results for root mass 

with all the factors and their interactions. N, nitrogen. 

*, P <0.05 

Source of variation NumDf DenDf F value P value 

Between subjects 

Vegetation type 1 28 27.79 <.0001* 

Mowing 1 28 0.05 0.8178 

Vegetation type*mowing 1 28 0.00 0.9712 

N 1 28 0.09 0.7663 

Vegetation type*N 1 28 2.98 0.0954 

Mowing*N 1 28 2.24 0.1455 

Vegetation type*mowing*N 1 28 0.02 0.4947 

 

Within subjects 

Year 4 25 21.43 .00* 

Year*vegetation type 4 25 3.18 .03* 

Year*mowing 4 25 0.77 .56 

Year*vegetation type*mowing 4 25 0.29 .88 

Year*N 4 25 0.61 .66 

Year*vegetation type*N 4 25 0.83 .52 

Year*mowing*N 4 25 0.06 .99 

Year*vegetation 

type*mowing*N 

4 25 0.19 .94 
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Table 3.3. Repeated measurements ANOVA results for shoot 

mass with all the factors and their interactions. N, 

nitrogen. *, P <0.05 

Source of variation NumDf DenDf F value P value 

Between subjects 

Vegetation type 1 28 4.60 .04* 

Mowing 1 28 166.10 .00* 

Vegetation type*mowing 1 28 8.70 .01* 

N 1 28 6.23 .02* 

Vegetation type*N 1 28 0.02 .23 

Mowing*N 1 28 0.01 .92 

Vegetation type*mowing*N 1 28 0.15 .70 

 

Within subjects 

Year 2 27 3.97 .03* 

Year*vegetation type 2 27 4.57 .02* 

Year*mowing 2 27 0.59 .56 

Year*vegetation type*mowing 2 27 0.04 .97 

Year*N 2 27 12.93 .00* 

Year*vegetation type*N 2 27 1.28 .31 

Year*mowing*N 2 27 2.75 .08 

Year*vegetation type*mowing*N 2 27 0.06 .94 
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Figure 3.3. Shoot mass (mean ± SD) per m2 of crested 

wheatgrass (CWG) dominated areas and native grassland, 

measured three years and averaged across mowing and N 

treatments. V, vegetation type; Y, year; VY, interaction; 

*, 0.01 < P < 0.05. Mass was significantly greater for 

crested wheatgrass and with year. The interaction of 

vegetation type*year was also significant. 
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than in controls (Fig. 3.4; Table 3.3). The lack of a 

significant mowing*year interaction suggests that mowing 

reduced shoot mass to about the same extent every year. A 

significant vegetation type*mowing interaction occurred 

because mowing reduced crested wheatgrass shoot mass more 

than it did native shoot mass (Fig. 3.4). N addition 

significantly increased shoot mass. Additionally, a 

significant N*year interaction occurred because shoot mass 

increased over time in plots receiving N  (Table 3.3; Fig. 

3.5). 

 

 

3.4. Discussion 

	  

 I tested for long-term impacts of mowing and 

fertilization on root dynamics in crested wheatgrass stands 

and native grassland. Based on relatively strong 

aboveground responses to mowing, I anticipated belowground 

differences between crested wheatgrass and native 

grassland. In contrast, roots were mostly insensitive to 

five years of treatments.  

  Root length varied most strongly between vegetation 

types, being ≈ 1.7 times greater beneath crested wheatgrass 

than native grassland. This observation corresponds with 
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Figure 3.4. Shoot mass (mean ± SD) per m2 of crested 

wheatgrass (CWG) dominated areas and native grassland plots 

for four mowing and N treatments and averaged across years. 

M, mowing; N, nitrogen; MN, mowing and N; V, vegetation 

type; MV, interaction of vegetation with mowing; ***, P 

<0.0001; **, 0.001 ≤ P ≤ 0.01; *, 0.01 < P < 0.05. 
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Figure 3.5. Shoot mass (mean ± SD) per m2, through year 

averaged across vegetation types and mowing treatments. N, 

nitrogen; Y, year; NY, interaction of N with year; **, 

0.001 ≤ P ≤ 0.01; *, 0.01 < P < 0.05. 
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previous findings for this species based on rhizotron 

images from the field (Eissenstat and Caldwell 1989; 

MacDougall and Wilson 2011). In contrast, studies using 

soil coring report more root mass under native prairie than 

crested wheatgrass (Dormaar and Smoliak 1985, Dormaar et 

al. 1995, Christian and Wilson 1999). Minirhizotrons 

produce greater estimates of root mass than do soil cores 

(Milchunas 2009). In addition, soil cores are typically 

limited to 15 cm or less in depth, while I sampled to 23 cm 

deep, and crested wheatgrass has more mass at this depth 

than does native grassland (Richards 1984, Bilbrough and 

Caldwell 1997, MacDougall and Wilson 2011).  

 Surprisingly, five years of mowing did not reduce the 

root length of either crested wheatgrass or native 

grassland. Field studies of mowing responses in crested 

wheatgrass are rare and varied. Some studies agreed with my 

results, showing that root growth beneath crested 

wheatgrass was not affected by severe mowing (Caldwell et 

al. 1981; Miller and Rose 1992), especially at greater 

depths (Hild et al. 2001). In contrast, experiments that 

employ light grazing report increased root growth (Frank et 

al. 2002). Taken together, these results and ours suggest 
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that low-intensity grazing may promote root growth but 

repeated intense mowing does not.  

 I found no effect of N addition on roots, in agreement 

with previous studies that report no response of crested 

wheatgrass roots to my levels of increased N availability 

(Bilbrough and Caldwell 1995; Verburg et al. 2013). In 

contrast, experiments that applied higher N levels (225 kg ⋅ 

ha-1) have shown as much as a 100% increase in root mass of 

crested wheatgrass (Power 1985). 

 Year had a large and significant effect on root 

dynamics. Root length doubled by the end of the experiment 

for both vegetation types because root colonization of the 

surface of the minirhizotron tube was ongoing throughout 

the experiment. Thus, the significant effect of year in 

root length might represent roots returning to their pre-

disturbance condition. Despite among-year variation in root 

length, differences between the two vegetation types 

remained relatively similar throughout the experiment. 

Since no significant year*vegetation type interaction 

occurred for root length (Fig. 3.1) but only a weak 

significant year*vegetation type interaction (0.01 < P < 

0.05) was detected for root mass (Fig. 3.2), the 

colonization effect on differences between vegetation types 

may be minor. The interaction between year and vegetation 
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type for root mass indicates that the vegetation types 

differed in their responses over time, either because of 

intrinsic differences, or possibly due to differences in 

among-year variation in environment, or differences in 

time-lags to their responses to among-year variations. 

 The greater root length of crested wheatgrass 

dominated areas (Fig. 3.1) might contribute to the 

successful establishment of crested wheatgrass. Greater 

root length might allow crested wheatgrass to occupy a 

larger soil volume, or occupy a similar volume more 

densely, than can native grasses. In turn, this may limit 

the belowground space available for roots of native 

species. Additionally, greater root length enables crested 

wheatgrass to access a larger area for nutrient uptake, 

which is a crucial function in semiarid grasslands due to 

limited water and nutrient availability. Moreover, the fact 

that the greater root length of crested wheatgrass relative 

to native grassland was not affected by time (no 

year*vegetation type interaction observed; Fig. 3.1) may 

account for the long-term dominance of crested wheatgrass 

over native grasses.  

 Similar to root mass, my findings regarding the 

significantly greater shoot mass of crested wheatgrass 

stands than native grassland are in agreement with previous 
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studies (Christian and Wilson 1999; Bakker and Wilson 

2001). Additionally, the significant vegetation type*year 

interaction observed for root mass but not for root length, 

was also observed for shoot mass. Specifically, the largest 

difference in shoot mass between the vegetation types 

occurred in year 3, the same year when the largest 

difference in shoot mass occurred. During that year, 

crested wheatgrass showed an abrupt increase in root and 

shoot mass while the native species did not have the same 

increase. This implies that annual variation has a 

significant effect on the difference between vegetation 

types in shoot and root mass, whereas differences between 

vegetation types in root length are more stable.  

Field studies of shoot responses of crested wheatgrass 

to mowing are more common than those of root responses. In 

general, previous grazing studies agree with my results 

related to crested wheatgrass shoot reduction under mowing 

(Lodge 1960; Caldwell et al. 1981; Bleak and Plummer 2006; 

Schönbach et al. 2011). The reduction in shoot mass after 

mowing is expected in my experiment, since the shoot mass 

collected from the mowed plots is essentially regrowth in 

plots mowed earlier in May. However, some studies found 

increased shoot mass of crested wheatgrass following light 

grazing (Frank et al. 2002) and other studies report no 
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effect of mowing in crested wheatgrass above-ground biomass 

(Miller and Rose 1992; Fanselow et al. 2011). Finally, 

studies that use low levels of N fertilization, similar to 

my experiment, also report no change in shoot biomass of 

crested wheatgrass (Bilbrough and Caldwell 1995; Pan et al. 

2011).  

Vegetation types differed in their shoot responses to 

mowing (vegetation type*mowing interaction) because shoot 

mass in crested wheatgrass dominated areas was reduced more 

than native shoot mass (Fig. 3.4). This effect was perhaps 

a result of the direct shoot mass removal via mowing. Since 

crested wheatgrass has greater shoot mass than native 

prairie and it has more initial growth early in the season 

(Pyke 1990), mowing removed more biomass and that led to 

the significant vegetation type*mowing interaction. 

N addition demonstrated a cumulative positive effect 

on shoot mass (Fig. 3.5). In contrast, shoot mass from 

plots with no added N followed an annual variation similar 

to the root mass, peaking in the third year of the 

experiment. Consequently, the difference in shoot mass 

between non-fertilized and fertilized plots increased among 

years. This suggests that a longer-term fertilization may 

increase the difference in shoot mass between the two 

vegetation types.  



 

 60 

 Overall, root length was insensitive to mowing and N 

addition and it varied most strongly between vegetation 

types. In contrast, shoot mass was most strongly controlled 

by mowing. These results differ substantially from other 

studies employing similar methods (Ziter and MacDougall 

2013). These differences may be dependent on environmental 

context, with roots tending to be unaffected by mowing in 

semiarid environments. 

 My results suggest that the much greater root length 

and mass of crested wheatgrass dominated areas may allow it 

to dominate belowground space and associated soil 

resources, relative to native grassland vegetation. 

Although my sampling was restricted to the top 27 cm of 

soil, crested wheatgrass root length exceeds that beneath 

native prairie in the top 90 cm of soil (MacDougall and 

Wilson 2011). 

 Additionally, roots had different responses to mowing 

and N addition than did shoots, since roots did not respond 

at all to treatments but shoot mass was halved by mowing 

and doubled by N addition. Thus, the belowground advantage 

afforded to crested wheatgrass by greater root length and 

mass was not altered by five years of mowing and N 

addition. Since most competition for resources in semiarid 

grasslands occurs belowground (Martens et al. 1997), mowing 
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may not be an effective management tool for reducing 

crested wheatgrass. Overall, my results suggest that mowing 

and N manipulation have little effect on the belowground 

component of crested wheatgrass stands, and may partly 

explain why eradication of this species from native 

grassland remains a challenge.  

 Crested wheatgrass is widely spread in the northern 

Great Plains, currently occupying over 10 million ha 

(Lesica and DeLuca 1996). Results from my long-term field 

experiment suggest that lack of response of roots to mowing 

and fertility contributes to the stability of crested 

wheatgrass stands. However, the findings regarding the 

greater root length of crested wheatgrass might be related 

to its greater ability to recover after disturbance. Hence, 

continuing studies are needed to describe the trajectory of 

recovery from the disturbance of tube installation and 

long-term monitoring is clearly essential to understanding 

the long-term differences between vegetation types. 

A good deal of effort has gone into controlling 

crested wheatgrass in native grassland. My results indicate 

that mowing is unlikely to reverse the profound belowground 

advantage of crested wheatgrass over native species, since 

it did not reduce the root length of crested wheatgrass at 

either N level. Thus, my results highlight the need for 
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research towards alternative management techniques for 

crested wheatgrass elimination and towards invasion 

prevention programs.  
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Chapter 4: Soil Carbon Sequestration and Plant Invasion: 

the Importance of Belowground Litter Quality  

 

 

4.1. Introduction 

 

 Biological invasion is a significant element of global 

change, often resulting in changes in the species 

composition or dominance of communities (Pimentel et al. 

2000, Strayer et al. 2006).  The perennial grass Agropyron 

cristatum (L.) Gaerth (crested wheatgrass) has been widely 

introduced in the northern Great Plains. Invasion into 

native grasslands has raised concerns regarding its 

ecological and evolutionary impact, including its ability 

to reduce species richness and create almost monotypic 

stands (Henderson and Naeth 2005, Gunnell et. al. 2010, 

Fansler and Mangold 2011).  

The C cycle is a fundamental component of ecosystem 

function. Vegetation drives most of the components of the 

terrestrial C cycle, such as C pools in soil, root and 

shoot biomass, as well as influencing rates of microbial 

decomposition (Raich and Schlesinger 1992, Schlesinger and 

Andrews 2000). The annual contribution of soil C to the 

atmosphere is roughly ten times the amount released by 
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human activity, because soils contain about 70% of 

terrestrial ecosystem C, nearly all of which is derived 

from plants (Post et al. 1982, Raich and Schlesinger 1992, 

Pendall et al. 2008). Thus, invasive species such as 

crested wheatgrass that have the ability to change the 

vegetation of an area can potentially alter the local C 

cycle either directly through changes in C quantity and 

quality, or indirectly through altering microclimate 

(Vinton and Burke 1995).  

The ability of crested wheatgrass to dominate invaded 

vegetation is often related to its relatively large root 

system. Crested wheatgrass has two times more root length 

and root mass (Balogianni et al. 2014) and five times 

greater number of roots (Ivans et al. 2003) than native 

grasses. Accordingly, crested wheatgrass invasion might 

increase C inputs into the soil. However, previous studies 

showed that crested wheatgrass stands do not have higher 

soil C content than native grasslands (Smoliak and Dormaar 

1985, Christian and Wilson 1999, Chen and Stark 2000, 

MacDougall and Wilson 2011). A possible explanation for 

this discrepancy might be that C inputs from crested 

wheatgrass are decomposed faster in the soil than area C 

inputs from native plants.  
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Litter quality, in terms of resistance of the tissue 

to decomposition, affects C losses from the soil in the 

form of CO2 via decomposition (Melillo et al. 1982, Kalbitz 

et al. 2000). Common indices of tissue litter quality are N 

content, the C:N ratio, lignin content, and the lignin:N 

ratio (Taylor et al. 1989). Invaders often have lower 

tissue C:N ratios than native plants, decompose faster and 

may accelerate nutrient cycling (Liao et al. 2008). 

However, most of the evidence for this comes from 

aboveground studies and we know little about root dynamics. 

Given that in ecosystems such as grassland, 83% of 

production occurs belowground (Mokany et al. 2006), the 

lack of scientific knowledge in this area needs to be 

addressed.  

Previous studies have shown that crested wheatgrass 

roots have lower root C:N ratio than do native grasses 

(MacDougall and Wilson 2011), indicating higher potential 

decomposition rates due to the relatively large amounts of 

N available to decomposers (Meier and Bowman 2008). 

Similarly, the low ratio C:N of crested wheatgrass might 

indicate less C allocation in the form of long-lived, 

complex structural compound such as lignin (MacDougall and 

Wilson 2011). A potential low lignin content in crested 

wheatgrass tissue might result in faster decomposition with 
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greater rates of CO2 evolution from the soil than the native 

grasses, explaining perhaps why crested wheatgrass invasion 

does not increase soil C. 

Decomposition is also regulated by abiotic factors, 

such as soil moisture (Wedin and Tilman 1990). The ability 

of crested wheatgrass to extract water more rapidly from 

the soil profile than native grasses (Eissenstat and 

Caldwell 1988) might lead a reduction of soil water content 

in invaded areas. Soil water content reduction might be 

able to affect the local C cycle by reducing the 

decomposition rates and CO2 evolution from the soil (Curiel 

Yuste et al. 2007).  

To examine the effect of crested wheatgrass on soil C 

dynamics, I examined root-related components of the local C 

cycle in invaded and native semi-arid grasslands in the 

northern Great Plains. I examined the quantity and quality 

of crested wheatgrass C inputs and the effect of crested 

wheatgrass on soil water content in three depth classes. 

Further, I tested the hypothesis that roots and shoots of 

crested wheatgrass decompose faster than those of native 

grasses. 
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4.2. Methods 

 

 I worked at Medicine Lake National Wildlife Refuge, 

Montana (48°28'16”N, 104°22′16”W). Native grassland was 

dominated by the C4 grass Bouteloua gracilis (Wild. ex 

Kunth.) Lag. ex Griffiths, the forb Tragopogon dubius Scop. 

and the subshrub Artemisia frigida Willd.. Climate and soil 

data are described in Chapter 3.  

 I sampled 40 plots (5 m diameter, > 10 m apart) 

scattered across 6 ha. Half the plots were randomly located 

in crested wheatgrass-invaded areas (67% cover of crested 

wheatgrass in 2011, V. Balogianni, unpublished data) and 

half in native grassland; and all plots were c. 200 m from 

fireguards that had been sown with crested wheatgrass 

during 1940-1960 (J. Rodriguez, unpublished data). Native 

grassland sites had ≈ 17% cover of crested wheatgrass in 

2011 (V. Balogianni, unpublished data). The two vegetation 

types had similar topography and soils. Previous management 

included occasional moderate grazing and prescribed burning 

every 5-7 years (M. Borgreen, unpublished data). Plot 

assignment to treatments is described in Chapter 3. 
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4.2.1. Root and shoot measurements 

 I measured root length during three growing seasons 

(2011–2013) using minirhizotrons (Bartz Technology 

Corporation, Santa Barbara, CA). Although minirhizotrons 

may underestimate root production due to their small 

sampling area (Taylor et al. 2013), they detect more root 

length than do harvest methods (Hendricks et al. 2006) and 

allow repeated non-destructive sampling of identical 

locations without continuing soil disturbance. In each 

plot, one transparent rhizotron tube (180 cm long, 5 cm 

internal diameter) was installed at a 45° angle to the soil 

surface in spring 2006. Tube length within the soil varied 

(40-160 cm) according to the presence of rocks that 

prevented deeper installation, but even the shortest length 

sampled the top layer of grassland soil that contains the 

bulk of roots (Steinaker and Wilson 2005) and organic C 

(Jobbágy and Jackson 2000). Six images (each 18 x 14 mm) 

per tube were collected in May, June and August annually, 

at 3, 8, 13, 18, 23 and 28 cm vertically down from the soil 

surface. Root length was measured in the images using 

Rootfly (http://www.ces.clemson.edu/~stb/rootfly/). Shoot 

mass was collected from a quadrat (8 x 100 cm) in each plot 

after the application of the treatments, in late July 2011-

2013, dried to constant mass and weighed. 
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4.2.2. Litter quality 

To determine differences in litter quality between the 

two vegetation types, live roots and leaf samples were 

analyzed for lignin and N content. Ten root and ten leaf 

samples of each vegetation type were taken from plots that 

were not mowed and were not receiving N. Roots were 

collected in July 2011, from the top 20 cm of the soil, 

where the bulk of root length occurs (MacDougall and Wilson 

2011) and washed. Dead leaves were collected from live 

plants to minimize possible variability related to leaf 

age. Root and leaf samples were analyzed for lignin using 

the ANKOM filter bag technique with cationic detergent and 

for N content using the combustion method (Agri-Food 

Laboratories, Guelph, Ontario, Canada). Lignin:N ratio was 

selected instead C:N ratio because it correlates more 

accurately with patterns of root decomposition 

(McClaugherty et al. 1984) . 

 

4.2.3. Litter decomposition experiment 

To determine differences in litter decomposition rates 

between the two vegetation types, I measured CO2 evolution 

during litter decomposition in a controlled environment. 

Root and leaf litter for the experiment was obtained from 
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plots that were not mowed and were not receiving N. Roots 

were collected from the top 20 cm of the soil in July 2011. 

Leaves were collected from the ground in September 2012, 

just after senescence. Fine roots (< 0.2 mm) were washed 

and all tissue was frozen at -10 oC. 

Soil that served as the litter decomposition substrate 

was obtained from the top 20 cm of soil, from crested 

wheatgrass and native grasslands plots in May 2012. All 

visible root and fresh litter material was removed and soil 

from the two vegetation types was sieved to 2 mm, 

homogenized and mixed in order to provide a standardized 

substrate.   

Soil, roots and leaves were stored at -10 oC for one 

week and then subjected to three 12-hour periods of 

alternating temperature (3 x (12 h each of -5 and +15 oC)) 

in order to simulate variation in winter and spring 

temperatures and enhance realism.   

I measured CO2 evolution in 10 g of dry soil in 60-ml 

gas-tight self-resealable vials, after adding water to 20% 

of soil’s water holding capacity (Fierer et al. 2005). Soil 

was equilibrated in the vials for 48 h at 17 oC before the 

addition of litter to eliminate the flush of CO2 that 

normally accompanies the rewetting of a soil (Lee et al. 

2000). Subsequently, 100 mg of dried and coarsely ground 
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litter was added to each of the vials. In summary, ten 

vials contained root litter, ten contained leaf litter and 

ten vials contained no litter (controls). The resulting 

soil-litter mixtures which contained 10 mg litter/g soil 

(Fierer et al. 2005) were homogenized. There were five 

replicates of each of roots and leaves of crested 

wheatgrass and of native grassland, plus five controls (5 

replicates x 2 vegetation types x 2 tissues, + 5 controls). 

Incubation lasted four months in order to simulate one 

growing season in the northern Great Plains. I defined the 

growing season as months with mean temperature ≥ 9 oC, since 

rates of C mineralization are insensitive to temperature 

between 3 oC and 9 oC (Nadelhoffer et al. 1991). Incubation 

temperature was 17 oC throughout the experiment in 

accordance with soil temperatures at 10 cm below-ground 

recorded in local studies (Steinaker and Wilson 2008). 

Incubation occurred in the dark to exclude photodegradation 

effects (Köchy and Wilson 1997).  

Vials were opened every three days for ten minutes 

during the incubation in order to avoid O2 depletion. After 

every opening, vials were weighed and water added as needed 

to assure that water content remained constant. Vials 

headspaces (i. e. air between the soil and the cap) were 

subsampled (20 ml subsample) using a gas-tight syringe 
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(Bradford et al. 2009) and subsamples were transferred into 

12 ml Exetainer jars (Labco, Credigion, UK). Subsampling 

occurred seven times during the 4-month incubation, 1, 3, 

6, 9, 18, 50 and 120 day after the start of the experiment. 

This duration aimed to represent CO2 concentration rates 

from different stages of litter decomposition. CO2 evolution 

was determined by gas chromatography (CP4900, Varian, CA) 

and expressed as ppt (parts per thousand)/day.  

 

4.2.4. Relative soil water content  

 I measured soil water content in all the plots by 

installing a tube (PVC, 5cm diameter, 55 cm long, 15 cm of 

which was left above the soil surface), which allowed 

access for a soil moisture probe (Sentry 200-AP, Troxler 

Electronic Laboratories Inc., Research Triangle Park, NC) 

without repeated soil disturbance. Tubes were covered with 

caps to keep out rain. The probe measured soil water 

content at 10, 20 and 30 cm below the soil surface, using a 

form of time domain reflectometry (Rundel and Jarrell 

1989). Water content was measured in a disk-shaped 

electrical field that extended 10 cm out from the side of 

the access tube. Measurements were taken in May, June and 

August 2010-2013, at the same time as minirhizotron image 

collection. I transformed each measurement to relative soil 
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water content (actual value minus the annual minimum value, 

divided by the annual range, James et al. 2003). Relative 

soil water content allowed me to examine changes in depth 

and over time in the absence of variation among sites 

caused by soil physical and chemical properties. 

 

4.2.5. Soil C  

To determine the pool size of soil organic C, soil 

samples where collected from crested wheatgrass and native 

grassland plots in May 2011 in three depth classes; 0-10 

cm, 10-20 and 20-30 cm belowground. Samples were taken from 

plots that were not mowed and were not receiving N. In 

total, I sampled 10 replicates from two vegetation types in 

three depth classes. Soil samples were sieved, air-dried 

and analyzed for total organic C content (Agri-Food 

Laboratories, Guelph, Ontario, Canada). 

  

4.2.6. Statistical analyses 

 Root length and relative soil water content measures 

of each year were treated as different role variables and 

they were analyzed using multivariate analysis of variance 

(MANOVA) with vegetation type, depth, mowing and N as main 

effects. Multivariate analysis of variance was used instead 

of univariate analysis since MANOVA does not require 
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sphericity assumptions. Similarly, shoot mass was also 

analyzed using MANOVA with vegetation type, mowing and N as 

main effects and CO2 evolution was analyzed using MANOVA 

with vegetation type as a main effect. Controls (jars with 

soil but no litter) were treated as a vegetation type for 

the CO2 evolution analysis in order to include them in the 

MANOVA. Soil organic C was analyzed with two-way ANOVA with 

vegetation type and depth as main effects. Differences in 

tissue nutrient content between the two vegetation types 

were detected by one-way ANOVAs. Statistical analyses were 

conducted using JMP 10.0 (SAS Institute Inc., Cary, NC). To 

help stabilize the variance, all data were fourth-root 

transformed. Fourth-root transformations are an effective 

and widely-used method for normalizing skewed data (Quinn 

and Keough 2002).  

 

4.3. Results 

 

4.3.1. Root length 

Root length was significantly (two-fold) greater beneath 

crested wheatgrass than beneath native grassland (Fig. 4.1; 

Table 4.1; Appendix B Table B1 and B2). The lack of a 

significant depth*vegetation type interaction suggest that 

root length had similar depth distributions in both  
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Figure 4.1. Total root length (mean ± SD), per m2 of 

minirhizotron image beneath crested wheatgrass (CWG) and 

native grassland in 0-10, 10-20 and 20-30 cm depths and 

averaged across three years and four mowing and N 

treatments. V, vegetation type; D, depth; ***, P <0.0001; 

**, 0.001 ≤ P ≤ 0.01. Length was significantly greater 

beneath crested wheatgrass. 

 

 

V***, D** 
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Table 4.1. Repeated measures ANOVA results for root length 

in three depths with all the factors and their 

interactions. *, P <0.05 

Source of variation NumDf DenDf F value P value 

Between subjects 

Vegetation type 1 84 40.03 .00* 

Mowing 1 84	   0.41 .53 

Vegetation type*mowing 1 84	   0.34 .56 

N 1 84	   0.01 .90 

Vegetation type*N 1 84	   2.96 .09 

Mowing*N 1 84	   0.51 .25 

Vegetation type*mowing*N 1 84	   1.80 .14 

Depth 2 84 8.89 .00* 

Vegetation type*depth 2 84 0.68 .51 

Mowing*depth 2 84 0.12 .89 

Vegetation type*mowing*depth 2 84 0.15 .86 

N*depth 2 84 1.25 .29 

Vegetation type*N*depth 2 84 1.61 .21 

Mowing*N*depth 2 84 0.12 .89 

Vegetation type*mowing*N*depth 2 84	   0.48 .62 

Within subjects 

Time 8 77 20.74 .00* 

Time*vegetation type 8 77 1.43 .20 

Time*mowing 8	   77 0.81 .59 

Time*vegetation type*mowing 8	   77 0. 72 .67 

Time*N 8	   77 0.68 .71 

Time*vegetation type*N 8	   77 1.00 .44 

Time*mowing*N 8	   77 0.27 .27 

Time*vegetation type*mowing*N 8	   77 1.40 .21 

Time*depth 16 154 1.95 .02* 

Time*vegetation type*depth 16 154 0.35 .99 

Time*mowing*depth 16 154 0.59 .89 

Time*vegetation type*mowing*depth 16 154 0.41 .98 

Time*N*depth 16 154 0.95 .91 

Time*vegetation type*N*depth 16 154 0.62 .86 

Time*mowing*N*depth 16 154 0.59 .88 

Time*vegetation 
type*mowing*N*depth 16 154 0.36 .99 
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vegetation types (Table 4.1). Root length increased 

significantly over time (Fig. 4.2; Table 4.1). Root length 

did not vary significantly with mowing, N addition or their 

interaction	  (Table 4.1).	  

Root length decreased significantly with depth, with 

the least root length was always occurring in 20-30 cm 

depth class (Fig. 4.2; Table 4.1). The greatest root length 

was always recorded in the 0-10 cm depth class with the 

exception of the first sampling date which length was 

slightly greater in the 10-20 cm class (significant 

time*depth interaction).  

 

4.3.2. Shoot mass 

 Shoot mass did not differ significantly between the 

two vegetation types (Fig. 4.3; Table 4.2). Shoot mass 

varied significantly among years (Fig. 4.3; Table 4.2). A 

significant vegetation type*year interaction occurred  

because in 2011 and 2013 crested wheatgrass had greater 

shoot mass than native grassland while in 2012 native 

grassland had greater shoot mass than crested wheatgrass 

(Fig. 4.3; Table 4.2). 

 Mowing significantly reduced shoot mass (Fig 4.4; 

Table 4.2). A significant vegetation type*mowing 

interaction occurred because mowing reduced crested 
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Figure 4.2. Total root length (mean ± SD), per m2 of 

minirhizotron image in 0-10, 10-20 and 20-30 cm depths over 

three years and averaged across two vegetation types and 

four mowing and N treatments. T, time; D, depth; TD, 

interaction; ***, P <0.0001; **, 0.001 ≤ P ≤ 0.01; *, 0.01 < 

P < 0.05. 

 

	  

 

 

 

T***, D**, TD* 
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Figure 4.3. Shoot mass (mean ± SD) per m2 of crested 

wheatgrass (CWG) and native grassland area, measured three 

years and averaged across four mowing and N treatments. T, 

time; TV, interaction of time with vegetation type; ***, P 

<0.0001; **, 0.001 ≤ P ≤ 0.01. 

 

 

 

 

 

T***, TV** 
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Table 4.2. Repeated measures ANOVA results for shoot mass 

with all the factors and their interactions. *, P <0.05 

Source of variation NumDf DenDf F value P value 

Between subjects 

Vegetation type 1 28 0.06 .21 

Mowing 1 28 4.32 .00* 

Vegetation type*mowing 1 28 0.23 .02* 

N 1 28 0.73 .00* 

Vegetation type*N 1 28 0.00 .85 

Mowing*N 1 28 0.39 .00* 

Vegetation type*mowing*N 1 28 0.00 .93 

 

Within subjects 

Time 2 27 6.87 .00* 

Time*vegetation type 2 27	   0.44 .01* 

Time*mowing 2 27	   0.16 .14 

Time*vegetation type*mowing 2 27	   0.00 .97 

Time*N 2 27	   0.42 .01* 

Time*vegetation type*N 2 27	   0.10 .26 

Time*mowing*N 2 27	   0.01 .86 

Time*vegetation type*mowing*N 2 27	   0.15` .14 
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Figure 4.4. Shoot mass (mean ± SD) per m2 of crested 

wheatgrass (CWG) and native grassland area for four mowing 

and N treatments and averaged across three years. M, 

mowing; N, nitrogen; MN, mowing and N; MV, interaction of 

vegetation with mowing; ***, P <0.0001; **, 0.001 ≤ P ≤ 

0.01; *, 0.01 < P < 0.05. 

 

 

 

M***, N***, MN**, MV* 
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interaction occurred because the extent to which N 

increased shoot mass varied greatly among years (Fig. 4.5; 

Table 4.2). Finally, a significant mowing*N interaction 

occurred because N addition increased shoot mass more in 

non-mowed plots than in it did in mowed plots (Fig.4.4; 

Table 4.2). 

 

4.3.3. Litter quality 

Root lignin content was significantly (11%) less in 

roots beneath crested wheatgrass than in roots beneath 

native grassland (Fig. 4.6(a); Table 4.3). Root N content 

did not differ significantly between the two vegetation 

types (means ± SD; Table 4.3). Root lignin:N ratio did not 

significantly between the two vegetation types (Fig. 

4.6(b); Table 4.3). 

Leaf lignin content was significantly greater (30%) in  

leaves of crested wheatgrass than in leaves of native 

grassland. Similar to the roots, leaf N content did not 

differ between the two vegetation types (means ± SD; Table 

4.3). However, leaf lignin:N ratio was significantly 

greater in crested wheatgrass leaves than in native  

grassland leaves (Fig. 4.6(b); Table 4.3). 
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Figure 4.5. Shoot mass (mean ± SD) per m2 measured three 

years and averaged across two vegetation types and four 

mowing treatments. N, nitrogen; NT, interaction of N with 

time; ***, P ≤ 0.001; **, 0.001 ≤ P ≤ 0.01 

 

 

 

 

 

 

 

N***, NT** 
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differ  

 

 

Figure 4.6. (a) Lignin content (mean ± SD) (%) and  (b) 

lignin:N ratio of plant tissue weight in root and leaves of 

crested wheatgrass (CWG) and native grassland. ***, P ≤ 

0.001; **, 0.001 ≤ P ≤ 0.01; *, 0.01 ≤ P ≤ 0.05.  

 

 

*	  

***	  

**	  

(a) 
	  

(b)  
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Table 4.3. ANOVA results for roots and leaves chemical 

composition with vegetation type as a factor. *, P <0.05 

 Source of variation DF F value P value 

Root lignin content Vegetation type 1 8.18 0.01* 

Root N content Vegetation type 1 0.37 0.55 

Root lignin:N ratio Vegetation type 1 0.38 0.54 

Leaf lignin content Vegetation type 1 32.71 .00* 

Leaf N content Vegetation type 1 2.53 .13 

Leaf lignin:N ratio Vegetation type 1 2.36 .00* 
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4.3.4. CO2 evolution 

 Root CO2 evolution was significantly greater (about 

two-fold) from crested wheatgrass than from native grasses. 

Further, root CO2 evolution from native grasses was almost 

identical to that from controls (Fig. 4.7 (a); Table 4.4). 

Additionally, root CO2 evolution decreased significantly 

over time but no significant vegetation type*time 

interaction occurred (Fig. 4.7 (a); Table 4.4). In summary, 

native grass roots made no detectable contribution to rates 

of CO2 evolution, whereas crested wheatgrass roots doubled 

CO2 evolution.  

Leaf CO2 evolution from both of the vegetation types was 

significantly greater (63-64%) than CO2 evolution from the 

controls. CO2 evolution from crested wheatgrass leaves  

was greater than that from native grasses only at the start 

of the incubation (Fig. 4.7 (b); Table 4.5). Leaf CO2 

evolution from leaves of both vegetation types decreased 

significantly over time, but leaf CO2 evolution from crested 

wheatgrass decreased significantly faster than that of the 

native grassland (vegetation*time interaction) (Fig. 4.7 

(b); Table 4.5). 
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Figure 4.7. Cumulative (a) root and (b) leaf CO2 evolution 

(mean ± SD) in pptv (parts per thousand) per day from 

crested wheatgrass (CWG), native grassland and controls 

over a decomposition period of 120 days. T, time; TV, 

interaction of time with vegetation type; ***, P <0.0001; 

**, 0.001 ≤ P ≤ 0.01; *, 0.01 ≤ P ≤ 0.05.  

T***, V* 

T***, TV**, V*  

(b)  
	  	  

(a) 
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Table 4.4. Repeated measures ANOVA results for root CO2 

evolution, with vegetation type as a factor. *, P <0.05 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Source of variation NumDf DenDF F value P value 

Between subjects 

Vegetation type 2 13 5.86 .01* 

 

Within subjects 

Time 6 7 44.97 .00* 

   Time*vegetation type 6 7	   0.67 .75 
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Table 4.5. Repeated measures ANOVA results for leaf CO2 

evolution, with vegetation type as a factor. *, P <0.05 

Source of variation NumDf DenDF F value P value 

Between subjects 

Vegetation type 2 13 5.93 0.01* 

 

Within subjects 

   Time 6 8 180.45 .00* 

   Time*vegetation type 12 16	   5.78 .00* 
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4.3.5. Relative soil water content 

 Relative soil water content was significantly less (6%) 

beneath crested wheatgrass than native grassland (Fig. 4.8; 

Table 4.6). Soil water varied significantly over time (all 

years and sample dates, P < 0.001) because the greatest 

values occurred consistently in 2013 and the lowest in 2012 

(Fig. 4.9 and 4.10; Table 4.6). Soil water content was 

greatest in June and lowest in August of every year (Fig. 

4.9 and 4.10). Mowing significantly decreased relative soil 

water content (Fig. 4.9(a); Table 4.6). However, a 

significant mowing*time interaction occurred because mowing 

increased soil water during the last year of the 

experiment, in contrast to the first two years (Fig. 4. 

9(a) Table 4.6). N addition did not significantly affect 

soil water content, but a significant N*time interaction 

occurred because N increased soil water in 2012 but it 

decreased it at most other sample times (Fig. 4.9(b); Table 

4.6). 

Relative soil water content varied significantly among 

depths (Table 4.6). At almost every time, the lowest value 

was recorded at 10 cm deep and the greatest value at 30 cm 

deep (Fig. 4.10; Table 4.6). Further, a significant 

depth*time interaction occurred because the difference in 

soil water between the depth classes ranged from very small  
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Figure 4.8. Relative soil water content (mean ± SD) beneath 

crested wheatgrass (CWG) and native grassland in two N 

treatments, averaged across two mowing treatments, three 

years and three depth classes. V, vegetation type; VN, 

interaction of vegetation type with N; ***, P ≤ 0.001; **, 

0.001 ≤ P ≤ 0.01 

 

VN**, V* 
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Table 4.6. Repeated measures ANOVA results for relative 

soil water content (%) measured in three depths with all 

the factors and their interactions. *, P < 0.001 

Source of variation NumDf DenDf F value P value 

Between subjects 

Vegetation type 1 84 0.41 .02* 

Mowing 1 84	   0.59 .05* 

Vegetation type*mowing 1 84	   0.00 .60 

N 1 84	   11.83 .97 

Vegetation type*N 1 84	   2.02 .00* 

Mowing*N 1 84	   0.04 .99 

Vegetation type*mowing*N 1 84	   0.78 .11 

Depth 1 84 350.14 .00* 

Vegetation type*depth 1 84 0.71 .54 

Mowing*depth 1 84 0.91 .80 

Vegetation type*mowing*depth 1 84 0.23 .37 

N*depth 1 84 0.49 .21 

Vegetation type*N*depth 1 84 1.74 .57 

Mowing*N*depth 1 84 0.89 .34 

Vegetation type*mowing*N*depth 1 84	   0.16 .42 

Within subjects 

Time 8 77 105.97 .00* 

Time*vegetation type 8 77 0.55 .29 

Time*mowing 8	   77 3.63 .00* 

Time*vegetation type*mowing 8	   77 0.66 .19 

Time*N 8	   77 2.25 .02* 

Time*vegetation type*N 8	   77 3.15 .21 

Time*mowing*N 8	   77 1.30 .32 

Time*vegetation type*mowing*N 8	   77 1.13 .43 

Time*depth 16 154 5.36 .00* 

Time*vegetation type*depth 16 154 0.81 .51 

Time*mowing*depth 16 154 1.46 .59 

Time*vegetation type*mowing*depth 16 154 0.93 .44 

Time*N*depth 16 154 0.64 .59 

Time*vegetation type*N*depth 16 154 1.19 .20 

Time*mowing*N*depth 16 154 0.78 .26 

Time*vegetation 
type*mowing*N*depth 16 154 1.20 .24 
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Figure 4.9. Relative soil water content (mean ± SD) measured 

over three years and averaged across two vegetation types, 

three depths and (a) two N treatments and (b) two mowing 

treatments. T, time; M, mowing; TM, interaction vegetation 

type with mowing; TN, interaction vegetation type*N ***, P 

<0.0001; **, 0.001 ≤ P ≤ 0.01; *, 0.01 < P < 0.05. 

 

T***, TN* 

(b)  
	  	  

T***, TM**, M* 

(a) 
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Figure 4.10. Relative soil water content (mean ± SD) 

measured at 10, 20 and 30 cm depth over three years and 

averaged across two vegetation types and four mowing and N 

treatments. D, depth; T, time; DT, interaction; ***, P 

<0.0001; **, 0.001 ≤ P ≤ 0.01. 

 

 

 

 

 

D***, T***, DT** 
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(for instance in June 2013) to very large (for instance 

April 2013) (Fig. 4.10; Table 4.6). 

 

4.3.6. Soil C content 

Soil C content did not differ significantly between 

the two vegetation types but it decreased significantly 

with increasing depth (Fig. 4.11; Table 4.7). Further, a 

significant depth*vegetation type interaction occurred 

(Fig. 4.11; Table 4.7). Thus, at 10 cm soil C was greater 

under crested wheatgrass than native grassland, whereas at 

20 cm soil C was similar between the two vegetation types 

and at 30 cm soil C was lower under crested wheatgrass than 

native grassland (Fig. 4.11; Table 4.7).  

 

4.4. Discussion 

 

 I measured differences between crested wheatgrass and 

native grassland in biomass, litter quality, decomposition 

rates, soil C content and soil water content under 

different mowing and fertility regimes in a semi-arid 

grassland. My study suggests that the double root length of 

crested does not result on an increase in soil C in invaded 

areas due to its higher litter quality that leads to faster 

decomposition and greater CO2 evolution from the soil.  
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Figure 4.11. Soil carbon (C) content (mean ± SD) (%) weight 

of soil beneath crested wheatgrass (CWG) and native 

grassland in three depth classes. D, depth; DV, interaction 

of depth with vegetation type; ***, P ≤ 0.001; **, 0.001 ≤ P 

≤ 0.01 

 

 

 

 

 

D***, DV** 
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Table 4.7. ANOVA results for soil C content in three depths 

with vegetation type as main factor and their interaction. 

*, P < 0.05 

Source of variation Nparm DF F Ratio Prob>F 

Vegetation type 1 1 0.9444 0.3361 

Depth 2 2 42.3508 <.0001* 

Vegetation type*depth 2 2 5.1539 0.0095* 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 98 

4.4.1. Root length 

 Crested wheatgrass has many-fold larger root length, 

root mass and number of roots than that of native grassland 

species (Richards 1984, Bilbrough and Caldwell 1997, Ivans 

et al. 2003, Peek et al. 2005, MacDougall and Wilson 2011, 

Balogianni et al. 2014, Vaness et al. 2014), in agreement 

with my results. Additionally, the absence of a significant 

effect of mowing on the roots of both crested wheatgrass  

and native grasslands (Kitchen et al. 2009, Balogianni et 

al. 2014, Vaness et al. 2014) is also supported by the 

literature. 

 It is difficult to draw a generalized relationship 

between soil N addition and fine root dynamics (Chen and 

Brassard 2013). N concentration in the soil can be 

positively related to fine-root production (Nadelhoffer et 

al. 2000, Fornara and Tilman 2009), but results from this 

study are consistent with those from others, that N 

addition has no effect on root length in various systems 

such as tree seedlings (Iversen and Norby 2008), or native 

and invaded grasslands (Balogianni et al. 2014, Vaness et 

al. 2014). 

 Roots were still colonizing the minirhizotron tube 

surface, five to eight years after the tube installation in 

my experimental plots. This ongoing colonization appeared 
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as a significant root length increase with time and is 

commonly found in the literature, since roots tend to grow 

preferentially along the tube–soil interface after the 

minirhizotron installation disturbance (Burton et al. 2000, 

Pritchard et al. 2001, Tierney et al. 2001, Gill et al. 

2001, Bernier and Robitaille 2004, Iversen et al. 2008, 

Balogianni et al. 2014).  

Root size (length or mass) typically decreases as the 

distance from the soil surface increases, e.g. in invaded 

grasslands (Gill et al. 2002), native grasslands (Guo et 

al. 2007), temperate forests (Pritchard et al. 2001, Joslin 

et al. 2006), boreal forests (Steele et al. 1997) and 

forest plantations (Rytter and Hansson 1996). Root 

distribution in the soil profile is usually stable through 

time (Gill et al. 2002), in contrast to my results where 

the difference in root length between the 0-10 cm and the 

10-20 cm depth class varied from very small to very large 

through the years.  This shift in root distribution is 

sometimes observed in the literature, especially during the 

first years after minirhizotron installation (Norby et al. 

2004). Another possible explanation for shifts in rooting 

depth with time would be that the root distribution profile 

changed in response to seasonal water, as suggested by 

previous work in arid environments (Peek et al. 2006). 
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Specifically, the significant depth*time interaction may be 

attributed to relatively high precipitation in 2011 

(http://www.usclimatedata.com/) which led to a reduction in 

the difference in root length between the 0-10 and the 10-

20 cm depth classes.   

 

4.4.2. Shoot mass 

 The among-year variability of shoot mass at my study 

site is ubiquitous in grasslands and depends in many 

factors, such as temporal variability in water and 

nutrients driven by climate (Briggs and Knapp 1995, Yang et 

al. 2008). In addition to time, shoot mass varies with 

vegetation type and tends to be increased by invasive 

species (Ehrenfeld 2003). However, as indicated from my 

results, greater shoot mass associated with crested 

wheatgrass might not be constant through time. Previous 

studies also report similar findings where the difference 

between crested wheatgrass and native species shoot biomass 

varies among years (Balogianni et al. 2014) or within the 

same year (Bardgett et al. 1999, Christian and Wilson 1999, 

Xu and Wan 2008).  

In grasslands, shoot mass is more responsive than root 

length to management treatments such as mowing and N 

addition (Balogianni et al. 2014). Likewise, shoot mass in 
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my study responded to the treatments, in contrast to root 

mass which did not. Specifically, shoot mass was decreased 

by mowing in agreement with previous studies in grasslands 

(Bleak and Plummer 2006, Schönbach et al. 2011, Balogianni 

et al. 2014). Furthermore, the relatively greater reduction 

in crested wheatgrass shoot mass than that of native 

grasses might have resulted from the relatively greater 

shoot mass in crested wheatgrass stands before mowing, 

expressed as a significant vegetation type*mowing 

interaction (Balogianni et al. 2014). 

In general, shoot mass increases with N addition in 

both invaded (Peltzer et al. 1998, Corkidi et al. 2002) and 

native (Bardgett et al. 1999, Lamb et al. 2007, St. Clair 

et al. 2009) grasslands. In my study, both invasive and 

native species were increased to the same extent by N 

addition. This result is in contrast with the theory that N 

addition favours invasive species (Huenneke et al. 1990, 

Maron and Jefferies 2001, Seabloom et al. 2003). 

Additionally, the difference in shoot mass between plots 

with added N and plots without added N was not constant 

through time, similar to previous studies in semi-arid 

grasslands (Balogianni et al. 2014). Specifically, the 

difference in shoot mass between plots with added N and 

plots without added N was greatest in 2012, the year with 
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the lowest precipitation (http://www.usclimatedata.com/). 

This result might be attributed to the fact that plant 

growth after N addition is increased by enhanced water 

availability (St Clair et al. 2009).  

In my study, management treatments interacted 

significantly with each other, with mowing significantly 

reducing the increase in shoot mass caused by N addition. 

Similar interactions have not been found in previous work 

in crested wheatgrass (Balogianni et al. 2014) or native 

grasslands (Liira and Zobel 2000, Balogianni et al 2014). 

In my study, the significant reduction in shoot mass caused 

by mowing might be responsible for the lack of response to 

N. 

 

4.4.3. CO2 evolution from decomposition 

 In general, invasion is followed by an increase in 

litter decomposition rates of 50-120% in invaded ecosystems 

(Liao et al. 2008) and sometimes results in a decrease of 

soil C storage (Christian and Wilson 1999, Koteen et al. 

2011). Thus, as expected, roots of crested wheatgrass 

released more CO2 to the atmosphere than did those of native 

species, in contrast to previous laboratory incubation with 

crested wheatgrass that detected similar rates of CO2 

evolution from crested wheatgrass and Artemisia tridentata 



 

 103 

roots (Chen and Stark 2000). These contrasting results are 

perhaps due to the different native species used in the two 

experiments, since Artemisia tridentata roots might have 

litter quality closer to that of crested wheatgrass.  

Additionally, crested wheatgrass leaves initially 

evolved more CO2 than did native species, in agreement with 

previous work that compared decomposition rates of crested 

wheatgrass and native grassland species leaves using 

litterbags (Hendrickson et al. 2001). However, this 

increase in CO2 evolution occurred only in the first half of 

the incubation period; thereafter the amount of CO2 evolved 

by native grasslands was increased while the amount of CO2 

evolved by crested wheatgrass was decreased. This 

decoupling occurred perhaps due to the larger lignin 

content in leaves of crested wheatgrass in comparison to 

native grassland species. 

 

4.4.4. Lignin content and soil C 

 In many cases, roots of invasive grassland species 

such as Hieracium spp. have lower lignin content than 

native species (Scott et al. 2001). Crested wheatgrass has 

also been reported to have lower lignin content than native 

grassland species (Smoliak and Dormaar 1985, Hooker et. al. 

2008), in agreement with my results. However, roots of 
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invasive species do not always have lower lignin:N ratios 

than do natives species, and the ratio may vary among 

species. For example, previous studies mention that 

Hieracium has lower (Scott et al. 2001) while Bromus 

tectorum (cheatgrass) has greater (Evans et al. 2003) or 

similar root lignin:N ratio than do native species (Pyke et 

al. 2003). I found no difference in root lignin:N ratio 

between crested wheatgrass and native species in contrast 

to previous studies in sagebrush rangelands that report 

lower lignin:N ratio in crested wheatgrass roots in 

comparison to native species (Hooker et al. 2008).  

In contrast to roots, leaf lignin content is greater 

for invasive Hieracium than for native rangeland species 

(Scott et al. 2001). The same trend is observed for crested 

wheatgrass (Hendrickson et al. 2001), in agreement with my 

results. Similarly, my result that leaf lignin:N ratio was 

significantly greater for crested wheatgrass than native 

species is in agreement with previous studies that report a 

larger lignin:N ratio in Bromus tectorum than in native 

species (Evans et al. 2001). However, previous work with 

crested wheatgrass reports similar lignin:N ratio between 

crested wheatgrass and native species (Hendrickson et al. 

2001).  
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An interesting result was that root lignin content was 

greater for crested wheatgrass than native grassland 

species, while the opposite situation was observed for 

shoots. Such great differences in lignin content between 

tissues are documented in the literature where differences 

in lignin content	  between roots and shoots of the same 

species were comparable to those among different grass 

species (Wedin and Tilman 1990). 

Lignin content greatly affects the litter 

decomposition rates, and species with lower lignin:N ratios 

are predicted to have higher overall decomposition rates 

(Parton et al. 1983). However, this statement is mainly 

valid for roots since C is cycling through fine roots at 

rates several orders of magnitude faster than through 

aboveground tissues (Ruess et al. 2003) and most of the 

biomass in the semi-arid prairie occurs belowground 

(Stanton 1988). Additionally, leaf tissue quality might not 

have a major effect on belowground microbial litter 

decomposition since leaf decomposition is mainly controlled 

by photodegradation (Austin and Vivanco 2006, Köchy and 

Wilson 2007). Therefore, the decreased litter quality of 

crested wheatgrass roots might explain a potential increase 

in litter decomposition rates.  
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I did not detect a significant difference in soil C 

between the two different vegetation types, even though 

root length was double under crested wheatgrass than under 

native grassland in every depth class. Similarly, previous 

studies found similar soil C values under crested 

wheatgrass and under native grassland species (Chen and 

Stark 2000, Krzic et al. 2000, Willms et al. 2005, Hooker 

et al. 2008, MacDougall and Wilson 2011), indicating that 

crested wheatgrass invasion does not significantly increase 

soil C storage.  

As expected, soil C decreased as the distance from the 

soil surface increased. A similar trend is observed in 

previous studies in the top 30 cm of soil under crested 

wheatgrass and native grasslands (Curtin et al. 2000, Krzic 

et al. 2000, Sainju et al. 2006, Liebig et al. 2010). 

Additionally, crested wheatgrass had significantly greater 

soil C content in the 0-10 cm depth class than did native 

grassland, even though the difference in root length 

between the two vegetation types was the same in all the 

depth classes. This vegetation*depth interaction is perhaps 

controlled by the soil water content, since in the 0-10 cm 

depth class soil water content was very low. Thus, the low 

water availability might have limited the decomposition of 

crested wheatgrass more than it did for native species, 
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since high quality litter is more likely to be limited by 

soil moisture regimes than low quality litter (Liu et al. 

2006). 

 

4.4.5. Soil water content 

 Soil water, together with N, is a limiting factor in 

semi-arid grasslands (Burke et al. 1998). Soil water 

content varies seasonally and annually (James et al. 2003, 

Belote et al. 2004, McLaren et al. 2004, Zhou et al. 2006, 

Steinaker and Wilson 2008, Spencer et al. 2013), since it 

is largely dependant on rainfall patterns (Knapp et al. 

2002). Further, grassland ecosystems are characterized by 

relatively great among-year variability in precipitation 

(Knapp and Smith 2001). In my study, soil water content 

varied significantly seasonally and annually, peaking each 

year in June, in agreement with previous studies from 

grasslands (Harpole et al. 2007, Steinaker et al. 2010).  

 Invasive species are known to reduce soil water 

content (Daehler 2003) perhaps due to their greater root 

biomass. Root mass should be negatively correlated with the 

soil water content (Craine et al. 2001). Likewise, previous 

studies indicate that crested wheatgrass decreases soil 

water content (Christian and Wilson 1999, Vaness et al. 

2014), as in my results, where crested wheatgrass caused a 
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small but significant decrease. The drier soils under 

crested wheatgrass were expected to decrease decomposition 

rates, since soil water content is a principal factor 

positively influencing plant root decomposition rates in 

grasslands (Wildrung et al. 1975). However, the direct 

effect of crested wheatgrass higher litter quality was 

larger and more important for the root decomposition rates 

than the indirect effect of increased soil water. 

Relative soil water content increases as the distance 

from the soil surface increases in various ecosystems, such 

as native grasslands and temperate forests (McLaren et al. 

2004, Steinaker and Wilson 2008). Usually, the soil water 

content distribution is the opposite of the root length or 

mass distribution, since increased root mass is related to 

decreased soil water content (Knapp et al. 2002). My 

results are mostly in agreement with this theory, with two 

exceptions. Specifically, in August of 2011 and 2012, soil 

moisture was greater in the 20-30 cm than the 10-20 depth 

classes. Such a similar shift in soil moisture distribution 

has been observed in previous work in semi-arid grasslands, 

where soil water content was greater at 30 cm deep than at 

10 cm deep only in August (Steinaker and Wilson 2008). 

However, other studies report no time*depth interaction 

(James et al. 2003, McLaren et al. 2004).  
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Mowing has mixed effects in the soil water content, 

depending on the ecosystem and perhaps on the intensity and 

frequency of mowing. Previous studies found increased soil 

water content after mowing in invasive forbs microcosms 

(Spencer et al. 2013) and in woody invaded grassland 

(Simmons et al. 2007). Other studies report no change in 

soil water content after mowing or clipping (Zhou et al. 

2006, Gross et al. 2008, Vaness et al. 2014). In my study, 

mowing decreased the soil water content in 2011 and 2012, 

perhaps by removing shade and increasing evaporation, but 

this decrease did not occur in 2013, when mowed plots had 

greater soil water content than unmowed plots.  

N addition does not have a constant effect on soil 

water content throughout the growing season (Lamb et al. 

2007, Gross et al. 2008, Vaness et al. 2014) but previous 

studies in grasslands report a temporal increase early in 

the growing season (Blumenthal et al. 2003, Zavaleta et al. 

2003, Harpole et al. 2007) perhaps because plants uptake 

more N in early than in late growing season (Hungate et al. 

1997). This theory is in agreement with my results where N 

addition did not significantly change the soil water 

content but it decreased the soil water content almost 

every year in May and June. 
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 In my study, root litter quality was related to 

differences in litter decomposition rates between crested 

wheatgrass and native grasslands species. Even if crested 

wheatgrass increased the root quantity in all depths and 

under every management regime, it did not increase soil C 

because its higher litter quality led to faster 

decomposition rates. Hence, crested wheatgrass, even if it 

has a larger root system than the native grassland species, 

is not beneficial for long-term C storage because its root 

tissue does not reside for a long time in the soil. Drier 

soils under CWG should decrease decomposition.  
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Chapter 5: General Conclusions 

 

 

 Root dynamics studies are not common in the 

literature, perhaps due to the methodological difficulties 

of root sampling. However, the continuous, non-destructive 

nature of minirhizotron studies has increased the 

possibilities for belowground research. Minirhizotrons have 

the ability to directly monitor production and mortality 

(Majdi et al. 2005). Additionally, minirhizotrons give more 

accurate and less labor-intensive root length observations 

than traditional monolith and core removal techniques 

(Heeraman and Juma 1993). 

 I used minirhizotrons for all the three chapters of my 

thesis and results where consistent across the three 

chapters. One of the most prominent findings of this thesis 

was that crested wheatgrass stands had 49-90% greater root 

length than every other ecosystem studied (Fig. 2.1). The 

greater length of crested wheatgrass in comparison to 

native species is confirmed by the literature (MacDougall 

and Wilson 2011, Vaness et al. 2014) and highlights its 

ability to dominate the belowground space. Also, the fact 

that crested wheatgrass stands had more root length than 
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boreal and temperate forests emphasizes the great root 

length of some grassland ecosystems. 

 Another consistent result throughout the chapters of 

my thesis was the fact that root length increased with 

time, perhaps as a response to the disturbance associated 

with the installation of the minirhizotrons. This increase 

was observed in every ecosystem and it was similar amongst 

them, even though the year of tube installation varied 

greatly among ecosystems and experiments (tubes were 2-12 

years old). These results indicate that the colonization of 

the tube surface by roots might take more than 12 years to 

be completed. However, this ongoing colonization should not 

affect root length comparisons between ecosystems or 

vegetation types since the vegetation type*time and 

ecosystem*time interactions were not statistically 

significant in any chapter of this thesis. However, there 

is a need for long-term continuing studies in order to 

describe the trajectory of recovery from the disturbance of 

tube installation. 

 In every studied ecosystem (Chapter 2), longer sample 

intervals tended to measure less root production and 

mortality than did the shortest intervals, because the 

shortest sample intervals might not include fine roots that 

form and disappear between the intervals. However, the 
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optimum sample interval for root production was not the 

shortest studied interval (1-day), possibly because longer 

sampling intervals (6-day), averaged over several days, and 

produced a more representative measure growth. Hence, the 

results imply that the duration of the sample interval can 

influence measures of root productivity, as well as root 

mortality.  

 The effect of sample interval on measures on root 

production did not vary among ecosystems. However, the 

effect of sample interval on root mortality measures did 

vary among ecosystems, since some of the studied ecosystems 

had very low mortality (Chapter 2). This result implies 

that future multiple-ecosystem minirhizotron studies could 

employ the same sample interval in every ecosystem, with 

the exception of ecosystems with very low rates of root 

production and mortality where a longer interval can be 

used.  

  Roots and shoots showed contrasting responses to 

environmental variation. Long-term mowing and N addition 

had no effect on root length in invaded and native 

grassland, after five (Chapter 3) and seven (Chapter 4) 

years of treatment application. Based on relatively strong 

aboveground responses to mowing in both chapters, I 

expected to find belowground responses in both crested 
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wheatgrass and native grassland. Additionally, based on the 

fact that N concentration in the soil is considered to be 

positively related to fine-root production (Fornara and 

Tilman 2009), I anticipated that N addition would increase 

the shoot length or mass. In contrast, root length was 

insensitive to mowing and N addition in both crested 

wheatgrass and native ecosystem. Additionally, root length 

was greater below crested wheatgrass than below native 

grassland in every depth class (Chapter 4). Similarly, the 

decrease of root length with depth was the same for both 

vegetation types. My findings that mowing and N 

manipulation have little effect on the belowground 

component of crested wheatgrass stands and that crested 

wheatgrass stands has double root length than native 

grasslands may partly explain why eradication of this 

species from native grassland remains a challenge.  

 Field studies of aboveground responses of crested 

wheatgrass and native grasslands to management treatments 

are more common than those of belowground responses. 

Results from Chapter 3 and 4 show that crested wheatgrass 

has greater shoot mass than native grassland species. 

However, the greater shoot mass of crested wheatgrass is 

relation to native grasses is not consistent through time, 

in contrast to root length. Besides time, the difference in 
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shoot mass between the two vegetation types also varies 

with mowing. For example, since crested wheatgrass had 

greater shoot mass and more initial growth early in the 

season, mowing removed more biomass from it than from 

native grasslands, leading to a significant vegetation 

type*mowing interaction (Chapter 3 and 4). In general, 

mowing greatly reduced shoot mass in my study, preventing N 

addition from increasing the shoot mass (Chapter 3). In 

contrast, the response of shoot mass to N addition was not 

affected by vegetation but was greatly dependant on time 

(Chapter 3 and 4). This result is perhaps related to the 

fact that temporal water variability influences N uptake by 

plants and plant growth after N addition is increased with 

water availability (Gebauer and Ehleringer 2000, St Clair 

et al. 2009). Specifically in semi-arid grasslands, where 

water is a limiting factor, a relatively dry growing season 

would limit the plant productivity and presumably N uptake 

(Lauenroth and Sala 1992). 

 The greater shoot and root production of crested 

wheatgrass stands might be expected to increase soil C 

sequestration, although previous work does not report such 

an increase (MacDougall and Wilson 2011). I explored this 

dilemma by measuring differences between crested wheatgrass 

and native grassland in litter quality, litter 
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decomposition rates, soil water content and soil C content 

under different mowing and N regimes (Chapter 4). Crested 

wheatgrass roots had lower lignin content than native 

grassland species, in contrast to the leaves where crested 

wheatgrass had higher lignin content than native grassland 

species. Such great differences in lignin content between 

roots and leaves are also documented in the literature 

where differences in lignin content between roots and 

shoots of the same species were comparable to those found 

between different grasses (Wedin and Tilman 1990). However, 

root tissue quality might be more important for belowground 

microbial litter decomposition than leaf tissue quality 

because root litter is formed directly in the soil. 

Further, leaf decomposition is mainly controlled by 

photodegradation (Köchy and Wilson 2007). Thus, leaf litter 

characteristics might be only of minor significance for 

microbial decomposition.  

Results from my litter decomposition experiment 

(Chapter 4) showed that crested wheatgrass root tissue had 

higher rates of CO2 evolution than did that of native 

grasses. These results are in agreement with invasive 

species studies which indicate that invasion is followed by 

an increase in litter decomposition by 50-120% in invaded 

ecosystems (Liao et al. 2008). Greater CO2 evolution from 



 

 117 

crested wheatgrass root tissue may be related to its lower 

lignin content in comparison to native species because 

lignin is a complex, high molecular-weight C compound that 

requires a great amount of energy and time for its 

decomposition.  

Soil water content varied significantly through time 

(Chapter 4), increased with depth, and was affected 

significantly by mowing and N. However, mowing and N 

effects on soil water content were not constant through 

time. Specifically, the effect of mowing on soil water 

content was mainly controlled by annual variability while 

the effect of N addition on soil water content was mainly 

controlled by seasonal variability. Additionally, the 

increased root length of crested wheatgrass was associated 

with a reduction in soil water in comparison to native 

grasslands as expected.  

Crested wheatgrass reduced soil water content but it 

did not change soil C content. Specifically, I did not 

detect a significant difference in soil C between the two 

different vegetation types, even though root length of 

crested wheatgrass was double in relation to that of native 

grassland in all the depth classes. Specifically, my study 

demonstrated that the doubled root length of crested 

wheatgrass did not result in an increase in soil C in 
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invaded areas perhaps due to its greater root litter 

quality that increased CO2 evolution from the soil. Hence, 

crested wheatgrass might not be able to increase long-term 

C storage in invaded ecosystems despite its larger root 

system, mainly due to the fact that crested wheatgrass root 

litter decomposes quickly. 

 In conclusion, this thesis demonstrated that 

increasing minirhizotron sample interval had a negative 

effect on measures of productivity in contrasting 

ecosystems. Additionally, root length was greater under 

stands of the invasive grass A. cristatum than under 

comparable ecosystems, and widely-used grassland management 

treatments (mowing, fertilization) do not influence this 

belowground dominance. A. cristatum has both direct effects 

(higher litter quality) and indirect effects (decreased 

soil water content) on root decomposition. However, the 

direct effect of higher litter quality was more important 

than the reduced soil water content for controlling root 

decomposition rates. Overall, the persistence and effects 

of crested wheatgrass invasion are associated with its 

relatively high belowground production and tissue quality, 

suggesting that management and restoration efforts will 

need to consider the belowground components of the 

grassland ecosystem.   
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Appendix A: Statistical Analysis for Root Length for Three 

Years 
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Table A1. Repeated measures ANOVA results for root length 

with all the factors and their interactions for three years 

(Chapter 3). This analysis was conducted for the same years 

for which shoot mass was available (2008, 2009 and 2011). 

The significant values were identical to the analysis that 

included all five years (see Table 3.1). 

Source of variation NumDf DenDf F value P value 

Between subjects 

Vegetation type 1 28 22.8480 <.0001* 

Mowing 1 28 0.1818 0.6731 

Vegetation type*mowing 1 28 0.0003 0.9867 

N 1 28 0.1593 0.6929 

Vegetation type*N 1 28 2.0522 0.1631 

Mowing*N 1 28 0.6882 0.4138 

Vegetation type*mowing*nitrogen 1 28 0.3808 0.5421 

Within Subjects 

Year 2 27 55.1687 <.0001* 

Year*vegetation type 2 27 2.7834 0.0796 

Year*mowing 2 27 0.3508 0.7073 

Year*vegetation type*mowing 2 27 0.5014 0.6112 

Year*N 2 27 0.8485 0.4392 

Year*vegetation type*N 2 27 0.7321 0.4902 

Year*mowing*N 2 27 1.0807 0.3536 

Year*vegetation type*mowing*N 2 27 0.0763 0.9268 
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Table A2. Repeated measures ANOVA results for root mass 

with all the factors and their interactions for three years 

(Chapter 3). This analysis was conducted for the same years 

for which shoot mass was available (2008, 2009 and 2011). 

The significant values were identical to the analysis that 

included all five years (see Table 3.2). 

Source of variation NumDf DenDf F value P value 

Between subjects 

Vegetation type 1 28 21.5980 <.0001* 

Mowing 1 28 0.1042 0.7493 

Vegetation type*mowing 1 28 0.2139 0.6473 

N 1 28 0.2139 0.6473 

Vegetation type*N 1 28 2.4472 0.0954 

Mowing*N 1 28 1.5844 0.2185 

Vegetation type*mowing*N 1 28 0.4645 0.5011 

Within subjects 

Year 2 27 38.2361 <.0001* 

Year*vegetation type 2 27 6.8311 0.0040* 

Year*mowing 2 27 0.1933 0.8254 

Year*vegetation type*mowing 2 27 0.6296 0.5405 

Year*N 2 27 1.0606 0.3602 

Year*vegetation type*N 2 27 0.6705 0.5198 

Year*mowing*N 2 27 0.0900 0.9142 

Year*vegetation type*mowing*N 2 27 0.2069 0.8144 
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Appendix B: Means and standard deviations of crested 

wheatgrass and native grassland root length, root mass and 

shoot mass 
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Table B1. Means (± SD) of crested wheatgrass root length, 

root mass and shoot mass, for each treatment combination in 

July - August 2007-2014. Treatm., treatment; M, mowing; N, 

nitrogen addition; MN, mowing and N addition. 

 

Year 2007 2008 2009 2010 2011 2012 2013 

 Treatm. Mean ± SD 

Control 320 ± 

160 

325 ± 

160 

496 ± 

225 

556 ± 

310 

699 ± 

247 

594 ± 

166 

634 ± 

147 

M 203 ± 

119 

173 ± 

63 

309 ± 

124 

366 ± 

124 

466 ± 

76 

455 ± 

55 

456 ± 

107 

N 227 ± 

105 

258 ± 

152 

527 ± 

266 

422 ± 

138 

389 ± 

215 

392 ± 

201 

431 ± 

215 

 

Root 

length 

(m/m2 

image) 

MN 210 ± 

81 

202 ± 

132 

391 ± 

115 

394 ± 

96 

529 ± 

26 

483 ± 

189 

520 ± 

206 

Control 15 ± 

5.1 

16 ± 

6.9 

26.8 

± 

12.2 

15 ± 

11.7 

25.9 

± 6.1 

M 8.9 ± 

4.7 

7.9 ± 

2.9 

15.9 

± 6 

5.5 ± 

3.5 

17.9 

± 4.2 

N 9.4 ± 

3 

11.2 

± 5.3 

25 ± 

14.4 

10.8 

± 4.4 

14.6 

± 6.9 

 

 

 

Root 

mass 

(g/m2 

image) 

MN 11.1 

± 5.2 

10.2 

± 6.8 

21 ± 

6.7 

11 ± 

3.8 

22.2 

± 2.4 

 

 

 

 

 

No data 
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Control 653 ± 

136 

800 ± 

277 

448 ± 

68 

319 ± 

97 

857 ± 

292 

M 193 ± 

45 

251 ± 

74 

185 ± 

68 

107 ± 

12 

424 ± 

277 

N 601 ± 

263 

946 ± 

237 

846 ± 

181 

441 ± 

84 

1689 

± 801 

 

 

Shoot 

mass 

(g/m2) 

MN 

 

 

 

 

No 

data 

242 ± 

140 

345 ± 

113 

 

 

 

 

No 

data 

238 ± 

49 

124 ± 

14 

365 ± 

111 
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Table B2. Means (± SD) of native grassland root length, root 

mass and shoot mass, for each treatment combination in 

2007-2011. Treatm., treatments M, mowing; N, nitrogen 

addition; MN, mowing and N addition. 

Year 2007 2008 2009 2010 2011 2012 2013 

 Treatm. Mean ± SD 

Control 73 ± 

121 

89 ± 

39 

409 ± 

234 

426 ± 

402 

211 ± 

86 

169 ± 

32 

203 ± 

51 

M 96 ± 

69 

115 

± 

102 

116 ± 

100 

117 ± 

72 

228 ± 

201 

258 ± 

180 

279 ± 

180 

N 117 

± 

125 

142 

± 

107 

232 ± 

154 

275 ± 

171 

288 ± 

186 

274 ± 

147 

307 ± 

186 

 

 

 

Root 

length 

(m/m2 

image) 

MN 227 

± 83 

128 

± 56 

160 ± 

95 

192 ± 

61 

336 ± 

227 

294 ± 

148 

322 ± 

157 

Contro

l 

10.8 

± 5.2 

4.6 ± 

2.4 

19.3 ± 

10.7 

15 ± 

11.7 

9.8 ± 

3 

M 6.8 ± 

1.9 

6.6 ± 

5.9 

6.2 ± 

6.1 

5.5 ± 

3.5  

10.7 

± 

10.9 

N 9.1 ± 

4.5 

6.6 ± 

3.4 

10.6 ± 

5.7 

10.8 

± 4.4 

12 ± 

4.5 

 

 

 

 

Root 

mass 

(g/m2 

image) 

MN 12 ± 

5 

7.2 

± 3 

9.7 ± 

5.9 

11 ± 

3.8 

15 ± 

8.9 

 

 

 

 

 

No data 
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Control 445 ± 

89 

470 ± 

68 

353 ± 

73 

271 

± 

112 

496 ± 

179 

M 224 ± 

80 

244 ± 

45 

245 ± 

98 

224 

± 67 

276 ± 

110 

N 363 ± 

106 

566 ± 

218 

703 ± 

139 

450 

± 

259 

1014 

± 181 

Shoot 

mass 

(g/m2) 

MN 

 

 

 

 

 

No 

data 

231 ± 

35 

218 ± 

83 

 

 

No 

data 

281 ± 

64 

138 

± 38 

414 ± 

112 

 

 

 

 


	Balogianni_Vasiliki_22-may-2014.pdf
	UNIVERSITY OF REGINA
	FACULTY OF GRADUATE STUDIES AND RESEARCH
	SUPERVISORY AND EXAMINING COMMITTEE

	Balogianni_Vasiliki_22-may-2014.pdf
	UNIVERSITY OF REGINA
	FACULTY OF GRADUATE STUDIES AND RESEARCH
	SUPERVISORY AND EXAMINING COMMITTEE


